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The formation of new blood vessels is a crucial step in the development of any new tissue

both during embryogenesis and in vitro models as without sufficient perfusion the tissue

will be unable to grow beyond the size where nutrition and oxygenation can be managed

by diffusion alone. Endothelial cells are the primary building block of blood vessels and

are capable of forming tube like structures independently however they are unable to

independently form functional vasculature which is capable of conducting blood flow.

This requires support from other structures including supporting perivascular cells and

the extracellular matrix. The crosstalk between endothelial cells and perivascular cells is

vital in regulating vasculogenesis and angiogenesis and the consequences when this is

disrupted can be seen in a variety of congenital and acquired disease states. This review

details the mechanisms of vasculogenesis in vivo during embryogenesis and compares

this to currently employed in vitro techniques. It also highlights clinical consequences

of defects in the endothelial cell—pericyte cross-talk and highlights therapies which are

being developed to target this pathway. Improving the understanding of the intricacies of

endothelial—pericyte signaling will inform pathophysiology of multiple vascular diseases

and allow the development of effective in vitro models to guide drug development

and assist with approaches in tissue engineering to develop functional vasculature for

regenerative medicine applications.
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INTRODUCTION

The processes of vasculogenesis and angiogenesis play vital roles in embryonic development and
vascular homeostasis during adulthood. The endothelial cell is the most basic building block
of blood vessels and the growth factor mediated proliferation and migration of these cells is
responsible for forming the complex vascular networks within the body. Endothelial cells do not
perform these tasks in isolation and their interaction with supporting perivascular cells is one of the
key processes during the formation of new blood vessels to ensure that durable vessels are formed
which can support blood flow. This review will discuss the embryological origins and interactions
of endothelial cells and perivascular cells and compare this with current in vitro approaches used
to model this interaction. In addition, it will discuss how interruption of this interaction causes
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a variety of genetic and acquired diseases and how novel
approaches to co-culture may help to develop our understanding
of this area and provide potential therapeutic options in the
future.

MULTICELLULAR INTERACTIONS IN
EMBRYOGENESIS

Building Blocks for New Vessels
The process of creating vascular networks involves two sequential
steps: vasculogenesis, the de novo formation of blood vessels
from progenitor cells, and angiogenesis themigration, branching,
and pruning of existing blood vessels to form complex
vascular networks and capillary beds (1). The endothelial
cell is the most basic building block of new blood vessels
and the processes of angiogenesis and vasculogenesis both
require the proliferation and migration of these cells to under
perfused tissues. This must be followed by the formation
of strong connections between adjacent cells and the extra-
cellular matrix (ECM) to create a durable conduit which can
support blood flow. In the developing embryo there are multiple
interactions between the cell and its environment responsible
for controlling this process (2). This includes interactions
between neighboring endothelial cells, between endothelial cells
and surrounding support cells as well as the paracrine effects
of growth factors released into the ECM. In addition, these
newly developing vessels respond to changes in the extracellular
environment including the composition of the ECM and relative
levels of hypoxia or nutritional deficiencies of surrounding
cells (3).

Endothelial Cells
During embryogenesis the first recognizable blood vessels occur
in the yolk sac as groups of cells expressing endothelial markers
including vascular endothelial growth factor receptor (VEGFR),
VE-cadherin and CD31 (1, 4). These primitive endothelial cells
are derived from the mesodermal layer of the embryo. They
migrate to form aggregates of cells known as blood islands
which are capable differentiating toward either haematopoietic or
angioblastic lineages (5). As these cells begin to differentiate they
align with angioblastic cells on the outside of the blood islands
and haematopoietic cells in the central core. Angioblasts in the
outer lining flatten and form intercellular connections to create
a circumferential layer of primitive endothelial cells which is the
first stage in vessel formation (1).

The formation of these blood islands in the mesoderm is
controlled by growth factors released from the endodermal layer.
Hedgehog signaling via the bone morphogenic protein-4 (BMP-
4) pathway is one of the earliest steps that initiates endothelial
differentiation from multipotent mesodermal cells and is vital
in early vascular development (6–8). Fibroblast growth factors
(FGF) stimulation of these cells induces the expression of early
endothelial markers. The FGF driven expression of VEGFR (9–
11) is an essential step in sensitizing the cells to the potent
angiogenic growth factor vascular endothelial growth factor
(VEGF) which is one of the key growth factors in promoting
angiogenesis (12, 13).

As the blood vessel matures the endothelial layer forms a
confluent monocellular layer in contact with the blood. This
functions as barrier to prevent the widespread extravasation of
blood and fluid however also needs to be sufficiently permeable
to enable the passage of required gases, nutrient and leukocytes
into the perivascular space when required. VE-cadherin one
of the earliest markers expressed on the surface of developing
endothelial cells. It forms part of the adherens junctions between
endothelial cells to begin the formation of themonolayer. Further
control of the permeability is mediated by the formation of
tight junctions which are formed from claudins, occludins and
junctional adhesion molecules which are upregulated as the
endothelial cell matures (14).

Perivascular Cells
Perivascular or mural cells were first described histologically as
cells closely associated to the endothelial layer of blood vessel
and are found in all organs throughout the body. They are a
phenotypically diverse family of cells with a variety of roles
depending upon the anatomical location and function of the
vessel (15). They can be divided into two main categories:
vascular smooth muscle cells and pericytes although much
heterogeneity exists within these groups.

Vascular smooth muscle cells are associated with larger
conduit vessels such as arteries and veins and are separated
from the endothelial layer by the basement membrane and the
inner elastic lamina. They have greater expression of contractile
proteins such as α-smooth muscle actin (α-SMA), adopt a stellate
shape and line up in a circumferential pattern around the vessel.
Pericytes, in contrast, are associated with small caliber capillaries
where they are embedded in the same basement membrane
as the endothelial layer. They have an elongated and flattened
shape and are orientated along the long axis of the vessel with
multiple finger-like projection extending through the basement
membrane to make direct contact with the endothelial layer
(15). These connections have a peg and socket arrangement that
enables signals to be passed directly between the pericyte and
endothelial layers. A single pericyte can interact with multiple
endothelial cell and the relative density of pericytes surrounding
a blood vessel depends upon anatomical location and function
of the vessel. In skeletal muscle there is approximately a 1:100
relationship between pericytes and endothelial cells (16) whereas
in the brain and the retina there is a 1:1 relationship where it
is thought to play a role in maintaining the blood brain barrier
(17–19). Their position in contact with multiple endothelial
cells can be advantageous in co-ordinating the response of a
population of endothelial cells along the vessel as intercellular
signaling can be propagated to multiple cells in the endothelial
layer through a single pericyte (15, 17).

Debate exists regarding the characteristics which define a
perivascular cell and thus a precise definition remains elusive.
Consequently, there is no single specific marker to define this
population. Instead, a combination of cell surface markers are
typically used and these may have variable expression depending
upon the anatomical location and angiogenic state of the cell
(20, 21). Common markers which are expressed in perivascular
cells include neuron-glial antigen-2 (NG2), CD146, α-smooth
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muscle actin (α-SMA), and platelet derived growth factor
receptor-β (PDGFR-β). Endothelial and haematopoietic specific
markers such as CD31, VE-cadherin, von Willebrand factor and
CD45 should be absent (15, 22–25).

The precise origin of perivascular cells is more controversial
than that of endothelial cells and there appears to be more than
a single origin for these cells (Figure 1). Perivascular cells in the
bowel, lung and liver have been found to have an endodermal
lineage which initially develops toward an epithelial fate and
subsequently undergo epithelial to mesenchymal transition into
pericytes (16). In the brain, they are derived from neural crest
cells (26) and vessel such as the aorta have pericytes of multiple
different origins within a single vessel (16).

Perivascular cells were once thought to only provide
mechanical support to the vessel however it is now clear
that it has a variety of functions within the vasculature. The
contractile properties of perivascular cells enable regulation of
blood supply by altering the vessel diameter in response to
vasoactive substances (21). In the central nervous system, where
they are significantly more abundant, they are thought to play
a role in the control of cerebral perfusion and restricting the
permeability of the blood brain barrier (15, 21, 27). They may
also play a role in tissue repair as they have the ability to
transdifferentiate into fibroblast in response to injury to the
surrounding tissue (16, 28) Finally, they also have an important
role in intercellular signaling both to endothelial cells and to the
tissues surrounding the blood vessels.

FIGURE 1 | Schematic drawing showing the origin of perivascular cells in

embryonic development and postnatal vessels.

Crosstalk Between Perivascular and
Endothelial Cells Is Key During Early
Vasculogenesis
Signaling between the endothelial and perivascular cell layers
is mediated by the release of growth factors, direct cell-cell
contact at peg and socket connections and modulation of the
ECM (Figure 2). Perivascular cell are recruited to the developing
vessel as the vessel matures. Perivascular cells coating the vessel
have an anti-angiogenic effect which stabilizes the vessel and
limits further proliferation and migration of the endothelial
cells. This is mediated by a number of signaling molecules
released by the perivascular cells which act on the endothelial
layer including Angiopoietins, sphingosine-1-phosphate as well
as contact inhibition largely mediated by the Notch family.

VEGF
The expression of VEGF receptor on primitive endothelial
cells is one of the most important steps in vasculogenesis
as this enables cells to respond to the potent mitogenic and

FIGURE 2 | Signaling during endothelial-pericyte cross-talk. The figure

illustrates the intercellular signaling responsible for cell recruitment,

differentiation, and maturation as well as vessel stability is built on multiple

receptor complexes. PDGF-B/PDGFRB2, S1P/EDG-1, ANG1/2/TIE2,

Cadherin, and Notch mediated signals are prerequisites of endothelial

-pericyte cross-talk, cell recruitment and subsequent vessel stabilization.
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chemotactic effects of VEGF (10, 29). The importance VEGF
signaling pathway in early vasculogenesis is highlighted by
VEGF knockout mice which die early in development without
any organized vasculature present (30, 31). VEGF-A is the
prototypical member of the VEGF family and is coded for by
the VEGFA gene on chromosome 6. It is released by multiple
cells throughout the body typically in response to hypoxia or
hypoperfusion of a tissue (32).

VEGF receptors are transmembrane tyrosine kinase receptors
denoted VEGFR1-R3. The most important signaling receptor
in vasculogenesis and angiogenesis is the VEGFR2 which is a
relatively low affinity receptor with high intracellular tyrosine
kinase activity when activated. Knockout of this receptor has the
same effects as VEGF-A knockouts with early embryonic lethality
due to lack of organized vasculature. In contrast, VEGFR1 has a
much higher affinity for VEGF-A however minimal intracellular
tyrosine kinase activity upon activation (32). Knockout of the
VEGFR1 receptor causes unchecked endothelial hyperplasia (33)
however selective knockout of the tyrosine kinase domain of
the VEGFR1 has minimal effect on vascular development. This
demonstrates that this receptor acts largely as ligand trap to
sequester VEGF and reduce VEGFR2 signaling and therefore
angiogenesis (33).

Intracellularly activation of VEGFR2 is propagated by a
number of downstream signaling pathways. This is classically
via ERK signaling, however, a variety of non-canonical pathways
are also known to play a role (34). Stimulation of this pathway
induces endothelial proliferation and differentiation including
the expression of cell adhesion molecules such as VE-cadherin
which form junctional complexes between the endothelial cells
and creates the tubular structure from which further blood vessel
development can occur (35, 36). Control of VEGF receptor
expression is maintained by exogenous signaling including
concentration of FGF and transforming growth factor-β (TGF-β)
as well as by negative feedback loops within the cell to internalize
and degrade receptors to prevent overstimulation of the VEGFR2
pathway and excessive neovascularisation with immature and
permeable vessels as is seen in VEGFR1 knockout mice.

As perivascular cells differentiate they begin to express
VEGF which is expressed in response to hypoxia and TGF-β
signaling (28, 37). The isoform produced by perivascular cells
is most commonly VEGF-A165 which binds to heparin sulfate
proteoglycans on the cell surface, therefore, remaining associated
with the cells (37). This local release of VEGF is important
in promoting endothelial cell survival and stabilizing newly
formed vessels, however, does not set up a concentration gradient
to encourage endothelial cell migration as occurs when more
soluble isoforms are released (37, 38). Pericytes also have
VEGFR1 on the cell surface which binds VEGF and sequesters
it from the VEGFR2 on the endothelial cells, therefore, prevents
the initiation of angiogenesis in mature, quiescent vessels (39).

