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Molecular Players and Cellular Mechanisms that Govern
Cell Behaviour in Adult Angiogenic Sprouting
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ABSTRACT

Blood vessels, guardians of the organism’s global homeostasis, are formed achieved by
vasculogenesis and angiogenesis. The present review was aimed at molecular players and
cellular mechanisms that govern cell behaviour in adult angiogenic sprouting. Studies were
accessed through an electronic web-based search strategy from PubMed, Cochrane Library,
Google Scholar, Embase, PsycINFO and CINAHL by using a combination of search terms. In adults,
angiogenesis is the most common form of blood vessel formation and also under strict control.
Although most blood vessels in an adult organism remain quiescent, endothelial cells retain the
capability of rapid division in response to physiological stimuli. Tip cell and stalk cell are two
principal cells involved in sprouting angiogenesis. A fine-tuned feed-back loop between VEGF
and Notch/DII-4 signaling pathways is established and a cross-talk between these pathways is
essential for proper patterning of the vasculature. Once the tip cell has been selected, filopodia
guides the growing sprout towards a gradient of VEGF and other attractive guidance cues. An
important first step in any anastomosis is the formation of a stable contact between two ECs. The
formation of an interconnected luminal space and the formation of multicellular, perfused tubes
in different vascular beds-type | and type Il anastomosis-appear to occur at different frequencies.
Pruning occurs via two different modes-type | and type Il-depending on the state of vessel
perfusion during the process. Vessels can adjust their shape and function to meet changing
tissue oxygen demands. A fundamental feature of vessel maturation is the recruitment of mural
cells. The importance of angiogenesis sparked hopes that manipulating this process could offer
therapeutic opportunities.
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signaling, VEGF.

INTRODUCTION

The growth, survival and reproduction of living organisms
rely on the delivery and recycling of metabolites to and from
all cells in the body."! In addition to ensuring the delivery and
recycling of respiratory gases and nutrients to all tissues in the
body, blood vessels are developed as guardians of the organism’s
global homeostasis by allowing, notably, temperature regulation,
hormonal communication and the circulation of immune factors
and cells.”? Formation of blood vessels begins in the early stage
of embryonic development and is achieved by two successive
processes: vasculogenesis and angiogenesis.>*

The first stage of blood vessel formation is vasculogenesis, which is
initiated once the embryo attains a size in which simple diffusion
is no longer able to satisfy the nutritional requirements of a
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rapidly expanding cell population of increasing morphological
complexity.**! During this early development, mesodermal
cells differentiate into hemangioblasts that produce angioblasts
in the course of further differentiation.” The aggregation of
angioblasts results in formation of blood islands, which then fuse
to form primitive capillary plexuses that coalesce into a primitive
network.®! The stage of vasculogenesis is completed together
with formation of primary vascular plexus and all further
transformations of the primary vascular network into a highly
branched hierarchical vascular tree, composed of arteries and
veins, is through a second mechanism of blood vessel formation
known as angiogenesis.['")

Angiogenesis is the formation of new blood vessel from
pre-existing vessels, usually the post-capillary and small
terminal venules of the microvascular apparatus.'!! This can be
accomplished through two distinct pathways:

The so-called ‘sprouting’ angiogenesis, which is characterized
by proliferation and migration of Endothelial Cells (ECs) into
avascular sites and later fusion, of vessel branches from a parent
vessel.'” and The ‘intussusceptive or splitting’ angiogenesis, which
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occurs by splitting of the existing vasculature by transluminar
pillars or transendothelial bridges.!"*!

Angiogenesis plays a crucial role in organogenesis and advanced
embryonic and fetal development.””! Most normal angiogenesis
occurs in the embryo, where it establishes the primary vascular
tree as well as an adequate vasculature for growing and
developing organs.™ It also occurs in adult tissues for wound
healing, growth and action of female reproductive organs
including ovulation, follicular development, corpus luteum
formation, progesterone release, endometrial growth, regression
and repair during the menstrual cycle and formation of a fully
vascularized tissue for implantation and placentation during
pregnancy.'>'®l  However, pathological angiogenesis is also
observed during conditions like rheumatoid arthritis, psoriasis,
diabetic retinopathy, myocardial and limb ischemia and tumor
development.'”!® Although new vessels in the adult arise mainly
through angiogenesis, vasculogenesis is not be restricted to early
embryogenesis due to the existence of endothelial progenitor
stem cells and these bone marrow-derived cells have been found
to be incorporated into neovascular foci in the adult, including
injured corneas, ischemic hind-limbs and tumor vasculature,
suggesting that vasculogenesis can occur in the adult.!'*?! In
adults, formation and growth of new vessels are under strict
control that is dependent on an intricate balance of both
pro-angiogenic (to stimulate) and anti-angiogenic (to negatively
regulate the phenomenon) factors. The first molecule definitively
identified as a purified angiogenic factor was basic Fibroblast
Growth Factor (bFGF or FGF1).?l This was followed by the
identification of numerous ‘classic’ and ‘non-classic’ factors.2¢!
Classic stimulators mostly include growth factors and cytokines,
among which Vascular Endothelial Growth Factor (VEGEF),
Placental Growth Factor (PIGF), Platelet-Derived Growth Factor
(PDGF), fibroblast growth factor-2 (FGF-2), Transforming
Growth Factors (TGFs), angiopoietins (Angs). Non-classic
factors include numerous endogenous peptides, among which
Erythropoietin (Epo), Granulocyte-Colony Stimulating Factor
(G-CSF), Granulocyte-Macrophage Colony Stimulating Factor
(GM-CSF), interleukins, angiotensin II (Ang II), Endothelins
(ETs), Adrenomedullin (AM), Proadrenomedullin N-terminal
20 Peptide (PAMP), Urotensin-II (U-II), leptin, adiponectin,
resistin, neuropeptide-Y, Vasoactive Intestinal Peptide (VIP),
Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP)
and substance P.

