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Abstract

Blood vessels form a highly branched, interconnected and largely stereotyped network of tubes
that sustains every organ and tissue in vertebrates. How vessels come to take on their particular
architecture, or how they are ‘patterned’, and in turn, how they influence surrounding tissues are
fundamental questions of organogenesis. Decades of work have begun to elucidate how
endothelial progenitors arise and home to precise locations within tissues, integrating attractive
and repulsive cues to build vessels where they are needed. Conversely, more recent findings have
revealed an exciting facet of blood vessel interaction with tissues, where vascular cells provide
signals to developing organs and progenitors therein. Here, we discuss the exchange of reciprocal
signals between endothelial cells (ECs) and neighboring tissues during embryogenesis, with a
special focus on the developing pancreas. Understanding the mechanisms driving both sides of
these interactions will be crucial to the development of therapies, from improving organ
regeneration to efficient production of cell based therapies. Specifically, elucidating the interface
of the vasculature with pancreatic lineages, including endocrine cells, will instruct approaches
such as generation of replacement beta cells for Type | diabetes.
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INTRODUCTION

In recent decades, there has been a conceptual shift regarding the relationship between blood
vessels and surrounding tissues, both during development and tissue homeostasis. Vessels
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have been understood to dynamically exchange reciprocal signals with the tissues they
perfuse. On the one hand, they receive paracrine cues from tissues that shape the vascular
architecture; on the other hand, they provide signals to the surrounding tissue that support
growth or homeostasis. The former process is termed vascular patterning and describes how
combined signals from the microenvironment guide endothelial progenitors to assemble into
vessels at stereotyped locations. In the latter process, blood vessel-derived signals impact
different tissues in different ways, including recently identified factors that regulate
progenitor cell renewal and differentiation. Mounting evidence posits that these endothelial
cell (EC) signals influence adult neurogenesis, osteogenesis, hematopoiesis and further,
organogenesis during embryonic development. Therefore, endothelial-tissue crosstalk is an
important conversation whereby tissues coordinately grow along with their vasculature
(Figurel).

In this review, we discuss both sets of signals: those to and those from blood vessels. We
examine how these signals sculpt vessels over the course of embryonic development and into
adulthood, as well as how local progenitor niches are sustained by endothelial signals. First,
we cover basics of vascular development, and describe formation of the first blood vessels in
the embryo. Next, we examine how stereotypy in vascular development is achieved, and
bring a set of vascular patterning cues into focus. We also briefly describe vascularization of
tissues and organs during embryogenesis, with a special focus on the pancreas. Then, we
review how ECs regulate organogenesis or progenitor cell behavior, and consider the
candidate EC signals. We further discuss the development of morphological and molecular
heterogeneity within the vascular system and its implications for local signaling during
organogenesis. Finally, we cover the importance of ECs in regenerative therapies and discuss
what we can learn from developmental studies within this context.

DEVELOPING VASCULATURE: PLEXUS TO HIERARCHICAL TREE

Development of the vascular system is initiated early during embryogenesis to enable
nutrition and waste removal. This function is crucial for tissues as they grow, when simple
diffusion becomes no longer sufficient. Without proper vascular development, murine
embryonic development is arrested at embryonic day (E) 10 (E10)1. Therefore,
establishment of the vascular system is a key event during embryonic development, where
vessels form and adapt to meet local needs of tissues.

Vasculogenesis: From angioblasts to endothelial cells

Blood vessels form via a step-wise series of events. Initial embryonic vessels form via
vasculogenesis, whereby a simple network connecting the extraembryonic yolk sac and
embryonic vessels arises. During this process, angioblasts emerge de novo from the
mesoderm, initially as scattered, individual cells. These endothelial progenitors are
migratory, amoeboid-like and express the Vascular Endothelial Growth Factor (VEGF)
Receptor VEGFR2 (or FLK1), in addition to TIE2 and SCL/TAL1 2. Angioblasts encounter,
recognize and adhere to each other, forming lumen-less linear aggregates, called cords.
Cords presage functional vessels. As the heart begins to beat, cords almost simultaneously
begin to undergo morphogenesis and open central lumens, starting around the heart region.
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They then progressively open lumens, which come to connect, allowing circulation of blood.
Notably, the opening of lumens is not dependent on cardiac function. Once recruited to the
vessel wall, angioblasts differentiate into bona fide ECst.

Vascular patterning: Corralling angioblasts into cords

Formation of vessels at the right times and places, or proper patterning, depends on directed
migration and assembly of angioblasts into cords. We have come to understand that this is a
tightly regulated process. Early angioblasts are highly motile and respond to cues that dictate
their migration. Many of these cues are positive, or attractive, including widely expressed
secreted factors, such as VEGF-A and FGF-2 (also called angiogenic factors). Interestingly,
other factors do the opposite and repulse angioblasts, directing them away from zones where
they are expressed. Together, positive and negative cues corral angioblasts, promoting their
aggregation and assembly into vessels at highly reproducible locations®: 4. Investigating
where these cues are active, as well as what their cellular effects are on EC precursors, will
help us understand how blood vessels form where they do.

Plexus elaboration: Sprouting and remodeling angiogenesis

While the initial system of vessels is established via vasculogenesis, extension of this plexus
happens via angiogenesis. This process is the development of new vessels from existing
ones. In sprouting angiogenesis, nascent sprouts initiate and branch from an existing vessel
into avascular regions. Interestingly, leading “tip’ cells of a sprout (cells at the sprout tip that
display filopodia and migratory behavior) respond to guidance cues in a manner similar to
migrating angioblasts. New vessels can also arise via splitting of a large vessel called
intussusceptive angiogenesis, or by coalescence of many smaller vessels into a larger one. In
addition, vascular beds can change conformation, with vessels increasing or decreasing in
diameter. Vessels can even regress by movement of ECs and disappear altogether.
Collectively, these later processes that alter the existing pattern of vessels are called
angiogenic remodeling'.

Remodeling angiogenesis generally occurs when the vasculature is still malleable, and is
under hemodynamic pressure due to increasing blood flow. As circulation initiates, ECs of a
vessel experience shear and laminar stress along their luminal surfaces®. These physical
forces have been shown to remodel vessels in many different contexts, including in the
developing yolk sac, heart and aortic arches?. /n vitro studies point to mechano-transduction
pathways as the underlying mechanism, which affect EC migration, proliferation and
apoptosis®-8. In particular, hemodynamic forces have been shown to alter the expression of
several genes, including those controlling arteriovenous fate, such as Notch®. Through the
combined processes of vasculogenesis, lumenogenesis, sprouting and remodeling
angiogenesis, the embryonic vasculature is sculpted and adapted into a functional system
across the early embryo.

