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Foreword

How blood and lymphatic vessels form functional networks that are adapted to 
effectively meet the metabolic and homeostasis requirement of organs and the or-
ganism as a whole is a most fascinating question that stimulates the rapidly grow-
ing field of vascular biology research. As we appreciate the complexity of cellular 
and molecular interactions, the intricacies of localized functional requirements, and 
the heterogeneity of the cellular constituents that form blood and lymphatic ves-
sels, the growing number of open questions may seem overwhelming. Advanced 
genetic model systems to selectively study gene functions in the endothelial cells 
lining blood and lymphatic vessels, as well as the supporting smooth muscle cells, 
have helped to chart key pathways controlling the formation and differentiation of 
vascular networks. Rapidly improving imaging methodology, functional labeling, 
and organotypic dynamic in vitro assays help to unravel morphogenic principles of 
sprouting, lumen formation, stabilization, and regression. Signaling networks that 
have traditionally been mapped in cell culture now take shape in vivo as we see 
genetic models dissect individual residues in signaling receptors, and quantitative 
assessment of protein–protein complexes allow glimpses into when and where, in 
the context of vessel formation, receptor signaling takes place.

As in many disease areas, cardiovascular research also uncovers the power of 
noncoding RNAs and genetic, as well as epigenetic, modulation of vascular pat-
terning and risk factors. At the same time, concepts of vascular functions in tumor 
growth and metastasis are evolving as we begin to understand the reasons for the 
disappointing clinical success of antiangiogenic therapy. Exciting developments 
also stem from studies into the cellular metabolism of endothelial cells, and the 
interplay of hypoxia with multiple endothelial cell responses and functions.

The editor(s) and authors of the present book have done a terrific job in collating 
a comprehensive overview of current concepts and insight into the development 
and differentiation of vascular networks (Part I), mechanisms controlling vascular 
homeostasis (Part II), and timely topics in pathophysiology of the vascular system 
(Part III). Although the individual chapters are stand-alone pieces by individuals or 
teams of leaders in the field, the collection of chapters will provide interesting and 
timely reading and extended educational value for specialists and broader-interest 
readers alike.



vi Preface

The collection of chapters covers the most prominent signaling pathways that 
impact on a vast array of vascular and endothelial functions, such as vascular en-
dothelial growth factor-A, Notch, hypoxia, fibroblast growth factor, nitric oxide, 
and the angiopoietins/Tie2 system. In addition, the most prominent and powerful 
model systems, such as zebrafish for in vivo analysis and retina for its accessibil-
ity and clinical relevance, are covered by experts. The reader will further gain an 
up-to-date understanding of the heterogeneity of vascular networks and special-
ization in vascular beds, including the lung and ocular vasculature. Most of the 
current knowledge on vascular formation and function focuses on the inner lining 
of vessels—the endothelium. The endothelium functions as a collective of cells 
that are tightly connected by special junctions, functionally connected by signal-
ing mechanisms, mechanically embedded in extracellular matrix lending stability 
and providing additional signaling input, and yet highly specialized and diversified, 
both within organs and between organs, to serve the functional complexity of the 
organism. Coordination of endothelial signaling and cellular behavior is therefore 
of particular relevance, and several chapters shed light on emerging concepts and 
principles.

Finally, our current understanding of the dynamic regulation of vascular perme-
ability and fluid homeostasis, as well as the control of transendothelial migration 
for immunosurveillance and tissue homeostasis, is discussed in several chapters, 
including an expert account of the latest developments in lymph vessel formation 
and regulation.

I hope this work will stimulate more young scientists to embark on the exciting 
discovery science that can be followed in vascular biology, and potentially kindle 
new ideas that may help us to overcome limitations that currently hamper our prog-
ress in clinical translation. I wish you enjoyable and stimulating reading.

Berlin, Germany Holger Gerhardt
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Chapter 1
VEGF and Notch Signaling in Angiogenesis

Marcin Teodorczyk, Nevenka Dudvarski Stanković, Frank Bicker 
and Mirko HH Schmidt

1.1  Overview of Vascular Morphogenesis

The vascular system, consisting of a three-dimensional (3D) and hierarchical tubu-
lar network, functions as the main supply system of the body, as it carries nutrients, 
circulating cells, gasses, fluids and hormones to almost every tissue and organ in 
higher metazoans. The development of this elaborate system is spatially and tempo-
rally tightly regulated and relies on the orchestration of different cells, growth fac-
tors and components of the extracellular matrix (ECM). A functional blood vessel 
network is important for maintaining homeostasis of the healthy vertebrate body, 
and dysregulation of vascular morphogenesis is a hallmark of many diseases. This 
is the case in deadly tumors, where cancer cells promote neovascularization leading 
to tumor progression and metastasis, while insufficient blood flow is the underlying 
cause of ischemic diseases [1].

Marcin Teodorczyk and Nevenka Dudvarski Stanković contributed equally to this work
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In vitro embryonic stem cell (ESC) differentiation assays led to the identification 
of a common endothelial/hematopoietic progenitor, the so-called hemangioblast 
(Fig. 1.1) [2–4]. The existence of the hemangioblast in vivo, however, is still un-
der debate. Within the yolk sac of the mouse embryo, equivalent cells have been 
identified that also give rise to smooth muscle cells (SMCs) [5]. Thus, the ques-
tion remains whether they are tri-potent progenitors or mesodermal cells with a 
broader differentiation potential [6]. The discovery of the hemogenic endothelium 
in recent years offers an alternative and/or complementary model for the generation 
of hematopoietic stem cells (HSCs) [7–12]. The cells that cover the ventral part 
of the dorsal aorta display an endothelial phenotype and morphology. However, 
both generate hematopoietic as well as endothelial progeny [13–15]. Two transcrip-
tion factors play a major role in this process: Runx1 promotes hematopoiesis while 
HoxA3 drives endothelial differentiation [11, 16]. According to Rybtsov et al., HSC 
differentiation from the hemogenic endothelium proceeds via at least two non-EC 
intermediates and segregation of the endothelial and HSC lineages occurs prior to 
E10.5 [17, 18].

At approximately the same time during mouse embryonic development (E9.5), 
lymphatic EC (LEC) progenitors begin to bud off embryonic veins into the sur-
rounding mesenchyme. Interestingly, the progenitors remain connected by adherens 
junctions (AJs) expressing high levels of vascular endothelial (VE)-cadherin [19]. 
At around E11.5, they start forming hollow structures called lymph sacs along the 
embryo’s anterior-posterior axis [19, 20]. Lymph sacs become the main source of 

Fig. 1.1  Schematic of the development of the vascular and hematopoietic systems. In vitro embry-
onic stem-cell differentiation assays led to the identification of a common mesoderm-derived 
endothelial/hematopoietic progenitor, the so-called hemangioblast which commits to more dif-
ferentiated cell lineages. Endothelial cell ( EC) precursors, angioblasts, undergo sequential matura-
tion and eventually express markers of mature ECs. Early in organogenesis a primitive vascular 
network forms from ECs in the process of vasculogenesis. All other blood vessels formed during 
embryogenesis and in adults arise by sprouting from this pre-existing vasculature in a process 
defined as angiogenesis. The growth of pre-existing interlocking arterioles towards functionally 
mature collateral arteries is denoted as arteriogenesis. Hematopoietic stem cells give rise to precur-
sors of all blood cells lineages, e.g., erythrocytes, leukocytes and thrombocytes
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LECs required for the formation of the entire lymphatic vasculature [21]. As the 
lymph sac forms, the LECs continue to proliferate and migrate into the mesenchy-
mal tissue. The lymphatic plexus further differentiates to form two types of vessels: 
larger collecting lymphatic vessels and smaller lymphatic capillaries [22]. Lym-
phatic capillaries are thin-walled, blind-ended vessels that collect interstitial fluid 
and transport it to the larger collecting vessels, which are surrounded by SMCs 
and contain intraluminal valves in order to assure the movement of lymph against 
hydrostatic pressure and prevent its backflow [23–25]. For more information on 
lymphangiogenesis and lymphatic vessel maturation, please refer to Chap. 5.

The development of the blood vasculature occurs by two mechanisms: (1) vas-
culogenesis, which represents the de novo formation of endothelium, and (2) an-
giogenesis, which is defined as the growth of blood vessels from the pre-existing 
vasculature. For a long period of time it was believed that only differentiation of the 
primitive vascular network, occurring early in organogenesis, proceeds by vasculo-
genesis [26], while all other blood vessels are generated by angiogenesis, but in the 
last 20 years, various studies have reported the occurrence of vasculogenesis during 
postnatal blood vessel growth [27, 28]. However, whether or not vasculogenesis 
occurs in the adult organism remains under debate.

Initial formation of the primitive vasculature starts when the early mesoderm has 
been formed by gastrulation. Migrating mesodermal cells form aggregates in the 
yolk sac, referred to as blood islands [29]. Soon, two types of progeny cells can be 
distinguished in each blood island, namely the internally localized hematopoietic 
precursor cells (HPCs) and the peripherally positioned angioblasts, termed endo-
thelial progenitor cells (EPCs) [30]. These blood islands undergo fusion and the 
outcome is the differentiation of the primitive capillary plexus. Further, it has been 
described that migrating mesodermal cells can give rise to angioblasts without dif-
ferentiation of HPCs. Aside of differentiating into the primitive blood plexus, these 
intraembryonic angioblasts can also directly form vessels [31]. Interestingly, even 
at the earliest stages of blood vessel formation, vascular endothelial growth factor 
(VEGF) is a key signaling molecule. It has been confirmed that VEGF is strongly 
expressed by the extraembryonic endoderm and mesoderm. Further, in mice with 
the deletion of one of VEGF receptors, VEGFR2, yolk-sac blood islands could not 
be formed, indicating that VEGF is indeed a key player in vasculogenesis [32].

In general, two different, but non-exclusive mechanisms of angiogenic the ves-
sel growth are known, namely intussusception and endothelial sprouting [30, 33]. 
In adulthood, the vascular network is mostly quiescent, except in the cycling ovary 
and uterus during pregnancy. However, the mature and resting vasculature can be 
reactivated in numerous pathological conditions by stimuli released from tumor 
cells or in inflammatory processes [34].

1.1.1  Sprouting

For a long time, sprouting angiogenesis was thought to be the sole process of the 
vessel formation in adulthood. Several distinguishing phases during this process 
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can be recognized. Initially, sprouting starts with an increased vessel permeability, 
local degradation of the basement membrane, detachment of mural cells such as 
SMCs and pericytes (PCs) from blood vessels, and liberation of ECs. The next stage 
is characterized by EC migration and proliferation. Guided sprout outgrowth is fol-
lowed by elongation, fusion and lumen formation. Finally, blood starts to perfuse 
the newborn vessel, which coincides with its maturation [35, 36].

When the quiescent endothelium senses a pro-angiogenic stimulus, a cascade 
of activating events occurs. One of the most important mediators of the vessel 
sprouting is VEGF. The remodeling endothelium releases angiopoietin 2 (Ang-2), 
which inhibits signaling via the receptor tyrosine kinase (RTK) Tie2 and as a result 
triggers the delocalization of SMCs and PCs [37] (please also refer to Chap. 13). 
VEGF induces nitric oxide (NO)-dependent local vasodilatation and escalation of 
the vessel’s permeability. This allows extravasation of matrix metalloproteinases 
that degrade the basement membrane and further serve as a specific scaffold for the 
prospective sprout [36]. Eventually, ECs achieve a motile and invasive phenotype.

One of the ECs from an activated vessel is chosen to be a so-called tip cell 
with the function of sensing VEGF gradients and directing sprout growth. This is a 
highly dynamic process and tip cells are continuously replaced; however, there is 
always only a single tip cell [38]. The tip cell is a non-proliferative, highly sensitive 
and motile cell, characterized by numerous and dynamic filopodia covered with 
VEGFR2, the major RTK responsible for VEGF-induced EC sprouting. The tip cell 
is followed by cells possessing another special phenotype termed stalk cells, which 
are highly proliferative and thus facilitate the outgrowth of the nascent sprout [39]. 
Cells that are just behind the growing sprout help the tip cell to “choose” its direc-
tion away from the parental endothelium, as those cells express and secrete high 
levels of soluble VEGFR1 which binds VEGF, and in that way models the gradi-
ent of VEGF [40]. The molecular mechanisms that underlie the process of tip cell 
selection and tip-stalk cell communication have been studied thoroughly and the 
Notch signaling pathway is considered to be the major regulator of these processes 
[41]. Furthermore, parallels have been reported between the growth of the axonal 
cone and the nascent sprout. The same ligand-receptor interactions are involved in 
both processes and the result is either attraction or repulsion of the growing sprout. 
Molecules with a known role in angiogenesis are semaphorins and their plexin and 
neuropilin receptors (Nrp1 and Nrp2) [42]. Further, SLIT ligands and their Robo 
receptors [43], netrins and their DCC and UNC5B receptors [44], as well as ephrins 
and their Eph receptors [45]. In addition, Nrp1 and ephrin-B2 have an additional 
function as modulators of VEGF-induced sprouting, as Nrp1 is a co-receptor of 
VEGFR2 [46], while ephrin-B2 is involved in the internalization of VEGFR2 and 
VEGFR3 [47]. For more information on the role of axon guidance factors in angio-
genesis, please refer to Chap. 11.

Migration of the tip cell is based on repetitive, stepwise cycles of the actin cy-
toskeleton reorganization. In short, the tip cell protrudes in the direction of mi-
gration via actin polymerization. CDC42, a member of the family of small Rho 
GTPases, controls whether or not the protrusions become filopodia, which harbor 
a core of long, bundled actin filaments that explore the cellular surroundings and 
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use VEGFR2 enrichment to sense VEGF gradients. At the growing end, Rac1, an-
other member of the Rho GTPase family, regulates the formation of lamellipodia, 
which harbor a core of a cross-linked actin mesh [48]. Lamellipodia are specialized 
structures that attach to the substratum via integrins linked to actin filaments at the 
intracellular side of the cell membrane. Integrins activate RhoA which regulates the 
contraction of the actin cytoskeleton [49]. The opposing side of the tip cell retracts 
in order to reduce the tension that has arisen after attachment and contraction.