TGF-β
The transforming growth factor-β family of signaling molecules
consists of more than thirty molecules which have a diverse range
of targets. TGF-β is the most well characterized member and
is expressed by multiple cells throughout the body including
both endothelial and perivascular cells. When secreted by these

cells it is associated with specific TGF-β binding proteins which
maintain it in an inactivated form bound to the extracellular
matrix (ECM) (40). Various mechanisms can release and activate
TGF-β1 including the action of proteases such as matrix
metalloproteinases (MMPs) which are produced by endothelial
and perivascular cells when they come into contact. Once
activated TGF-β has a variety of receptors on the surface of
endothelial cells and pericytes (23, 41, 42).

The effect of TGF-β is highly context dependent and varies
with the local concentration of TGF-β as well as the relative
expression of receptors on the cell surface of the target
cells (43, 44). The two most important TGF- β receptors
in angiogenesis are Activin like kinase-1 (ALK-5) which is
expressed on both endothelial cells and perivascular cells and
Activin like kinase-1 (ALK-1) which is restricted mainly to
endothelial cells. These two receptors have opposing effects on
the response of the cell to TGF-β. ALK-5 stimulation causes down
regulation of proangiogenic VEGFR-2 and upregulation of the
antiangiogenic VEGFR-1 leading to reduced proliferation and
increased differentiation of endothelial cells (45, 46). Similarly,
ALK-5 activation causes differentiation of the perivascular cells
and promotes release of ECM proteins such as fibronectin
from both cell types (40). Overall this encourages formation of
quiescent mature vessels with significant perivascular cell coating
and a well-developed stable ECM. In contrast, ALK-1 signaling
which is preferentially activated at lower concentrations of
TGF-β increases proliferation of endothelial cells and encourages
angiogenesis to proceed (45, 47, 48).

Platelet Derived Growth Factor
Platelet derived growth factor (PDGF) is released mainly by
endothelial cells and binds to the PDGFR-β on perivascular
cells. Activation of this receptor stimulates proliferation of
perivascular cells and acts as a potent chemoattractant causing
cells to migrate toward expanding endothelial cell populations
(49, 50). Absence of PDGF or PDGFR- β in mice is lethal
in late gestation due to large, permeable, dilated vessels with
microaneurysm formation, microvascular leakage and oedema
throughout the embryo (49). Histologically these mice have
widespread deficiency of perivascular cells coating the blood
vessels and there is endothelial cell hyperplasia at the site of
microaneurysms formation. This demonstrates the role that
recruitment of perivascular cells to the perivascular niche plays
in stabilizing developing vessels and reducing proliferation and
angiogenesis in fully formed mature vessels (24).

VEGF signaling on perivascular cells via the VEGFR2
supresses the response of the cell to stimulation by PDGF-B
by phosphorylation of the PDGFR-β receptor. This reduces the
maturation and migration of perivascular cells to the site blood
vessels undergoing of active angiogenesis and enables endothelial
cell proliferation and vasculogenesis to continue without the
inhibitory effect of pericytes (51).

Angiopoietins
Angiopoietins are a group of glycoproteins which act as
ligands for the tyrosine kinase receptors TIE (Tyrosine kinase
with immunoglobulin-like and EGF-like domains). The TIE-2
receptor is exclusively expressed on the surface of endothelial
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cells (52). Angiopoietin-1 (ANG-1) is a ligand for the TIE
receptors which is expressed by perivascular cells in response
to PDGF-B stimulation (53). Activation of TIE-2 receptors
causes stabilization of the vessel through the inhibition of
apoptosis in endothelial cells, enhancing inter-endothelial
connections and reducing endothelial layer permeability (54–
56). ANG-2 is released mainly by endothelial cells and
acts as an antagonist at the TIE-2 receptors preventing the
anti-angiogenic activity of ANG-1 and thereby promoting
angiogenesis (57).

Sphingosine-1-Phosphate
Sphingosine-1-phosphate (S1P) is a sphingolipid metabolite
released by perivascular cells (58) which acts on the endothelial
differentiation gene-1 (EDG-1) receptor on the endothelial
cell surface. S1P specifically promotes membrane expression
and trafficking of the cell-cell adhesion protein N-cadherins
to the cell membrane. N-cadherins localize to the peg and
socket contacts between the endothelial and pericyte where it
enhances these contacts (54, 59). Similar to PDGFR-β knockouts,
loss of S1P results in absence of pericyte association with
the vessels and subsequent vessel dilation and hemorrhage
(54). Binding of the S1P also upregulates the expression of
the inter-endothelial cell adhesion molecule VE-cadherin
and down-regulates the expression of the pro-angiogenic
ANG-2 thereby strengthening tight junctions between
cells and increasing the stability of the developing vessel
(36, 58–61).

Notch Receptors and Ligands
Notch receptors are transmembrane proteins which binds
to Notch ligands which are also typically membrane bound
structures, therefore, having an important role in mediating
signaling between adjacent cells in direct contact. Binding of
a Notch ligand causes the intracellular effector domain of the
Notch receptor to be cleaved which travels to the nucleus where
it acts as a transcription factor (62). Endothelial cells express the
Notch ligands delta-like-ligand 4 (DLL-4), Jagged-1 (JAG-1), and
Jagged-2 (JAG-2) and Notch receptors 1–4 while perivascular
cells express Jagged-1 and Notch receptors 1–3 (63).

Notch receptors on the endothelial cells binds JAG-
1 on the perivascular cells mediating contact inhibition
by downregulating expression of VEGFR2 and upregulating
VEGFR1 therefore desensitizing the cell to VEGF activation, (64,
65) reducing endothelial proliferation (66–68) and encouraging
the formation of a mature endothelial cell phenotype (69). The
expression integrin αvβ3 is increased and which causes adhesion
of endothelial cells to von Willebrand factor in the basement
membrane and strengthens the structure of the developing
vessel (69).

Activation of Notch receptors in the perivascular cells
upregulate the expression of PDGFR-β which promotes
maturation of perivascular cells with increased expression of
α-SMA (68, 70). It also enhances recruitment and attachment of
perivascular cells to the endothelial layer formingmore stable and
mature vessels (71). Notch knockout mice have early embryonic
lethality due to widespread vascular abnormalities (72).

Extracellular Matrix for Vessel Formation
In embryogenesis, the ECM and particularly the vascular
basement membrane plays a vital role in controlling the
development of the primitive vasculature by recruiting cells to
the surrounding area and modifying their transcription profile
depending upon the composition of the surrounding ECM
(73). The vascular basement membrane is a structure of highly
crosslinked insoluble materials including collagens, laminins,
and fibronectin in which endothelial cells are embedded (74).
This is formed by synthesis and deposition of these substances
from both endothelial cells and perivascular cells which is
upregulated following contact between these two cell types (2).

The basement membrane is not a static structure; it is
continually being remodeled depending upon the conditions of
the vessel and surrounding tissue. The changes in composition
affect the endothelial cell behavior through interaction with
integrins on the cell surface. MMPs and tissue inhibitors of
metalloproteinases (TIMPs) catalyze this remodeling and are
in constantly shifting equilibrium (75). Close interaction of
endothelial cells with perivascular cells cause TIMP expression
to predominate leading to inhibition of MMP and a more
stable, type IV collagen rich and highly cross-linked basement
membrane (76). In this state growth factors and signaling
molecules including VEGF and TGF-β remain embedded in
the basement membrane and are not available for the cell
to access causing it to remain in a state of quiescence. In
contrast, when the basement membrane is being assembled or
disassembled by MMPs these growth factors are released and
activate endothelial cells by exposing them to provisional matrix
components, such as vitronectin, fibronectin, type I collagen,
and thrombin. Additionally, growth factors including TGF-β and
VEGF which are released from their latent bound states within
the ECM and encourages endothelial proliferation and migration
leading to sprouting and growth of the vessel (75, 77).

Cadherins
The cadherins, N-cadherin and VE-cadherin mediate the
interaction between endothelial cells and surrounding cells
and structures by linking the extracellular environment to
the cytoskeletal framework of the cell (78). VE-cadherin is
concentrated at adherens junctions, its extracellular component
mediates cell-cell interaction with cadherins on other endothelial
cells (79). The inhibition of this interaction with monoclonal
antibodies results in increased permeability of the endothelial
layer and apoptosis of endothelial cells (80). Congenital absence
of VE-cadherin causes early embryonic lethality due to a lack of
organized vasculature (81).

The intracellular components of the VE-cadherin complex;
β-catenin, p120-catenin and plakoglobin act on various pathways
to control gene expression, proliferation, and the cytoskeleton.
Binding of VE-cadherin causes VEGFR2 to be internalized and
degraded therefore mediating the contact inhibition seen in
confluent endothelial cell culture (82). Interaction with catenin
molecules causes alteration in the cytoskeleton on binding of
VE-cadherin molecules which causes the endothelial cells to
change shape in response to contact with neighboring cells.
The expression of VE-cadherin is under the control of multiple
growth factors including VEGF causing the phosphorylation of
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VE-cadherin and destabilization of the adherens junction (83,
84). This results in increased permeability of the endothelial
cell layer and increased mobility of endothelial cells during
angiogenesis.

N-cadherin molecules are positioned on the abluminal side
of the endothelial cells mediating its contact with pericytes
and disruption of this interaction with N-cadherin blocking
antibodies impairs the pericyte-endothelial interaction. Although
pericytes are recruited to the perivascular niche, they are weakly
associated with the endothelial layer. Large extravascular cavities
form and there is rupture of the endothelial layer, loss of polarity
and extensive hemorrhage (85, 86).

DYSFUNCTIONAL MULTICELLULAR
INTERACTIONS IN DISEASE

Congenital Disease
The failure of cell-cell interactions between endothelial cells and
perivascular cells have been implicated in a variety of congenital
and acquired diseases (Table 1). Approximately 80 per cent of
rare diseases have a genetic basis, so identifying the specific
mutations in underlying cell-autonomous pathways may provide
insight into more common developmental and disease processes.

Hereditary Haemorrhagic Telangiectasia
Hereditary haemorrhagic telangiectasia (HHT) is an autosomal
dominantly inherited condition caused bymutations in the ALK-
1 receptors or Endoglin receptor (ENG) which is a co-receptor in
the TGF-β signaling pathway (94, 95). It is characterized by large
arteriovenous malformations (AVMs) in major organs including

the lungs, liver, brain and mucosa. The large fragile vessels
formed in AVMs are prone to bleeding resulting in presentations
with epistaxis or intracranial hemorrhage and causing shunting
between the arterial and venous circulation which can present
as paradoxical emboli or high output heart failure (95). The
loss of TGF-β signaling in endothelial cells reduced expression
of N-cadherin which impaired the formation of heterotopic cell
contacts with perivascular cells. This lack of cell-cell contacts
results in further reduction in TGF-β activation from the
surrounding ECM and therefore reduced TGF-β signals for the
perivascular cell to encourage differentiation and attachment to
the endothelial layer. This impaired recruitment of perivascular
cells to the developing vessel and overactive proliferation of
endothelial cells results in endothelial hyperplasia. These large
dilated vessels with little perivascular cell coating develop into
the arteriovenous malformations which characterize the disease
(95–97). Similar phenotypes are seen in spontaneous cerebral
AVMs with histological analysis demonstrating dilated vessels
with segmental loss of smoothmuscle cells and the internal elastic
lamina. This phenotype is reproducible in mice by knockout of
the ALK-1 and TGF-β receptor (98).

Currently emerging treatment for HHT is targeted at
increasing the number of pericytes associated with the
endothelial layer. Thalidomide is one such treatment which
reduces the frequency and severity of epistaxis in patients with
HHT (99). In mice, thalidomide has been noted to increase the
number of pericytes surrounding vessels and improves their
attachment to the endothelial cell layer thereby stabilizing the
vessel which is likely to play a role in the reduced bleeding
from AVMs. Thalidomide treated mouse retinas have increased

TABLE 1 | Congenital syndromes of dysfunctional multicellularity.