Vessel maturation: Mural cell recruitment

As blood vessels become established, their growth slows, and they mature into largely
quiescent structures. A key step in this maturation is the recruitment of supporting mural
cells (MCs), such as smooth muscle cells (SMCs) or pericytes. ECs recruit MC precursors
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primarily through secretion of PDGFB (Platelet-Derived Growth Factor B), which binds to
its receptors, PDGFRa and PDGFRp, on MCs. The resulting cascade of events leads to MC
differentiation as well as deposition of extracellular matrix (ECM) by MCs, and thus to
structural stabilization of the vessel. Concomitantly, direct EC-MC contact and the produced
ECM at their interface, together promote vessel lumen maintenance. Altogether, these
generate multiple cellular and matrix layers around the endothelium, stabilizing and
strengthening blood vessels. Importantly, the type of recruited MCs and the signaling
pathways governing EC-MC communication differ strikingly across vessel types®. This
variety of cellular and extracellular components directly contributes to the heterogeneity
observed across ECs during vascular development.

VASCULAR PATTERNING: POSITIVE AND NEGATIVE CUES

Blood vessels build an extensive network throughout developing tissues that is remarkably
similar between individuals of the same species. How and why this occurs are central
questions in vascular biology. Studies in recent decades have shown that blood vessel
formation and final architecture are not haphazard. Indeed, vessels develop at genetically
hard-wired locations, achieved through guidance cues. These cues are secreted by the
microenvironment and impact EC migration, both during de novo vasculogenesis and
sprouting angiogenesis3: 4. Integration of attractive and repulsive signaling guides each
migrating angioblast and emerging sprout (Figure 2). The resulting patterns are further
refined, as vessels experience blood flow. Together, these systems ensure vessel network
conformations adapted to carry out optimal circulatory function. Described below are
selected chemo-attractive and -repulsive factors, as well as their individual influences on
vascular patterning.

Attractive factors

FGF2—O0ne of the first angiogenic signals identified was a Fibroblast Growth Factor, or
FGF. FGF family members are expressed throughout embryonic tissues in distinct patterns.
While these members drive a variety of cellular events in different organs, the family has
been linked to enhancement of endothelial fate as well as migration. FGF2 is expressed
ubiquitously in the embryo, and was found to have marked effects on ECs. Addition of
FGF2 to a growth factor-rich medium increased de novo angioblast emergence from both
cultured quail blastodiscs and differentiating mouse embryonic stem cells (ESCs)10: 11,
These findings suggested that it functions during angioblast specification. However, it was
also shown to act as a chemotactic cue. When a pellet of cells expressing FGF2 was
implanted into the avascular mouse cornea, ingrowth of vessels and angiogenic sprouting
were stimulated2, Thus, FGF2 can act as a potent attractant for ECs during vascular
patterning /in vivo.

VEGF-A—Vascular Endothelial Growth Factor A (VEGF-A) has been known to have
profound effects on blood vessel biology and has therefore attracted a dizzying amount of
attention, with over 50 thousand publications (http://www.ncbi.nlm.nih.gov/pubmed/).
VEGF-A is produced in 4 different isoforms with differing binding characteristics to
VEGFR?2, a receptor tyrosine kinase largely specific to ECs. Beyond regulating EC
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specification, proliferation, differentiation, survival and migration, as well as vascular
permeability, VEGF-A is also a well-known angiogenic factor. In many instances, localized
VEGF-A expression within a tissue will direct vessel growth in response to hypoxial3-16, Its
ectopic expression leads to aberrant vascular patterning and hyper-vascularization!’: 18,
Conversely, Vegf-anull embryos display defects in EC differentiation, vessel tubulogenesis,
sprouting angiogenesis and vascular patterning. The severe vascular phenotype following
loss of a single Vegf-aallele underlines the importance of its tight regulation during vascular
development!®: 20, These studies highlight the central role of VEGF-A in vascular
patterning.

Bmps—The Bone Morphogenetic Protein (BMP) family of ligands is known to influence
the development of multiple organs, including blood vessels. Interestingly, opposing
vascular roles have been ascribed to different members of this family. BMP2/4 were
identified as attractive factors for vessel patterning in chick embryos?L. This study showed
that Bmp antagonists, CHORDIN and NOGGIN, are secreted from the notochord during
dorsal aorta formation, initially inhibiting angioblast migration to the midline. Bmp
inhibition is thus necessary to establish an avascular zone that keeps the aortic primordia as
separate tubes during early embryogenesis. Later, as expression of the antagonists is
extinguished, the parallel aortae fuse into a single tube that carries blood from the heart to
peripheral tissues. By contrast, BMP9/10 have been shown to promote vascular quiescence
via ALK1 receptors?? 23, Recent studies showed that while Bmp9 null mice exhibit no
vascular defects, injection of BMP9/10 blocking antibodies impaired retinal angiogenic
sprouting and remodeling. These findings imply functional redundancy and a positive role
for these members during vessel growth?4,

CXCL12—CXCL12-CXCR4 is another signaling axis with a significant impact on
endothelial patterning. Ablation of either Cxc/12, or its receptor Cxcr4, in mouse results in
aberrant alignment of vessels, as well as in arterial differentiation defects2°. Signaling is
likely critical in endothelial “tip” cells (cells that lead growing vascular sprouts), as CXCR4
is highly enriched in a position to transmit cues to growing vesselsZ®. Interestingly, this
signaling has proved important in organ vascularization. Vascular patterning is abnormal in
the absence of either factor in the intestine: Veins are present, but arteries absent, along with
a failure of EC filopodial formation2’. Similarly, CXCL12-expressing podocytes and/or
stromal cells direct patterning of ECs through CXCR4 and the more recently identified
receptor CXCRY for vascularization of the mammalian kidney28. Ablation of the ligand or
either receptor caused disorganization of the renal vasculature and ballooning of the
glomerular tufts?®. Signaling through these molecules also direct vascular patterning in the
skin25,

Repulsive factors

Bmp antagonists—The notochord has been established as a source of negative cues
critical for formation of nearby vessels. Specifically, the notochord has been shown to
restrain and thereby pattern the first vertebrate embryonic vessels, the paired dorsal aortae.
As explained above, the Bmp antagonists, NOGGIN and CHORDIN, are among the
identified notochord-provided repulsive cues?L. This principle was demonstrated to be
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conserved in mouse, where the notochord-less Foxh1 and FoxaZ2 mutants show dorsal aortae
patterning defects similar to those seen in chick embryos. Namely, angioblasts
inappropriately appear within normally avascular regions and aortic tubulogenesis fails. The
murine notochord similarly expresses repulsive cues, including Bmp antagonists30.