Stalk cells, aside from their divisions that elongate the sprout, can form a lumen. 
In vitro studies suggested a “cord-hollowing” mechanism of lumen formation based 
on integrin and Rho GTPase-dependent intracellular vacuolization and their further 
intercellular fusion [50]. This hypothesis was confirmed in vivo when outgrowth of 
intersegmental vessels in zebrafish occurred via fusion of small and numerous vac-
uoles in larger ones and further into multicellular lumen (for more information on 
vascular development in the zebrafish, please refer to Chap. 2) [51]. More recently, 
the report of Blum et al. suggested an alternative mechanism of the lumen formation 
using the same approach [52, 53]. In this scenario, the rearrangement of tight junc-
tions led to a continuous increase in the extracellular space between two stalk cells 
until the lumen was formed [53]. It is possible that the two described mechanisms of 
the lumen formation might not be exclusive, but rather context specific [54]. When 
tip cells from two growing sprouts come into contact, a new vascular connection is 
formed. At that moment, the motile phenotype of the tip cell is suppressed and VE-
cadherin, the major protein of AJs, becomes highly expressed [55].

In the last step of the angiogenic sprouting, vessels mature and become function-
al. Several distinguishing events can be recognized in the transition of the activated 
endothelium to quiescence. While migration and proliferation of ECs is reduced, 
more and more AJs are formed. This is possibly due to increased expression of 
VE-cadherin [56], while N-cadherin is involved in the recruitment of mural cells 
and thereby in the essential step of maturation of the newly formed sprout [57]. 
For more information on junctional signaling in ECs, please refer to Chap. 6, and 
VEGF-induced permeability and leukocyte extravasation are described in Chap. 8.

As mentioned above, SMC and PCs have been described as mural cells. While 
PCs cover immature vessels and capillaries where they have intimate contact with 
ECs, SMCs are spatially separated and regulate the deposition of their own base-
ment membrane in all large-diameter vessels [58]. The origin of mural cells is still 
under debate. There are data that demonstrate the mesenchymal origin [59] as well 
as possible differentiation from bone marrow-derived HPCs [60]. On the other 
hand, PCs in the central nervous system and cardiac tract can arise from neural 
crest cells [59, 61, 62] (please refer to Chap. 3). Even the transdifferentiation of 
ECs into SMCs has been reported [63]. PCs themselves are multipotent cells able 
to differentiate into fibroblasts, osteoblasts, adipose cells and SMCs [64]. Nicosia 
et al. showed that SMCs can give rise to PCs in vitro [65]. No matter which cell is 
the actual progenitor, it is known that transforming growth factor β (TGF-β) is a key 
regulator of the number of mural cells [66].

PCs and SMCs have several supportive roles. They stabilize vessels regulat-
ing the deposition of ECM components and the secretion of various factors. With 
their contractile capability they facilitate blood flow [67]. The platelet-derived 
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growth factor B (PDGF-B) pathway has an essential role in the recruitment of mu-
ral cells. The ligand PDGF-BB is mainly expressed by vascular ECs and promotes 
proliferation and migration of mural cells towards the nascent sprout after binding 
to its receptor PDGFR-β expressed on the latter cell type. Furthermore, genetic 
ablation of components of this key pathway led to hemorrhages and a dysfunctional 
vasculature, explaining the embryonic lethal phenotype [68]. Another pathway with 
a pivotal role in angiogenesis is TGF-β. Although the function of TGF-β is undoubt-
edly important, it is also antagonistic as it can either promote or inhibit angiogen-
esis. After binding of TGF-β to its receptor TGF-β R-II, two other molecules can 
be recruited, namely the activin-like kinase receptors ALK-1 and ALK-5. While 
ALK-1 is mostly expressed on ECs, where it mediates proliferation and migration, 
ALK-5 is expressed by PCs. There, it has an opposing function, as it promotes PC 
differentiation and migration towards the growing vessel. Here, TGF-β regulates 
the deposition of components of the ECM via ALK-5 and thus stabilizes the vas-
culature [69]. When mural cells are recruited to ECs, they secrete Ang-1, which 
increases their attachment to the vasculature and at the same time reduces vascular 
permeability [70]. For more information on PCs in vascular development, please re-
fer to Chap. 3. The role of ECM in vascular signaling has been outlined in Chap. 7. 
Lastly, the onset of the blood flow is considered to be highly important for the final-
ization of angiogenic sprouting as effective blood flow increases the local oxygen 
level which leads to a decrease in VEGF expression [35].

1.1.2  Intussusceptive Angiogenesis

Intussusception or growth within itself was described in the late 1980s [71], but it 
remains largely underrepresented in the current literature for a technical reason: 
there are only few experimental approaches for studying intussusceptive angiogen-
esis both in vivo and in vitro.

Non-sprouting angiogenesis occurs in a stepwise fashion [72]. It starts with in-
vaginations of the opposing walls of a single EC until they come into contact. In 
the second step, AJs are reorganized and the central pore develops. In the third 
phase, PCs and myofibroblasts invade the pore and further deposit components of 
the ECM. Thereby, the transluminal pillar with a diameter of up to 2.5 µm is formed 
[73]. Finally, the newly formed pillar enlarges its diameter. The whole process is 
completed within a few hours.

Depending on the result of this type of angiogenesis, there are three possible 
“phenotypes”: intussusceptive microvascular growth (IMG), intussusceptive ar-
borization (IAR) and intussusceptive branching remodeling (IBR) [72]. The IMG 
begins with the protrusion of opposing capillary walls into the lumen. The contact 
zone between them is perforated, followed by the invasion of the supporting cells 
and the formation of transluminal pillars. In this way, the network enlarges the dif-
fusing surface several times [73–76]. IAR is characterized by a series of pillars 
that eventually fuse and shape the hierarchical architecture of the vasculature. The 
outcome of the third “face” of intussusception can oppose IAR as pruning of the un-
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needed branch is classified as IBR. Here, fusion of pillars cut off blood flow in the 
extra branch leading to branch regression. Nevertheless, a more frequent effect of 
IBR is a change in vasculature geometry in order to optimize hemodynamic forces. 
The relocalization of a branching point and a change in the branching angle are 
usual events characteristic of IBR [76].

Intussusception is a delicate and metabolically saving phenomenon occurring in 
the vasculature developed through either vasculogenesis or sprouting angiogenesis. 
It is a mechanism designed to optimize the supply of blood vessels. Virtually, intus-
susception happens in the absence of proliferation or migration of EC and without 
disruption of the basement membrane. Thus, it occurs without interference of the 
continuous blood flow and is thereby a faster and lower-energy process as com-
pared to sprouting angiogenesis. The total number of ECs remains unchanged in 
the vasculature undergoing intussusceptive growth but ECs increase their size and 
surface by flattening [75].

The regulation of the non-sprouting growth of blood vessels differs from that in 
sprouting. Still, it remains poorly understood what drives intussusception. Since it 
has been noticed in chick chorioallantoic membrane assays that blood flow modi-
fies the existing vasculature [77], hemodynamic forces are considered to play a key 
role in the vascular remodeling. Furthermore, in silico models have suggested that 
shear stress is essential for intussusception [78]. However, it should be noted that 
there are two additional forces exerted toward blood vessels, namely hydrostatic 
pressure of blood onto the vasculature walls and cycling stretch, which occurs when 
the blood pressure changes. It is possible that a combination of all three factors 
regulates intussusceptive angiogenesis [79].

1.1.3  Shear Stress

Shear stress is a tangential force exerted by flowing blood on the vessel surface 
[80] that depends on three factors: vessel diameter, flow velocity and blood viscos-
ity. Increased blood flow potentiates the shear stress and thus the vessel’s diameter 
enlarges in order to compensate for this increase and return it to normal levels [81, 
82]. Arteries that experience increased flow increase their caliber, whereas those 
experiencing decreased flow rates decrease their caliber, and in extreme cases, com-
pletely regress [83]. This mechanism plays an important role during molding of 
the embryonic vasculature as the blood flow is established before the transport of 
oxygen and nutrients is required [84]. Further, shear stress has been postulated to 
promote angiogenesis. Whereas the evidence for stress-induced sprouting is still 
lacking, intussusceptive angiogenesis has been shown to be significantly modulated 
by the shear stress [79, 85].

Mechanistically, shear stress causes the glycocalyx, a glycoprotein-polysaccha-
ride network coating the endothelial surface, to bend in the direction of flow to 
transduce this force via the cortical actin skeleton to AJs [86]. Continuous high lam-
inar shear stress promotes EC quiescence and protection from atherosclerosis, while 
disturbed flow and consequently low or acute shear stress elicits an inflammatory 
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response in ECs [87]. Krüppel-like factor (KLF2) has been shown to play a major 
role in the former case [88]. KLF2 upregulates expression of genes involved in 
vasodilation (widening of blood vessels), such as NO synthase (NOS) [89, 90]. Fur-
thermore, it protects the vessels by inhibiting the expression of pro-inflammatory 
genes regulated by nuclear factor kappa B (NF-κB) [91].

1.1.4  EPCs

Traditionally, the de novo formation of blood vessels by vasculogenesis has been 
considered to be restricted to the embryonic development [92]. In the case of ves-
sel injury, proangiogenic signals activate ECs to proliferate and migrate. At the end 
of the last century, the so-called circulating EPCs (cEPC) were identified. Those 
CD34+ cells had the ability to differentiate into endothelial-like cells ex vivo and to 
form cord-like structures when seeded on fibronectin-coated dishes. Further, they 
had the capacity to repair the injured endothelium [27]. Several subsequent studies 
reported that cEPC have the ability to be incorporated into ischemic limbs [28], 
and are recruited into tumors where they play a considerable role in tumor neovas-
cularization [93]. Despite the latter function having been challenged [94], putative 
EPCs continue to receive much attention owing to their promising therapeutic use 
in endothelial recovery and replacement of damaged ECs [95]. The work of Asahara 
et al. importantly solidified the notion that EPCs exist in adults, although the popu-
lation of cells that the authors isolated was later shown not to consist of true EPCs, 
rather cells having a similar phenotype and a common origin. From then on, the 
criteria for the identification of EPCs have been under debate. Different cell popula-
tions have been suspected to be genuine vascular precursor cells. Among them, cells 
derived from bone marrow or circulating in peripheral blood were the most fre-
quently observed. These cells share many of the hallmarks of ECs. They express the 
same surface markers—CD31, CD34 as well as von Willebrand factor (vWF)—and 
show VEGF-induced migration and proliferation [26]. The work of Auerbach et al. 
suggested that the above-mentioned circulating endothelial-like cells can even inte-
grate into existing endothelial networks in vitro [96]. However, only cells that have 
a clonogenic potential, high self-renewal and proliferative capacity, the capability to 
differentiate into mature EC and that interact with components of the ECM can be 
considered as EPCs [97]. Despite the reparative potential of bone marrow-derived 
cells and circulating cells in peripheral blood not being negligible [98], they do not 
resemble EPCs in maintaining the vasculature under physiological conditions and 
during pathological remodeling of vessels [99].

1.1.5  Embryoid Bodies

Isolation of EC lines and establishment of in vitro culture conditions was a sig-
nificant milestone in the field of vascular biology [100]. This system, however, 
is limited as it lacks 3D interactions between ECs, neighboring cells and ECM. 
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Therefore, the development of embryoid bodies (EBs) greatly facilitated vascular 
research. EBs are in principle aggregates of pluripotent stem cells cultured in sus-
pension and capable of the differentiation into all three germ lineages [101]. Al-
though postnatal stem and progenitor cells are capable to form spherical aggregates 
in vitro, EBs are mostly derived from ESCs. The most common EB culture meth-
ods, hanging drop and static suspension culture, were adopted from in vitro dif-
ferentiation methods originally used for embryonic carcinoma cells or ESCs [101, 
102]. The hanging drop method is performed by dispersing a fixed number of ESCs 
in droplets of media hanging from the lid of a Petri dish. Hanging drops provide a 
good environment for EB formation as the round bottom of the drop facilitates ag-
gregation of cells and allows control of the number of clustered ESCs [103–105]. A 
static suspension culture, on the other hand, is simply produced by adding a suspen-
sion of ESCs to a bacteriological grade Petri dish or a similar vessel that does not 
support cell adhesion (e.g., agar- or other hydrophilic-coated substrates) [106–108].

The EB differentiation begins with the formation of an ESC aggregate, whose 
size depends on the number of cells clustering via cell-cell adhesion receptors 
[109–111]. The first sign of the EB differentiation is the formation of a primitive 
endoderm on the exterior surface [112]. As the EB development progresses, dif-
ferentiated cell phenotypes of all three germ layers begin to arise [113]. The first 
signs of vasculogenesis emerge on day 3 of the differentiation as the common pre-
cursors for endothelial and hematopoietic cells, the so-called hemangioblasts, ap-
pear [2, 3]. Subsequently, hemangioblasts commit to a more differentiated lineage. 
The EC precursors, the angioblasts, undergo sequential maturation and eventually 
express markers of mature ECs such as VEGFR2, CD31 or VE-cadherin [114]. 
The vessel formation, however, strongly depends on the culture conditions and is 
induced by the addition of VEGF. The EB cultured in 2D form a primary vascular 
plexus, which is remodeled from day 6 onwards, by sprouting angiogenesis. In-
vasive angiogenesis in 3D collagen gels, on the other hand, is manifested by the 
formation of EC sprouts projecting outward from the central core of the EB [115] 
and involves the formation of tip and stalk cells. This process strongly resembles 
sprouting angiogenesis observed in zebrafish and mouse retinae [39, 116]. Eventu-
ally, the sprout’s branch and the tip cells occasionally fuse with adjacent vessels to 
form a vascular network surrounded by perivascular cells. Lumen formation occurs 
between post-differentiation day 10 and 12. Interestingly, these lumenized vessels 
exhibit features of arterial or venous specification as they specifically express either 
ephrin-B2 (arterial marker) or EphB4 (venous marker) [117].