Disease Genetic background Cell types involved Cardiovascular phenotype References

CADASIL Notch3 Smooth muscle cells Central nervous system arteriovenous

malformations

(68)

Hajdu-Cheney

syndrome

Notch2 Endothelial cells Ductus arteriosus, atrial and ventricular septal

defects

Valve abnormalities

(87)

Adams-Oliver

syndrome

Notch1

DLL4

Pericytes,

Smooth muscle cells

Endothelial cells

Hypoplastic aortic arch, middle cerebral artery

and pulmonary arteries.

(88)

Singleton-Merten

syndrome

Helicase C Domain 1

Dexd/H-Box Helicase 58

Endothelial cells Smooth

muscle cells

Aorta calcification,

subaortic stenosis

(89)

Hereditary

haemorrhagic

telangiectasia

Endoglin

ALK1

SMAD3

Smooth muscle cells

Pericytes

Endothelial cells

Arteriovenous malformations and telangiectasia (90)

Alagille syndrome 2 Notch2

JAG1

Smooth muscle cells

Pericytes

Endothelial cells

Atrial septal defect

Pulmonary stenosis

Tetralogy of Fallot Hypertension

(91)

Von Hippel-Lindau

syndrome

Hypoxia-inducible factor-2

alpha,

VHL tumor suppressor gene

Endothelial cells Smooth

muscle cells Pericytes

Stage-specific changes in vessel branching

and an advanced progression toward an

arterial phenotype

(92)

Idiopathic basal ganglia

calcification

PDGF-B

PDGFR-β

Type III sodium dependent

phosphate transporter 2

Pericyte

Endothelial cells

Perivascular calcium deposits

Cerebral aneurysm

Arteriovenous malformations

(93)
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expression of PDGF-B by endothelial cells (94) providing
a potent chemotactic and maturation signal to neighboring
pericytes.

Idiopathic Basal Ganglia Calcification
Idiopathic basal ganglia calcification is a rare disorder, most
commonly inherited in an autosomal dominant fashion. It
presents with neurological and psychiatric abnormalities at a
young age with associated areas of calcification within the basal
ganglia of the brain. A loss of function mutations in PDGF-B is
associated with this condition in humans (100). This is thought to
cause reduced pericyte recruitment to cerebral vasculature which
increases the permeability of the blood-brain barrier. Mouse
models of the disease involving knockdown of PDGF-B function
result in similar reduction in perivascular coverage of the cerebral
vasculature and progressive brain calcification (100).

Notch Mutations
Mutations in Notch receptor genes or ligands lead to a variety
of congenital disorders in humans. Adams-Oliver syndrome
is a rare inherited disorder, with varying degrees of defective
vasculature defects including hypoplastic aortic arch, middle
cerebral artery, and pulmonary arteries. The spectrum of
vascular defects has been thought to be due to a disorder of
vasculogenesis, perivascular dysfunction and abnormal vascular
coverage during development (88, 101, 102). To support this
idea, transient inhibition of Notch signaling in perivascular cells
inhibited their differentiation and led to localized hemorrhages in
newly forming vasculature during embryonic development (103).
Alagille syndrome is a multi-systems inherited disease caused by
loss of function mutations in JAG1 or NOTCH2 (91). Pulmonary
artery involvement including hypoplastic pulmonary arteries and
pulmonary stenosis are the common vascular manifestation of
the disease. There is also a high rate of intracranial hemorrhage
up to 16% suggesting the presence of fragile intracranial vessels
(91).

CADASIL (cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy) is a degenerative
disorder characterized by early-onset strokes and dementia; it is
caused by loss of Jag1 in the endothelium or defective Notch3
in vascular smooth muscle cells. This results in alterations of
vascular smooth muscle cells; NOTCH1 and NOTCH3 mutant
mice develop arteriovenous malformations and show hallmarks
of CADASIL (68).

TIE Mutations
Hereditary cutaneomucosal venous malformation is a rare
condition which is inherited in an autosomal dominant fashion
due to abnormalities in the TIE-2 receptor gene (TEK). This
causes small and usually asymptomatic venous malformations
mostly in the mucous membranes and face and much less
common involving the internal organs (104). The mutation
is a hyperphosphorylating mutation within the TIE-2 receptor
which results in a patchy coating of perivascular cells along the
vessel wall associated with hyperplasia of the endothelial layer
producing large and dilated vessels (105–107).

Acquire Disease
Retinopathy
Diabetic retinopathy is a common condition affecting over
one third of patients with diabetes worldwide (108). Chronic
hyperglycaemia causes endothelial cells to release reactive
oxygen species and inflammatory cytokines and reduces the
expression of growth factors including PDGF-B (109). These
changes coupled with direct effects of hyperglycaemia on the
basement membrane and pericytes cause the vessel to become
denuded of pericytes (110–112). This is one of the earliest
histological findings in diabetic retinopathy which is followed by
microaneurysm formation and oedema which can be detected
clinically as the fragile neovasculature ruptures or leaks (113).

As described previously physical contact between pericytes
and endothelial cells is required for activation of TGF-β and
deficiency of TGF-β signaling impairs vessel maturity and
increases permeability (114, 115). Additionally, ANG-1 released
by pericytes has an important role in maintaining quiescence of
the endothelial layer and reducing the permeability of the vessel.
Blockage of the ANG-1 pathway using the competitive antagonist
ANG-2 in normoglycaemic mice induces pericyte loss similar
to diabetic retinopathy and subsequent endothelial hyperplasia.
Models of diabetic retinopathy can also be induced in mice
by reducing PDGF-B and TGF-β signaling in the absence of
hyperglycaemia (114–117).

Pathological neovascularization also occurs in the setting of
age-related macular degeneration (AMD). AMD is a condition
where there is neovascularization of the macula of the retina
which causes progressive blindness. Wet AMD is associated with
macular oedema as the fragile and permeable vessels allow the
leakage of fluid into the subretinal space (118).

The mainstay of treatment to date has been VEGF inhibition
with monoclonal antibodies against VEGF which reduces the
permeability of these vessel and induces regression of the
vasculature. This treatment has significantly reduced the rates of
progression and blindness associated with this condition (119).
However, a proportion of patients become resistant to anti-VEGF
treatment after an initial period of success. Pericytes have been
implicated in providing survival signal to the developing blood
vessels overcoming the inhibition of VEGF leading to ongoing
angiogenesis within the macula. Combination of monoclonal
antibodies against VEGF and PDGF have shown promise in
pre-clinical trials to reduce the extent of neovascularization
(120) and currently a trial of combination therapy is ongoing
(121, 122). Similarly, treatments targeting other combinations
of signaling molecules involved in this pathway are currently
being trialed in diabetic retinopathy. This includes antibodies
targeting both VEGF and Angiopoietin-2 (Clinicaltrials.gov-
BOULEVARD, Clinicaltrials.gov-RUBY) and treatments targeted
at VEGF, PDGF-B and FGF (clinicaltrials.gov-squalamine).

Cancer
One of the hallmarks of cancer is the ability to induce
angiogenesis to augment the blood supply to the rapidly dividing
cancerous cells (123). Therefore, targeting this pathway with
inhibitors of angiogenesis has become an important target in
oncological therapy. Monoclonal antibodies blocking VEGF
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and inhibitors of tyrosine kinase receptors have become a
mainstay in cancer regimes for multiple indications (124).
However, after a period of treatment, a proportion of cancers
become resistant to the anti-VEGF treatment and escape this
inhibition. Thus, further efforts have been invested in developing
therapies to target the pericyte-endothelial cell interaction to
prevent this resistance developing. Less selective tyrosine kinase
inhibitors with action against multiple tyrosine kinases has
shown promise in this area. Sunitinib targets the VEGF and
PDGF receptors and is a potent inhibitor of angiogenesis.
It reduces the coverage of pericytes along the developing
vessel causing reduction in angiogenesis overall and therefore
improved survival in renal cell cancers (125, 126). Preventing
migration of perivascular cells to the perivascular niche of
developing cancer vasculature reduces the survival signal to
endothelial cells leading to apoptosis and preventing further
angiogenesis (127).

Manipulation of TIE2/Angiopoietin pathway has also been
targeted in preclinical models of renal cell cancer by using
antibodies which selectively block the effect ANG-2, therefore,
potentiating the effects of ANG-1 which will stabilize the
vasculature and prevent further angiogenesis and therefore limit
further growth of the tumor (128). This is currently being trialed
in phase 1 human trials (129).

MULTICELLULAR INTERACTIONS IN
CULTURE

Modeling rare vascular genetic disease in vitro is possible using
pluripotent stem cell technology which provides insights into the
mechanisms involved in these diseases. The use of multicellular
constructs provides a more analogous environment to the in vivo
environment than can be replicated by the exogenous application
of growth factors as it is able to model and regulate a greater
variety of interaction between cells in a more physiological
manner.

Endothelial Cells
The earliest stage of in vitro blood vessel formation involves
expansion of endothelial cells in culture to form a network of
tubular structures replicating the early steps of vasculogenesis
in the embryo. Multiple cell types and sources have been used
to provide endothelial cells for this purpose. Fully differentiated
primary endothelial cells have been used, most commonly these
are sourced from the human umbilical vein (HUVEC). These
cells already have a fully differentiated endothelial phenotype and
therefore will immediately begin forming tubular structures in
culture (35). However, use of these cells is limited by replicative
senescence which develops after limited passages in culture
making them sub-optimal for large-scale replication. Less well
differentiated cells including late outgrowth endothelial cells
(OEC) or multipotent cells such as mesenchymal stem cells
(130) show greater replicative potential and are also partially
differentiated toward vascular lineage, therefore, require less
manipulation of growth factors to produce fully differentiated
endothelial cells.

Pluripotent cells including embryonic stem cells or inducible
pluripotent stem cells have attracted most interest recently
(131, 132). The ability to produce more than one cell type
from the a single cell source enables the development of
complex vascular structures incorporating endothelial cells and
supporting cells from the same cell source. This raises the
possibility of individualized regenerative medicine approaches
being possible in the future and additionally, makes it possible
to create models of inherited genetic disease states in vitro by
inducing pluripotency in cells of patients with specific genetic
diseases and creating models of vasculogenesis using these cells.

There are three main methods used to differentiate
pluripotent cells toward endothelial phenotype (131). Each
of these methods attempt to replicate parts of the embryonic
development of endothelial cells and vascular networks. The
first method requires embryoid body formation which are three
dimensional aggregates of pluripotent stem cells which form
in suspended culture. These replicate the blastocyst formation
seen in vivo (133, 134) and begin to differentiate with all three
primitive germ layers represented; ectoderm, mesoderm and
endoderm. Aggregates of cells expressing early endothelial
markers developed within the embryoid body resembling blood
islands (135) and these can be expanded and selected for by
plating on suitable matrix with the addition of exogenous growth
factors (136, 137).

The second commonly used method is co-culture of
pluripotent stem cell with a feeder layer of mesenchymal cells
such as bone marrow stromal cells. The feeder later provides
growth factors to the stem cells encouraging differentiation
toward mesoderm and expression of key endothelial markers (8,
138, 139). This also recapitulates the embryonic development of
endothelial cells by providing Indian hedgehog (IHH) signaling
which acts through BMP4 to upregulate endothelial markers such
as VE-cadherin, CD31 and VEGFR2. These effects are abolished
by neutralizing either IHH or BMP4 signaling and IHH signaling
is rescued by exogenous BMP4 (8).

The third method is by 2D culture of inducible pluripotent
stem cells on culture plates coated with protein substrate and
culture media enriched sequentially with specific growth factors
to direct differentiation toward mesodermal lineage and then
endothelial lineage. The two most common protocols used
to differentiate pluripotent cells toward endothelial lineage
have numerous similarities and both attempt to recreate
the embryonic development in the blastocyst. Mesodermal
differentiation in the embryo relies on BMP-4, nodal and Wnt
signaling pathways (132). In vitro supplementation of the media
with BMP-4 and inhibitors of GSK3β, which upregulates the
Wnt/B-catenin pathway, or Activin A which acts on nodal
receptors are used to achieve this mesodermal transition (29,
140–142).

Followingmesodermal induction, the addition of VEGF to the
media is needed to start endothelial differentiation. Activators
of the protein kinase A pathway such as forskolin or 8-bromo-
cAMP appears to enhance the effects of VEGF and produce a
greater purity of endothelial cells (29, 143, 144). The endothelial
cells formed from these differentiation procedures have multiple
markers of endothelial lineage including VE-cadherin, CD31 and
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von Willebrand factor, however, there remain a proportion of
cells which differentiate toward other lineages and therefore to
obtain a pure culture of endothelial cells requires cell sorting and
re-plating of endothelial cells.