Semaphorins and the PLEXIND1 receptor—Semaphorins have also been shown to
act as repulsive cues for ECs. These findings follow a long series of studies showing their
roles in neuronal axon growth cone repulsion via collapse of the cytoskeleton3?: 32,
Interestingly, mouse aorta formation proved particularly sensitive to the absence of
SEMAB3E. Sema3e null embryos form a disorganized plexus rather than two smooth parallel
tubes, despite the presence of notochord-provided repulsive cues discussed above30.
SEMASE was shown to act via PLEXIND1, as PlexinD1 nulls exhibit identical defects33.
Other Semaphorins appear to carry out similar functions during vascular patterning.
SEMAZA acts as a chemo-repellant for ECs in the developing kidney glomerulus and
SEMAG3D is similarly repulsive to pulmonary venous ECs 34 35,

Slits and the ROBO4 receptor—Like the previous families known to inhibit both
neuronal and endothelial cell migration, the Slit-Roundabout (ROBO) signaling has also
been implicated in vascular patterning36. Out of the 4 Robo receptors identified, ROBO4 is
expressed specifically on ECs and ROBO1 has been found in cultured ECs37. Gene ablation
studies suggest that ROBO4 promotes vascular stability by counteracting VEGF signaling
and angiogenesis 38, In line with this, morpholino disruption of ROBO4 in zebrafish leads to
defects in intersomitic vessel sprouting3°. Generally, the Slit ligands have been shown to
bind and activate Robos, although it is unclear if this is the case for ROBO4. Binding assays
have yielded mixed results and additional studies will be required to clarify the molecular
pathway0. S/it2null mice, however, do show reduced vascular branching, suggesting
involvement of this family member41.

Netrins and the UNC5B receptor—Netrins represent one more family of repulsive
neuronal/endothelial guidance cues 4. UNCSB is a vascular-specific receptor known to bind
Netrins, expressed in arteries as well as angiogenic sprouts*2 43, Unc5b null mice display
ectopic sprouting and increased vascular density, demonstrating the role of this receptor in
vascular patterning#2. Similar to the cytoskeletal role of Semaphorin-Plexin signaling,
activation of UNC5B causes collapse of EC tip cell lamellipodia, thereby negatively
regulating vascular branching**. However, which Netrin acts on this receptor remains
unknown. Netrin-1 null mice do not phenocopy mice lacking Unc5b, suggesting either no
involvement of this ligand or possible functional redundancy®. Therefore, while UNC5B is
understood to mediate EC repulsion, ablation of other Netrinsis needed to identify the
mechanism of its action.

While we have described here a limited number of cues responsible for patterning the
vasculature, it is highly likely that many remain unidentified. Understanding embryonic and
organ vascular patterning will require elucidation of the full range of molecules that affect
angioblast and tip cell migration during vessel growth.
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VASCULARIZATION OF EMBRYONIC ORGANS

Coordinated development

As organs grow in size, so does their vasculature. Generally, blood vessels emerge within the
mesoderm, assemble and expand coordinately with organs during organogenesis. In the case
of many endodermally derived tree-like organs, such as the lung, pancreas, salivary gland
and thyroid, a vascular plexus becomes integrated and remodeled as the organ epithelium
branches. Often, ramifying organs will develop co-aligned arterial and venous networks,
which follow nearly every branch, large and small. While this co-development remains
poorly understood, it is believed that embryonic organs acquire their blood vessels via a
combination of peripheral vasculogenesis and angiogenesis. Local vasculogenic ECs
differentiate from newly expanding mesoderm, while hypoxic regions within tissues recruit
outgrowth of angiogenic ECs from existing vessels*6. In either case, new vessels often form
juxtaposed to expanding organs®’. The question is: How does this occur and how
functionally relevant is it?

Patterning cues in organs

Our understanding of how blood vessels and nascent organs grow coordinately is remarkably
limited. While the gross anatomy of the developing as well as final vasculature in most
organs is generally well-described, we lag in elucidating the intricate patterns of signals that
direct stereotyped vessel formation. Many studies have only just begun to identify deviations
from normal vessel development in organs, such as lung and kidney, in select mutant
mice#8-52,

An emerging general theme is that positive patterning cues expressed within tissues help
attract and guide ECs to assemble into vessels throughout forming organs. Indeed, many
studies have shown that epithelium- or mesenchyme-derived guidance cues, like VEGF-A
(Figure 3), are key signals in laying down stereotyped vasculature?’. Conversely, EC-
derived growth factors, such as Hepatocyte Growth Factor (HGF), are thought to
communicate back to cells within growing organs®3. These reciprocal interactions, combined
with locally expressed common factors that regulate both epithelial and vascular branching,
hold the key to coordinated growth. Common factors include the EC guidance signals, Robo/
Slits, Netrins, Semaphorins, and Ephrins, as well as growth factor families like Wnts, Bmps
and Hedgehogs®#°®. For instance, SEMAS3A has been shown to inhibit both epithelial and
endothelial growth in the kidney®®. Altogether, local expression of these factors sets the
stage for establishment of organ-specific vascular beds. However, it remains a challenge to
map the full landscape of where exactly each cue is expressed, and how overlapping
expression fields are regulated, to ensure spatiotemporal precision of coordinated organ and
vascular development.

Patterning of the vasculature in pancreas

The pancreatic vasculature supplies nutrition and gas exchange to the tree-like gland. In the
adult human pancreas, the final architecture of the vasculature has been well characterized
(Figure 4). Blood enters the pancreas via two sources of splanchnic arteries, superior
mesenteric arteries at the head of the organ and splenic arteries feeding the rest, and then
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drains into the portal vein via the splenic vein. Within individual branches of the pancreatic
gland, arteries and veins run in parallel and in close proximity to major ducts, creating co-
aligned tubes. The largest vessels are within central regions of the gland, while the
progressively finer microvasculature envelops the terminal acini. Additionally, the endocrine
islets, islets of Langerhans, display densely packed capillaries amongst the hormone
secreting endocrine cells.