The EB model offers a valuable research tool since it mimics developmental and 
morphological features of ECs in vivo in several genetic models. For example, dele-
tion of Vegfa results in the arrest of the vascular development and remodeling, both 
in vitro and in vivo [118]. Moreover, the exclusive contribution of different VEGF-A 
isoforms to specific stages of the vessel development can be tested in the EB model. 
Another advantage of EBs is the possibility of investigating mutations that are lethal 
in early development stages, especially if they are exhibited before the onset of vas-
culogenesis [115]. The EB paradigm has, however, limitations as well. Although the 
development of vascular ECs is faithfully reproduced as in various in vivo models, 
the subsequent differentiation of lymphatic ECs from blood vessels is difficult to 
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control [119]. Moreover, EB vessels lack blood flow—an aspect that might be crucial 
as flow-induced shear stress influences the remodeling of the vascular system [120].

1.2  Signaling Pathways Governing Blood Vessel 
Formation

1.2.1  Molecular Structure of VEGFs and VEGFRs

The VEGF pathway is the essential regulator of vascular morphogenesis and impli-
cated in every aspect of the vascular development. Already in vasculogenesis, the 
earliest phase of the embryonic development, components of the VEGF pathway 
coordinate the interaction of EPCs/angioblasts [30]. Further, VEGF controls angio-
genesis as well as lymphangiogenesis, and even when the vasculature is quiescent, 
VEGF signals are crucial for EC survival and maintenance of the intact endothe-
lium [121]. For more information on VEGF signaling and vascular permeability, 
please refer to Chap. 8.

VEGF was isolated for the first time and identified from the medium of a tu-
mor cell line [122]. Soon, its importance in the formation and maintenance of the 
vasculature was described. In mammals, VEGF ligands comprise a family of five 
members of homodimeric disulfide-bound glycoproteins, namely, VEGF-A, also 
referred to as VEGF, VEGF-B, VEGF-C, VEGF-D and the placenta growth factor 
(PlGF). Among them, VEGF is the most studied. There are three VEGFRs, VEGFR1 
(Flt-1), VEGFR2 (Flk-1, KDR) and VEGFR3, all of which are classified as type-V 
RTKs as they harbor seven immunoglobulin homology domains in their extracel-
lular regions that are involved in the ligand recognition and receptor dimerization. 
The intracellular domains of the receptors display tyrosine kinase activity, which 
causes receptor autophosphorylation and subsequently, signal transduction [123] 
via signaling modules such as Erk1/2 in the case of VEGFR2 or Erk1/2 in addition 
to Akt when VEGFR3 is activated [124]. While VEGFR3 and its primary ligand 
VEGF-C play a role in lymphangiogenesis, the other two VEGFRs are implicated in 
the formation and survival of blood vessels. Furthermore, VEGFR1 and VEGFR2 
exist as secreted forms which are a result of alternative splicing [125]. VEGF-B and 
PlGF bind exclusively to VEGFR1, whereas VEGF associates with VEGFR1 and 
VEGFR2. VEGF-C and VEGF-D show a high affinity for VEGFR2 when proteo-
lytically processed and exhibit an important role in angiogenesis [126]. All VEGF 
ligands bind to the non-tyrosine kinase receptors Nrp1 and Nrp2. Genetic ablation 
of Nrp1 showed defects in EC migration with a fatal outcome, which indicated that 
Nrp1 acts as a coreceptor that supports the VEGF-VEGFR2 interaction [127].

1.2.2  Signaling for Angiogenesis: VEGF and VEGFR2

VEGF is considered to be the strongest proangiogenic stimulus. Even loss of a 
single allele resulted in embryonic death with the undeveloped vasculature [128]. 
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This suggested that the concentration of VEGF is tightly controlled in both spatial 
and temporal sense. VEGF exists in three isoforms, which is a consequence of the 
alternative splicing causing a loss of one or two exons. Aside from the differenc-
es in size, the human VEGF isoforms VEGF121, VEGF165 and VEGF189 ( nota 
bene: one amino acid less in the respective isoforms in mice) have a distinctive 
binding affinity to the ECM [129], making VEGF121 the most soluble form and 
VEGF189 having the strongest ECM affinity [130]. The existence of three isoforms 
suggests that all form independent VEGF gradients. Indeed, experiments where ei-
ther VEGF121 or the heparin-binding isoform VEGF189 were genetically deleted 
led to lethality. Moreover, upon loss of VEGF121, dilated vessels with low levels 
of branching were observed, while the VEGF189 knockout resulted in a thin and 
over-branched vasculature [131]. Previous data suggest that proper availability of 
VEGF is crucial for vascular morphogenesis as VEGF has a high affinity for VEG-
FR2. This receptor is highly expressed in tip cells, where the activation of VEGFR2 
upregulates the expression of Delta-like ligand 4 (Dll4). In turn, Dll4 activates its 
receptor Notch1 on the neighboring cell and as a consequence downregulates the 
expression of VEGFR2 and upregulates the expression of VEGFR1 in the adjacent 
EC [132]. This leads to the suppression of the tip and promotion of the stalk cell 
phenotype (Fig. 1.2) [133].

1.2.3  Angiogenic Modifiers: VEGFR1, VEGF-B and PlGF

The stalk cell phenotype is promoted even more by upregulation of VEGFR1. Al-
though VEGFR1 shows an approx. 10 times higher binding affinity for VEGF, it has 
a much weaker kinase activity. These VEGFR1 features suggest it acts as a decoy 
receptor that limits VEGFR2 signaling. In addition, VEGFR1 exists in a soluble 
form. Stalk cells primarily synthesize sVEGFR1 and in that way shape the VEGF 
gradient. Previous indications have been confirmed in experiments where Vegfr1 
was deleted, leading to uncontrolled angiogenesis [134]. Similar observations were 
collected in mice with genetic loss of both VEGFR1-specific ligands, VEGF-B and 
PlGF [135, 136]. The main function of VEGFR1, VEGF-B and PlGF is to control 
the VEGF-induced activation of VEGFR2 and modulate angiogenic sprouting [40] 
and proliferation of ECs [137].

1.2.4  Fibroblast Growth Factor (FGF)

In contrary to the relatively restricted function and expression pattern of VEGF 
and its receptors, FGF receptors and ligands regulate a plethora of cell types [138]. 
There are at least 18 mammalian FGFs (FGF1-FGF10 and FGF16-FGF23), which 
are divided into 6 subfamilies. Most FGFs are paracrine factors, which play an 
important role in tissue patterning and organogenesis during embryogenesis [139]. 
FGF receptors (FGFRs) are RTKs encoded by four genes in mammals ( FGFR1-
FGFR4) [140]. Additional isoforms are generated by alternative splicing (e.g., the 
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epithelial variants FGFR1b-3b or the mesenchymal variants FGFR1c-3c) [141]. All 
of them are single-pass transmembrane proteins that require binding of both FGF 
and heparan sulfate glycosaminoglycan (HSGAG) for full stimulation [142]. This 
results in the activation of the classical RTK signaling pathways mediated among 
others by phospholipase Cγ1 (PLCγ1), mitogen-activated protein kinase (MAPK) 
or phosphatidylinositol 3-kinase (PI3K)/Akt [143].

FGF2 has a pro-angiogenic effect on ECs and stromal cells, which is mediated 
by the induction of VEGFR expression [144–146]. However, once VEGFR is ex-
pressed, its ability to induce angiogenesis becomes FGFR-independent [147]. FGF9 
plays an important role in the formation of the coronary vascular plexus as it induces 
the expression of VEGF-A, VEGF-B, VEGF-C and Ang-2 via Hedgehog in cardio-
myoblasts [148]. Moreover, inhibition of FGFR results in the vessel disintegration, 

Fig. 1.2  Schematic illustration of a growing sprout. A fraction of endothelial cells ( shown in 
green) extends long filopodia and acquires motile and invasive behavior in response to tissue-
derived vascular endothelial growth factor ( VEGF). These tip cells guide new sprouts, whereas 
other endothelial cells form the sprout stalk ( shown in blue) and stay behind to maintain tissue per-
fusion ( shown in brown). The VEGF gradient induces the expression of Delta-like ligand 4 ( Dll4) 
in the tip cell to activate Notch signaling in neighboring stalk cells. Stalk cells attract supporting 
PCs ( orange) by releasing PDGF-B
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suggesting that low levels of FGF are required for the maintenance of vascular 
integrity [138]. It should be noted, however, that due to high redundancy in the FGF 
superfamily, the knock-out of Fgf genes does not result in vascular defects [139]. 
Thus, it is challenging to dissect the specific role of FGF/FGFR pathway compo-
nents in developmental angiogenesis. For more information on FGF in the vascular 
development, please refer to Chap. 4.

1.2.5  Ang/Tie Signaling

Angs are secreted glycoproteins that regulate the blood vessel development and 
stability [149]. Three human paralogues exist: Ang-1, Ang-2 and Ang-4 (an ortho-
logue of murine Ang-3) [150]. Ang-1 and Ang-2 form dimers, trimers and tetramers 
while Ang-1 is able to form multimers of higher order [151, 152]. Only tetrameric 
and higher multimeric forms of Ang-1 are capable of activating its receptor Tie-2 
(tyrosine kinase with immunoglobulin and epidermal growth factor (EGF) homol-
ogy domains 2). Oligomeric Ang-2 is either a weak agonist or an antagonist of Tie-2 
depending on the cellular context. Another Tie paralog, Tie-1, is considered to be 
an orphan receptor. Yet, Tie-1 has been shown to form heterodimers with Tie-2 and 
regulate its activity [150, 153].

Angs are expressed in the vascular system in a complementary manner, as Ang-
1 is mostly detected in PCs, SMCs and fibroblasts, whereas Ang-2 is restricted 
to ECs. The transcription of both isoforms is dependent on hypoxia and VEGF-A 
[150, 154]. In angiogenic sprouting, Ang-1-mediates activation of Tie-2, expressed 
mostly in stalk cells [155], promotes EC survival and quiescence [156]. Ang-2, on 
the other hand, is stored in the so-called Weibel-Palade bodies (WPBs) of quiescent 
cells and released in response to angiogenic stimulators [157]. Recently, vWF has 
been identified as an important component of WPBs since its knock-down leads to 
the release of Ang-2 [158] (for more information on the role of coagulation factors 
in angiogenesis, please refer to Chap. 10). Once released by sprouting ECs, Ang-
2 acts as an Ang-1 antagonist and causes destabilization of the endothelium in an 
autocrine manner by promoting mural cell detachment and vascular permeability 
[153]. Ang-2 primes the vasculature for a robust response to growth factors like 
VEGF by enabling the penetration of proteases, cytokines and angiogenic myeloid 
cells. Cell migration and sprouting angiogenesis have both been shown to be pro-
moted in a Tie-2-independent manner, as Ang-2 is able to bind to several integrin 
family members and activate focal adhesion kinase [159]. For more information on 
the Ang/Tie system in angiogenesis, please refer to Chap. 13.

1.2.6  Hypoxia-inducible Factor (HIF)

HIF-1 is a heterodimeric protein composed of two subunits: HIF-1α and HIF-1β. 
Both subunits are encoded by several paralogous genes and members of the ba-
sic helix-loop-helix family of transcription factors [160]. HIF-2α is closely related 
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to HIF-1α and both proteins bind to hypoxia-responsive elements (HREs) located 
within the regulatory sites of the HIF target genes. In contrast to the ubiquitously 
expressed HIF-1α, HIF-2α is restricted to the lungs, carotid body and endothelium. 
Moreover, its specific targets are not directly involved in the pro-angiogenic hy-
poxic response [161]. The primary function of HIF-3α remains elusive [162].

The stability of HIF-1α is dependent on the intracellular concentration of oxygen. 
In the presence of O2, one of the three prolyl hydroxylases (PHD1, PHD2, PHD3) 
hydroxylizes HIF-1α at Pro402 and Pro564, amino acid residues situated in the 
oxygen-dependent degradation domain [163]. This post-translational modification 
targets HIF-1α for ubiquitination and subsequent proteasomal degradation [164]. 
Another hydroxylase, called factor inhibiting HIF-1 (FIH-1), utilizes Asn803 at 
the C-terminal transactivation domain as a substrate. The hydroxylation of Asn803 
does not result in the protein degradation but interferes with the binding of HIF-1 to 
the transcriptional co-activator CBP/p300 [165]. Therefore, hypoxia leads to a sta-
bilization of HIF-1α and its translocation from the cytoplasm to the nucleus, where 
it undergoes dimerization with HIF-1β. The resulting protein complex binds to HRE 
and activates hypoxia-induced target genes.

Both VEGFR1 and VEGFR2 are upregulated by hypoxia: while the promoter of 
VEGFR1 contains an HRE, VEGFR2 is regulated at the post-transcriptional level 
[166, 167]. Other pro-angiogenic transcriptional targets of HIF-1 include VEGF, 
Ang-1, Ang-2, PlGF, PDGF-B and their different receptors as well as ECM-modify-
ing proteins such as matrix metalloproteinases, plasminogen activator receptors and 
inhibitors, and procollagen prolyl hydroxylase. The processes regulated by these 
genes are of utmost importance in ECs and contribute to angiogenesis, ECM in-
vasion and lumen formation [168]. For more information on oxygen signaling in 
angiogenesis, please refer to Chap. 14.

1.2.7  NO Signaling

NO is a gas that regulates blood-vessel diameter and consequently blood pressure 
[169]. In addition to its role in vasodilation, it has been shown to regulate inflamma-
tion, angiogenesis and tumor progression [170]. NO is generated by NOS from L-
arginine and oxygen [171]. There are three different NOS isoforms: neuronal NOS 
(nNOS or NOS1), inducible NOS (iNOS or NOS2) and endothelial NOS (eNOS or 
NOS3) [172]. nNOS and eNOS are constitutively expressed and mostly restricted 
to neurons and ECs, respectively. NO is predominately generated by eNOS in the 
endothelium and regulates vessel function and maturation [172]. There are several 
factors that regulate its expression in vivo including hypoxia, shear stress, cytokines 
and inflammation [173]. The promoter of NOS3 contains an HRE and is strictly 
dependent on HIF-2 in vitro [174]. Moreover, hypoxia-induced VEGF enhances 
NO production via eNOS and VEGF-induced vascular permeability is significantly 
reduced in Nos3-deficient mice [175, 176]. One of the mechanisms decreasing the 
tightness of AJs is NO-dependent S-nitrosylation of VE-cadherin and β-catenin. 
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The binding between these two proteins is reduced upon S-nitrosylation and the 
weakened cell-cell contact allows angiogenesis to occur [177]. Two crucial pro-
teins involved in the oxygen-sensing machinery, namely HIF-1α and PHD2, are 
also modulated by S-nitrosylation. This chemical modification results in the in-
creased stability of HIF-1α and inhibits PHD2 activity, resulting in the accumula-
tion of HIF-1α in normoxia [178–181]. The interplay between HIFs and NOSs has 
been investigated in macrophages, and it strongly depends on the cell subtype. In 
M1 macrophages, cytokine-induced HIF-1α drives expression of iNOS and results 
in NO-mediated VEGF secretion and thus angiogenesis. In M2 macrophages, on 
the other hand, HIF-2α is upregulated and promotes expression of arginase, an en-
zyme that reduces NO synthesis by converting L-arginine to ornithine. Eventually 
M2 macrophages promote arteriogenesis and vessel maturation rather than angio-
genesis [182]. For more information on NO synthesis in vascular physiology and 
pathophysiology, please refer to Chap. 16 and for information on vasodilators and 
vasoconscrictors dependent on cytochrome P450 enzymes, please refer to Chap. 9.