Perivascular Cells
The source of perivascular cells used in multicellular culture also
varies, however, these are typically mesenchymal in origin. This
includes aortic smooth muscle cells, adipose derived stem cells,
osteoblasts (145) and mesenchymal stem cells (146). Pericytes
have also been developed using embryoid body method from
pluripotent stem cells. Similarly, to the endothelial cell protocols
following formation of the embryoid bodies in suspended culture
they can be dissociated and sorted to using cell surface markers
to identify a population of pericytes which can then be plated and
expanded (147).

It is also possible to produce perivascular cells from iPSC by
manipulation of growth factors in the growth media. As with
endothelial cells, the first step requires induction of mesoderm
which is followed by supplementation with PDGF-B along
with TGF- β or Activin A to direct differentiation toward a
perivascular cell fate. This is highly efficient at creating a culture
of perivascular cells which can be used in co-culture experiments
with endothelial cells. (140, 148) Orlova et al used a single source
of hiPSC and exposed them to a short period of supplementation
with VEGF to begin vascular specification which yielded a mixed
population of CD31+ and CD31- cells. Following cell sorting
the endothelial and perivascular cells were able to be produced
from the CD31+ and CD31- fractions, respectively (149). In
co-culture, the perivascular cells were able to control sprouting
and proliferation of the endothelial cells in a TGF-β dependent
manner similar to that seen in the developing embryo.

Co-culture
Combining endothelial cells and pericytes to create multicellular
models of vasculogenesis can recreate a greater degree of the
complexity of intracellular signaling seen in vivo than is provided
by supplementing the media with supra-physiological levels of
growth factors. Intrinsic intercellular regulatory mechanisms
which are as yet incompletely understood and therefore difficult
to replicate may provide a more physiological environment in
which to model vasculogenesis.

Culture of mesenchymal stem cells (MSC) alongside the
developing vascular network of endothelial cells increases the
survival of vessels and helps to maintain these vessels in long-
term culture (150). This coculture has been shown to upregulate
VE-cadherin on the cell surface of endothelial cells and reduce
the rate of proliferation and apoptosis of endothelial cells
(151, 152). This results more stable, less permeable cells which
form a more durable vascular network. Chen et al used co-
culture of HUVEC and mature perivascular cells obtained from
skeletal muscle to create vascular networks inMatrigel plugs (28).
The inclusion of perivascular cells supported the formation of
complex capillary structures within the plugs which was not seen
with culture of endothelial cells alone (28).

Additionally, Koike and colleagues produced a model of
vasculogenesis by combining HUVEC with mesenchymal stem

cells in a 3D type 1 collagen and fibronectin construct and
implanting these into mice. The implantation of HUVEC alone
formed tubules initially but it was unable to support perfusion
and subsequently, these tubules regressed. In contrast during co-
culture experiments, the mesenchymal precursor cells migrated
to a perivascular position started to express perivascular cell
markers including α-SMA and produced stable long-lasting
blood vessels which were able to support flow for over 60
days (150).

Melero-Martin and colleagues have produced similarly robust
vascular networks in Matrigel plugs by using blood and cord
blood derived OEC and MSC derived from the bone marrow.
OEC and MSC have a greater replicative capacity than primary
cell types and can be harvested from the same donor from
blood and bone marrow. This enables sufficient quantities of
genetically identical cells to be produced which enables more
accurate modeling of inherited diseases and has potentially be
used in regenerative medicine to vascularize tissue engineered
grafts (153).

The development of inducible pluripotent stem cells (iPSC)
by Takahashi and colleagues (154) provided further tools to
build multicellular constructs which could now be derived
from a single cell without many of the ethical difficulties
which surrounded embryonic stem cells. Samuel et al developed
endothelial and mesenchymal precursor cells in parallel from
human iPSCs and by combining these cells in culture were
able to form robust long-lasting functional blood vessels when
implanted inmice (155). This parallel development of endothelial
cells and the supporting perivascular cells was a step forward,
however, still requires cells to be dissociated and sorted using flow
cytometry before being plated and expanded.

Kusuma et al have started to overcome this difficulty by
creating a bipotent population of cells from hiPSC which
are able to differentiate toward endothelial and perivascular
cell lineage (156). The difficulty with this approach in vitro
is that proliferation is inhibited when perivascular cells and
endothelial cells come into contact. Therefore, they initially
focused on developing VE-cadherin positive endothelial cells.
They used high concentrations of VEGF and inhibited TGF-
β signaling which causes perivascular cell differentiation and
mediates contact inhibition of endothelial cells (15, 157, 158).
This created two populations of early vascular cells both of
which expressed CD146+ and CD105+ and were negative for
the haematopoietic marker CD45. However, the endothelial
precursors expressed VE -cadherin while the perivascular
precursors expressed PDGFRβ. When plated in hydrogel these
cells were able to self-assemble into tubular-like structures
of endothelial cells with perivascular cells surrounding these
vessel forming a multicellular vascular network (156). Although
these networks were not durable and typically regressed within
approximately 2 weeks it provided a significant step forward in
developing engineered multicellular vascular networks (159).

Use of patient-specific hiPSC-derived endothelial cells is now
being used for disease modeling some of the inherited vascular
disorders. The model of CADASIL is one of the first attempts
to gain a better understanding of the developmental biology
and cross-talk of endothelial cells and perivascular cells with
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NOTCH3 mutations. Similarly, NOTCH1 mutations have also
been studied with pluripotent stem cell platforms (160). This in
vitro approach may also facilitate the development of therapeutic
gene editing interventions for vascular malformations and
arteriopathies in the future.

The use of three cells together in culture has recently
introduced and this extra complexity appears to have further
benefits to promote stable vasculature. Caspi and colleagues
used coculture of HUVEC, embryonic fibroblasts and embryonic
stem cell derived cardiomyocytes on a biodegradable scaffold.
The embryonic fibroblasts differentiate into perivascular cells
and produced increased complexity of vascular networks.
Additionally, there was upregulation of several growth factors in
this model including VEGF, PDGF-B and ANG-1 compared to
single cell culture and the endothelial cell survival was higher
(161). Similarly, bone grafts have been produced by combining
HUVEC and CD146+ perivascular cells with human inducible
pluripotent mesenchymal stem cells in a calcium phosphate
cement. This triculture demonstrated more complex vascular
networks compared to culture with mesenchymal stem cell and
endothelial cells alone. There was more rapid induction of
VEGF signaling and there was improved bone mineral density
all of which suggested benefits from combining multiple cell
types (162).

CONCLUSIONS

Development of functional blood vessels requires precise
interaction between the tubule forming endothelial cells and
the surrounding environment including growth factors, ECM
and perivascular cells. The crosstalk between perivascular and
endothelial cells is complex and incompletely understood. This
cross talk plays a vital role in normal blood vessel development
and homeostasis while abnormalities in this relationship have
been implicated in multiple congenital and acquired diseases.

Knowledge of the molecular process involved in
vasculogenesis and angiogenesis provides insight into the
pathophysiological mechanism multiple vascular diseases
including diabetic retinopathy and cancer. Therapies targeting
the interaction between endothelial cells and neighboring
perivascular cells are already in use or in late stages of
development (94, 121). However, an in-depth understanding of
the crosstalk between these cells will allow the development of
more accurate vascular models to enable the identification of
novel drug targets and further guide drug development.

Improved understanding of vascular development will also
provide useful in the field of regenerative medicine where
ensuring perfusion of stem cell derived tissue is one of the
key challenges in producing viable implantable grafts. The
development of vascular networks using multiple cell types
is being used increasingly commonly and appears to provide
greater complexity, stability and durability of the vasculature.
Approaches using pluripotent cells are particularly intriguing
given the possibility to develop these structures from a single cell
source (156). This has the potential to develop more accurate
models of vascular disease as well as personalized regenerative
medicine applications.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work and approved it for publication.

ACKNOWLEDGMENTS

We gratefully acknowledge funding support from the Medical
Research Council (MR/R025002/1), the BritishHeart Foundation
Center of Regenerative Medicine, and the Hungarian National
Research, Development and Innovation Fund (NVKP_16-1-
2016-0017, NKFI-6 K128444).

REFERENCES

1. RisauW, Flamme I. Vasculogenesis.Annu Rev Cell Dev Biol. (1995) 11:73–91.

doi: 10.1146/annurev.cb.11.110195.000445

2. Stratman AN, Malotte KM, Mahan RD, Davis MJ, Davis, E. Pericyte

recruitment during vasculogenic tube assembly stimulates endothelial

basement membrane matrix formation. Blood (2009) 114:5091–101.

doi: 10.1182/blood-2009-05-222364

3. Schmidt A, Brixius K, Bloch W. Endothelial precursor cell

migration during vasculogenesis. Circ Res. (2007) 101:125–36.

doi: 10.1161/CIRCRESAHA.107.148932

4. Breier G, Breviario F, Caveda L, Berthier R, Schnürch H, Gotsch U, et al.

Molecular cloning and expression of murine vascular endothelial-cadherin

in early stage development of cardiovascular system. Blood (1996) 87:

630–41.

5. Gonzalez-Crussi F. Vasculogenesis in the chick embryo. an ultrastructural

study. Am J of Anatomy (1971) 130:441–60.

6. Ingham PW, McMahon AP. Hedgehog signaling in animal

development: paradigms and principles. Genes Dev. (2001) 15:3059–87.

doi: 10.1101/gad.938601

7. Vokes SA, Yatskievych TA, Heimark RL, McMahon J, McMahon AP,

Antin PB, et al. Hedgehog signaling is essential for endothelial tube

formation during vasculogenesis. Development (2004) 131:4371–80.

doi: 10.1242/dev.01304

8. Kelly MA, Hirschi K. Signaling hierarchy regulating human endothelial

cell development. Arterioscler Thromb Vasc Biol. (2009) 29:718–24.

doi: 10.1161/ATVBAHA.109.184200

9. Cox CM, Poole J. Angioblast differentiation is influenced by the

local environment: FGF-2 induces angioblasts and patterns vessel

formation in the quail embryo. Dev Dynam. (2000) 218:371–82.

doi: 10.1002/(SICI)1097-0177(200006)218:2<371::AID-DVDY10>

3.0.CO;2-Z

10. Murakami M, Nguyen LT, Hatanaka K, Schachterle W, Chen PY, Zhuang

ZW, et al. FGF-dependent regulation of VEGF receptor 2 expression in mice.

J Clin Invest. (2011) 121:2668–78. doi: 10.1172/JCI44762

11. Kumano G, Smith C. FGF signaling restricts the primary blood islands

to ventral mesoderm. Dev Biol. (2000) 228:304–14. doi: 10.1006/dbio.

2000.9937

12. Flamme I, Breier G, Risau W. Vascular Endothelial Growth Factor (VEGF)

and VEGF receptor 2(Flk-1) are expressed during vasculogenesis and

vascular differentiation in the quail embryo. Dev Biol. (1995) 169:699–712.

doi: 10.1006/dbio.1995.1180

13. Flamme I, Risau W. Induction of vasculogenesis and hematopoiesis in vitro.

Development (1992) 116:435–39.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 October 2018 | Volume 5 | Article 154

https://doi.org/10.1146/annurev.cb.11.110195.000445
https://doi.org/10.1182/blood-2009-05-222364
https://doi.org/10.1161/CIRCRESAHA.107.148932
https://doi.org/10.1101/gad.938601
https://doi.org/10.1242/dev.01304
https://doi.org/10.1161/ATVBAHA.109.184200
https://doi.org/10.1002/(SICI)1097-0177(200006)218:2$<$371::AID-DVDY10$>$3.0.CO;2-Z
https://doi.org/10.1172/JCI44762
https://doi.org/10.1006/dbio.2000.9937
https://doi.org/10.1006/dbio.1995.1180
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Sweeney and Foldes Endothelial–Pericyte Cross-Talk

14. Nyqvist D, Giampietro C, Dejana E. Deciphering the functional role of

endothelial junctions by using in vivo models. EMBO Rep. (2008) 9:742–47.

doi: 10.1038/embor.2008.123

15. Bergers G, Song S. The role of pericytes in blood-vessel

formation and maintenance. Neuro Oncol. (2005) 7:452–64.

doi: 10.1215/S1152851705000232

16. Armulik A, Genové G, Betsholtz C. Pericytes: developmental, physiological,

and pathological perspectives, problems, and promises. Dev Cell (2011)

21:193–215. doi: 10.1016/j.devcel.2011.07.001

17. Armulik A, Abramsson A, Betsholtz C. Endothelial/pericyte interactions.

Circ Res. (2005) 97:512–23. doi: 10.1161/01.RES.0000182903.16652.d7

18. Hirschi KK, Burt JM, Hirschi KD, Dai C. Gap junction communication

mediates transforming growth factor-beta activation and endothelial-

induced mural cell differentiation. Circ Res. (2003) 93:429–37.

doi: 10.1161/01.RES.0000091259.84556.D5

19. Hirschi KK, Rohovsky SA, Beck LH, Smith SR, D’Amore PA. Endothelial

cells modulate the proliferation of mural cell precursors via platelet-derived

growth factor-BB and heterotypic cell contact. Circ Res. (1999) 84:298–305.

doi: 10.1161/01.RES.84.3.298

20. Vanlandewijck M, He L, Mäe MA, Andrae J, Ando K, Del Gaudio F, Nahar

K, et al. A molecular atlas of cell types and zonation in the brain vasculature.