How does this complex architecture of pancreatic vasculature form? We know that vascular
progenitors emerge within the pancreatic mesenchyme that surrounds and sustains the
branching epithelium. We also know that as epithelial branches grow, they extend between
blood vessels (Figure 5). Subsequently, vessels become larger and denser around the central,
endocrine-producing areas, but are more sparse around the distal exocrine acini®’. Finally,
we know that misregulation of vascular development in the pancreas leads to aberrant organ
development (discussed in further detail below). Strikingly, however, beyond these basic
facts, the signals that drive blood vessels to populate different areas remain completely
unknown.

To date, no reports have yet examined possible contribution of the endothelial cues and
receptors outlined above in the developing pancreas. Only a handful of studies report
pancreas-specific manipulation of angiogenic factors, specifically VEGF-A, which leads to
effects on acinar and endocrine differentiation, as well as impaired islet vascularization and
endothelial fenestration®’->9, The field clearly lacks a careful description of how blood
vessels emerge and become patterned in the normal pancreas, where major vessels are
located, and how they remodel during development. Mesenchymal- or epithelial-specific
ablation of known vascular cues, such as the ones listed above, will be crucial in elucidation
of the molecular underpinnings.

PARACRINE SIGNALS FROM BLOOD VESSELS

General

Blood vessels grow coordinately with developing tissues, as discussed above. During this
coordinated growth, ECs are in a temporally evolving relationship with resident cells,
including tissue progenitor cells (PCs). In fact, reciprocal signaling between ECs and organ-
specific cell types has been demonstrated in many tissues!® 57:60-70 However, the
underlying molecular mechanisms remain largely unknown.

Identifying paracrine roles for ECs has been challenging due to our inability to uncouple
circulation from bona fide endothelial-derived signals. Nonetheless, combinations of ex vivo
and /n vivo studies have vastly increased our understanding of EC-resident tissue
interactions. These studies largely made use of VEGF-A, with gain- or loss-of-function
approaches, to manipulate blood vessel growth, in order to assess how organ development is
affected by a perturbed endothelium. Generally speaking, ECs appear to influence
organogenesis or local progenitor expansion and/or differentiation in a number of systems
tested.
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Nervous system

EC-tissue interactions have been relatively well-characterized in the nervous system. In
many instances, neural structures develop in striking alignment with blood vessels. It has
long been noted that ECs are, in fact, very close to the germinal zones of the central nervous
system (CNS) where cerebellar cells are produced’?: 72, Further investigations demonstrated
that this close anatomical arrangement is indeed functionally relevant.

Many studies tested the functional relationship between endothelial and neuronal tissues
using loss-of-function approaches. Lowered VEGF-A activity in neuronal precursors in mice
or angiogenesis inhibition in rats both cause abnormal cortical brain development 3 74, One
potential explanation was presumed to be an effect on progenitor cells, as ECs have been
shown to promote self-renewal of embryonic cortical progenitors. When neuronal
progenitors (NPs) from early embryonic mouse cerebral cortex were plated in the presence
of ECs, stem cell state was efficiently maintained and subsequent neurogenesis was
improved via a Notch-dependent mechanism 2. Interestingly, in contrast to cortical
progenitors, neural crest cells instead require ECs for differentiation into autonomic

neurons ’°. Additionally, ECs have also been shown to drive astrocyte differentiation
through Leukemia Inhibitory Factor /6. Thus, ECs have been identified as potent regulators
of embryonic NP maintenance and fate determination.

A regulatory role of ECs in neurogenesis is also observed in the adult (Figure 6A). First, in
the murine hippocampus, ECs were found to divide coordinately with NPs, a process
mediated by VEGF-A’"-79, This coordination suggested an EC-NP crosstalk during
hippocampal neurogenesis. Second, in the sub-ventricular zone (SVZ), ECs were
demonstrated to induce self-renewal of NPs®. Third, in the songbird brain, the neural stem
cell pool was found to be maintained via vascular-secreted Brain-Derived Neurotrophic
Factor (BDNF)80. /i vitro studies have shown that ECs elicit NP proliferation through
Placental Growth Factor 2 and Pigment Epithelium-Derived Factor81 82, Strikingly, ECs
isolated from different regions of the brain exhibited different effects on neurogenesis. These
studies suggest a role for EC-derived factors in promoting self-renewal of NPs. By contrast,
the EC-derived secreted BDNF paralog Neurotrophin-3 (NT-3), the EC surface proteins
EPHRINB2 and JAGGED1 were all recently shown to maintain quiescence of NPs in the
SVZ83.84 |n addition to self-renewal or quiescence, ECs can promote cell cycle exit of
transit amplifying NPs via Bmps®®.

Overall, ECs appear to provide different signaling factors to neurogenic niches, at different
times or places, and thereby govern NP fate decisions. The nature and interpretations of the
signal will be distinct depending on: 1. the type or location of ECs and 2. the targeted NP
population. Besides NP fate, vessels can also influence neuronal growth, both in the adult
and the embryo86-88, Hence, ECs are proving to be key cellular players that act in a
paracrine manner to regulate neurogenesis.

Liver

EC crosstalk has also been observed in the developing liver. Hepatic endoderm is surrounded
by ECs following specification of liver progenitor cells, at the very onset of bud formation.
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As endodermal cells invade the surrounding mesenchyme, they become intermixed with
ECs, suggesting a possible functional role for ECs during hepatic development. This was
demonstrated using Vegfr2 null mice, which fail to form a proper liver bud, although hepatic
specification still occurs®3 64, Anti-angiogenic treatment of embryonic liver explants also
impairs hepatic differentiation and albumin expression®3: 4, These findings indicate a
paracrine role for ECs in hepatic outgrowth and differentiation.