1.2.8  The Notch Signaling Pathway

Notch signaling is a cell communication pathway that is evolutionarily conserved 
in virtually all metazoans. In contrast to Drosophila, whose genome encodes only a 
single Notch gene, there are four paralogs (Notch 1–4) in mammals [183]. Although 
every Notch receptor is translated as a single polypeptide, the mature protein con-
sists of two non-covalently associated polypeptide chains forming single-pass type 
I transmembrane protein. The precursor is split in the trans-Golgi network by furin-
like proteases. This so-called S1 cleavage results in the formation of two polypep-
tides: N-terminal extracellular domain (NECD) and a C-terminal portion consisting 
of the transmembrane (NTM) and intracellular (NICD) domains [7].

The NECD contains predominately EGF-like repeats, which are necessary for 
ligand binding [184]. Many of them bind calcium ions, which influence the struc-
ture of the receptor and ligand binding affinity [185]. In addition, EGF-like repeats 
are fucosylated on specific serine and threonine residues by O-fucosyltransferases, 
a process required for the efficient ligand binding [184, 186, 187]. These O-fucose 
moieties can be further extended by the addition of N-acetylglucosamine mediated 
by the Fringe family of 1,3 N-acetylglucosamintransferases [188]. Such modifica-
tions fine-tune the affinity of Notch binding towards specific ligands [188, 189]. 
The EGF-like repeats are followed by a negative regulatory region (NRR), respon-
sible for the auto-inhibition of the Notch receptor [190, 191] and binding to a short 
extracellular region of NTM [192]. The NRR consists of three cysteine-rich Lin12/
Notch repeats (LNR) [193] and is adjacent to a juxtamembrane heterodimerization 
domain.

The intracellular domain NICD is a mediator of Notch signaling and includes the 
recombination signal-binding protein Jκ (RBP-Jκ) associated module (RAM) [194] 
just after the NTM. This domain forms a high-affinity binding module centered 
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on a conserved Trp-X-Pro motif. Seven ankyrin (ANK) repeats [195] are linked to 
RAM via an unstructured motif containing a nuclear-localization signal (NLS) and 
followed by a bipartite NLS [196] in addition to a loosely defined transactivation 
domain [197]. Finally, the C-terminus of Notch contains a PEST sequence (rich in 
proline, glutamic acid, serine and threonine) [198] that harbors a degradation signal 
responsible for NICD stability.

The canonical Notch ligands are type I transmembrane proteins and orthologues 
of Drosophila Delta and Serrate. The so-called DSL (Delta-Serrate-Lag2) family 
includes five mammalian ligands: Dll1 [199], Dll3 [200], Dll4 [201], Jagged1 [202] 
and Jagged2 [203]. The N-terminal region, the DSL domain and the first two EGF-
like repeats, called the DOS (Delta and OSM-11-like proteins) domain, are essential 
for the interaction with EGF-like repeats of Notch receptors [204, 205]. These li-
gands contain a variable total number of EGF repeats and can be classified depend-
ing on the presence (Jagged) or absence (Delta) of a cysteine-rich domain. It should 
be noted that Dll3 is the most structurally divergent DSL ligand as it lacks the DOS 
domain [200], is incapable of inactivating Notch receptors in trans [206] and is 
rarely, if ever, present at the cell surface [207, 208]. Moreover, soluble forms of 
Notch ligands have been shown to inhibit receptor activation [209, 210]. It has been 
even suggested that exosomal release of free Notch ligands is a physiological pro-
cess involved in blood-vessel outgrowth [211]. In addition to the above-mentioned 
proteins, several transmembrane and soluble proteins containing EGF-like repeats 
and lacking a DSL domain have been described as non-canonical ligands, e.g., Del-
ta-like 1 (Dlk1), Dlk2, Delta and Notch-like EGF-related receptor (DNER) and the 
EGF-like protein 7 (EGFL7) [209, 212, 213]. Dlk1, Dlk2 and DNER are transmem-
brane proteins (although Dlk1 and Dlk2 also exist in soluble forms), while EGFL7 
is a bona fide secreted factor. According to available data, Dlk1/2 and EGFL7 are 
Notch inhibitors while DNER activates Notch signaling [209].

Canonical Notch signaling requires binding of two membrane-bound proteins, 
which can be expressed by the same or two adjacent cells. The interaction between 
neighboring cells, referred to as in trans interaction, switches the Notch signaling 
on (Fig. 1.3) while in cis interaction, i.e. between a receptor and a ligand expressed 
on the same cell, inhibits the Notch pathway [214–216]. In trans activation leads to 
the ubiquitination and internalization of the interacting ligand. It has been proposed 
that this internalization acts as a “pulling” mechanism to disrupt the hydrophobic 
interactions between NECD and NTM in the Notch receptor. Subsequently, NTM 
becomes exposed to extracellular S2 cleavage by “a disintegrin and metalloprote-
ase” 10 (ADAM10) or ADAM17 [217] creating a membrane-tethered intermediate 
called Notch extracellular truncation (NEXT). NEXT is consequently processed by 
the γ-secretase complex, a multi-subunit protease complex containing presenilin, 
nicastrin, presenilin enhancer 2 (Pen2) and anterior pharynx-defective 1 (Aph1) 
[192, 218, 219]. In turn, the intracellular Notch domain NICD, which is released 
upon this so-called S3 cleavage, translocates into the nucleus [220]. NICD cannot 
directly bind to DNA but heterodimerizes with a member of the CSL protein family 
(RBP-Jκ/CBF-1/KBF2 in mammals). In the absence of an activator such as NICD, 
RBP-Jκ represses transcription of Notch target genes by recruiting co-repressor 
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Fig. 1.3  Canonical Notch signaling. All four mammalian Notch receptors consist of two non-
covalently bound polypeptide chains. The Notch extracellular domain ( NECD) contains a variable 
number of epidermal growth factor ( EGF)-like repeats (many EGF-like repeats bind calcium ions, 
which influence the structure of the receptor and ligand binding affinity) followed by a negative 
regulatory region ( NRR) composed of three cysteine-rich ( Cys-rich) Lin12/Notch repeats ( LNR) 
and a juxtamembrane heterodimerization domain. The N-terminus of the second subunit begins 
with a single transmembrane domain ( NTM) extending into the intracellular domain ( NICD), 
which is involved in cellular signaling and includes the recombination signal-binding protein 
Jκ ( RBP-Jκ) associated module ( RAM), seven ankyrin ( ANK) repeats, two nuclear localization 
sequences ( NLS), a transactivation domain and a C-terminal PEST sequence (rich in proline, 
glutamic acid, serine and threonine). The so-called canonical Notch ligands are transmembrane 
molecules composed of an N-terminal domain of Notch ligands ( MNNL; except Dll3), a Delta-
Serrate-Lag2 ( DSL) domain, several EGF-like domains and a cysteine-rich domain, which is 
specific only for Jagged ligands. The interaction between Delta/Jagged-type ligands and Notch 
receptors leads to S2 cleavage on the extracellular site by “a disintegrin and metalloprotease” 10 
( ADAM10) or ADAM17, which is followed by S3 cleavage by the γ-secretase-presenilin complex. 
The S3 cleavage gives rise to an intracellular Notch fragment ( NICD) that translocates into the 
nucleus, where NICD binds to a protein complex containing recombination signal-binding protein 
Jκ ( RBP-Jκ). This mediates the conversion of RBP-Jκ from a repressor to a transcriptional activator 
and is followed by the recruitment of the co-activator mastermind-like 1 ( MAML1). These events 
lead to the de-repression of transcription of Hairy/Enhancer of Split ( Hes) and Hey. NECD—Notch 
extracellular domain, NTM—Notch transmembrane domain, HD—heterodimerization domain
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complexes. NICD first displaces the repressors, resulting in the de-repression of 
promoters containing RBP-Jκ binding sites. This heterodimer is further stabilized 
by the recruitment of mastermind-like 1 (MAML1) [221]. Subsequently, the NICD-
RBP-Jκ-MAML1 ternary complex recruits further components of the RNA poly-
merase II holoenzyme such as the histone acetyltransferases CBP/p300 [222] or 
PCAF/GCN5 [223].

Ultimately, these events lead to the transcription of several genes. The best de-
scribed group of Notch targets are transcriptional repressors such as Hairy/Enhanc-
er of Split (Hes) and Hey (subfamily of Hes, related with YRPW motif) proteins 
[224–226]. Most of the family members are direct Notch targets as the promoters of 
Hes1, Hes5, Hes7, Hey1, Hey2 and HeyL can be activated by a constitutively active 
form of Notch1 [226–228]. The list of genes regulated by Notch is still expanding 
and includes transcription factors such as NF−κB [229, 230], PPAR [231], c-Myc 
[232–234], Sox2 [235], Pax6 [236], as well as cell-cycle regulators such as cyclin 
D1 [237] and p21CIP1/WAF1 [238] among many others.

1.3  Blood-vessel Formation at the Molecular 
and Cellular Level

1.3.1  Notch in Angiogenesis

The importance of Notch signaling in angiogenesis is underscored by the phenotype 
of transgenic mice: deletion of one Dll4 allele or complete knock-out of Notch1 
leads to death early in the development (around E10.5) accompanied by acute vas-
cular remodeling defects in the yolk sac, placenta and embryo proper. Analysis of 
Notch4 mutant mice shows that Notch4 is dispensable for the vascular development. 
The double Notch1/Notch4 knock-out, however, results in a more severe phenotype 
than Notch1 knock-out including the abnormal development of intersomitic vessels 
and cardinal veins as well as of the dorsal aorta [239, 240]. The knock-out of Jag1 
or Dll1 leads to a less severe outcome, yet such mice also perish early during gesta-
tion due to vascular defects and intense degree of hemorrhage [241, 242]. Notch 
pathway mutations are known to cause cardiovascular diseases in humans: cerebral 
autosomal dominant arteriopathy and subcortical infarcts and leukoencephalopathy 
(CADASIL) as well as Alagille syndrome have been associated with NOTCH3 and 
JAG1 mutations, respectively. Finally, the relevance of Notch receptors and ligands 
is reflected by their ample expression either in the endothelium or in the surround-
ing mural cells [243–245]. Moreover, expression of Notch4 and Dll4 is mostly re-
stricted to the vascular system [201, 246–248].

One of the most important functions of Notch in the vascular development is to 
regulate the formation of an appropriate numbers of tip cells. The specification of 
ECs into either tip or stalk cells represents a binary decision process, which is regu-
lated by the so-called lateral inhibition: a process in which a cell that stochastically 
acquires enhanced ligand expression stimulates a neighboring cells. The in cis inhi-
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bition of Notch on the ligand-expressing cells renders this interaction unilateral. The 
classical example of lateral inhibition is the neural-epidermal choice in Drosophila: 
the signal-sending cell will differentiate into a neuronal precursor while the signal 
receiving cell will adopt the epidermal fate instead [183, 249]. In mammals, Dll4 is 
prominently expressed in endothelial tip cells [132, 250] while the strongest Notch 
activity is most frequently observed in stalk cells [132, 251]. Stalk cells also express 
Jagged1, which has a lower binding affinity to Notch than Dll4, but nevertheless 
is able to compete for a receptor binding. Fringe modification of Notch renders it 
more prone for activation by Dll4 over Jagged1 and thus Jagged1 binding is antago-
nistic in this situation [252]. Genetic inactivation or pharmacological inhibition of 
either Dll4 or Notch1 results in augmented sprouting, branching and hyperperfusion 
of the capillary network. Excessive tip cell formation is responsible for this phe-
notype as evidenced by widespread filopodia formation and enhanced expression 
of tip cell-specific genes such as PDGF-B, UNC5B, VEGFR1 and VEGFR2 [132, 
133, 253]. The Notch requirement for the stalk cell differentiation by suppressing 
tip cell fate was first determined in vitro in 3D EC culture, where blocking Notch 
resulted in increased branching [254]. This observation has been confirmed by the 
mosaic analysis of ECs deficient in Notch signaling as the majority adopted the tip 
cell phenotype. Ectopic activation of Notch signaling or injection of the Jagged1 
peptide, on the other hand, reduced the number of tip cells and filopodia protrusions 
in the mouse retina [132]. These data indicate that the tip–stalk cell specification is 
a highly dynamic process. ECs stimulated by VEGF-A compete for the tip cell posi-
tion via Dll4/Notch signaling. A cell that expresses more Dll4 will become a tip cell 
and suppress the neighbors via lateral inhibition. It appears that in the absence of 
Notch signaling the default phenotype is that of a tip cell, while the differentiation 
into stalk cells is activated upon Notch stimulation [132, 255]. The exact mecha-
nism of this phenotypic switch remains elusive but the regulation of genes encoding 
VEGFR 1 and VEGFR2 and their co-receptors such as Nrp1 and VEGFR3 plays an 
important role in this process [256].