Nature (2018) 554:475–80. doi: 10.1038/nature25739

21. Attwell D, Mishra A, Hall CN, O’Farrell FM, Dalkara T. What is a pericyte?

J Cereb Blood Flow Metab. (2016) 36:451–55. doi: 10.1177/0271678X15

610340

22. Cuevas P, Gutierrez-Diaz JA, Reimers D, Dujovny M, Diaz FG,

Ausman I. Pericyte endothelial gap junctions in human cerebral

capillaries. Anatomy Embryol. (1984) 170:155–59. doi: 10.1007/BF003

19000

23. Gökçinar-Yagci B, Uçkan-Çetinkaya D, Çelebi-Saltik B. Pericytes: properties,

functions and applications in tissue engineering. Stem Cell Rev Rep. (2015)

11:549–59. doi: 10.1007/s12015-015-9590-z

24. Gerhardt H, Betsholtz C. Endothelial-pericyte interactions in angiogenesis.

Cell Tissue Res. (2003) 314:15–23. doi: 10.1007/s00441-003-0745-x

25. Alvino VV, Fernández-Jiménez R, Rodriguez-Arabaolaza I, Slater S,

Mangialardi G, Avolio E, et al. Transplantation of allogeneic pericytes

improves myocardial vascularization and reduces interstitial fibrosis in a

swine model of reperfused acute myocardial infarction J Am Heart Assoc.

(2018) 7: e006727. doi: 10.1161/JAHA.117.006727

26. Trost A, Schroedl F, Lange S, Rivera FJ, Tempfer H, Korntner S, et al. Neural

crest origin of retinal and choroidal pericytes. Invest Ophthalmol Visual Sci.

(2013) 54:7910–21. doi: 10.1167/iovs.13-12946

27. Hall CN, Reynell C, Gesslein B, Hamilton NB,Mishra A, Sutherland BA, et al.

Capillary Pericytes regulate cerebral blood flow in health and disease. Nature

(2014) 508:55–60. doi: 10.1038/nature13165

28. Chen CW, Okada M, Proto JD, Gao X, Sekiya N, Beckman SA, et al.

Human pericytes for ischemic heart repair. Stem Cells (2013) 31:305–16.

doi: 10.1002/stem.1285

29. Patsch C, Challet-Meylan L, Thoma EC, Urich E, Heckel T, O’Sullivan

JF, et al. Generation of vascular endothelial and smooth muscle cells

from human pluripotent stem cells. Nat Cell Biol. (2015) 17:994–1003.

doi: 10.1038/ncb3205

30. Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein M,

et al. Abnormal blood vessel development and lethality in embryos lacking a

single VEGF allele. Nature (1996) 380:435–39. doi: 10.1038/380435a0

31. Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, Breitman ML,

et al. Failure of blood-island formation and vasculogenesis in Flk-1-deficient

mice. Nature (1995) 376:62–6. doi: 10.1038/376062a0

32. Patel-Hett S, D’Amore PA. Signal transduction in vasculogenesis

and developmental angiogenesis. Int J Dev Biol. (2011) 55:353–63.

doi: 10.1387/ijdb.103213sp

33. Fong GH, Rossant J, Gertsenstein M, Breitman L. Role of the Flt-1 receptor

tyrosine kinase in regulating the assembly of vascular endothelium. Nature

(1995) 376:66–70. doi: 10.1038/376066a0

34. Domigan CK, Ziyad S, Iruela-Arispe L. Canonical and noncanonical

vascular endothelial growth factor pathways: new developments in biology

and signal transduction. Arterioscler Thromb Vasc Biol. (2015) 35:30–9.

doi: 10.1161/ATVBAHA.114.303215

35. Vailhé B, Vittet D, Feige JJ. In vitro models of vasculogenesis and

angiogenesis. Lab Invest. (2001) 81:439–52. doi: 10.1038/labinvest.3780252

36. Crosby CV, Fleming PA, Argraves WS, Corada M, Zanetta L, Dejana E,

Christopher J D. VE-cadherin is not required for the formation of nascent

blood vessels but acts to prevent their disassembly. Blood (2005) 105:2771–

76. doi: 10.1182/blood-2004-06-2244

37. Darland DC, Massingham LJ, Smith SR, Piek E, Saint-Geniez M, D’Amore

PA. Pericyte production of cell-associated vegf is differentiation-dependent

and is associated with endothelial survival. Dev Biol. (2003) 264:275–88.

doi: 10.1016/j.ydbio.2003.08.015

38. Evensen L, Micklem DR, Blois A, Berge SV, Aarsaether N, Littlewood-Evans

A, et al. Mural cell associated VEGF is required for organotypic vessel

formation. PLoS ONE (2009) 4:e5798. doi: 10.1371/journal.pone.0005798

39. Eilken HM, Diéguez-Hurtado R, Schmidt I, Nakayama M, Jeong HW, Arf

H, et al. Pericytes Regulate VEGF-induced endothelial sprouting through

VEGFR1. Nat Commun. (2017) 8:1574. doi: 10.1038/s41467-017-01738-3

40. Guerrero PA, McCarty JH. TGF-β activation and signaling in angiogenesis.

In: Simionescu D, editor Physiologic and Pathologic Angiogenesis - Signaling

Mechanisms and Targeted Therapy. Rijeka: InTech.

41. Hirschi KK, Rohovsky SA, D’Amore PA. PDGF, TGF-Beta, and heterotypic

cell-cell interactions mediate endothelial cell-induced recruitment of 10T1/2

cells and their differentiation to a smooth muscle fate. J Cell Biol. (1998)

141:805–14. doi: 10.1083/jcb.141.3.805

42. Antonelli-Orlidge A, Saunders KB, Smith SR, D’Amore PA. An activated

form of transforming growth factor beta is produced by cocultures of

endothelial cells and pericytes. Proc Natl Acad Sci USA. (1989) 86:4544–48.

doi: 10.1073/pnas.86.12.4544

43. PepperMS, Vassalli JD, Orci L,Montesano, R. Biphasic effect of transforming

growth factor-β1 on in vitro angiogenesis. Exp Cell Res. (1993) 204:356–63.

doi: 10.1006/excr.1993.1043

44. Cunha SI, Pietras K. ALK1 as an emerging target for antiangiogenic therapy

of cancer. Blood (2011) 117:6999–7006. doi: 10.1182/blood-2011-01-330142

45. JaradM, Kuczynski EA, Morrison J, Viloria-Petit AM, Coomber L. Release of

endothelial cell associated VEGFR2 during TGF-β modulated angiogenesis

in vitro. BMC Cell Biol. (2017) 18:10. doi: 10.1186/s12860-017-0127-y

46. Hiratsuka S, Minowa O, Kuno J, Noda T, Shibuya M. Flt-1 lacking

the tyrosine kinase domain is sufficient for normal development and

angiogenesis in mice. Proc Natl Acad Sci USA. (1998). 95:9349–54.

doi: 10.1073/pnas.95.16.9349

47. Oh SP, Seki T, Goss KA, Imamura T, Yi Y, Donahoe PK, et al. Activin

receptor-like kinase 1modulates transforming growth factor-beta 1 signaling

in the regulation of angiogenesis. Proc Natl Acad Sci USA. (2000) 97:2626–31.

doi: 10.1073/pnas.97.6.2626

48. Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P, ten Dijke P.

Balancing the activation state of the endothelium via two distinct TGF-beta

type I receptors. EMBO J. (2002) 21:1743–53. doi: 10.1093/emboj/21.7.1743

49. Lindahl P, Johansson BR, Levéen P, Betsholtz C. Pericyte loss and

microaneurysm formation in PDGF-B-deficient mice. Science (1997)

277:242–45.

50. HellströmM, Kalén M, Lindahl P, Abramsson A, Betsholtz C. Role of PDGF-

B and PDGFR-β in recruitment of vascular smoothmuscle cells and pericytes

during embryonic blood vessel formation in the mouse. Development (1999)

126:3047–55.

51. Greenberg JI, Shields DJ, Barillas SG, Acevedo LM, Murphy E, Huang J,

et al. A role for VEGF as a negative regulator of pericyte function and vessel

maturation. Nature (2008) 456:809–13. doi: 10.1038/nature07424

52. Lin TN, Nian GM, Chen SF, Cheung WM, Chang C, Lin WC, et al.

Induction of tie-1 and tie-2 receptor protein expression after cerebral

ischemia—reperfusion. J Cereb Blood Flow Metab. (2001) 21:690–701.

doi: 10.1097/00004647-200106000-00007

53. Park YS, Kim NH, Jo I. Hypoxia and vascular endothelial

growth factor acutely up-regulate angiopoietin-1 and tie2 MRNA

in bovine retinal pericytes. Microvasc Res. (2003) 65:125–31.

doi: 10.1016/S0026-2862(02)00035-3

54. Wakui S, Yokoo K, Muto T, Suzuki Y, Takahashi H, Furusato M,

et al. Localization of ang-1,−2, tie-2, and vegf expression at endothelial-

pericyte interdigitation in rat angiogenesis. Lab Invest. (2006) 86:1172–84.

doi: 10.1038/labinvest.3700476

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 October 2018 | Volume 5 | Article 154

https://doi.org/10.1038/embor.2008.123
https://doi.org/10.1215/S1152851705000232
https://doi.org/10.1016/j.devcel.2011.07.001
https://doi.org/10.1161/01.RES.0000182903.16652.d7
https://doi.org/10.1161/01.RES.0000091259.84556.D5
https://doi.org/10.1161/01.RES.84.3.298
https://doi.org/10.1038/nature25739
https://doi.org/10.1177/0271678X15610340
https://doi.org/10.1007/BF00319000
https://doi.org/10.1007/s12015-015-9590-z
https://doi.org/10.1007/s00441-003-0745-x
https://doi.org/10.1161/JAHA.117.006727
https://doi.org/10.1167/iovs.13-12946
https://doi.org/10.1038/nature13165
https://doi.org/10.1002/stem.1285
https://doi.org/10.1038/ncb3205
https://doi.org/10.1038/380435a0
https://doi.org/10.1038/376062a0
https://doi.org/10.1387/ijdb.103213sp
https://doi.org/10.1038/376066a0
https://doi.org/10.1161/ATVBAHA.114.303215
https://doi.org/10.1038/labinvest.3780252
https://doi.org/10.1182/blood-2004-06-2244
https://doi.org/10.1016/j.ydbio.2003.08.015
https://doi.org/10.1371/journal.pone.0005798
https://doi.org/10.1038/s41467-017-01738-3
https://doi.org/10.1083/jcb.141.3.805
https://doi.org/10.1073/pnas.86.12.4544
https://doi.org/10.1006/excr.1993.1043
https://doi.org/10.1182/blood-2011-01-330142
https://doi.org/10.1186/s12860-017-0127-y
https://doi.org/10.1073/pnas.95.16.9349
https://doi.org/10.1073/pnas.97.6.2626
https://doi.org/10.1093/emboj/21.7.1743
https://doi.org/10.1038/nature07424
https://doi.org/10.1097/00004647-200106000-00007
https://doi.org/10.1016/S0026-2862(02)00035-3
https://doi.org/10.1038/labinvest.3700476
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Sweeney and Foldes Endothelial–Pericyte Cross-Talk