To date, EC-derived molecules governing hepatic development remain largely unknown,
although a few candidate molecules have been put forth. Genetic ablation of Bmp4in mice,
or FGF8 inhibition in cultures of murine endoderm, lead to similar liver phenotypes as that
observed following Vegfr2 ablation8: 90, In addition, endothelial WNTs and HGF have been
proposed to relay EC signals during hepatocyte homeostasis and regeneration (Figure 6B).
HGF was found to be secreted from sinusoidal ECs and to promote hepatocyte proliferation
in the adult liver®L: 92, HGF is also required for proper liver regeneration following partial
hepatectomy 23, Conditional ablation of these factors in the hepatic vasculature will be
needed to demonstrate a role for ECs in providing these signals.

Lung

ECs in the developing lung also play important roles in formation of this organ. During
pulmonary development, ECs increasingly associate with peripheral tubules®. Interestingly,
differentiation of lung tubules into saccules coincides with a time point when ECs come into
direct contact with the respiratory epithelium. This observation led to further investigations
of a possible functional relationship between ECs and the lung epithelium.

A number of studies established that proper vasculature is required for lung development
(Figure 7). Inhibition of VEGF through a soluble VEGFR chimeric protein altered alveolar
patterning in mice®®. Likewise, treatment of lungs with the anti-angiogenic protein
Endothelial Monocyte Activating Polypeptide 11 (EMAPII) resulted in lack of alveolar
epithelial type 11 cells and a decrease in Surfactant Protein C expression %6, Furthermore,
lung-specific Vegf-a null mice fail to form primary septae, which normally divide terminal
tubules into saccules®3. This fits well the previously reported simultaneous occurrence of
sacculation with increased vascularization during normal development®4. Conversely, lung
epithelial-specific Vegf-atransgenic mice exhibit abnormal branching, dilated tubules,
reduced saccules and absence of alveolar epithelial type I cells®”. A more recent, detailed
study by Lazarus et a/. demonstrated abnormal and ectopic branching following vascular
ablation, as well®®. These findings were validated by ex vivo experiments, in which lungs
are explanted and grown at the air-fluid interface®?: %, Importantly, branching was abnormal
in cultures even when the VEGF inhibitor was removed from the media immediately
following vascular ablation. This implies that ECs, but not VEGF itself, are required for
normal airway branching. Taken together, these findings suggest that proper airway
branching and alveolarization are highly reliant on proper vascularization. However, as in
most other systems, the molecular nature of EC-provided cues remains to be determined.
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Epithelial kidney tubules coordinately develop with peritubular capillaries. ECs initially
invade ‘S-shaped bodies’, epithelial tubules formed by progenitor cells following
mesenchymal-to-epithelial transition (MET) and aggregation into renal vesicles. The S
shaped bodies develop into the filtration unit, called the glomerulus, by further ingrowth of
capillaries at the site of podocyte differentiation. Both /7 vivo and ex vivo work suggests that
this organization is critical to normal glomerular development (Figure 7). The zebrafish
mutant c/oche, which lacks any ECs, fails to form normal glomeruli, although podocyte
differentiation does occur®. Likewise, VEGF inhibition in mouse neonates causes abnormal
glomerular vascularization and failure of glomerular development, including altered
mesangial matrix and degeneration of mesangial cells®. Very similar phenotypes were
reported in mice genetically ablated for two out of the three Vegf-aisoforms100. On the other
hand, podocyte-specific Vegf-a null mice exhibit deficient mesangial maturation, while
podocyte-specific Vegf-a over-expression during development results in a swollen
endothelium, abnormally large glomeruli and podocyte depletion 101-103, These studies
indicate that endothelial abnormalities lead to failed glomerular morphogenesis, and that
VEGF-A expression in podocytes is important for mesangial development. In explant
cultures, vascularization induces glomerulogenesis, as well as tubulogenesis, corroborating
the circulation-independent role of ECs in kidney development 14104, Thus, normal nephron
development relies on proper vascularization.

ECs may have additional roles in kidney development prior to glomerulogenesis. In a model
proposed by Gao et al., ECs seem to be at the heart of ureteric branching morphogenesis,
which initiates nephron progenitor productionl®. This study demonstrated that VEGFR2
signaling is required to maintain mesenchymal PAX2, which in turn prompts expression of
GDNF (Glial cell line-Derived Neurotrophic Factor) and thereby ureteric bud branching.
Indeed, mice lacking two different V&gf-a isoforms exhibit ureteric branching defects100.
Considering that VEGFR2 expression is largely EC-restricted, these findings indicate a role
for ECs in ureteric branching morphogenesis'¢. Once again, however, molecules and/or
pathways that relay the signal from ECs to the mesenchyme, remain unknown. Therefore,
early vascular-specific genetic ablation studies will be crucial to determine the role of EC-
derived factors in renal development, especially at the stages prior to glomerulus formation
that remain rather unexplored.

Given the importance of elucidating pancreatic lineage differentiation for therapeutic
applications, the role of ECs during pancreas development has been rigorously examined.
This close examination has proved that epithelial-to-endothelial crosstalk is tightly
regulated, both spatially and temporally, to ensure proper morphogenesis and differentiation.

From the beginning of organogenesis, the pancreatic primordium is associated with ECs.
The pancreas-specific transcription factor PDX1 (Pancreatic and Duodenal Homeobox 1)
becomes restricted to the site where vitelline veins and the dorsal aorta physically contact
the endoderm®2. Following specification, PDX1 expressing cells take a columnar shape, and
invade the adjacent mesenchyme, where they form a stratified epithelial bud97-109, This bud
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represents the pool of progenitors that gives rise to the pancreatic organ and most of its
endodermally-derived lineages!10. The subsequent early phase of pancreatic development
(E9.5-E12.0) has been termed the ‘primary transition’, during which little endocrine
differentiation occurs, and that which occurs is towards alpha (glucagon-expressing)
cells!11 112 At these stages, capillary ECs surround the outer layer epithelium, while inner
layers remain avascular®’.

The secondary transition begins around E12.0, when the epithelium starts branching and
proliferating rapidly, and the interface with ECs begins to change dramatically. Epithelial
protrusions or ‘tips’ of nascent branches arise from a more central trunk epithelium. These
structures are characterized by expression of Carboxypeptidase A1 (CPA1). These tips have
been suggested to harbor cells with multipotency, or multipotent progenitor cells (MPCs),
able to give rise to endocrine, exocrine and ductal lineages!13. Tip and trunk epithelial
structures display different vascularization patterns and ultimately give rise to different
lineages. The bipotential trunk, where endocrine and ductal cells derive, is associated with a
greater density of vessels, both large and small. By contrast, the tip cells are relatively
devoid of vasculature, and remain so as they give rise to exocrine cells®’.