1.3.2  Negative Regulators of Notch Signaling in ECs

Notch signaling is regulated at multiple levels in ECs starting with the competition 
between membrane-bound and soluble ligands such as EGFL7. This secreted Notch 
interacting protein contains an N-terminal Emilin-like (EMI) domain and 2 EGF-
like repeats harboring a putative DSL and a Ca2+ -binding domain [202, 257–259]. 
EGFL7 is highly expressed in the proliferative vasculature but absent from mature 
blood vessels [260]. EGFL7 knock-down in human umbilical vein ECs (HUVECs) 
leads to suppression of proliferation, migration and capillary sprouting [258]. Egfl7 
loss-of-function mouse models exhibit partial embryonic lethality and vascular 
abnormalities such as edema and reduced vascular coverage of the head and ret-
ina [261]. However, this phenotype was not fully assigned to the lack of EGFL7 
protein as the Eglf7 locus also encodes the EC-relevant miR126, located in intron 
7 [262–264] and an Egfl7 knock-out with unaltered miR126 expression did not 
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result in an overt vascular malfunction [265]. Nevertheless, the function of EGFL7 
in blood vessel formation has been presented by other means: overexpression of 
EGFL7 in the postnatal mouse resulted in a phenotype resembling Dll4+/− retinas, 
with elevated number of sprouting filopodia and a denser vascular network [258]. 
Further, EGFL7 has been shown to promote angiogenic vessel growth: it decreased 
adhesion of HUVECs, and increased random cell migration on fibronectin in an 
integrin ανβ3-dependent manner. Deregulation of EGFL7 in zebrafish embryos led 
to severe integrin-dependent malformations of the caudal venous plexus. Moreover, 
the pro-angiogenic activity of EGFL7 was confirmed in ovo and in vivo [266].

Another level of fine-tuning Notch signaling is the regulation of NICD stability 
by ubiquitination and proteasomal degradation. The F-box protein, Fbxw7, is the 
NICD-recognizing component in the SCF-E3 type ubiquitin ligase complex [267]. 
Fbxw7 has been shown to promote angiogenesis by inducing the NICD degradation 
in an EC-specific manner. Fbxw7 inactivation in the postnatal mouse resulted in re-
duced sprouting, proliferation and tip cell formation as well as increased Dll4 stain-
ing and decreased VEGFR3 expression consistent with augmented Notch activity 
[268]. Sirtuin-1 (SIRT1) is another protein regulating NICD proteolysis by mediat-
ing NAD+ -dependent deacetylation as acetyl groups prevent proteasomal degrada-
tion. Deletion of Sirt1 in ECs resulted in a decrease in angiogenic sprouting and 
increased expression of Notch target genes, leading to a less dense vascular network 
[269]. Furthermore, RBP-Jκ protein stability is also regulated by ubiquitination and 
it has been shown in ECs that the zinc finger protein BAZF, which is upregulated 
upon VEGF stimulation, promoted proteasomal degradation of RBP-Jκ by recruit-
ing CUL3 E3 ubiquitin ligase. Consequently, Bazf knock-out mice exhibited re-
duced sprouting angiogenesis in the retina and increased Hey1 expression [270].

Negative regulators of Notch signaling can themselves be downstream targets of 
Notch, like Notch-regulated ankyrin repeat protein (Nrarp). This protein has been 
shown to form a ternary complex with NICD and RBP-Jκ in vitro and to inhibit 
NICD-mediated transcription in Xenopus and zebrafish [271]. Nrarp is expressed 
in stalk cells at the branch points, where it restricts Notch signaling in addition to 
enhancing Wnt signaling to promote EC proliferation and vessel stability. This has 
been confirmed in vivo as the loss of Nrarp reduced vessel density, and led to the 
formation of poorly lumenized vessels, remodeling of endothelial junctions and 
vessel regression [272].

1.3.3  Notch and Cellular Signaling in ECs

Notch signaling regulates several processes in ECs and has been shown to inhibit 
cell proliferation in several systems: 3D sprouting assays [254], developing and 
adult mouse retina [273, 274], and during tumor angiogenesis [275, 276]. Cell cul-
ture-based studies indicate that the regulation of proliferation is mediated at the 
transcriptional level downstream of NICD/RBP-Jκ/MAML targets and involves in-
hibition of the MAPK and PI3K/Akt pathways [277]. Furthermore, Notch signaling 
has been linked to cell cycle regulators: Notch1 and Notch4 cause downregulation 
of p21CIP1/WAF1 expression, which in turns leads to enhanced translocation of cyclin 
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D-CDK4 to the nucleus. Cyclin D-CKD4-mediated Rb phosphorylation results in 
cell-cycle progression [278]. These data have been confirmed in vivo in reverse as 
the endothelial deletion of RBP-Jκ in adult mice resulted in augmented EC pro-
liferation [274]. Data supporting the anti-proliferative function of Notch mostly 
reflected the situation in vitro, in adult tissue or in pathological situations and did 
not take into account the heterogeneity of ECs in angiogenic sprouting. Stalk cell 
proliferation is required for shaft elongation in vivo. Thus, Nrarp is expressed in 
these cells upon Notch activation, which limits Notch signaling and promotes Wnt 
signaling. In this way, Nrarp increases the levels of the Wnt/β-catenin target gene 
cyclin D1 and thereby promotes stalk cell proliferation [272].

Formation of filopodia, which are cell protrusions involved in cell adhesion, che-
motaxis and cell migration, is one of the defining morphological features of a tip cell. 
Thereby, consistent with suppressing tip cell features, Notch has been shown to in-
hibit EC migration. In mice overexpressing Dll4, there is decreased EC migration and 
sprouting from the dorsal aorta to form intersomitic vessels. A similar response has 
been observed in vitro as HUVECs expressing full-length Dll4 exhibited decreased 
motility in the presence of exogenous VEGF [279]. Several pathways are responsible 
for the regulation of migration but the available data point towards the VEGF co-
receptor Nrp1 as a crucial mediator of motility. Nrp1 is strongly downregulated by 
Notch signaling [280, 281] and the Nrp1 knock-out resulted in reduced EC migration 
and EC guidance in mice, while proliferation remained unaffected [282, 283].

Migration of a cell is dependent on its adhesion to the surrounding environment, 
underscoring the importance of ECM molecules, whose expression is regulated by 
the Notch signaling pathway. The mRNA levels of fibronectin, laminin and col-
lagen I and IV were increased in mouse embryos overexpressing Dll4. As a conse-
quence, increased deposition of ECM (including fibronectin and laminin) around 
the dorsal aorta was observed in these transgenic animals [279]. Haploinsufficiency 
of Dll4 led to the opposite effect, further supporting this model, as Dll4+/− mutant 
mice exhibit decreased expression and irregular deposition of collagen IV and lam-
inin [284]. The adhesion to ECM is often regulated by integrins and it has been 
shown that the overexpression of intracellular domain of Notch4 (NICD4) in ECs 
augmented their adhesion to collagen in an integrin β1-dependent manner [285]. 
Along these lines, NICD1 was able to activate β1-integrins in a non-transcriptional 
manner and promote EC adhesion to fibronectin via α5β1integrin. R-Ras, activated 
by NICD1 in these cells, antagonized H-Ras mediated integrin suppression and in 
turn increased integrin affinity [286]. Recent evidence supported the notion that 
expression of Notch pathway components can be induced by integrins in ECs. Com-
bined α2β1 and α6β1 integrin signaling has been shown to stimulate laminin, enhance 
Dll4 expression and involve Foxc2-dependent transcription. Interestingly, none of 
the other endothelial Notch ligands was regulated by integrins [287].

1.3.4  Arterial Specification: Notch Meets Wnt

According to current knowledge, arterial-venous differentiation is specified before 
the initiation of blood flow and governed by genetic factors involving Notch sig-
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naling. Dll4 expression is restricted to large arteries and, consequently, Dll4 het-
erozygous knock-out mice exhibited defects in the arterial development. However, 
veins were also malformed suggesting that Notch signaling indirectly affected vein 
formation [239, 288, 289]. The genetic studies also provided evidence that arterio-
genesis is dependent on Foxc transcription factors. Mouse embryos double mutant 
for Foxc1 and Foxc2 displayed arteriovenous malformations and a lack of arterial 
markers. This defect in arterial specification is probably due to disrupted regulation 
of Dll4 transcription since upregulation of either Fox transcription factors results in 
increased expression of Dll4, Notch1, Notch4 and ephrin-B2 [290]. During zebraf-
ish and mouse development, Notch signaling affected the specification of immature 
vessels into the arterial or venous lineage by regulating the expression of specific 
markers [291–293]. For example, homozygous deletion of Rbpj led to the loss of 
arterial markers such as ephrin-B2 and CD44 [289]. Along these lines, upregulation 
of Dll4 led to an increased expression of arterial markers such as Hey2 and ephrin-
B2 and a decrease in the expression of venous markers such as COUP-TFII [279]. 
Inhibition of Notch had the opposite effect [294, 295], suggesting that the venous 
phenotype is the default one and it has to be actively repressed by Notch signaling in 
order to induce arterial differentiation. Murine ES cell differentiation studies dem-
onstrated that high VEGF-A levels induced an arterial EC phenotype, whereas low 
intermediate concentrations were associated with a venous identity [296]. The ge-
netic predisposition for vein formation is demonstrated by the repression of Notch 
signaling by COUP-TFII in the venous compartment [297].

ECs express various types of Wnt ligands and their frizzled (Fzd) receptors. The 
role of Wnt pathway is most apparent in the specification of arterial ECs; gain-of-
function of β-catenin, a transcriptional co-activator of the Wnt signaling pathway, 
resulted in the impairment of arteriovenous specification, namely the loss of venous 
markers and acquisition of arterial markers. Such a phenotype closely resembles 
consequences of Dll4 overexpression and indeed the Dll4 promoter has been shown 
to be directly bound by β-catenin [298]. Moreover, β-catenin has been shown to 
form a complex with NICD and RBP-Jκ in arterial ECs and bind regulatory regions 
of arterial-specific genes, such as EphrinB2, Nrp1, Hes1, Dll4 and Cxcr4 [299]. 
Recently, Sox17 has been proposed to act downstream of Wnt and promote Notch 
signaling in ECs by upregulating Hey1, Dll4, Dll1 and Notch4. Moreover, endo-
thelial-specific Sox17 deletion impaired arterial specification [300]. Another group, 
however, reported that Notch acts upstream of Sox17 by suppressing its expres-
sion in ECs [301]. Thus, additional data is required to fully understand this process. 
Interestingly, Notch regulation of arterial-venous specification of blood vessels is 
not restricted to the embryonic development since activated Notch4 in adult mice 
led to hepatic vascular shunting, arterialization and induction of other Notch path-
way genes, culminating in lethality within weeks [302]. In addition, the induction 
of adult arteriogenesis following ischemia has been shown to be dependent on Dll1 
and Notch1 [303, 304].
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1.4  VEGF and Notch: the Interplay

1.4.1  The Physiological Interplay: EC Sprouting

It is impossible to describe the involvement of Notch signaling pathway in endo-
thelial sprouting without mentioning components of the VEGF pathway since they 
are interconnected at several levels. VEGF regulates Notch signaling by inducing 
the expression of Dll4 via VEGFR2 as observed in mouse retina [253, 273, 291] 
and endothelial cultures [291]. These observations have been confirmed by elegant 
mosaic studies with EBs derived from wild-type, Vegfr1+/− and Vegfr2+/− mouse 
cells: ECs expressing less Vegfr1 or more Vegfr2 were more likely to occupy the 
tip position in angiogenic sprouts. Moreover, Dll4 was expressed at a higher level 
in Vegfr1+/− cells and at a lower level in Vegfr2+/− cells relative to wild-type cells 
[38]. When it comes to the signaling mechanism, it has been shown in the arterial 
endothelium that the induction of Dll4 expression is mediated by PI3K and ERK 
together with Foxc transcription factors [290, 305]. Another link between VEGF 
and Dll4, which involves disassembly of the transcriptionally repressive Tel/Cebp 
complexes at the Dll4 promoter, has been recently proposed [306]. Other reports 
offer an amplification loop for VEGF stimulation and describe the involvement of 
integrins. VEGF was found to stimulate the expression of laminin-γ1, which in turn 
activated the integrins α2β1 and α6β1 and augmented Dll4 expression. Additionally, 
the knock-down of α2 or α6 integrin subunits resembled Dll4 deletion by increasing 
the number of branching points in a HUVEC 3D culture [287].

The interaction between VEGF and Notch pathways is bilateral as Notch signal-
ing regulates expression of several VEGFRs and their co-receptors. Hey1 has been 
shown to bind to the Vegfr2 promoter and suppress the expression of the receptor 
[307, 308]. Nrp1 and VEGFR3 are also downregulated by Dll4/Notch [281, 292, 
309, 310], the latter one possibly post-transcriptionally since the Rbpj knock-out 
led to a slight increase in VEGFR3 mRNA levels but a strong upregulation of the 
protein [311]. The role of VEGFR3 in endothelial sprouting is still not fully un-
derstood as pharmacological inhibition of VEGFR3 or VEGF-C reduced tip cell 
formation [133], while the Vegfr3 knock-out caused the opposite phenotype [312]. 
The most plausible model implies that ligand-dependent VEGFR3 signals are pro-
angiogenic whereas ligand-independent signaling activates Notch [312]. Another 
level of Notch–VEGF interaction is the increased expression of VEGFR1 by acti-
vated Notch. VEGFR1 is a decoy receptor for VEGF-A, which can quantitatively 
and spatially regulate VEGFR2 signaling [313]. Further, the soluble splice variant 
of VEGFR1 is upregulated in ECs upon Notch activation [280], suggesting that 
sequestration of VEGF-A is one of the means of decreasing VEGF signaling by 
Notch.

All in all, the negative feedback loop between VEGF and Notch pathways can 
be simplified to three steps: (i) VEGF induces endothelial Dll4 expression followed 
by (ii) Dll4 activating Notch in neighboring cells ultimately leading to (iii) reduced 
expression of activating receptors such as VEGFR2 as well as enhanced expression 
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of decoy receptors (VEGFR1 and sVEGFR1) and consequently lowered VEGF 
signaling (Fig. 1.4). The cell expressing VEGFR2 and Dll4 becomes a non-pro-
liferative tip cell, whereas the adjacent Notch-expressing cell becomes a stalk cell 
that proliferates and contributes to the elongation of the nascent sprout [41]. Sprout 
elongation is facilitated by EGFL7, which is released by stalk cells into the ECM to 
convey spatial information about the position of their neighbors [314].