55. Sundberg C, Kowanetz M, Brown LF, Detmar M, Dvorak F. Stable

expression of angiopoietin-1 and other markers by cultured pericytes:

phenotypic similarities to a subpopulation of cells in maturing vessels

during later stages of angiogenesis in vivo. Lab Invest. (2002) 82:387–401.

doi: 10.1038/labinvest.3780433

56. Fagiani E, Christofori G. Angiopoietins in angiogenesis. Cancer Lett. (2013)

328:18–26. doi: 10.1016/j.canlet.2012.08.018

57. Jain RK. Molecular regulation of vessel maturation. Nat Med. (2003)

9:685–93. doi: 10.1038/nm0603-685

58. McGuire PG, Rangasamy S, Maestas J, Das A. Pericyte-derived sphinogosine

1-phosphate induces the expression of adhesion proteins and modulates

the retinal endothelial cell barrier. Arterioscler Thromb Vasc Biol. (2011)

31:e107–15. doi: 10.1161/ATVBAHA.111.235408

59. Paik JH, Skoura A, Chae SS, Cowan AE, HanDK, Proia RL, et al. Sphingosine

1-phosphate receptor regulation of n-cadherin mediates vascular

stabilization. Genes Dev. (2004) 18, 2392–2403. doi: 10.1101/gad.1227804

60. Lee MJ, Van Brocklyn JR, Thangada S, Liu CH, Hand AR, Menzeleev R,

et al. Sphingosine-1-phosphate as a ligand for the g protein-coupled receptor

EDG-1. Science (1998) 279:1552–55. doi: 10.1126/science.279.5356.1552

61. Lee MJ, Thangada S, Claffey KP, Ancellin N, Liu CH, Kluk M,

et al. Vascular endothelial cell adherens junction assembly and

morphogenesis induced by sphingosine-1-phosphate. Cell (1999) 99:301–12.

doi: 10.1016/S0092-8674(00)81661-X

62. Weinmaster G. Notch signaling: direct or what? Curr Opin Genet Dev. (1998)

8:436–42.

63. Tian D-Y, Jin RX, Zeng X, Wang Y. Notch signaling in endothelial cells: is

it the therapeutic target for vascular neointimal hyperplasia? Int J Mol Sci.

(2017) 18:1615. doi: 10.3390/ijms18081615

64. Taylor KL, Henderson AM, Hughes C. Notch activation during endothelial

cell network formation in vitro targets the basic HLH transcription factor

HESR-1 and downregulates VEGFR-2/KDR expression. Microvasc Res.

(2002) 64:372–83. doi: 10.1006/mvre.2002.2443

65. Leslie JD, Ariza-McNaughton L, Bermange AL, McAdow R, Johnson SL,

Lewis J. Endothelial signaling by the notch ligand delta-like 4 restricts

angiogenesis. Development (2007) 134:839–44. doi: 10.1242/dev.003244

66. NosedaM, Chang L,McLean G, Grim JE, Clurman BE, Smith LL, et al. Notch

activation induces endothelial cell cycle arrest and participates in contact

inhibition: role of P21Cip1 repression. Mol Cell Biol. (2004) 24:8813–22.

doi: 10.1128/MCB.24.20.8813-8822.2004

67. Sainson RC, Aoto J, Nakatsu MN, Holderfield M, Conn E, Koller E, et al.

Cell-autonomous notch signaling regulates endothelial cell branching and

proliferation during vascular tubulogenesis. FASEB J. (2005) 19:1027–29.

doi: 10.1096/fj.04-3172fje

68. Kofler NM, Cuervo H, Uh MK, Murtomäki A, Kitajewski J. Combined

deficiency of notch1 and notch3 causes pericyte dysfunction, models

CADASIL and results in arteriovenous malformations. Sci Rep. (2015)

5:16449. doi: 10.1038/srep16449

69. Scheppke L, Murphy EA, Zarpellon A, Hofmann JJ, Merkulova A, Shields

DJ, et al. Notch promotes vascular maturation by inducing integrin-mediated

smooth muscle cell adhesion to the endothelial basement membrane. Blood

(2012) 119:2149–58. doi: 10.1182/blood-2011-04-348706

70. High FA, Lu MM, Pear WS, Loomes KM, Kaestner KH, Epstein A.

Endothelial expression of the notch ligand jagged1 is required for vascular

smooth muscle development. Proc Natl. Acad. Sci. (2008) 105:1955–59.

doi: 10.1073/pnas.0709663105

71. Jin S, Hansson EM, Tikka S, Lanner F, Sahlgren C, Farnebo F,

et al. Notch signaling regulates platelet-derived growth factor receptor-

expression in vascular smooth muscle cells. Circ Res. (2008) 102:1483–91.

doi: 10.1161/CIRCRESAHA.107.167965

72. Xue Y, Gao X, Lindsell CE, Norton CR, Chang B, Hicks C, et al. Embryonic

lethality and vascular defects in mice lacking the notch ligand jagged1. Hum

Mol Genet. (1999) 8:723–30. doi: 10.1093/hmg/8.5.723

73. Davis GE, Stratman AN, Sacharidou A, Koh W. Molecular basis for

endothelial lumen formation and tubulogenesis during vasculogenesis

and angiogenic sprouting. Int Rev Cell Mol Biol. (2011) 288:101–65.

doi: 10.1016/B978-0-12-386041-5.00003-0

74. Kalluri R. Basement membranes: structure, assembly and role in tumour

angiogenesis. Nat Rev. (2003) Cancer 3:422–33. doi: 10.1038/nrc1094

75. Davis GE, Senger R. Endothelial extracellular matrix: biosynthesis,

remodeling, and functions during vascular morphogenesis

and neovessel stabilization. Circ Res. (2005) 97:1093–107.

doi: 10.1161/01.RES.0000191547.64391.e3

76. Saunders WB, Bohnsack BL, Faske JB, Anthis NJ, Bayless KJ, Hirschi

KK, et al. Coregulation of vascular tube stabilization by endothelial

cell TIMP-2 and pericyte TIMP-3. J Cell Biol. (2006) 175:179–91.

doi: 10.1083/jcb.200603176

77. Collen A, Hanemaaijer R, Lupu F, Quax PH, van Lent N,

Grimbergen J, et al. Membrane-type matrix metalloproteinase-mediated

angiogenesis in a fibrin-collagen matrix. Blood (2003) 101:1810–17.

doi: 10.1182/blood-2002-05-1593

78. Guerrero PA, McCarty JH. Integrins in vascular development and pathology.

Adv Pharmacol. (2018) 81:129–53. doi: 10.1016/bs.apha.2017.08.011

79. Ali J, Liao F, Martens E, Muller WA. Vascular endothelial cadherin

(ve-cadherin): cloning and role in endothelial cell-cell adhesion.

Microcirculation (1997) 4:267–77. doi: 10.3109/10739689709146790

80. Carmeliet P, Collen D. Molecular basis of angiogenesis: role of

VEGF and VE-cadherin. Ann NY Acad Sci. (2006) 902:249–64.

doi: 10.1111/j.1749-6632.2000.tb06320.x

81. Corada M, Liao F, Lindgren M, Lampugnani MG, Breviario F, Frank

R, et al. Monoclonal antibodies directed to different regions of vascular

endothelial cadherin extracellular domain affect adhesion and clustering of

the protein andmodulate endothelial permeability. Blood (2001) 97:1679–84.

doi: 10.1182/blood.V97.6.1679

82. Lampugnani MG, Orsenigo F, Gagliani MC, Tacchetti C, Dejana E.

Vascular endothelial cadherin controls VEGFR-2 internalization and

signaling from intracellular compartments. J Cell Biol. (2006) 174:593–604.

doi: 10.1083/jcb.200602080

83. Harris ES, Nelson J. VE-cadherin: at the front, center, and sides of endothelial

cell organization and function. Curr Opin Cell Biol. (2010) 22:651–58.

doi: 10.1016/j.ceb.2010.07.006

84. Dejana E, Orsenigo F, Lampugnani MG. The role of adherens junctions

and ve-cadherin in the control of vascular permeability. J Cell Sci. (2008)

121:2115–22. doi: 10.1242/jcs.017897

85. Gerhardt H, Wolburg H, Redies C. N-cadherin mediates

pericytic-endothelial interaction during brain angiogenesis

in the chicken. Dev Dynam. (2000) 218:472–79.

doi: 10.1002/1097-0177(200007)218:3<472::AID-DVDY1008>3.0.CO;2-#

86. Tillet E, Vittet D, Féraud O, Moore R, Kemler R, Huber P. N-Cadherin

deficiency impairs pericyte recruitment, and not endothelial differentiation

or sprouting, in embryonic stem cell-derived angiogenesis. Exp Cell Res.

(2005) 310:392–400. doi: 10.1016/j.yexcr.2005.08.021

87. Sargin G, Cildag S, Senturk T. Hajdu–cheney syndrome with

ventricular septal defect. Kaohsiung J Med Sci. (2013) 29:343–44.

doi: 10.1016/j.kjms.2012.10.009

88. Adams FH, Oliver C. Hereditary deformities in man: due to arrested

development. J Heredi (1945) 36:3–7.

89. Lu C, MacDougall, M. RIG-I-Like receptor signaling in singleton-

merten syndrome. Front Genet. (2017) 8:118. doi: 10.3389/fgene.2017.

00118

90. Dupuis-Girod S, Bailly S, Plauchu H. Hereditary hemorrhagic telangiectasia:

from molecular biology to patient care. J Thrombosis Haemostasis (2010)

8:1447–56. doi: 10.1111/j.1538-7836.2010.03860.x

91. Kamath BM, Spinner NB, Emerick KM, Chudley AE, Booth C, Piccoli

DA, et al. Vascular anomalies in alagille syndrome: a significant

cause of morbidity and mortality. Circulation (2004) 109:1354–58.

doi: 10.1161/01.CIR.0000121361.01862.A4

92. Arreola A, Payne LB, Julian MH, de Cubas AA, Daniels AB, Taylor S, et al.

Von Hippel-lindau mutations disrupt vascular patterning and maturation

via notch. JCI Insight (2018) 3:92193. doi: 10.1172/jci.insight.92193

93. Belhani D, Frassati D, Mégard R, Tsibiribi P, Bui-Xuan B, Tabib A, et al.

Cardiac lesions induced by neuroleptic drugs in the rabbit. Exp Toxicol

Pathol. (2006) 57:207–12. doi: 10.1016/j.etp.2005.09.003

94. Lebrin F, Srun S, Raymond K, Martin S, van den Brink S, Freitas C,

et al. Thalidomide stimulates vessel maturation and reduces epistaxis in

individuals with hereditary hemorrhagic telangiectasia. Nat Med. (2010)

16:420–28. doi: 10.1038/nm.2131

Frontiers in Cardiovascular Medicine | www.frontiersin.org 12 October 2018 | Volume 5 | Article 154

https://doi.org/10.1038/labinvest.3780433
https://doi.org/10.1016/j.canlet.2012.08.018
https://doi.org/10.1038/nm0603-685
https://doi.org/10.1161/ATVBAHA.111.235408
https://doi.org/10.1101/gad.1227804
https://doi.org/10.1126/science.279.5356.1552
https://doi.org/10.1016/S0092-8674(00)81661-X
https://doi.org/10.3390/ijms18081615
https://doi.org/10.1006/mvre.2002.2443
https://doi.org/10.1242/dev.003244
https://doi.org/10.1128/MCB.24.20.8813-8822.2004
https://doi.org/10.1096/fj.04-3172fje
https://doi.org/10.1038/srep16449
https://doi.org/10.1182/blood-2011-04-348706
https://doi.org/10.1073/pnas.0709663105
https://doi.org/10.1161/CIRCRESAHA.107.167965
https://doi.org/10.1093/hmg/8.5.723
https://doi.org/10.1016/B978-0-12-386041-5.00003-0
https://doi.org/10.1038/nrc1094
https://doi.org/10.1161/01.RES.0000191547.64391.e3
https://doi.org/10.1083/jcb.200603176
https://doi.org/10.1182/blood-2002-05-1593
https://doi.org/10.1016/bs.apha.2017.08.011
https://doi.org/10.3109/10739689709146790
https://doi.org/10.1111/j.1749-6632.2000.tb06320.x
https://doi.org/10.1182/blood.V97.6.1679
https://doi.org/10.1083/jcb.200602080
https://doi.org/10.1016/j.ceb.2010.07.006
https://doi.org/10.1242/jcs.017897
https://doi.org/10.1002/1097-0177(200007)218:3$<$472::AID-DVDY1008$>$3.0.CO;2-
https://doi.org/10.1016/j.yexcr.2005.08.021
https://doi.org/10.1016/j.kjms.2012.10.009
https://doi.org/10.3389/fgene.2017.00118
https://doi.org/10.1111/j.1538-7836.2010.03860.x
https://doi.org/10.1161/01.CIR.0000121361.01862.A4
https://doi.org/10.1172/jci.insight.92193
https://doi.org/10.1016/j.etp.2005.09.003
https://doi.org/10.1038/nm.2131
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Sweeney and Foldes Endothelial–Pericyte Cross-Talk