In line with their close anatomical arrangement, perturbation of vasculature affects pancreas
development drastically (Figure 7). In Xenopus, pancreatic differentiation fails when dorsal
aortic precursors are removed®2. Similarly, Vegfr2null mouse embryos fail to expand the
dorsal pancreatic progenitors, even though the PDX1 domain is initiated normally 64. Both
the endocrine hormones and expression of Pancreatic Transcription Factor 1A (PTF1A), a
pancreatic progenitor marker, are lost in the pancreas of these embryos. Validating a direct,
non-secondary effect of ECs, lack of PTF1A expression is reversed when pancreata are
cultured in the presence of aortic ECs4. More recently, PDX1 and insulin expression were
shown to depend on angioblasts in chick embryos, even before vessel formation14. In this
model, recruitment of angioblasts to the endoderm requires expression of the CXCL12
receptor, CXCR4, in angioblasts. PDX1 and insulin are reduced when CXCR4 is inhibited in
the embryo!14, These findings indicate a requirement for ECs in early pancreas
development. Furthermore, multiple studies suggest sufficiency of ECs in pancreatic
induction. Aortic ECs are able to elicit insulin expression in isolated mouse endoderm ex
vive®2. PDX1-driven VEGF-A over-expression also induces insulin in ectopically hyper-
vascularized posterior stomach. Similar to VEGF-A, ectopic CXCL12 expression is
sufficient to attract angioblasts and promote PDX1 in the pre-intestinal endoderm, when
induced prior to intestinal specification in the chick embryo!14. Thus, close proximity of
ECs to the endoderm is essential for pancreas development prior to the onset of branching
and differentiation, and may be sufficient for pancreatic induction.

Strikingly, concomitant with dynamic vascular reorganization, the role of blood vessel
endothelium changes during pancreas development. Pancreas-specific over-expression of
VEGF-A, which causes hyper-vascularization, results in suppression of pancreatic branching
and a decrease in tip cells. In addition, excess vessels inhibit the expression of the endocrine
progenitor marker Neurogenin-3, or NGN3. As a result, hyper-vascularized pancreata have
significantly reduced endocrine and exocrine differentiation. Interestingly, these changes are
accompanied by persistent expression of undifferentiated trunk markers1®. Conversely,

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Azizoglu and Cleaver Page 13

VEGFR?2 inhibition in E12.5 explants leads to an increased number of tip cells and reduced
trunk marker expression. Supporting an inhibitory role for ECs on acinar differentiation,
pancreas-specific Vegrf-a ablation leads to increased acinar cells in hypo-vascularized
regions®’. Furthermore, acinar cells over-expressing VEGF-A exhibit reduced amylase
expression. Taken together, these studies suggest a negative role for ECs during pancreatic
branching and exocrine differentiation at mid-gestation.

How ECs regulate endocrine differentiation is clearly complex. The early requirement of
ECs for proper endocrine fate (outlined above) can be explained by an essential role in
maintenance of the early pancreatic epithelium. In the later pancreatic bud, ECs appear to
support the undifferentiated trunk epithelium, as evidenced by a failure to differentiate
toward any lineage upon hyper-vascularization. In support of this idea, a recent study by Kao
et al. demonstrated that EC-provided Epidermal Growth Factor Like 7 (EGFL7) maintains
pancreatic progenitor renewal16 (Figure 6C). Thus, reduced endocrine differentiation upon
hyper-vascularization at these stages may be a result of persistence of an undifferentiated
state. Along those lines, ectopic VEGF-A expression in insulin-expressing beta cells during
development leads to impaired endocrine differentiation, reduced beta cell mass and
perturbed islet morphology1’. However, VEGFR?2 inhibition leads to a decrease in
endocrine progenitors, as well, suggesting that ECs are required for endocrine
differentiation®’. Overall, endocrine fate may depend on a balanced EC niche, which is
permissive to differentiation from the trunk, at the same time repressing acinar
differentiation.

After birth, maturation of beta cells is tightly coupled to islet vascularization. Immature beta
cells recruit ECs to the islets through VEGF. ECs, in turn, secrete potent factors for beta cell
proliferation, maturation or even rejuvenation, via factors such as HGF118: 119 \When
mature, adult islets can tolerate reduced vascularization and function normally. Ablation of
vasculature by VEGF inactivation or soluble VEGFR over-expression in islets only leads to
a slight defect in glucose clearance 28 120. 121 Beta cell regeneration after injury was also
found to be normal in hypo-vascularized islets'?1. On the other hand, hyper-vascularization
was shown to reduce beta cell mass, with islets rapidly losing their intact architecture upon
increased VEGF expression®. These findings demonstrate the robustness of islet function
under vascular perturbations, such as injury, and at the same time suggest EC-derived
inhibitory signals acting on beta cell proliferation.

Perspectives on the study of paracrine signals from blood vessels

Seemingly contradictory findings as to how ECs regulate organ development, specifically
endocrine differentiation in the pancreas, likely point to the dynamic nature of this
regulation. Some discrepancies may result from use of different genetic models, inhibitors,
in vivoversus ex vivo systems or different timing in vascular perturbation. On the other
hand, the main approach, perturbing VEGF signaling, is an indirect way of manipulating
vasculature. VEGF signaling does not only regulate vascularization of tissues, but also acts
as a key player in the response of tissues to hypoxia. Similarly, VEGF regulates vascular
permeability and thereby access of tissues to factors within the plasma. Thus, it is
challenging to interpret the results when this signaling is disturbed and determine to what
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extent other VEGF-regulated processes are involved in the reported phenotypes.
Furthermore, given the heterogeneity of ECs, the extent of perturbation and/or the affected
subsets of ECs constitute additional parameters mostly disregarded. Hence, there is an
urgent need for clarifying EC-derived signals and studying them individually, as opposed to
dependence on pan-endothelial perturbations.

ENDOTHELIAL HETEROGENEITY

Arteriovenous fate: example of early distinctive ECs

One key characteristic of the vasculature that cannot be dissociated from its paracrine
interactions with surrounding tissues is its heterogeneity. The blood vascular system is a
highly hierarchical tree of large and small vessels. Arteries, and arterioles branching from
them, form a closed circulation with venules and veins via capillaries, the finest vessels.
Each segment of the vasculature has a different morphology that enables it to serve its
specific and local functions122.