Once the tip cell of the growing sprout makes contact with another sprout or ves-
sel, their lumens begin connecting by anastomosis. On the molecular level the pro-
cess starts with the downregulation of Dll4 in the tip cell that in turn relieves Notch 
signaling in the stalk cell. VEGF signaling in the anastomosing cell switches from 
driving migration to upregulating Notch expression and VEGFR3 seems to play an 
important role in this process. According to available data, the VEGFR3-positive 
tip cells are induced by macrophage-secreted VEGF-C resulting in the upregulation 
of Notch target genes. Ultimately, these events lead to decreased VEGF sensitivity 
and downregulation of VEGFR3 in tip cells [133, 252, 310, 312]. In addition, mac-
rophages can interact with tip cells via Notch1 or Nrp1 [315, 316]. The process of 
sprout fusion, however, is not yet fully understood.

1.4.2  Pathological Interplay: Tumor Angiogenesis

Tumors larger than 2 mm3 are unlikely to survive without the proper vasculature 
and thus upregulate proangiogenic signaling. It should be noted, however, that 
tumors can become vascularized by mechanisms not observed under physiologi-
cal conditions: vessel co-option—tumor cells hijacking the existing vasculature; 
vascular mimicry—tumor cells lining blood vessels; or the differentiation of stem-
like cancer cells into ECs [154]. Nevertheless, tumor angiogenesis remains vital 
for many cancer types, and VEGF is indeed overexpressed by the vast majority 
of human tumors. Although tumor cells represent the major source of VEGF, it is 
not a useful predictive marker because tumor-associated stromal cells such as ECs, 
muscle cells, macrophages and platelets also produce it [317]. VEGF expression is 
upregulated by numerous factors but HIF-1α, induced in hypoxic conditions, plays 
a crucial role in solid tumors. Elevated VEGF induces endothelial proliferation, 
migration, survival and vessel formation in tumors. VEGFRs (VEGFR1, VEGFR2 
and VEGFR3) are also upregulated in tumors, and the expression of VEGFR1 and 
VEGFR2 has been shown to be augmented by tumor hypoxia [318].

The role of Notch signaling in tumor angiogenesis is also well-supported and it 
was first described in vivo in head and neck squamous cell carcinoma (HNSCC); 
Jagged1 expressed by HNSCC cells activated Notch signaling in human dermal mi-
crovascular ECs and consequently, promoted tumor angiogenesis and tumor growth 
in a SCID mouse model [319]. According to accumulating evidence, however, Dll4 
plays a much more vital role in tumor angiogenesis than any other Notch ligand. 
Dll4 is strongly upregulated in the tumor vasculature in mouse models and human 
breast, kidney and bladder cancers [318]. This protein plays an important role in 
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Fig. 1.4  a VEGF/Notch crosstalk during endothelial cell sprouting a Vascular endothelial growth 
factor A ( VEGF-A) is released by hypoxic tissue and binds to VEGF receptor 2 ( VEGFR2) 
expressed by endothelial cells, which compete for the tip cell position via Delta-like ligand 4 
( Dll4)-induced Notch signaling. The cell that expresses more Dll4 will become a tip cell and sup-
press the neighbor cell via lateral inhibition. Future tip cells continue to express VEGF-A target 
genes, such as Dll4, VEGFR2, VEGFR3 and Nrp1. In contrast, future stalk cells cell become 
subject to Notch activation, which inhibits the expression of Dll4, VEGFR2, and VEGFR3 but 
promotes transcription of the decoy receptor VEGFR1. b The differences in signaling between two 
cells become amplified by additional mechanisms. Fringe modification of Notch renders it more 
prone to activation by Dll4 over Jagged1. Thus, Jagged1 binding is antagonistic in this situation 
and further inhibits Notch in the Dll4-expressing cell. Moreover, epidermal growth factor-like pro-
tein 7 (EGFL7), a Notch inhibitor released by stalk cells into the ECM, serves a similar purpose. 
The cell expressing VEGFR2 and Dll4 becomes a non-proliferative tip cell, whereas the adjacent 
Notch-expressing cell becomes a sprout cell that proliferates and contributes to the elongation of 
the nascent sprout
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angiogenesis. It has been shown that glioma-derived Wnt1 induced Dll4 expression 
in ECs, which led to diminished tumor angiogenesis [320]. Moreover, blocking 
the Dll4-Notch interaction (by overexpression of a soluble Dll4-Fc decoy peptide) 
enhanced vascular density and angiogenic sprouting in tumors derived from the rat 
glioma line C6. Surprisingly, this vasculature was rendered non-functional as sub-
cutaneous xenografts of Dll4-Fc-treated cells grew smaller in nude mice. A similar 
response in C6 tumors was induced upon systemic delivery of Dll4-Fc using an 
adenoviral overexpression system [275]. These results were recapitulated by two 
subcutaneous tumor models in nude mice. Li et al. showed that the overexpression 
of dominant negative soluble Dll4ECD-Fc enhanced the number of blood vessel 
and reduced in vivo growth of U87 glioma-derived tumors. Accordingly, the ectopic 
expression of Dll4 caused the opposite response [321]. Scehnet et al. observed no 
effect on tumor growth upon overexpression of full-length Dll4 in implanted human 
colon carcinoma (HT29) and Kaposi sarcoma (KS-SLK) cells. The soluble ligand, 
though, inhibited tumor growth and increased the density of thin poorly perfused 
vessels in both tumors [322]. Treatment of the tumor by pre-mixing soluble Dll4 
with either HT29 or KS-SLK cells just before implantation also exhibited signifi-
cantly reduced tumor growth over 2 weeks. Taken together, all these studies indicate 
that Dll4 functions as a negative regulator of tumor angiogenesis in mouse tumor 
models by reducing the number of tumor vessels, but acts as a positive driver for 
tumor growth by improving the structure and function of the tumor vasculature.

Since Dll4 and VEGF play opposing roles in tumor angiogenesis, an appropri-
ate balance between VEGF and Notch signaling in tumor is of utmost importance 
for tumor angiogenesis and growth. VEGF can be secreted by a growing tumor in 
order to attract ECs towards the neoplasm, resulting in the formation of new ves-
sels. Tumor vessels, however, differ from normal vessels in morphology: they are 
characterized by higher leakage, arbitrary branching and blind ending and thus not 
efficiently perfused [323]. The resulting tumor hypoxia not only further enhances 
VEGF expression by the tumor and surrounding cells but also leads to expression 
of Dll4, Hey1 and Hey2. In turn, Dll4 restrains VEGF-induced vascularization by 
preventing the formation of an excessive number of tip cells, eventually resulting 
in the establishment of a functional vasculature [276, 280, 302, 318, 321, 324]. The 
VEGF/Dll4 nexus, however, is just one of multiple signaling interplays in tumor an-
giogenesis as both VEGF and Notch interact with several pro-angiogenic pathways 
such as TGF-β, Wnt and hypoxic signaling [183, 318, 325].

Cancer is not the only disorder connected to pathological angiogenesis, as de-
regulated production of vessels contributes to the progression of diseases such as 
diabetic retinopathy and rheumatoid arthritis [326]. For more information on the 
vasculature in the diseased eye, please refer to Chap. 12, and the pulmonary vascu-
lature in chronic obstructive lung disease is covered in Chap. 15.

1.4.3  Targeting Tumor Angiogenesis

In 1971, Judah Folkman proposed that blocking angiogenesis could be an effective 
anticancer therapy [327]. The first proof of principle for an antiangiogenic therapy 
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in tumors came with the approval of bevacizumab, a monoclonal antibody direct-
ed against VEGF. The most promising results obtained with bevacizumab were in 
the treatment of metastatic colorectal cancer (CRC) and non-small cell lung cancer 
(NSCLC) patients, and it has also been used to treat renal cell carcinoma (RCC) and 
glioblastoma. All approved treatments involve a combination of chemotherapeutics. 
Other drugs used in clinics are aflibercept, a chimeric VEGF/PlGF neutralizing recep-
tor, and several small molecule RTK inhibitors: sorafenib, sunitinib, pazopanib, van-
detanib, vatalanib, cediranib and axitinib [328]. Despite the initial success of bevaci-
zumab, responses are often transient and tumors become unresponsive [329]. Many 
cancers that clearly require vascularization are highly resistant to VEGF-A blockade 
from the start or acquire resistance in the course of treatment [329, 330]. Therefore, 
clinical data indicate that anti-VEGF therapy is ineffective in most cases [318].

VEGF, however, is not the only tumor-relevant proangiogenic factor. Therefore, 
approaches targeting several signaling pathways, such as Dll4/Notch may prove 
more efficacious. It has been shown in various preclinical models that the disruption 
of Dll4/Notch signaling remarkably inhibited tumor growth in vivo [275, 276, 318, 
321, 322]. Although enhanced angiogenesis has been long connected with tumor 
growth, these reports suggest an opposite correlation when modulating Dll4 signal-
ing. Blocking Dll4 inhibited tumor growth by increasing vessel density. Thus, it 
can be concluded that functionality of the vessels is more important for the tumor 
growth than vessel density [321]. The human glioma cell line U87 subcutaneously 
implanted in the nude mice tumor model was applied to identify Dll4 as a me-
diator of the tumor resistance to anti-VEGF therapy. According to data presented, 
the Dll4-mediated formation of larger vessels, insensitive to anti-VEGF treatment, 
was responsible for the observed resistance [331]. Notably, blocking Dll4/Notch 
signaling was effective in growth inhibition of VEGF-resistant tumors. The inhibi-
tory role of Dll4 was confirmed in a pharmacological treatment model, i.e., using 
defined amounts of a systematically delivered recombinant agent. Administration 
of recombinant Dll4-Fc or anti-Dll4 polyclonal antibody in an HT1080-RM (gener-
ated from a bevacizumab-resistant human fibrosarcoma) tumor model caused an 
increase in vessel density and smaller tumors volumes [275]. In another model, 
generated using mouse leukemia WEHI3 cells, treatment with anti-Dll4 antibod-
ies (YW152F) significantly suppressed the growth of tumors, which were highly 
resistant to the anti-VEGF monoclonal antibody therapy [276]. Along these lines, 
soluble Dll4ECD-Fc, secreted by co-transplanted cells, decreased in vivo growth of 
bevacizumab-unresponsive PC3 tumors [321]. Taken together, targeting Dll4/Notch 
signaling may become an alternative therapy for anti-VEGF-resistant cancers. Such 
compounds are already in clinical trials but studies are still at relatively early stages 
and thus no drugs have been approved for the cancer treatment as of yet [332, 333].

1.5  Concluding Remarks

The tip–stalk cell model presents an elegant paradigm for EC sprouting. This mod-
el, however, was established in EBs, zebrafish and mouse retinas. Thus, its rela-
tive simplicity does not always translate to the intricacy of angiogenesis in more 
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complex tissues or organs. ECs exhibit great plasticity and are strongly influenced 
by external factors such as hypoxia, ECM, and macrophages. On the molecular 
level, blood vessel formation and function relies heavily on the interaction between 
VEGF and Notch pathways. This crosstalk is of equal importance in health and dis-
ease, e.g., neoplasms. Since bevacizumab was approved for anti-cancer treatment 
in 2004, several challenges facing an anti-VEGF treatment in humans, as well as 
possible improvements, have been identified. There is a need for reliable predictive 
biomarkers, optimization of drug regimens, and identification of factors that render 
the tumor vasculature non-responsive to the VEGF blockage. Animal experiments 
indicate that Dll4 belongs to the latter category and thus is a potential therapeutic 
target. Moreover, based on the results of Dll4 modulation, it has become evident 
that there is no direct correlation between tumor growth and vasculature density 
in vivo; the rapid outgrowth of a non-functional blood vessel network led to tumor 
shrinkage. Therefore, uncontrolled angiogenesis might actually enhance tumor hy-
poxia. However, it should be noted that the opposite approach, i.e., improving the 
functional vasculature, has also been proposed as an anti-tumor treatment. The ra-
tionale behind vessel normalization is that a dysfunctional vasculature hinders drug 
delivery and promotes metastases [334]. As every tumor represents a single entity, 
each approach might suit a different subgroup of malignancies or be applicable 
at different stages of a medical intervention. The future of the cancer treatment 
lies in personalized medicine and targeted cancer therapies; Notch/Dll4-targeting 
represents a promising tool belonging to the latter category and offers a means of 
modulating VEGF-induced pathological angiogenesis.
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2.1  Zebrafish Vasculogenesis and Arteriovenous 
Specification

The first organ system that becomes functional in most vertebrates is the cardio-
vascular system. Given the transparency of the early zebrafish embryo, the devel-
opment of this particular organ system has been traditionally a subject of interest. 
Large offspring numbers and external development of zebrafish embryos makes 
them very well suited for developmental research, aided by the fact that circula-
tion within the zebrafish embryo commences very quickly; the first signs of heart 
beat can be appreciated at approximately 22 h post-fertilization (hpf), while the 
first erythrocytes move through the embryonic body only a few hours later [89]. 
The appeal of the zebrafish embryo for in vivo observation [43], the availability of 
transgenic lines that mark precursor cells of the vascular endothelium and that al-
low distinguishing between arterial and venous cells within the same embryo, the 
possibility of interfering with this process experimentally, and the generation of 
mutants that affect the process [73] have resulted in significant insight into vari-
ous aspects of vascular development [84]. In this chapter, we will mainly focus 
on vasculogenesis and the early events of arteriovenous specification. The ensu-
ing processes of arterial and venous differentiation, and the behavior of endothelial 
cells that contribute to later aspects of angiogenesis and lymphangiogenesis have 
recently been reviewed [65, 77] (see also Chap. 5) and will only be touched on here 
where necessary.

It was previously thought that the differentiation between arteries and veins is 
mainly established by the difference in hemodynamic forces such as blood pressure 
[22]; however, in recent years more and more evidence has emerged that molecular 
differences between arterial and venous precursor cells regulate the formation of the 
arteriovenous system irrespective of hemodynamic forces [81]. Specifically, recent 
studies have shown that molecular differences between arterial and venous cells 
have already been established in the early stages when endothelial precursors begin 
to arise [88].