95. Thalgott J, Dos-Santos-Luis D, Lebrin F. Pericytes as targets in

hereditary hemorrhagic telangiectasia. Front Genet. (2015) 6:37.

doi: 10.3389/fgene.2015.00037

96. Fernández-L A, Sanz-Rodriguez F, Blanco FJ, Bernabéu C, Botella

LM. Hereditary hemorrhagic telangiectasia, a vascular dysplasia

affecting the TGF-β signaling pathway. Clin Med Res. (2006) 4:66–78.

doi: 10.3121/cmr.4.1.66

97. Carvalho RL, Jonker L, Goumans MJ, Larsson J, Bouwman P, Karlsson

S, et al. Defective paracrine signaling by TGF in yolk sac vasculature

of endoglin mutant mice: a paradigm for hereditary haemorrhagic

telangiectasia. Development (2004) 131:6237–47. doi: 10.1242/

dev.01529

98. Walker EJ, Su H, Shen F, Choi EJ, Oh SP, Chen G, et al. Arteriovenous

malformation in the adult mouse brain resembling the human disease. Ann

Neurol. (2011) 69:954–62. doi: 10.1002/ana.22348

99. Invernizzi R, Quaglia F, Klersy C, Pagella F, Ornati F, Chu F, et al.

Efficacy and safety of thalidomide for the treatment of severe recurrent

epistaxis in hereditary haemorrhagic telangiectasia: results of a non-

randomised, single-centre, phase 2 study. Lancet Haematol. (2015)

2:e465–73. doi: 10.1016/S2352-3026(15)00195-7

100. Keller A, Westenberger A, Sobrido MJ, García-Murias M, Domingo A, Sears

RL, et al. Mutations in the gene encoding PDGF-B cause brain calcifications

in humans and mice. Nat Genet. (2013) 45:1077–82. doi: 10.1038/

ng.2723

101. Patel MS, Taylor GP, Bharya S, Al-Sanna’a N, Adatia I, Chitayat

D, et al. Abnormal pericyte recruitment as a cause for pulmonary

hypertension in adams-oliver syndrome. Am J Med Genet. (2004) 129:294–

99. doi: 10.1002/ajmg.a.30221

102. Mašek J, Andersson R. The Developmental Biology of Genetic

Notch Disorders. Development (2017) 144:1743–63. doi: 10.1242/dev.

148007

103. Chang L, Noseda M, Higginson M, Ly M, Patenaude A, Fuller M, et al.

Differentiation of vascular smooth muscle cells from local precursors

during embryonic and adult arteriogenesis requires notch signaling.

Proc Nat Acad Sci USA. (2012) 109:6993–98. doi: 10.1073/pnas.1118

512109

104. Limaye N, Wouters V, Uebelhoer M, TuominenM,Wirkkala R, Mulliken JB,

et al. Somatic mutations in angiopoietin receptor gene TEK cause solitary

and multiple sporadic venous malformations. Nat Genet. (2009) 41:118–24.

doi: 10.1038/ng.272

105. Wouters V, Limaye N, Uebelhoer M, Irrthum A, Boon LM, Mulliken JB,

et al. Hereditary cutaneomucosal venous malformations are caused by TIE2

mutations with widely variable hyper-phosphorylating effects. Eur J Hum

Genet. (2010). 18:414–20. doi: 10.1038/ejhg.2009.193

106. Vikkula M, Boon LM, Carraway KL, Calvert JT, Diamonti AJ, Goumnerov

B, et al. Vascular dysmorphogenesis caused by an activating mutation in the

receptor tyrosine kinase TIE2. Cell (1996) 87:1181–90.

107. Brouillard P, VikkulaM. Genetic causes of vascular malformations.HumMol

Genet. (2007) 16:R140–49. doi: 10.1093/hmg/ddm211

108. Lee R, Wong TY, Sabanayagam, C. Epidemiology of diabetic retinopathy,

diabetic macular edema and related vision loss. Eye Vision (2015) 2:17.

doi: 10.1186/s40662-015-0026-2

109. Kolluru GK, Bir SC, and Kevil CG. Endothelial dysfunction and

diabetes: effects on angiogenesis, vascular remodeling, and wound

healing. Int J Vascu Med. (2012) 2012:918267. doi: 10.1155/2012/9

18267

110. Li W, Liu X, Yanoff M, Cohen S, Ye X. Cultured retinal capillary pericytes

die by apoptosis after an abrupt fluctuation from high to low glucose levels: a

comparative study with retinal capillary endothelial cells.Diabetologia (1996)

39:537–47. doi: 10.1007/BF00403300

111. Ejaz S. Importance of pericytes and mechanisms of pericyte loss

during diabetes retinopathy. Diab Obes Metabo. (2007) 10:53–63.

doi: 10.1111/j.1463-1326.2007.00795.x

112. Stitt AW, Hughes SJ, Canning P, Lynch O, Cox O, Frizzell N,

et al. Substrates modified by advanced glycation end-products cause

dysfunction and death in retinal pericytes by reducing survival signals

mediated by platelet-derived growth factor. Diabetologia (2004) 47:1735–46.

doi: 10.1007/s00125-004-1523-3

113. Beltramo E, Porta M. Pericyte loss in diabetic retinopathy:

mechanisms and consequences. Curr Med Chem. (2013) 20:3218–25.

doi: 10.2174/09298673113209990022

114. Warmke N, Griffin KJ, Cubbon, M. Pericytes in diabetes-

associated vascular disease. J Diab Comp. (2016). 30:1643–50.

doi: 10.1016/j.jdiacomp.2016.08.005

115. Roy S, Kim D, Lim, R. Cell-Cell communication in diabetic retinopathy.

Vision Res. (2017) 139:115–22. doi: 10.1016/j.visres.2017.04.014

116. Braunger BM, Leimbeck SV, Schlecht A, Volz C, Jägle H, Tamm, R.

Deletion of ocular transforming growth factor β signaling mimics essential

characteristics of diabetic retinopathy. Am J Pathol. (2015) 185:1749–68.

doi: 10.1016/j.ajpath.2015.02.007

117. Enge M, Bjarnegård M, Gerhardt H, Gustafsson E, Kalén M, Asker

N, et al. Endothelium-specific platelet-derived growth factor-b

ablation mimics diabetic retinopathy. EMBO J. (2002). 21:4307–16.

doi: 10.1093/emboj/cdf418

118. Das A, McGuire PG, Rangasamy S. Diabetic macular edema:

pathophysiology and novel therapeutic targets. Ophthalmology (2015).

122:1375–94. doi: 10.1016/j.ophtha.2015.03.024

119. Rosenfeld PJ, Brown DM, Heier JS, Boyer DS, Kaiser PK, Chung CY, et al.

Ranibizumab for neovascular age-related macular degeneration. N Engl J

Med. (2006) 355:1419–31. doi: 10.1056/NEJMoa054481

120. Jo N, Mailhos C, Ju M, Cheung E, Bradley J, Nishijima K, et al. 2006).

Inhibition of platelet-derived growth factor b signaling enhances the

efficacy of anti-vascular endothelial growth factor therapy in multiple

models of ocular neovascularization. Am J Pathol. 168:2036–53.

doi: 10.2353/ajpath.2006.050588

121. Jaffe GJ, Ciulla TA, Ciardella AP, Devin F, Dugel PU, Eandi CM,

et al. Dual antagonism of pdgf and vegf in neovascular age-

related macular degeneration. Ophthalmology (2017) 124:224–34.

doi: 10.1016/j.ophtha.2016.10.010

122. Sadiq MA, Hanout M., Sarwar S, Hassan M, Do DV, Nguyen QD, et al.

Platelet derived growth factor inhibitors: a potential therapeutic approach

for ocular neovascularization. Saudi J Ophthalmol. (2015) 29:287–91.

doi: 10.1016/j.sjopt.2015.05.005

123. Hanahan, D, Weinberg RA. The hallmarks of cancer. Cell (2000) 100:57–70.

doi: 10.1016/S0092-8674(00)81683-9

124. Zhao Y, Adjei AA. Targeting angiogenesis in cancer therapy: moving

beyond vascular endothelial growth factor. Oncologist (2015) 20:660–73.

doi: 10.1634/theoncologist.2014-0465

125. Motzer RJ, Hutson TE, Tomczak P, Michaelson MD, Bukowski RM, Rixe

O, Oudard S, et al. Sunitinib versus interferon alfa in metastatic renal-cell

carcinoma. N Engl J Med. (2007) 356:115–24. doi: 10.1056/NEJMoa065044

126. Chintalgattu V, Rees ML, Culver JC, Goel A, Jiffar T, Zhang J,

et al. Coronary microvascular pericytes are the cellular target of

sunitinib malate-induced cardiotoxicity. Sci Transl Med. (2013) 5:187ra69.

doi: 10.1126/scitranslmed.3005066

127. Erber R, Thurnher A, Katsen AD, Groth G, Kerger H, Hammes HP, et al.

Combined inhibition of VEGF and PDGF signaling enforces tumor vessel

regression by interfering with pericyte-mediated endothelial cell survival

mechanisms. FASEB J (2004) 18:338–40. doi: 10.1096/fj.03-0271fje

128. Molnar N, Siemann DW. Inhibition of endothelial/smooth muscle cell

contact loss by the investigational angiopoietin-2 antibody MEDI3617.

Microvascu Res. (2012) 83:290–97. doi: 10.1016/j.mvr.2012.02.008

129. Hyman DM, Rizvi N, Natale R, Armstrong DK, Birrer, M, Recht L,

Dotan E, et al. Phase I Study of MEDI3617, a selective angiopoietin-2

inhibitor alone and combined with carboplatin/paclitaxel, paclitaxel, or

bevacizumab for advanced solid tumors. Clin Cancer Res. (2018) 24:2749–57.

doi: 10.1158/1078-0432.CCR-17-1775

130. Medina RJ, O’Neill CL, Humphreys MW, Gardiner TA, and Stitt, W.

Outgrowth endothelial cells: characterization and their potential for

reversing ischemic retinopathy. Invest. Opthalmol. Visual Sci. (2010) 51:5906.

doi: 10.1167/iovs.09-4951

131. Yoder C. Differentiation of pluripotent stem cells into endothelial cells. Curr

Opin Hematol. (2015) 22:252–57. doi: 10.1097/MOH.0000000000000140

132. Murry CE, Keller, G. Differentiation of embryonic stem cells to clinically

relevant populations: lessons from embryonic development. Cell (2008)

132:661–80. doi: 10.1016/j.cell.2008.02.008

Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 October 2018 | Volume 5 | Article 154

https://doi.org/10.3389/fgene.2015.00037
https://doi.org/10.3121/cmr.4.1.66
https://doi.org/10.1242/dev.01529
https://doi.org/10.1002/ana.22348
https://doi.org/10.1016/S2352-3026(15)00195-7
https://doi.org/10.1038/ng.2723
https://doi.org/10.1002/ajmg.a.30221
https://doi.org/10.1242/dev.148007
https://doi.org/10.1073/pnas.1118512109
https://doi.org/10.1038/ng.272
https://doi.org/10.1038/ejhg.2009.193
https://doi.org/10.1093/hmg/ddm211
https://doi.org/10.1186/s40662-015-0026-2
https://doi.org/10.1155/2012/918267
https://doi.org/10.1007/BF00403300
https://doi.org/10.1111/j.1463-1326.2007.00795.x
https://doi.org/10.1007/s00125-004-1523-3
https://doi.org/10.2174/09298673113209990022
https://doi.org/10.1016/j.jdiacomp.2016.08.005
https://doi.org/10.1016/j.visres.2017.04.014
https://doi.org/10.1016/j.ajpath.2015.02.007
https://doi.org/10.1093/emboj/cdf418
https://doi.org/10.1016/j.ophtha.2015.03.024
https://doi.org/10.1056/NEJMoa054481
https://doi.org/10.2353/ajpath.2006.050588
https://doi.org/10.1016/j.ophtha.2016.10.010
https://doi.org/10.1016/j.sjopt.2015.05.005
https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1634/theoncologist.2014-0465
https://doi.org/10.1056/NEJMoa065044
https://doi.org/10.1126/scitranslmed.3005066
https://doi.org/10.1096/fj.03-0271fje
https://doi.org/10.1016/j.mvr.2012.02.008
https://doi.org/10.1158/1078-0432.CCR-17-1775
https://doi.org/10.1167/iovs.09-4951
https://doi.org/10.1097/MOH.0000000000000140
https://doi.org/10.1016/j.cell.2008.02.008
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Sweeney and Foldes Endothelial–Pericyte Cross-Talk

133. Nakagami H, Nakagawa N, Takeya Y, Kashiwagi K, Ishida C, Hayashi S,

et al. Model of vasculogenesis from embryonic stem cells for vascular

research and regenerative medicine. Hypertension (2006) 48:112–19.

doi: 10.1161/01.HYP.0000225426.12101.15

134. Lin Y, ChenG. Embryoid Body Formation fromHuman Pluripotent StemCells

in Chemically Defined E8 Media. In: Girard L, editor. StemBook. Cambridge,

MA: Harvard Stem Cell Institute (2008).