Organ-specific structural differences in ECs

Further evidence of vascular heterogeneity can be found in the morphological differences
between capillary beds of different organs. Simply put, blood vessels in different tissues
must accomplish different functions, and therefore ECs within these tissues take on very
different ultrastructural appearances. For instance, organs involved in filtration, such as
pancreas and kidney, harbor vessels with pores (fenestrations). Discontinuous capillaries
develop much larger pores, or sinusoids, like those in the liver. Furthermore, ECs differ at
fundamental levels in their content of a number of subcellular components, such as caveolae,
organization of tight junctions, and composition of endocytic machinery?2, These organ-
specific EC characteristics are essential to enable vessels to serve organ-specific functions.

Transcriptional heterogeneity in ECs

Given the functional and morphological heterogeneity within the vascular system, it is not
surprising to find differences at the molecular level across blood vessels. Expression
profiling, proteomic approaches and analysis of vascular-specific or -restricted markers
demonstrate distinct molecular compositions across vascular beds, arteries, and even cells
within an artery123-127 (see reviews28: 129) How and when in the lifespan of an organism
do ECs, derived from the same progenitor, give rise to such heterogeneous populations? Do
they emerge de novo as distinct cells from different regions of the mesoderm? Do
angioblasts give rise to daughter cells with different fates? Studies that compare different
vascular beds across different developmental stages will be crucial to answer these
questions. Importantly, tissue specificity of EC paracrine signaling is underscored by the
inherent heterogeneity of capillary beds in different organs. The challenge ahead is
recognizing those differences, understanding how they are molecularly governed and how
this could help direct the development of therapeutic applications.
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ENDOTHELIAL CELLS IN REGENERATIVE THERAPIES

Regenerative medicine is defined as “the process of replacing, engineering or regenerating
human cells, tissues or organs to restore or establish normal function”130, Fundamentally, to
create new organs, it will be essential to learn how to build and integrate a functional
vasculature with bioengineered tissues, to ensure proper nutrition and gas exchange, but also
to provide any signals required by cells within the newly generated tissues. Recently, there
has been a tremendous effort to identify these EC-derived signals, referred to as “angiocrine
factors” in adult systems124. 131,

ECs in organ regeneration

Perhaps not surprisingly, given their roles in organ development, ECs have proved
indispensable for regeneration of tissues in various systems®2 132 Neural regeneration and
angiogenesis occur coordinately upon CNS injury, such as stroke or brain trauma®33,
Moreover, newly generated neurons have been shown to follow paths of the perivascular
space to migrate to the site of injury, and also rely on EC-provided angiocrine factors for
survival3*, Mounting evidence points to a similar role for ECs in the bone marrow (HSCs,
Figure 6D) and in the liver. Wang et a/. hasrecently demonstrated that central vein ECs
supply Whnt signals to the self-renewing hepatocyte population in the uninjured statel3.
These homeostatic mechanisms are similarly employed during liver regeneration, which has
been found to rely on sinusoidal angiocrine factors, WNT2 and HGF, upon hepatectomy, and
CXCL12 under acute or chronic injury 92 138 (Figure 6B). Regeneration of lung upon injury
also relies on paracrine signals provided by ECs131: 137, These studies highlight the essential
role of ECs in tissue regeneration.

Generating mature beta cells requires ECs

Generating beta cells /n vitrois a potential therapy for type | diabetes patients, and thus is an
urgent need that regenerative science has been trying to address. Although beta cells can be
successfully differentiated using human induced pluripotent stem cells (iPSCs), the resulting
cells are far from being mature and fully functional. Incorporating ECs in these step-wise
differentiation protocols, at defined stages, has led to a boost in efficiency of functional beta
cell production 116, Considering that differentiation and maturation of beta cells depend on
ECs, we predict that incorporation of ECs or EC-provided signals will be needed to make
fully mature beta cells /in vitro. This necessitates a better understanding of how and which
EC-signals regulate beta cell differentiation.

EC considerations for organoids and organs-in-a-dish

A major laboratory advance that found its roots in developmental biology has been the
establishment of organoid cultures, especially those from human iPSCs. Recapitulating
many aspects of organ development /n vitro, organoids hold great promise for serving as a
tissue source in medical therapies, as well as for providing novel platforms for drug
development38, However, non-progenitor cells, including stroma, neurons and ECs, have
mostly been ignored in these systems to date. To mimic /7 vivo processes, incorporating ECs
into organoid cultures will be essential. This requires urgent investigation of patterning and
heterogeneity of organ-specific ECs. Along those lines, a recent study from Takebe ef a/.
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integrated ECs in human iPSC-derived liver buds, which formed a functional vasculature in
transplanted animals39. Another study by Takasato et a/. recently reported coordinated
generation and patterning of renal ducts, tubules and glomerular structures, alongside lumen-
containing vasculature, in kidney organoids from iPSCs140. However, whether or not these
in vitro generated blood vessels are properly patterned and interfaced in a functionally
relevant manner remains to be established.

Overall, these studies suggest importance of coordinated development of tissues and their
associated vasculature. Recent work has also demonstrated that prevascularized tissues
perfuse more rapidly following transplantation, leading to improved tissue survival and
functional outcomes4L, Together, these findings draw attention to the contribution of ECs to
development within organoid cultures. Understanding how ECs govern organ development
will be central to achieving replacement and regenerative therapies.

CONCLUSION

Endothelial cells (ECs) have long been considered passive building blocks of the blood
circulatory plumbing. In contrast to long held common belief, studies in the last two decades
have revealed functional communication of ECs with surrounding tissues. From these
studies, we have learned that reciprocal interactions are essential for the proper patterning of
blood vessels throughout the embryo, as well as for organogenesis. While initial events that
shape the first vessels in the embryo have begun to be understood, stereotypical organ and
tissue vascularization remains unclear. One emerging general theme is that tissues provide
an integrated network of local attractive and repulsive cues that dictate patterning of vessels.
However, we lack an overall picture of how and where these cues integrate in each organ, as
well as what molecules constitute the complete set of cues. Reciprocally, ECs communicate
back to resident tissues and regulate their growth during development. This phenomenon has
been investigated in a handful of organs, demonstrating crucial paracrine roles for ECs in
organogenesis. However, manipulation of vasculature has been mostly indirect, via gain or
loss of function of angiogenic molecules such as VEGF, and very few molecular
mechanisms have been identified. Strikingly, ECs have organ-specific, and -within an organ-
cell type-specific, paracrine functions during organogenesis. Whether these different
functions rely on common or distinct cues remains as an outstanding question. Given the
final anatomical and molecular heterogeneity across vascular beds, it is probable that organ-
specific EC factors are involved. However, this is yet to be demonstrated. Finally, ECs are
emerging as key regulators of organ regeneration, yet almost nothing is known about how
they communicate with the resident cells and impact their fate. Thus, advancement of
current regenerative therapies, as well as making organs-in-a-dish in the near future, will
require a deeper, mechanistic understanding of vascular patterning as well as the central
instructive role of ECs during organogenesis.
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Figure 1. EC-Tissue crosstalk
ECs of a vessel dynamically communicate with surrounding tissues. Tissues provide positive