Formation of the vascular system starts with vasculogenesis, which is defined as 
the de novo formation of vessels from individual mesenchymal cells. In the zebraf-
ish trunk, this process results in the formation of the dorsal aorta (DA) and the pos-
terior cardinal vein (PCV). How do these vessels arise during early development? 
It has been apparent for some time that there is a set of bilaterally aligned cells in 
the posterior lateral plate mesoderm (LPM) which constitute a precursor pool for 
these axial vessels. At this point in time, these cells stain positive for a variety of 
endothelial markers, and are commonly referred to as angioblasts, a term used by 
Sabin as early as 1917 when studying equivalent processes in the chicken embryo. 
Angioblasts migrate over the endodermal layer to the embryonic midline, where 
they form a vascular cord [60, 61, 63]. The migration of these angioblasts and their 
importance for DA and PCV formation is undisputed, but where these cells are 
initially localized in the LPM and whether they are actually already specified at the 
onset of migration is far less clear. In addition, the exact events upon reaching the 
embryonic midline still need to be resolved. Both issues will be discussed herein.
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Independent reports showed two distinct waves of angioblast migration during 
vascular development in the zebrafish trunk. The first wave of migration starts at 
approximately 14 hpf, and the second wave starts at approximately 16 hpf. This has 
been confirmed by a number of groups, most recently by Kohli et al. [17, 34, 39]. 
Before the actual onset of migration, and as early as the 4-somite stage (12 hpf), a 
subset of medial angioblasts can be found to express the marker etv2/etsrp, a tran-
scription factor that has key roles during vasculogenesis. Three hours later, a second 
and more laterally positioned line of etv2/etsrp-expressing cells becomes apparent 
[58]. The heterochrony of etv2/etsrp expression among these two angioblast popu-
lations is further substantiated when looking at other marker genes; kdrl (formerly 
known as flk1 [6]) highlights medial angioblasts at the 10-somite stage but gets ex-
pressed in lateral angioblasts only a few hours later. Similarly, the widely used pan-
endothelial marker fli1a [76] is first expressed in medial angioblasts, before then 
becoming expressed in the lateral angioblast population [39]. The arterial marker 
gridlock/hey2 can only be found to be expressed in the medial population, not in the 
lateral population [87], suggesting that the medial angioblast population constitutes 
a pool of arterial precursor cells, while the lateral population contributes to the PCV.

This notion was further confirmed by in vivo observations that tracked indi-
vidual cells and addressed the question as to whether angioblasts, irrespective of 
their position within the LPM, can contribute to both DA or PCV, or whether early 
positioning within either the medial or lateral angioblast population is largely, or 
even entirely, predictive for cells to become part of the DA or PCV. The zebrafish 
embryo is very suitable for this type of analysis as one can mark individual cells in 
vivo and follow the fate of labeled cells over time. Of course, in vivo imaging tracks 
cell movements, while in situ hybridizations (such as the ones discussed above) 
provide static representations of gene expression, which makes the direct compari-
son between these different modes of acquiring data difficult. That notwithstanding, 
lineage tracing has provided a number of important insights. When labeling a single 
cell at the margin of a gastrula stage embryo (6 hpf), Vogeli et al. [80] reported that 
a few of these cells contribute exclusively to the endothelial and the hematopoietic 
lineage, providing direct demonstration of the existence of hemangioblasts. How-
ever, only part of the hematopoietic and the endothelial lineage arise from these 
bi-potential cells, indicating that there are other cellular sources for the vasculature 
[80]. Another study labeled cells of the LPM at the 7- to 12-somite stage, and only 
observed contribution to either the arterial or venous lineage (consistent with grid-
lock/hey2 expression) [87]. Hence, based on both marker expression studies and in 
vivo tracing experiments, it appears that there are lineage-restricted angioblasts in 
the zebrafish LPM during the early stages of somitogenesis that have been specified 
to become either arteries or veins (Fig. 2.1a).

How about the movement of these angioblasts from the posterior LPM to the 
midline? As mentioned above, it has been reported a number of times that first the 
medial, then the lateral, angioblast population migrates to the midline. Both migra-
tion waves occur in an anterior to posterior manner. The use of a transgenic line 
that expresses the photo-convertible fluorophore kaede from the etv2 promoter has 
enabled elegant studies which demonstrated that the medial angioblasts give rise to 
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the DA, and that lateral angioblasts constitute the PCV [39] (Fig. 2.1). Furthermore, 
these studies support a model where angioblasts move directly to a more dorsal 
location and form the DA, while lateral angioblasts migrate directly to a more ven-
tral position and form the PCV. This is in contrast to a study by Herbert et al. [26], 
who suggested a ventral sprouting mechanism, during which angioblasts from the 
DA contribute directly to the PCV [26]. Whether this discrepancy is possible due to 
imaging in different regions of the embryo needs to be resolved.

As a consequence of early specification events and a highly orchestrated (both in 
time and space) array of cell movements, two cords of angioblasts/endothelial cells 
align along the embryonic axis. These cells establish cell–cell junctional complexes 

Fig. 2.1  Arterial and venous precursor cell migration. a At 12 hpf, angioblasts are located within 
the anterior and posterior lateral plate mesoderm ( LPM) in two bilateral stripes. Presumably, even 
at this early stage, the medial angioblast population consists of arterial precursor cells ( red), while 
the lateral population consists of venous precursor cells ( blue). b At approximately 14 hpf, the pre-
cursor cells located at more medial positions within the posterior LPM start to migrate to the mid-
line. At the same time, some arterial cells of the posterior LPM start to migrate anteriorly, whereas 
arterial cells from the anterior LPM start to migrate posteriorly. c At 16 hpf, arterial precursor cells 
will form the first axial vessel, the dorsal aorta. Cells within the more lateral located stripes of the 
posterior LPM start to migrate to the midline. In addition, some of these cells will migrate anteri-
orly, whereas in the anterior LPM some venous progenitor cells start to migrate posteriorly. d At 
20 hpf, the venous precursor cells have migrated to the midline and form the posterior cardinal 
vein (PCV). The migration of arterial cells in the anterior region results in formation of the lateral 
dorsal aortae. e At 24 hpf, venous precursor cells in the anterior region have migrated to form the 
Primordial hindbrain channel ( PHBC). Green indicates somites, purple indicates notochord and 
hypochord, yellow indicates embryonic tissue
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among each other, express markers of apical and basal polarity, and eventually form 
a luminized DA and PCV, even before the onset of circulation (reviewed by Schuer-
mann et al. [65]).

2.2  Molecular Cues During Vasculogenesis

There is a plethora of genes and factors that have been connected to the genetic con-
trol of vasculogenesis and angiogenesis, but only a few for which zebrafish mutants 
are available and for which we fully understand the mechanistic implications. One 
of the first cardiovascular mutants described presents with a near-complete failure 
to specify blood and endothelial lineages, and these cloche mutants have been very 
instructive to understand many aspects of early vascular development [72]. It has 
been suggested that mutations in the lycat gene, encoding an acyl transferase, are 
causative for the phenotype [86]. The cloche mutant phenotype can be rescued via 
forced expression of the ETS1-related protein, placing this key transcription factor 
downstream of cloche [74]. As mentioned above, the ETS-domain transcription fac-
tor Etv2/Etsrp/ER71 is one of the earliest markers specifically expressed in angio-
blasts, and Etsrp is required for the expression of vegfr2/kdrl in early development. 
In etsrp zebrafish morphants, angioblasts are unable to differentiate, migrate, or 
form functional axial vessels. Overexpression of etsrp causes the induction of vas-
cular endothelial markers in several cell types. Etsrp is thus a key regulator in the 
induction of vascular endothelial fate in early development [58, 74].

Overexpression studies showed that vascular endothelial growth factor A (vegf-a) 
and Sonic Hedgehog (Shh) are involved in the localization of the medial and lateral 
angioblasts to the midline, with high levels of vegf-a or shh resulting in a random 
distribution of medial and lateral angioblasts at the midline [39]. Similarly, vegf-a 
morphants showed a single vessel consisting of lateral and medial angioblasts [39], 
suggesting that Vegf and Shh are critical factors for arteriovenous specification at the 
time point of angioblast positioning at the midline. In zebrafish, shh is expressed in 
the notochord and floorplate [16], whereas vegf-a is expressed in the somites [49]. It 
is hypothesized that the medially located angioblasts receive a higher concentration of 
Shh and Vegf signaling than the angioblasts localized at the lateral positions [39]. This 
difference in concentration could induce the distinct pathways for arterial or venous 
specification. This model is intriguingly simple but important questions remain. Are 
these morphogens (Shh, Vegf) sufficient to both serve as chemoattractants for cell 
migration and for specifying arterial and venous cell fates? Or is there a stochastic 
initiation of some angioblasts in the LPM to migrate medially in a first wave, and 
these ‘front runners’ inhibit arterial fates in the trailing cells of the second wave? A 
thorough fate mapping of migration events might clarify some of these issues; if all 
angioblasts are equally naïve before the onset of migration, then fate mapping should 
reveal that the cells located most medially in the LPM (and which should therefore 
perceive the highest levels of Vegf and Shh) should invariably end up in the aorta. 
However, should more medially located cells be overtaken by more distally located 
cells, this would argue that the cells might not be naïve.
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While the axial vasculature is defective in vegf-deficient embryos and shh 
mutants, the anterior vasculature is unaffected, suggesting a different mechanism 
of vessel formation in the anterior LPM of the zebrafish. Time-lapse analysis 
showed that the anterior part of the DA, the lateral DA (LDA) develops in a differ-
ent manner. At 14 hpf, a subset of angioblasts localized at the anterior LPM migrate 
posteriorly, while a subset of angioblasts from the posterior LPM start to migrate 
anteriorly. These cell populations migrate towards each other, eventually connect-
ing and forming the LDA. This process of angioblast migration is suggested to be 
mediated by the chemokine Cxcr4 [70]. The expression of cxcr4 is restricted to the 
angioblasts that will form the anterior-most LDA. Knockdown of cxcr4 resulted in 
inappropriate fusion of anterior and posterior angioblasts, and consequently formed 
a disrupted LDA [70]. At approximately 17 hpf, the same process of migration hap-
pens for venous angioblasts that form the largest anterior vein in the head, the pri-
mordial hindbrain channel (PHBC) [7, 70] (Fig. 2.1 and 2.2a, b).

After the initiation of vasculogenesis, angiogenesis will further remodel the vas-
cular network. Angiogenesis is the formation of blood vessels from pre-existing 
blood vessels by sprouting and remodeling of endothelial cells. In the zebrafish 
trunk, endothelial cells start to sprout dorsally from the DA at the somite boundaries 
and form the intersegmental vessels (ISVs). This primary sprouting results in ISVs 

Fig. 2.2  Transgenic zebrafish vasculature. a  Overview of kdrl:mCherry;flt4:mCit zebrafish 
embryo at 2 days post-fertilization (dpf), with arteries depicted in red and veins depicted in yel-
low. b Enlarged head region of (a), including the heart ( H), lateral dorsal aorta ( LDA), and the 
primordial hindbrain channel (PHBC). c Trunk region of flt1:tdTomato;flt4:mCit embryo at 3 dpf, 
with arteries depicted in red and veins depicted in green, including the arterial intersegmental vessel 
( aISV), venous intersegmental vessel ( vISV), dorsal aorta ( DA), and posterior cardinal vein ( PCV)
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that connect at the dorsal site to form the dorsal longitudinal anastomotic vessel 
(DLAV). After establishing this arterial network, secondary sprouting will occur 
in which endothelial cells sprout dorsally from the PCV [32]. These sprouts can 
connect to the ISVs and remodel the arterial ISV into a venous ISV. Statistically, 
only every second sprout becomes a venous ISV. The other endothelial sprouts will 
migrate further to the horizontal myoseptum and constitute a population of para-
chordal lymphangioblasts, which then migrate either dorsally or ventrally and start 
to form the lymphatic vasculature [29] (reviewed by van Impel and Schulte-Merker 
[77, 78]) (Fig. 2.2c).

One of the prevalent questions concerning the above angiogenic processes is 
how venous sprouts make the decision on whether to connect to an intersegmental 
artery and to remodel it into a vein in the process, or whether not to do this and con-
tribute to the pool of lymphatic precursor cells. One might presume that this process 
might involve Notch and Delta but, until now, no members of the Notch/Delta sig-
naling pathway have been detected to be expressed in the PCV or in venous sprouts.

2.3  Molecular Regulation of Arterial-Venous 
Specification

2.3.1  EphrinB2/Eph Receptor B4

Two of the most widely referred to markers for arteriovenous specification are 
Ephrin-B2 (Efnb2) and Eph receptor B4 (EphB4), based on the finding that Efnb2 
and the EphB4 receptor are differentially expressed in arteries versus veins, respec-
tively [81]. The EphB4 receptor belongs to the receptor tyrosine kinase family and 
is the only Ephrin receptor that specifically binds to Efnb2, a membrane-bound 
ligand of the Ephrin ligand family [20]. The Ephrin ligands and Eph receptors are 
both transmembrane proteins, and signaling requires cell-to-cell contact, which can 
be bidirectional [5]. Eph receptors and their ligands are often, but not always, local-
ized in the adjacent cell population [1, 19]. ‘Forward’ signaling starts with the bind-
ing of an Ephrin ligand to a receptor dimer. This leads to trans-phosphorylation of 
the intracellular domain of the receptor, and results in a conformational change that 
can activate the kinase domain. ‘Reverse’ signaling occurs when the conserved ty-
rosine residues of the cytoplasmic domain of the Ephrin ligand are phosphorylated 
upon contact with the Eph receptor ectodomain, or by an Eph receptor-independent 
mechanism. This causes the recruitment of an SH2 (Src-homology-2) domain-con-
taining adaptor protein and SH3 binding partners (reviewed by Kullander and Klein 
[41]). The exact contribution of forward and/or reverse signaling in arteriovenous 
specification is still unclear.