MATERIALS AND METHODS

PubMed, Cochrane Library, Google Scholar, CINAHL, Embase
and PsycINFO database were used for studies reporting the
biochemical and physiological counter-regulatory arms of the
renin-angiotensin system in the regulation of cardiovascular

and renal function from study conception to May 2021. Zotero
reference management software for Windows was used to
download, organize, review and cite the articles. I also manually
searched cross-references in order to identify additional relevant
articles. A comprehensive search was performed using the

» «

following search terms: “angiogenic sprouting”, “cell behaviour

» o«

in adult angiogenic sprouting”, “the molecular players of adult
angiogenic sprouting”, “cellular mechanisms of angiogenic
sprouting” and “factors that govern cell behaviour in adult
angiogenic sprouting”. Boolean operators like “AND” and “OR”

were used to combine search terms.

DISCUSSION

Sprouting angiogenesis is a normal, physiological process
in which new blood vessels is formed via sprouting from
pre-existing vessels during embryological development as
well as in adults in the course of wound healing, reproductive
cycling and inflammation.?”) It is this, the multi-step process
that occurs in an ordered, highly orchestrated series, involving
interactions between growth factors, vascular components (such
as endothelial cells, vascular pericytes, fibroblasts, smooth muscle
cells) and the extracellular matrix. 2!

Most blood vessels in an adult organism remain quiescent,
however, when nutritional and oxygen demands within a tissue
exceed the supply provided by existing blood vessels, the tissue
sends out signals that induces endothelial cell activation for the
formation of new blood vessels.?” It is suggested that VEGF
is a major player in angiogenesis initiation based on its ability
to induce vasodilation via endothelial NO production, which
is a prerequisite for endothelial cells to enter the angiogenic
cascade.P¥ It is also a major player because of its endothelial cell
permeability increasing effect.” This allows plasma proteins to
enter the tissue to form a fibrin-rich provisional network, which
is mediated by the formation of fenestrations, vesiculo-vacuolar
organelles and the redistribution of Platelet Endothelial Cell
Adhesion Molecule (PECAM)-1 and Vascular Endothelial (VE)-
cadherin and involves Src kinases.*¥ VEGF can also induce
the expression of proteases and receptors important in cellular
invasion and tissue remodeling.”” In conjunction with other
endothelial specific signaling systems such as angiopoietins and
Tie receptors, VE-cadherin/B-catenin and o B, integrins, VEGFRs
relay signals for at least five processes essential in stimulation of
vessel growth: vasorelaxation, induction of vascular permeability,
endothelial cell migration, proliferation and survival (Figure 1).0*!
Thereby the observation that VEGF production is under control
of Hypoxia Inducible Factor (HIF) strengthens the suggestion
of an early involvement of VEGF in the angiogenic response.*!
Moreover, VEGF Receptor (VEGFR) expression is up-regulated
under hypoxic or ischemic conditions as well."”
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Figure 1: Signaling events initiated upon VEGFR-2 activation by VEGF. The dashed lines indicate potential signaling pathways. Not shown
are the interactions of VEGFR-2 with VE-cadherin and 3-catenin and with the a . integrin.
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Figure 2: VEGF/Notch signaling selects tip and stalk cells.

Cell Behaviour and Dynamic Mechanisms during
Sprouting Angiogenesis

Sprout Initiation

In all types of angiogenesis, either under physiologic or pathologic
conditions, endothelial cell activation is the first process to take
place.”” Apparently all ECs exposed to VEGF become activated,
but not all ECs respond by directed migration.*”* The two

principal cells involved in sprouting angiogenesis are “tip cell”

and “stalk cell” that bear different morphologies and functional
properties (Figure 2). The tip cell extend numerous filopodia,
are more migratory and polarized, proliferates minimally and
are highly branched structure.®>*! Adjacent to the tip cell, the
following cells, termed stalk cells, produces fewer filopodia, are
more proliferative and establish junctions with neighboring cells
and synthesize basement membrane components.""*? Tip cell

migration can occur without stalk proliferation and vice versa.
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Figure 4: VEGF signaling during sprouting.

However, only a regulated balance between both processes
establishes adequately shaped nascent sprouts.!*’!

During sprouting angiogenesis, the specification of ECs into
tip and stalk cells is controlled by the Notch signaling pathway
(Figure 2).Y The resulting cell-fate specification mechanism
is reminiscent of a classical notch-mediated lateral inhibition
process, >4l in which a cell adopts a particular fate and prevents
(by lateral inhibition) its immediate neighbors from acquiring
the same fate."” In mammals, four Notch receptors and five
ligands (Jagged-1, Jagged-2, DII-1, DII-3 and DIl-4) are expressed
on the surface of cell membranes.***! The DII-4 and Notch-1
expression is tessellated among endothelial cells in the vessel
area, where activation of angiogenesis takes place.*” ECs that
express DII-4 more quickly or at higher levels have a competitive
advantage to become a tip cell by activating Notch-1 receptor in
neighboring cells more effectively and suppresses neighboring
cells from adopting the same fate through lateral inhibition and
thus restricts emergence of an excessive number of tip-cells.!]
These findings imply that Notch-1 is critical for suppressing tip
cell behavior in stalk cells. Thereby, ECs with more DlI-4 and less
notch activity, will be selected as the tip cell.®? Analysis of Notch
signaling revealed that there is high Notch activity in stalk cells
but low levels of Notch signaling in tip cells. Conversely, tip cells
express higher levels of the Notch ligand DI1-4.5!