135. Wang R, Clark R, Bautch L. Embryonic stem cell-derived cystic embryoid

bodies form vascular channels: an in vitro model of blood vessel

development. Development (1992) 114:303–16.

136. Kim GD, Kim GJ, Seok JH, Chung HM, Chee KM, Rhee S. Differentiation

of endothelial cells derived from mouse embryoid bodies: a possible

in vitro vasculogenesis model. Toxicol Lett. (2008) 180:166–73.

doi: 10.1016/j.toxlet.2008.05.023

137. Nourse MB, Halpin DE, Scatena M, Mortisen DJ, Tulloch NL, Hauch KD,

et al. VEGF induces differentiation of functional endothelium from human

embryonic stem cells: implications for tissue engineering. Arteriosclerosis

Thrombosis Vascu Biol. (2010) 30:80–9. doi: 10.1161/ATVBAHA.109.194233

138. Vodyanik MA, Slukvin II. Hematoendothelial differentiation of human

embryonic stem cells. Curr Protoc Cell Biol. (2007) 36:23.6.1–28.

doi: 10.1002/0471143030.cb2306s36

139. Choi KD, Yu J, Smuga-Otto K, Salvagiotto G, RehrauerW, VodyanikM, et al.

Hematopoietic and endothelial differentiation of human induced pluripotent

stem cells. Stem Cells (2009) 27:559–67. doi: 10.1002/stem.20080922

140. Prasain N, Lee MR, Vemula S, Meador JL, Yoshimoto M, Ferkowicz MJ,

et al. Differentiation of human pluripotent stem cells to cells similar to cord-

blood endothelial colony–forming cells. Nat Biotechnol. (2014) 32:1151–57.

doi: 10.1038/nbt.3048

141. Johansson BM, Wiles, V. Evidence for involvement of activin a and bone

morphogenetic protein 4 in mammalian mesoderm and hematopoietic

development.Mol Cellu Biol. (1995) 15:141–51. doi: 10.1128/MCB.15.1.141

142. Pauklin S, Vallier L. Activin/nodal signaling in stem cells. Development

(2015) 142:607–19. doi: 10.1242/dev.091769

143. Yamamizu K, Kawasaki K, Katayama S, Watabe T, Yamashita, K.

Enhancement of vascular progenitor potential by protein kinase a through

dual induction of flk-1 and neuropilin-1. Blood (2009) 114:3707–16.

doi: 10.1182/blood-2008-12-195750

144. Ikuno T, Masumoto H., Yamamizu K, Yoshioka M, Minakata K, Ikeda

T, et al. Efficient and robust differentiation of endothelial cells from

human induced pluripotent stem cells via lineage control with vegf and

cyclic amp. edited by johnson rajasingh. PLoS ONE (2017) 12:e0173271.

doi: 10.1371/journal.pone.0173271

145. Ghanaati S, Fuchs S, Webber MJ, Orth C, Barbeck M, Gomes ME, et al.

Rapid vascularization of starch-poly(Caprolactone) in vivo by outgrowth

endothelial cells in co-culture with primary osteoblasts. J Tissue Eng

Regenerat Med. (2011) 5:e136–43. doi: 10.1002/term.373

146. Au P, Tam J, Fukumura D, Jain KR. Bone marrow-derived mesenchymal

stem cells facilitate engineering of long-lasting functional vasculature. Blood

(2008) 111:4551–58. doi: 10.1182/blood-2007-10-118273

147. Dar A, Domev H, Ben-Yosef O, Tzukerman M, Zeevi-Levin N, Novak A,

et al. Multipotent vasculogenic pericytes from human pluripotent stem cells

promote recovery of murine ischemic limb. Circulation (2012) 125:87–99.

doi: 10.1161/CIRCULATIONAHA.111.048264

148. Cheung C, Bernardo AS, Trotter MW, Pedersen RA, Sinha, S. Generation of

human vascular smoothmuscle subtypes provides insight into embryological

origin-dependent disease susceptibility. Nat Biotechnol. (2012) 30:165–73.

doi: 10.1038/nbt.2107

149. Orlova VV, Drabsch Y, Freund C, Petrus-Reurer S, van den Hil FE,

Muenthaisong S, et al. Functionality of endothelial cells and pericytes from

human pluripotent stem cells demonstrated in cultured vascular plexus

and zebrafish xenografts. Arteriosclerosis, Thrombosis, Vascu Biol. (2014)

34:177–86. doi: 10.1161/ATVBAHA.113.302598

150. Koike N, Fukumura D, Gralla O, Au P, Schechner JS, Jain, K. Creation of

long-lasting blood vessels. Nature (2004) 428:138–39. doi: 10.1038/428138a

151. Korff T, Kimmina S, Martiny-Baron G, Augustin G. Blood vessel maturation

in a 3-dimensional spheroidal coculture model: direct contact with smooth

muscle cells regulates endothelial cell quiescence and abrogates VEGF

responsiveness. FASEB J. (2001) 15:447–57. doi: 10.1096/fj.00-0139com

152. Pati S, Khakoo AY, Zhao J, Jimenez F, Gerber MH, Harting M, et al. Human

mesenchymal stem cells inhibit vascular permeability bymodulating vascular

endothelial cadherin/β-Catenin Signaling. Stem Cells Dev. (2011) 20:89–101.

doi: 10.1089/scd.2010.0013

153. Melero-Martin JM, De Obaldia ME, Kang SY, Khan ZA, Yuan L, Oettgen

P, et al. Engineering robust and functional vascular networks in vivo with

human adult and cord blood-derived progenitor cells. Circulat. Res. (2008)

103:194–202. doi: 10.1161/CIRCRESAHA.108.178590

154. Takahashi K, Yamanaka, S. Induction of pluripotent stem cells from mouse

embryonic and adult fibroblast cultures by defined factors. Cell (2006)

126:663–76. doi: 10.1016/j.cell.2006.07.024

155. Samuel R, Daheron L, Liao S, Vardam T, Kamoun WS, Batista A, et al.

Generation of functionally competent and durable engineered blood vessels

from human induced pluripotent stem cells. Proc Nat Acad Sci.USA. (2013)

110:12774–79. doi: 10.1073/pnas.1310675110

156. Kusuma S, Shen YI, Hanjaya-Putra D, Mali P, Cheng L, Gerecht S.

Self-organized vascular networks from human pluripotent stem cells

in a synthetic matrix. Proc Nat Acad Sci USA. (2013) 110:12601–6.

doi: 10.1073/pnas.1306562110

157. Orlidge A, D’Amore PA. Inhibition of capillary endothelial cell growth

by pericytes and smooth muscle cells. J Cell Biol. (1987) 105:1455–62.

doi: 10.1083/jcb.105.3.1455

158. Sato Y, Rifkin B. Inhibition of endothelial cell movement by pericytes and

smooth muscle cells: activation of a latent transforming growth factor-beta

1-like molecule by plasmin during co-culture. J Cell Biol. (1989) 109:309–15.

doi: 10.1083/jcb.109.1.309

159. Song H-HG, Rumma RT, Ozaki CK, Edelman ER, Chen CS. Vascular tissue

engineering: progress, challenges, and clinical promise. Cell Stem Cell (2018)

22:340–54. doi: 10.1016/j.stem.2018.02.009

160. Theodoris CV, Li M, White MP, Liu L, He D, Pollard KS, et al.

Human disease modeling reveals integrated transcriptional and epigenetic

mechanisms of NOTCH1 haploinsufficiency. Cell (2015) 160:1072–86.

doi: 10.1016/j.cell.2015.02.035

161. Caspi O, Lesman A, Basevitch Y, Gepstein A, Arbel G, Habib

IH, et al. Tissue engineering of vascularized cardiac muscle from

human embryonic stem cells. Circulat Res. (2007). 100:263–72.

doi: 10.1161/01.RES.0000257776.05673.ff

162. Zhang C, Hu K, Liu X, Reynolds MA, Bao C, Wang P, et al. Novel HiPSC-

Based Tri-culture for pre-vascularization of calcium phosphate scaffold to

enhance bone and vessel formation. Mater Sci Eng. (2017) 79:296–304.

doi: 10.1016/j.msec.2017.05.035

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Sweeney and Foldes. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 October 2018 | Volume 5 | Article 154

https://doi.org/10.1161/01.HYP.0000225426.12101.15
https://doi.org/10.1016/j.toxlet.2008.05.023
https://doi.org/10.1161/ATVBAHA.109.194233
https://doi.org/10.1002/0471143030.cb2306s36
https://doi.org/10.1002/stem.20080922
https://doi.org/10.1038/nbt.3048
https://doi.org/10.1128/MCB.15.1.141
https://doi.org/10.1242/dev.091769
https://doi.org/10.1182/blood-2008-12-195750
https://doi.org/10.1371/journal.pone.0173271
https://doi.org/10.1002/term.373
https://doi.org/10.1182/blood-2007-10-118273
https://doi.org/10.1161/CIRCULATIONAHA.111.048264
https://doi.org/10.1038/nbt.2107
https://doi.org/10.1161/ATVBAHA.113.302598
https://doi.org/10.1038/428138a
https://doi.org/10.1096/fj.00-0139com
https://doi.org/10.1089/scd.2010.0013
https://doi.org/10.1161/CIRCRESAHA.108.178590
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1073/pnas.1310675110
https://doi.org/10.1073/pnas.1306562110
https://doi.org/10.1083/jcb.105.3.1455
https://doi.org/10.1083/jcb.109.1.309
https://doi.org/10.1016/j.stem.2018.02.009
https://doi.org/10.1016/j.cell.2015.02.035
https://doi.org/10.1161/01.RES.0000257776.05673.ff
https://doi.org/10.1016/j.msec.2017.05.035
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	It Takes Two: Endothelial-Perivascular Cell Cross-Talk in Vascular Development and Disease
	Introduction
	Multicellular Interactions in Embryogenesis
	Building Blocks for New Vessels
	Endothelial Cells
	Perivascular Cells

	Crosstalk Between Perivascular and Endothelial Cells Is Key During Early Vasculogenesis
	VEGF
	TGF-β
	Platelet Derived Growth Factor
	Angiopoietins
	Sphingosine-1-Phosphate
	Notch Receptors and Ligands

	Extracellular Matrix for Vessel Formation
	Cadherins


	Dysfunctional Multicellular Interactions in Disease
	Congenital Disease
	Hereditary Haemorrhagic Telangiectasia
	Idiopathic Basal Ganglia Calcification
	Notch Mutations
	TIE Mutations

	Acquire Disease
	Retinopathy
	Cancer


	Multicellular Interactions in Culture
	Endothelial Cells
	Perivascular Cells
	Co-culture

	Conclusions
	Author Contributions
	Acknowledgments
	References