and negative patterning cues, such as VEGF or Semaphorins (respectively), which influence
EC migration and thereby shape the vasculature. ECs, in turn, provide signals to tissues
regulating their growth and homeostasis, which remain largely unknown.
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Figure 2. Basic principles of cueintegration during vessel formation and patterning
(A) In de novo vasculogenesis, angioblasts migrate and proliferate in a directed manner

following their specification. They migrate towards sources of attractive cues (blue) and
away from those of negative cues (orange). As a result, they encounter each other, coalesce
and assemble into cords at genetically determined locations. They then undergo
tubulogenesis to form a functional vessel. (B) Sprouting angiogenesis is similarly governed
by attractive and repulsive cues, which direct migration of the activated ECs at the tip of the
emerging sprout. This way, a new vessel arises from an existing one at specific genetically
determined locations.
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Figure 3. Vascularization of organs
Blood vessels emerging in the mesoderm form an initial net-like plexus around the organ

primordium. As development proceeds and organs grow in size, the vasculature is remodeled
coordinately. Branching organs of endodermal origin, like pancreas and lung, co-develop
epithelial branches with arteriovenous networks. In these organs, arteries and veins align
with nearly every branch, both large and small.
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Figure 4. Stereotyped architecture of adult human pancreatic vasculature
Simplified schematic of major blood vessels in the mature pancreas. Two sources of

splanchnic arteries supply blood to the pancreas. The head of the pancreas, derived from the
dorsal bud, receives blood from the superior mesenteric arteries. The rest of the pancreas,
namely the neck, body and tail, are supplied by the splenic arteries. Blood is then drained via
the splenic vein into the portal vein. Blue, veins; Red, arteries.
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E10.0: Stratified pancreatic E13.5: Intercalation of vessels and
bud is largely avascular pancreatic branches

Figure 5. Vascularization of the pancreas during development
Sections through embryonic mouse pancreas at stages indicated. Blue, DAPI; Green,

pancreatic epithelium stained for E-cadherin; Red, blood vessels stained for PECAM. (A)
Angioblasts and early vessels arise in the mesoderm which surrounds the pancreatic
epithelium. The stratified pancreatic epithelium is initially avascular (E10.0). (B) As the
pancreas branches, the mesodermal mesenchyme containing blood vessels associates with
the epithelium. ECs become densely packed around the trunk, while tips are relatively
devoid of vasculature. Scale bars, 50um.
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Figure 6. Endothelial niche for stem cell self renewal versusdifferentiation
(A) Neuronal progenitor cells receive diverse signals from niche cells, including ECs, which

regulate their fate. EC-derived Notch, BDNF, PIGF-2 and PEDF have all been demonstrated
to induce self-renewal of neuronal progenitors, while NT-3, EPHRIN-B2 and JAGGED1
promote quiescence. ECs can also prompt cell cycle exit of neuronal progenitors through
Bmps. (B) In the liver, Wnt ligands secreted by ECs induce self-renewal of hepatic
progenitors during homeostasis. Also under injury, ECs promote hepatic progenitor renewal
via WNT2, HGF and CXCL12. (C) During pancreas development, EGFL7 supplied by ECs
maintains pancreatic progenitors by promoting their renewal. (D) Hematopoietic stem cells
in the bone marrow rely on EC-derived signals, such as CXCL12 and JAGGED1, for
renewal and maintenance. BDNF, Brain-Derived Neurotrophic Factor; EFNB2, EPHRIN-
B2; HepaProg, hepatic progenitor; HGF, Hepatocyte Growth Factor; HSC, hematopoietic
stem cell; JAG1, JAGGED1; NeuProg, neuronal progenitor; NT-3, Neurotrophin-3;
PancProg, pancreatic progenitor; PEDF, Pigment Epithelium-Derived Factor; PIGF-2,
Placental Growth Factor 2.
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Figure 7. Vascular impact on organogenesis
(A) Perturbations in vasculature disrupt lung development. Branching stereotypy is altered,

tubules are dilated and sacculation is incomplete in both hyper-vascularized and hypo-
vascularized lungs. Hyper-vascularized lungs also fail to differentiate alveolar epithelial type
I cells and have immature columnar epithelial cells in their alveoli instead. (B) Hypo-
vascularization leads to a failure in glomerular development. Mesangial cells are depleted
and the mesangial matrix is altered upon reduction of glomerular capillaries. (C) Early
removal of aortic ECs prior to pancreatic specification (E8.25) results in a failure of normal
pancreatic bud formation, although the PDX1 domain is specified. Later manipulations of
the pancreatic vasculature during epithelial branching also have dramatic effects on pancreas
development. Hyper-vascularization results in abnormal branching and reduction of tips. In
these pancreata, the undifferentiated trunk epithelium is expanded, while exocrine
differentiation as well as endocrine commitment and differentiation are compromised. By
contrast, hypo-vascularization during epithelial branching causes ablation of the trunk and
expansion of tips. Schematic representation of early pancreatic buds (E10.0, left) and
phenotypes at later stages (i.e. E13.5, right). Markers used here to distinguish pancreatic cell
lineages: PDX1, PTF1A, CPA1 and NGN3, as described in text. Epi, epithelium; AECI,
alveolar epithelial cell type I; AECII, alveolar epithelial cell type I1; ColC, columnar cell;
CubC, cuboidal cell; EndocrineC, endocrine cell; EpiC, epithelial cell; MesangC, mesangial
cell; ParC, parietal cell; TipC, tip cell.
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