Endothelial cells dynamically utilizes differential VEGFR levels.
ECs with high VEGFR-2 and low VEGFR-1 expression than its
neighboring cells produce more DII-4, which binds to Notch-1
receptors on neighboring ECs and releases the Notch Intracellular
Domain (NICD).®! NICD acts as a transcriptional regulator,
decreasing VEGFR-22 and NRP-1 expression while increasing
the levels of VEGFR-1, which traps VEGEP and renders
neighboring cells less responsive to VEGE. On the other hand,
ECs with higher levels of VEGFR-2 increase DIl-4 expression
which further increases the cell sensitivity to VEGF and this
cell becomes the tip cell selected for outward migration for the
parent vessel.””*8! Beside stimulating tip cell induction, VEGF
also stimulates filopodia formation via VEGFR-2 that is abundant
on filopodia.® This implies that VEGFR-2 internalization and
activation of ERK1/2 signaling are important for sprouting, likely
because rapid receptor turnover and signaling is essential for ECs
at the vascular front to respond strongly and quickly to angiogenic
signals.[! At the forefront, where VEGF levels are highest, VEGF
therefore activates VEGFR-2 to stimulate tip cell migration and
extension of their filopodia (Figure 2).1! Alternatively, activation
of notch in neighboring cells inhibits VEGFR-2, indirectly
inhibiting DIl-4 expression levels, thereby reinforcing the
dominance of the selected tip cell and limiting the number of tip
cells induced by VEGE!® Furthermore, ECs with excess Notch
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Figure 6: Tip cell guidance and stalk elongation.

signaling extend less filopodia and are excluded from the tip
position, indicating that Notch activity is dispensable for tip cell
formation but required for stalk cell specification. In contrast to
DII-4, the Notch ligand JAGGED1 (JAG-1) is expressed primarily
by stalk cells to antagonizes DIl-4 activity, reducing the induction
of Notch signaling in the adjacent tip cell (Figure 2).1°*! Thus,
DIl-4 and JAG-1 coordinately control the process of angiogenic
sprouting and confer robustness to the crucial event of tip-stalk
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specification.**! In this context, a fine-tuned feed-back loop
between VEGF and Notch/DII-4 signaling pathways is established
and a cross-talk between these pathways is essential for proper
patterning of the vasculature (Figure 2).%! Likewise, VEGF and
Notch co-operate in an integrated intercellular feedback that
functions as a “branching pattern generator”. Although activated
ECs would be assumed to initially express similar levels of notch
and DII-4 and thus undergo a balanced reciprocal notch activation,
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Figure 7: Models of lumen formation during sprout outgrowth.

stochastic differences in local VEGF concentrations, in filopodia
elongation (and thus VEGF exposure) or in transcription rate
lead to small imbalances: one cell will express slightly higher
DII-4 levels and, thus, will dominate its neighbors by activating
more notch signaling."”

Extension/Elongation of Sprout

It is the process in which tip cells moves along a chemotactic or
physical hindrance-based path, followed by trailing stalk cells
that connect the tip cell to the original vessel.””! For endothelial
cells to emigrate from their resident site, they first need to loosen
both the basement membrane and the coat of mural cells that
prevent resident ECs from leaving their positions. In response
to VEGF stimulation, a proangiogenic growth factor stored
by ECs-Angiopoietin-2 (ANG2)-is released to degrade the
basement membrane and pericytes detach (Figure 3).1! Likewise,
endothelial penetration into new areas of the body is also achieved
through a process requiring loosening the matrix by Matrix
Metalloproteinases (MMPs), enriched in tip cells.”! Activation of
MMPs by VEGF-VEGEFR-2 signaling then liberate proangiogenic
Growth Factors (bFGE, VEGF and IGF-1) that are sequestered
within the extracellular matrix.""! Above all, it facilitate the
secretion of zymogens (proteinases of the plasminogen activator,
chymase or heparanase families) that become activated in the
ECM compartment and subsequently selectively plasminogen
activators u-PA and t-PA convert the ubiquitous plasma protein
plasminogen to plasmin.” Plasmin is believed to be the most
important protease for the mobilization of fibroblast growth
factor-2 from the ECM pool.” The displaced FGF-2 molecules

were thus released to be involved in the regulation of guided
migration™” and determination the specification of an epithelial
tip cell.” Control of these all proteinases is essential for sprouting,
given that excessive degradation of the extracellular matrix, as
occurs in Plasminogen Activator Inhibitor 1 (PAI1) deficiency,
leaves too little matrix support for the branch to sprout.” MMP
activity and, hence, angiogenesis is counteracted by the family of
Tissue Inhibitors of Metalloproteinase (TIMPs).”¢! At the other
end, MMPs also generate antiangiogenic molecules by cleaving
plasma proteins, matrix molecules, or proteases themselves to
prevent inappropriate sprouting and coordinate branching.””

In response to Vascular Endothelial Growth Factor (VEGF)
stimulation, Endothelial Cells (ECs) degrade the basement
membrane and pericytes detach, allowing ECs to emigrate.

Once tip-cells are selected and begin to move forward, formation
of new capillaries should begin because of the proliferation and
migration of endothelial cells.”®! VEGF independently controls
the migration and proliferation of endothelial cells forming a
new capillary.”® Tip-cells specifically express VEGFR-2 that
positively drives the mitogenic and chemotactic responses of
endothelial cells to VEGE™ In response to the action of VEGE
“tip cells” orient towards the VEGF gradient; also “tip cell”
migration is regulated by the interaction of VEGF-VEGFR-2 but
do not proliferate in response to VEGF (Figure 4).58 On the other
hand, VEGFR-1 is predominantly expressed in stalk cells and its
expression is induced by Notch signaling to reduce VEGF ligand
availability.® VEGFR-1 is involved in guidance and limiting
tip cell formation.” Therefore, tip cell migration depends on a
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gradient of VEGE/® whereas stalk cell proliferation is regulated
by VEGF concentration (Figure 4).0%

Soluble VEGFR1 (sVEGFRI; brown) produced by the cells
immediately next to the outgrowing vessel branch sequesters
VEGF molecules, thereby creating a corridor of higher VEGF
levels perpendicular to the parent vessel. This corridor might
act to optimize spreading of the vascular network and to avoid
contact with nearby emerging sprouts.

EC polarization and hence the directionality of filopodia
extension, during migration is dependent on CDC42 activity,
a small GTPase of the Rho family (Figure 5).1¥ Activation of
CDC42 by VEGF triggers filopodia formation.*” Accordingly
the directionality of filopodia extension is regulated by the spatial
distribution of this growth factor in the local environment.®®?
However, recent work showed that VEGF-induced filopodial
extension is more dependent on guidance receptors that are
expressed on ECs (Figure 5).°) Roundabouts 4 (ROBO4) are
membrane-bound guidance receptors that increases vessel
integrity and reduces angiogenesis by counteracting VEGEF/
VEGEFR-2 signaling.®® However, VEGF promotes the expression
of the transcription factor Hlx1, which increases expression
of UNC5B, plexin 5 and SEMA3G, suggesting feedback with
ROBO4. HIx1 maintains the stalk cell phenotype by regulating
repulsive signals.®” Semaphorins (SEMA) are secreted or
membrane-bound guidance cues that interact with receptor
complexes, formed by NRPs alone or NRP/plexin family
proteins.®! In fact, most semaphorins suppress angiogenesis.®!
SEMAGA regulates VEGFR-2 expression and its downstream
signaling,®” while SEMA3E activates PlexinD1 in tip cells and
maintains the tip cell/stalk cell balance by regulating VEGF

activity and DII-4 expression.”! Netrins are laminin-related
secreted bifunctional guidance cues, which bind to extracellular
matrix components: attraction and repulsion are mediated by
binding to Deleted in Colorectal Cancer (DCC) and UNC5 family
receptors, respectively.’” UNC5B is selectively expressed in the
vascular system by arteries, a subset of capillaries and endothelial
tip cells.” UNC5B inactivation results in enhanced sprouting,
whereas netrin-1 prompts filopodia retraction of endothelial
cells.®! Ephrin-B2-expressing ECs, fated to form arterial vessels,
segregate from EphB4-expressing ECs, which become venous
vessels due to repulsive cues. Intriguingly, ephrin-B2-mediated
reverse signaling also controls VEGFR internalization and tip
cell behavior (Figure 5). ECs lacking ephrin-B2 reverse signaling
are unable to internalize VEGFR-2 and VEGFR-3 and cannot
transmit VEGF signals properly, together impairing sprouting.®”

Filopodia formation is regulated by CDC42 and endocytosis of
the EphrinB2/VEGFR2 receptors. ROBO4/UNC5B signaling
promotes stabilization of the endothelial layer through inhibition
of SRC.

Once the tip cell has been selected, it guides the growing sprout
towards a gradient of VEGF and other attractive guidance cues."!
The stalk cells that form the body of the sprout then proliferate to
deliver the necessary building blocks for the growing sprout and
elongate the sprout shaft (Figure 6)." In vitro, Notch inhibits EC
proliferation; however, stalk cells must proliferate to elongate the
shaft in vivo. To overcome this, stalk cells express the Notch target
Notch-Regulated Ankyrin Repeat Protein (NRARP), which limits
Notch signaling at branch points while allowing continued WNT
signaling to promote EC proliferation and vessel stability.” As
the vessel elongates, the stalk cells create a lumen, produce a
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basement membrane and associate with pericytes.”? However,
stalk cell proliferation does not push the tip cell forward, but
rather that the tip cells themselves interact with the surrounding
substrate to pull the growing sprout further in the direction of
growth (Figure 6).°%71 Furthermore, blood vessel sprouting can
initially progress without cell division, indicating that a similar
pulling force of the vascular tip cell is likely to be present.”®
However, sustained sprouting and further outgrowth of the vessel
branch requires proliferation of the stalk cells and decreased stalk

proliferation correlates with branch regression.”*”!

The growing sprout moves along a VEGF gradient. Tip cells
adhere to the ECM, mediated by integrins and migrate toward
guidance signal molecules (e.g., semaphorins and ephrins).
Stalk cells trail behind the tip cell and proliferate to allow sprout
elongation and lumen formation. While Notch signaling inhibits
proliferation, expression of NRARP at branch points allows WNT

signaling to maintain stalk cell proliferation. This system allows

vascular migration/directionality (by tip cells) and elongation of
the shaft (by proliferating stalk cells).

Lumen Formation

After tip cell induction and stalk elongation, a vessel branch needs
to generate a lumen via a wide variety of cellular mechanisms that
depends on the vascular bed or type of vessel formation.*1% In
an early study, observations in intersomitic vessels indicate that
ECs form a lumen by coalescence of intracellular (pinocytic)
vacuoles, which interconnect with vacuoles from neighboring
ECs (cell hollowing) (Figure 7A).0%U The
vacuolization is a rapid way to create endothelial cell luminal
spaces.” Alternatively, it was also argued that ECs are organized
in a cord-like fashion,%* as a result, there is another mechanism
of lumen formation in nascent sprouts in which ECs produce
and release large exocytotic vacuoles into the intercellular space,
which eventually fuse intracellularly to hollow out stalk cells
and generate an interconnected luminal space (cord hollowing)
(Figure 7B).I" More recently, aortic lumenization in mouse and

intracellular
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zebrafish was shown to similarly occur extracellularly. However,
in these studies, vacuoles were not observed and lumen formation
was associated with delocalization of junctional proteins and cell
shape changes (luminal repulsion) (Figure 7C).l1%%

Cell-cell adhesion between ECs is mediated via tight junctions and
adherens junctions that are formed by homophilic interactions
of adhesive proteins that further interact with intracellular
partners and with the actin cytoskeleton. At tight junctions,
adhesion can be mediated by claudins, occludin, members of the
Junctional Adhesion Molecule (JAM) family, or by EC Selective
Adhesion Molecule (ESAM). Likewise, adherens junction
formation was shown to be associated with the inhibition of
endothelial cell migration in monolayers."!%! Whereas,
adherens junctions are predominantly formed by Vascular

Endothelial (VE)-cadherin.'"! Thus, VE-cadherin is strictly
required for the polarization of endothelial cells in vitro and in
vivo. However, ECs polarization often starts with the delivery
via exocytosis of de-adhesive apical glycoproteins, including
CD34-sialomucins, such as CD34 and Podocalyxin (PODXL), to
the cell-cell contact."®!"!l The negative charge of the sialic acids
in CD34-sialomucin in turn induces electrostatic repulsion of the
facing EC surfaces, leading to the initiation of lumen formation
(Figure 7C).0%! During delivery of apical glycoproteins, the
adherens junctions translocate to lateral positions and the new
junctions have properties of adherens and tight junctions, as they
contain both VE-cadherin (characteristic of adherens junctions)
and Zonula Occludens-1 (ZO-1) protein (characteristic of tight
junctions).!"? Formation of apical cell surfaces and electrostatic
repulsion of negatively charged apical glycoproteins are sufficient
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for the initial de-adhesion of adjacent endothelial cells and for slit
formation, but are not sufficient for the development of a patent
vascular lumen because further separation and establishment
of the lumen is based on F-actin-mediated cell-shape changes.
CD34-sialomucins further recruit F-actin to the lumenal cell
surface.'” VEGF-dependent localization of non-muscle myosin
II to this apically enriched F-actin cytoskeleton induces EC
shape changes and further separation of the adjacent ECs, fully
establishing the aortic lumen.!'” In this model, ECs also define
two functionally different phenotypes.''*!"! The first phenotype,
represented by endothelial cells in mature blood vessels, is
characterized by an apico-basal polarity and junction-mediated
contact inhibition. The second phenotype is found in activated
tissues and is characterized by the loss of apico-basal polarity and
adherent’s junctions, a spindle-shaped morphology and the ability
for guided migration. Subsequent changes in EC shape, is driven
by Rho-associated protein Kinase (ROCK), expand the lumen.!"*!
Tube morphogenesis also requires Ras-Interacting Protein 1
(RASIP1), aregulator of GTPase signaling controlling cytoskeletal
rearrangements, adhesion and EC polarity."" In general term,
within the vascular system, lumen formation involves a complex
molecular mechanism composed of endothelial cell repulsion at

the cell-cell contacts within the endothelial cell cords, junctional
rearrangement and endothelial cell shape change.!"'"!

(A) Intracellular vacuole coalescence. Endothelial Cells (ECs)
can form a lumen by forming intracellular vacuoles that coalesce
and connect with each other and with vacuoles in neighbouring
cells. (B) Intercellular vacuole exocytosis. ECs can form a lumen
by producing exocytotic vacuoles that are released into the
intercellular space. (C) Luminal repulsion. Alternatively, an
intercellular lumen can be created by apical membrane (lumenal)
repulsion. VE-cadherin (purple) establishes the initial apical-basal
polarity in the ECs and localizes CD34-sialomucins (orange) to
the cell-cell contact sites. Further separation and establishment of
the lumen is based on F-actin-mediated cell-shape changes (not
shown).

Sprout Anastomosis: Making New Connections

Vascular anastomosis is the process that generates connections
between angiogenic sprouts and blood vessels and hence is
fundamental for vascular network formation.!””? Anastomosis can
occur between two sprouts and involve two tip cells (‘head-to-
head” anastomosis), or between sprouts and a functional blood
vessel, involving only one tip cell (‘head-to-side’ anastomosis).'*”
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Figure 12: Vessel stabilization.

An important first step in any anastomosis is the formation of a
stable contact between two ECs. During initial contact formation,
filopodia from neighboring tip cells make and break connections
several times before one single connection is stabilized and
reinforced by the deposition of Adherens Junction (AJ) proteins
at the contact site."" Recently, it was found that VE-cadherin is
present not only at cell-cell junctions but also at the tips of EC
filopodia that shown to localize to tip-tip contact sites immediately
upon contact with neighbouring sprouts (Figure 8).1'%! As the tip
cells of the two sprouts crawled over each other, the VE-cadherin
contacts expanded.”! Although tip cells of adjacent vessels meet
via filopodia, how the tip cells meet to establish new contacts
is not fully understood. Recent descriptions of macrophage-tip
cell interactions, in particular at sites where two tip cells
make contact via their filopodia, raised the hypothesis that
macrophages might act as ‘bridge cells” that facilitate the contact
and possibly stabilize nascent connections by releasing soluble
pro-angiogenic factors (Figure 8).1''*118! Possible receptor-ligand
candidates that mediate this interaction are notch-DIl-4, TIE2
or chemokine receptor CXCR4-Stromal cell-Derived Factor-1
(SDF1). The notch, TIE2 and CXCR4 receptors are expressed in
macrophages, 12" whereas their respective ligands DI1-4, ANG2
and SDF1 are expressed in tip cells,"?'! although CXCR4 has
also been described as a tip cell enriched gene.?? Surprisingly,
anastomosis in the complete absence of macrophages is normal,
albeit less frequent,"® illustrating that macrophages might be
involved in modulating and refining the connection process.!'®!

For simplicity, the vascular lumen is not illustrated. The formation
of new connections between growing vessels is facilitated by
vessel interactions with macrophages (blue) that can act as bridge
cells that promote filopodia contact between tip cells (green).
Upon contact, adhesion junctions are formed by VE-cadherin,
first at the tips of filopodia and later also along the extending
interface of the contacting cells. The precise role of macrophages
and the molecular regulation of anastomosis are not understood.
Possible candidate pathways involved are the notch, TIE2 and

CXCR4 signaling pathways; the notch receptors (red), the TIE2
receptor (green) and the CXCR4 receptor (yellow) are expressed
on macrophages and their cognate ligands are expressed on tip
cells (not shown).

At adhesion sites, ECs then deposit de novo apical membrane,
which eventually leads to the formation of ring-shaped AJs with
apical membrane in between; since this process happens in
both anastomosing cells, a small luminal pocket is generated at
this site.”” After the initial steps of contact formation and EC
polarization, two different cellular mechanisms-type I and type II
anastomosis (Figure 9)-lead to the formation of an interconnected
luminal space and the formation of multicellular, perfused tubes.
Type I anastomosis, which is seen in the case of lumened sprouts,
occurs in the presence of blood pressure on the proximal apical
membrane of the tip cell and involves the rapid growth and
invagination of this apical membrane into the cell body (Figure
9). In this case, blood pressure pushes the luminal space from the
connecting stalk cells through the elongated tip cell, while being
confined by a growing apical membrane.'”” The hallmark of
type I anastomosis is thus the transcellular hollowing of the two
interacting tip cells, leading to the formation of two cell segments
in the conformation of a unicellular tube. This newly formed
unicellular tube is eventually converted into a multicellular tube
via complex cellular rearrangements involving cell splitting.
In this particular scenario a single cell encompassing a lumen
splits on one side, cell splitting does not lead to two cell bodies
(one with a nucleus and one without), but rather transforms a
doughnut-shaped cell into a flatter endothelial cell.['*"!

Type II anastomosis, which is seen in the case of a non-lumened
sprout, occurs in the absence of blood pressure (e.g. in a vessel
in which the stalk is not lumened up to the tip cell) and also
initiates with contact or AMIS formation and the subsequent
generation of an apical membrane pocket (Figure 9).1'*! Type II
anastomosis is characterized by the formation of a multicellular
tube omitting a unicellular intermediate stage. Interestingly, a
rather similar process of lumen formation has been reported in
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Ciona intestinalis during the formation of the notochord,!'**!?
suggesting that the connection of serially arranged luminal
pockets via cell rearrangements may be a common mechanism
of tube formation.

Both processes are initiated by the formation of filopodial
contacts between sprouts, which eventually stabilize in one
location. An Apical Membrane Initiation Site (AMIS) is formed
at this novel contact site and apical membrane is inserted. In type
I anastomosis, apical membrane invagination through blood
pressure and subsequent apical membrane fusion generates a
unicellular tube containing cells with a transcellular lumen. The
subsequent transition from a unicellular to a multicellular tube in
type I anastomosis involves cell rearrangements and cell splitting.
In type II anastomosis, cell rearrangements lead to lumen
coalescence and the formation of a multicellular tube.

Network Formation: Remodeling and Maturation

The initial endothelial plexus generated by vascular sprouting
consists of a homogenous web of EC tubes and sacs." ! After the
establishment of new connections within the vascular network,
significant remodeling occurs; some branches are stabilized
whereas others regress (also referred to as pruning).!'*'*! Vessel
pruning occurs preferentially at loop-forming segments in a
process involving lateral migration of ECs from the pruning to
the stable vessel."*"! Indeed, both low concentrations of VEGE!"3!]
and local loss of perfusion.™ have been shown to trigger
regression of vascular segments. Exposure to hyperoxia also
leads to excessive regression of capillaries, while arteries become
refractory to this insult.**'**l Hyperoxia also suppresses VEGF
production and leads to obliteration by apoptosis of already
formed vessels.*!) Furthermore, changes in blood flow can also
drive this vessel pruning."*! was demonstrated that it is not the
absence of perfusion per se that leads to pruning, but rather
the local difference in blood flow between different branches of
the loop drive ECs to orient and migrate against the direction
of flow.* The strong blood flow acts as an ‘attractor’ for cells,
whereas poorly perfused vessels are less ‘attractive’ and thus
promote regression of less-functional vessel segments.!” Similar
to what has been observed in anastomosis, pruning occurs via
two different modes-type I and type II (Figure 10).1%7 Type I
pruning, which occurs for vessels that maintain a lumen until
the later stages of pruning, involves cell self-fusion in which the
remaining endothelial cell in a pruning vessel wraps itself around
the lumen, fuses with itself and forms a unicellular tube. These
cell rearrangements conceptually look like anastomosis in ‘reverse
mode.** Type II pruning involves the early collapse of the lumen
in the multicellular tube, followed by cell rearrangements that lead
to a unicellular, non-lumenized bridge.”””! Finally, the remaining
cell-cell contact is reduced, culminating in detachment of the
vessel. Superficially, pruning resembles anastomosis in reverse.*”!

Blood vessel pruning can occur by two different modes, depending
on the presence or the absence of a lumen during this process.

In addition to pruning, remodeling also vascular stabilization
that includes changes in the diameter of vessel lumens and
vascular wall thickening in the vascular walls."*® It is a complex
phenomenon that requires a vast array of molecular signaling. One
of the earliest identified events involved in vascular remodeling
was the interaction between the receptor tyrosine kinase Tie-2
and its ligand, Angiopoietin (ANG). Mice lacking Tie-2 or ANG
die between embryonic days 9.5 and 12.5 and the embryos show
a persisting capillary plexus, reminiscent of a defect in vascular
remodeling and angiogenesis.*”! In zebrafish, KLF2 induces
vessel remodeling by upregulating the EC-specific miR-126 that
modulates PI3K and MAPK signaling.!*) Up-regulation of the
transcription factor KLF2 in response to blood flow ensures
remodeling of the vasculature. In consolidated vessels, KLF2
promotes quiescence and the formation of patent vessels with
an antithrombogenic endothelial lining. Hypoperfused vessels
undergo regression (Figure 11).[”)

Blood flow is also critically important for determining the vessel
fate [vessels with high flow widen, while vessels with low flow
regress], although recent advance of vascular biology strongly
argues for the autonomous fate control achieved by blood
vessels."!! Vessels can adjust their shape and function to meet
changing tissue oxygen demands (Figure 12). In search for a
conceptual distinction from angiogenic tip and stalk cells, the
cobblestone-like appearance of quiescent ECs prompted the
term “phalanx” cells given their resemblance to the ancient
Greek military formation.*! An oxygen-sensing system
ensures that phalanx ECs normalize abnormalities in structure
and function of ECs to readapt oxygen supply to tissue needs.
Hypoxia-Inducible Factors (HIFs) orchestrate adaptive responses
of phalanx ECs that line quiescent vessels to changes in oxygen
tension."3 HIF activity is regulated by oxygen-sensing Prolyl
Hydroxylase Domain proteins (PHD1-3).¥ In normoxia, PHDs
use oxygen to hydroxylate HIFs, thereby targeting them for
proteasomal degradation. Oxygen sensors become inactive in
hypoxic conditions, allowing HIFs to escape degradation. PHD2
regulates the endothelial phalanx cell phenotype.'*¥ Autocrine
signals, including VEGE, Angl, FGF and Notch, maintain
ECs in quiescence. Tight junction molecules maintain and
regulate paracellular permeability, whereas adherens junction
molecules mediate cell-cell adhesion, cytoskeletal reorganization
and intracellular signaling."*® In complex with VEGFR2,
VE-cadherin maintains EC quiescence through recruitment of
phosphatases that dephosphorylate VEGFR2, thus restraining
VEGF signaling.®® Distinct types of VE-cadherin-based
adherens junctions establish stable or transitory interactions
with the cytoskeleton that either solidify EC adhesion and
barrier properties or facilitate EC separation and movement.!*”
Furthermore, deposition of a BM around quiescent ECs
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promotes vessel stabilization, partly because the BM component
laminin-o4 in tip cells limits their number by inducing Notch
signaling."¥ In addition to the establishment of a quiescent
and stable vasculature, DII-4/notch signaling also appears to be
important for further maintenance of the quiescent state (Figure
12).014]

For vessels to become functional, they must mature-at the
level of the endothelium and vessel wall and as a network.”!
A fundamental feature of vessel maturation is the recruitment
of mural cells (Figure 12).1°% The factors that are involved
in pericyte recruitment include Angiopoietin-1 (ANGI)-
TIE2, Platelet-Derived Growth Factor f (PDGFB)-PDBFRB,
Transforming Growth Factor-1 (TGFB1)-Activin receptor-Like
Kinase 5 (ALK5) and notch signaling components.””’ The
current literature collectively suggests that the process of vascular
remodeling and maturation is strongly dependent on the ANG
ligand-TIE-receptor signaling mechanism. ANGI1 induces
vessel stabilization via signaling through the TIE2 receptor.*!
ANG?2 was initially considered to be an antagonist for ANG1/
TIE2 signaling that inhibited vessel stabilization and favoured
vascular regression.!""!! However, later findings have shown that
ANG?2 can also activate the TIE2 receptor, albeit weakly and in
a context dependent manner.*>!¥ Furthermore, ANGI can
have opposing roles either by inducing vascular quiescence or
stimulating angiogenesis; differential gene expression profiles
are induced in TIE2-expressing ECs depending on whether
ANGTI stimulation occurs in the presence or absence of cell-cell
contact.* DII-4/notch signaling also plays a crucial role in the
vascular stabilization process by affecting both ECs and pericytes
via inhibition of angiogenic sprouting.®? Notch signaling also
promotes vascular stabilization more directly through the
induction of Notch-Regulated Ankyrin Repeat Protein (NRARP)
expression®! and via the production of ECM components.*!
NRARP limits notch signaling and promotes WNT/CTNNBI
signaling in stalk cells, which supports vascular stability and
prevents EC retraction by inducing proliferation and improving
intercellular junctions (Figure 12).5)

Stalk cells (purple) recruit pericytes (orange) to stabilize the
vasculature, possibly through the production of stabilizing factors
such as TIMP3 and ANG1. ANGTI signalling through the TIE2
receptor stabilizes the vasculature, in part via inducing DLL4
expression in the Endothelial Cells (ECs) and activating notch
signalling. Notch activation then plays a dual role in vascular
stabilization: first, it downregulates VEGFR2 expression, thereby
preventing further sprouting through activation of the VEGF/
notch signalling pathway; second, it induces the expression of
NRARP, which promotes WNT signalling leading to increased
proliferation and Tight Junction (T7) stabilization.

CONCLUSION

Formation of the vascular system is an essential and rate-limiting
step in development and occurs primarily through two main
mechanisms, vasculogenesis and angiogenesis. Although most
normal angiogenesis occurs in the embryo, it also occurs in
adult tissues for wound healing, growth and action of female
reproductive organs and during pathological conditions. New
vessels in the adult arise through both angiogenesis (mainly) and
vasculogenesis. The formation and growth of new vessels within
adults depend on an intricate balance of both pro-angiogenic
and anti-angiogenic factors. The multi-step nature of sprouting
angiogenesis process suggests that the complex and dynamic
angiogenic process occurs in an ordered highly orchestrated
series. It is suggested that VEGF is a major player in angiogenesis
initiation based on its ability to induce vasodilation via endothelial
NO production, which is a prerequisite for endothelial cells to
enter the angiogenic cascade. During sprouting angiogenesis,
the specification of ECs into tip and stalk cells that bear different
morphologies and functional properties is controlled by the
Notch signaling pathway. For endothelial cells to emigrate
from their resident site, they need to loosen both the basement
membrane and the coat of mural cells by the action of VEGE. Tip
cell migration depends on a gradient of VEGE, whereas stalk cell
proliferation is regulated by VEGF concentration. VEGF-induced
filopodial extension is more dependent on guidance receptors that
are expressed on ECs, including ROBO4, UNC5B, PLEXIN-DI,
NRPsand EPH family members that probe the environment. After
tip cell induction and stalk elongation, a vessel branch needs to
generate a lumen through a wide variety of cellular mechanisms
depending on the vascular bed or type of vessel formation.
Anastomosis can occur between two sprouts and involve two tip
cells, or between sprouts and a functional blood vessel, involving
only one tip cell. After the initial steps of contact formation and
EC polarization, two different cellular mechanisms-type I and
type II anastomosis-lead to the formation of an interconnected
luminal space and the formation of multicellular, perfused tubes.
After the establishment of new connections within the vascular
network, significant remodeling occurs; some branches are
stabilized whereas others regress (also referred to as pruning) in
order to optimize flow or to adapt to changing demands in blood
flow. Pruning occurs via two different modes-type I and type
I1-depending on the state of vessel perfusion during the process.
During maturation, stalk cells transform into phalanx cells, which
are so called as they form phalanx. The factors that are involved
in pericyte recruitment include Angiopoietin-1 (ANGI)-
TIE2, Platelet-Derived Growth Factor B (PDGFB)-PDBFRB,
Transforming Growth Factor-1 (TGFBI)-Activin receptor-Like
Kinase 5 (ALKS5) and notch signaling components. Generally, the
importance of angiogenesis sparked hopes that manipulating this
process could offer therapeutic opportunities.
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ABBREVIATIONS

EC: Endothelial Cells; VEGF: Vascular Endothelial Growth Factor;
P1GF: Placental Growth Factor; PDGF: Platelet-Derived Growth
Factor; FGF-2: Fibroblast Growth Factor-2; TGF: Transforming
Growth Factors; G-CSF: Granulocyte-Colony Stimulating
Factor; GM-CSF: Granulocyte-Macrophage Colony Stimulating
Factor; U-II: Urotensin-II; VIP: Vasoactive Intestinal Peptide;
PACAP: Pituitary Adenylate Cyclase-Activating Polypeptide;
PECAM: Platelet Endothelial Cell Adhesion Molecule; HIF:
Hypoxia Inducible Factor; NICD: Notch Intracellular Domain;
ANG: Angiopoietin; MMP: Matrix Metalloproteinases; PAI:
Plasminogen Activator Inhibitor; TIMP: Tissue Inhibitors Of
Metalloproteinase; ROBO: Roundabouts; SEMA: Semaphorins;
NRARP: Notch Target Notch-Regulated Ankyrin Repeat Protein;
JAM: Junctional Adhesion Molecule; PODXL: Podocalyxin; ZO:
Zonula Occludens; ROCK: Rho-Associated Protein Kinase;
RASP: Ras-Interacting Protein; AMIS: Apical Membrane
Initiation Site.
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