In zebrafish, efnb2 expression is restricted to the arterial endothelial cells (ECs). 
Expression of efnb2 is initiated at approximately the 20-somite stage, when the 



D. M. A. Hermkens et al.54

angioblasts have migrated to the midline but circulation has not yet commenced. 
ephb4 receptor messenger RNA (mRNA) is also expressed in the vasculature but 
the expression is restricted to the venous ECs [87]. These clear expression patterns 
in arterial versus venous ECs make EphB4 and Efnb2 suitable markers for arterial 
and venous differentiation and, accordingly, their expression changes upon altered 
arteriovenous specification. For example, inhibition of Notch signaling results in a 
decrease of arterial fates, which can be appreciated by reduced expression of efnb2 
in the DA [44]. Herbert et al. suggested that Efnb2a limits the ventral migration of 
arterial angioblasts, whereas Ephb4a promotes it, based on results obtained upon 
transplanting efnb2a or ephB4a morpholino (MO) donor cells into wild-type host 
embryos. In hosts that received efnb2a MO donor cells, the donor cells ectopically 
localized to the vein. In host embryos that contain ephb4 MO donor cells, fewer 
cells contribute to the vein compared with their controls, again suggesting a role for 
Efnb2 and EphB4 in arteriovenous specification [26]. This is largely consistent with 
other systems, and mice mutants for Efnb2 have been shown to present the same 
phenotype as mutants for EphB4, characterized by defective morphogenesis of the 
vasculature. Mutant vasculature suffers from a lack of distinct boundaries between 
the arteries and the veins, again stressing the importance of Efnb2 and EphB4 in 
arteriovenous specification [20].

2.3.2  Vascular Endothelial Growth Factor and Sonic Hedgehog

In zebrafish, as in all other non-eutherian vertebrates, four VEGF receptors are pres-
ent, namely vegfr1 (flt1), vegfr2 (flk1/kdr), vegfr3 (flt4), and vegfr4 (kdrl) [6, 14, 
75]. The expression pattern of these receptors has been examined in detail [6, 50, 
68], and transgenic reporter lines exist for most of them. Neuropilins, non-tyrosine 
kinase transmembrane molecules, have been shown to be needed for VEGF sig-
naling in other systems, but in zebrafish, morpholino-based data [47, 51] are not 
entirely consistent with recently provided mutant data [40], and generating mutant 
lines for the duplicated nrp1a/b and nrp2a/b genes is required to shed light on a 
requirement for these co-receptors.

Morpholino-mediated knockdown of vegf-Aa was reported to result in deficien-
cy of ISV sprouting, with no major deficiencies in the DA or PCV [53]. However, 
analyzing the dependence of vasculogenesis on Vegf-A is confounded by the dupli-
cation of zebrafish vegf-A genes [3], and by maternal expression of the respective 
mRNAs. Stable mutant lines or maternal zygotic mutants have not been gener-
ated, precluding a final assessment on the role of Vegf-A during the early stages of 
vasculogenesis; current evidence based on double knockdowns suggests diverged 
functions of Vegf-Aa and Vegf-Ab, but no major effects on vasculogenesis [3]. 
Moreoever, mutants for vegfr4/kdrl [23] and vegfr3/flt4 [30] have been reported 
and clearly demonstrate that zygotic expression of these receptors is not essen-
tial for vasculogenesis to occur; mutants in either gene have an apparently normal 
DA and PCV. These genes have distinct functions at the later stages of vascular 
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development, during arterial and venous ISV sprouting, but their role during earlier 
stages of vasculogenesis remains somewhat enigmatic; more than one VEGF re-
ceptor might be required to be mutated in order for a phenotype to be appreciated.

A key regulator in the early steps of angioblast migration, and in later events 
of arterial and venous specification, has been suggested in Shh, a member of 
the Hedgehog family which can act as a ligand for the transmembrane receptors 
Patched and Smoothened [45]. Smoothened mutants, which are devoid of Shh 
signaling, show comparatively normal angioblast migration [85], and the recep-
tors for Shh, the duplicated patched genes, appear not to be expressed within the 
posterior LPM [48]. Shh regulates expression of semaphorin 3a1, which has been 
shown to have an effect on angioblast migration [69]. In addition, Shh signaling 
from the midline is essential for normal vegf-A expression in the medial aspects 
of the somites [45]. While more work needs to be carried out to clearly carve 
out the role for Shh and Vegf-A during the very first events of vasculogenesis, 
the requirement for both genes in the later steps of arteriovenous specification 
is better understood. Shh mutants show strongly reduced arterial marker gene 
expression, but this phenotype can be partially overcome by forced expression 
of vegf-A mRNA. Furthermore, overexpression of shh results in ectopic expres-
sion of arterial markers in venous ECs, again suggesting a specific role of Shh 
in arterial specification [21]. Interestingly, Shh has been demonstrated to posi-
tively influence the expression of calcitonin receptor-like receptor-a ( calcrla) 
[54], which ultimately results in vegf-A expression upstream of Notch. This is 
particularly significant in light of a recent finding by Wilkinson et al. [85], where 
Hedgehog signaling was found to induce somitic vegf-A expression independent 
of Calcrla, while Hedgehog can also signal through Calcrla to induce arterial dif-
ferentiation in angioblasts independent of Vegf-A function. Hence, at least during 
the later stages, there is room for both signaling pathways in parallel, which in 
turn might help to guide our thinking about a possibly redundant function for Shh 
and Vegf-A during the first steps of vasculogenesis. Indeed, it has been suggested 
that neither pathway is absolutely required for angioblast migration, and that one 
pathway can compensate for (partial) loss of the other. However, the requirement 
at the later stages is supported by a number of observations, and a picture has 
emerged where VEGF signaling in presumptive arteries induces Plc-γ1. Zebrafish 
mutants for plc-γ1 show a marked defect in the formation of arteries and strongly 
reduced expression of efnb2 [46]. plc-γ1 mutants cannot be rescued with vegf-A 
overexpression, suggesting Plc-γ1 to act downstream of VEGF receptor function 
in arterial signaling [44, 46].

2.3.3  Notch and Hey2

The zebrafish Notch family members consist of four Notch receptors (Notch1a, 
1b, 2, and 3) and several Notch ligands (DeltaA-D, Dll4, Jagged1a, 1b, and 2) in 
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zebrafish, which are all membrane-bound proteins. Upon binding of these ligands 
to the Notch transmembrane receptor, a series of proteolytic cleavages release the 
Notch intercellular domain (NICD) of the receptor into the cytoplasm, after which 
it translocates to the nucleus. The NICD can then bind to Suppressor of Hairless 
[Su(H)], which in turn can cause activation of several transcription factors, such 
as the basic helix-loop-helix (bHLH) proteins, Hairy/Enhancer of Split (Hes) and 
Hes-related proteins (Hey/HRT/HERP). The promoter regions of HRT genes have 
a binding site for Su(H) [36, 52]. The Notch signaling pathway has long been 
recognized as a key driver of arterial identity, and in recent years has been exten-
sively evaluated in this respect, and also in its involvement during tip cell/stalk 
cell formation [59]. The latter aspect has been reviewed in detail elsewhere [84], 
therefore we will focus only on the arteriovenous specification role of Notch–
Delta signaling.

The Notch–Delta signaling pathway appears to be restricted to the arterial en-
dothelium in zebrafish [79], and both loss-of-function as well as gain-of-function 
studies of Notch family members revealed a disrupted vasculature, with loss of 
Notch signaling, such as in mindbomb mutant embryos, resulting in decreased 
arterial marker expression and arterial-venous shunts [44]. Similarly, mutants in 
hey2/grl, a factor required downstream of Notch signaling, display altered arterial 
gene expression and develop a distinct shunt phenotype at the level of the cranial 
vasculature [87]. Gain-of-function of Notch family members causes a reduction of 
venous fate [44]. There is a tight link between Vegf signaling function and Notch–
Delta activity; Vegf-A can induce the expression of notch, and Notch can rescue 
the arterial specification defect in vegf-A knockdown studies, suggesting that Notch 
acts downstream of Vegf in arterial specification [44, 79]

One of the Notch target proteins is the hairy/enhancer-of-split-related bHLH fam-
ily member Hey2. The zebrafish ortholog of the mammalian Hey2 gene is gridlock. 
Gridlock functions as a transcriptional repressor, and is already expressed in early de-
velopment, in the angioblasts that are localized within the medial aspect of the LPM, 
whereafter gridlock expression continues to be restricted to arteries [87]. The loss of 
Gridlock function in early zebrafish development results in defective proliferation of 
angioblasts at the level of the LPM [10]. Later on, loss of gridlock results in a cir-
culatory shortcut through a disrupted DA, with concomitant increase of the venous 
maker EphB4 and a decrease in the arterial marker efnb2 [87]. More specifically, 
the point of fusion of the LDA to the DA is affected, which represents a remarkably 
specific and locally restricted phenotype [83, 88] which has recently been shown to 
be mimicked by the sox7 and efnb2a/b mutants [27]. Furthermore, overexpression of 
gridlock causes suppression of venous markers [88]. Both in vitro and in vivo experi-
ments showed that induction of Notch–ICD induces gridlock expression, again sug-
gesting that Gridlock is acting downstream of Notch [52, 88]. Furthermore, inhibiting 
Hh or VEGF signaling results in loss of gridlock expression in the angioblasts that 
will form the DA, while stimulating vegf expression in gridlock morphants rescues 
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the gridlock phenotype. These results show that gridlock functions downstream of 
the Hh–VEGF–Notch signaling pathway in arterial specification [57, 62]. As in other 
cases, the defect observable in mutants appears to be more pronounced in arteriove-
nous specification during angiogenesis and less during vasculogenesis.

2.3.4  SoxF Family Members

SRY-related high-mobility-group box (Sox) genes form a family of transcription 
factors involved in diverse developmental processes, including vascular develop-
ment (reviewed by Chew and Gallow [9]). The Sox proteins contain two main 
domains—the high-mobility-group (HMG) domain, which can bind target DNA 
motifs, and the transactivation domain, which mediates the transcriptional re-
sponse [4]. The Sox family is divided into several subfamilies, with the Sox-F fam-
ily members comprised of the Sox7, Sox17, and Sox18 genes. Sox17 is involved in 
hematopoietic stem cell regulation and formation of endoderm [2, 11, 35, 37], but 
has also recently been shown to play a role in arterial specification in the mouse 
[12]. Sox7 and Sox18 have long been recognized as being involved in vascular 
development [8, 28, 55, 82]. The human syndrome hypotrichosis-lymphedema-
telangiectasia (HLT) is linked to mutations in Sox18, with patients presenting 
disrupted blood and lymphatic vessels [31]. Mice with truncated Sox18 protein 
(‘Ragged’ mice) resemble HLT and display defects in blood and lymphatic vascu-
lature development [15, 33, 56]. In mice, Sox18 starts to be expressed at approxi-
mately E9.0 in a subpopulation of venous endothelial cells, which induces Prox1 
expression in these cells. Subsequently, these Prox1-expressing cells migrate away 
from the veins under the influence of VEGF-C and become lymphatic endothelial 
cells (LECs) which will later form the lymphatic vascular network [18, 24, 71] (see 
also Chap. 5). In contrast, zebrafish Prox1 and Sox18 are dispensable for lymphatic 
development, revealed by Prox1 and Sox18 mutants developing a lymphatic vas-
culature [77, 78].

In zebrafish, Sox18 and Sox7 appear to play redundant roles in vascular de-
velopment. Sox7 and sox18 are expressed in the early pre-migratory angioblasts 
at the LPM, then in the migrating angioblast population and later in the specified 
vasculature. Double morpholino knockdown showed defective blood circulation, 
and the DA and PCV are fused together in the trunk of the embryo, which results 
in arteriovenous shunt formation at a relatively late stage of development. Ve-
nous markers are upregulated in the DA, whereas the arterial markers are down-
regulated, suggesting a role for Sox7/Sox18 in arteriovenous specification [28, 
55]. This is further substantiated by the phenotype of sox7 mutants, which show 
phenotypes identical to gridlock and efnb2a/b mutants [27]. The exact mecha-
nism of Sox7 and Sox18 function in arteriovenous regulation is not yet known; 
however, recent evidence showed that the enhancer for the Notch ligand Dll4 
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contains a binding site for SoxF factors. Both SoxF and RBPJ transcription fac-
tors can bind and regulate Dll4 enhancer activity, suggesting an important role 
for SoxF family members in regulating Dll4 activity and subsequent arteriove-
nous specification [64].

2.3.5  Fox and ETS

Forkhead (fox) transcription factors are helix-turn-helix proteins. Foxc transcription 
factors are expressed in the vasculature and Foxc-null mice die during embryonic 
development with severe vascular defects, including arteriovenous malformations 
and loss of arterial markers [42, 67]. Similarly, in zebrafish, combined knockdown 
of foxc1a and foxc1b results in severe disruption of the vascular system [13]. In 
vitro studies showed that VEGF signaling can induce the transcriptional activity 
of Foxc proteins [67]. Overexpression of foxc genes induces expression of arterial 
markers, such as notch1 and dll4. Foxc can bind and activate the Dll4 promoter, 
suggesting that Foxc acts upstream of Notch signaling in arteriovenous specifica-
tion [67]. Furthermore, Foxc2 can interact with the Su(H)/NICD complex to induce 
Hey2 promoter activity [25]. Foxc, together with the Ets factor Etsrp, bind to a 
FOX:ETS motif-inducing enhancer activation. This FOX:ETS domain is present in 
many endothelial-specific enhancers, suggesting the importance of the Foxc and Ets 
transcription factors in vascular development [13].

2.4  Summary

Within the last few years, we have witnessed a considerable number of studies 
that have significantly advanced our understanding of vasculogenesis and angio-
genesis. Careful lineage analysis and meticulous comparison of expression data 
of various marker genes have shed new light on the nature of early angioblasts. 
The later events of arteriovenous specification and differentiation have, in turn, 
benefited from genetic interference studies (summarized in Fig. 2.3) here, it will 
be necessary to repeat some of the work with stable mutant lines rather than rely-
ing on morpholino data [40, 66]. This notwithstanding, we will continue to gain 
more insight into the early events of cardiovascular development from additional 
work in zebrafish embryos, which are so well suited for the combined application 
of genetics and in vivo imaging.
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Abbreviations

ALK Activin receptor-like kinase
Ang1 Angiopoietin 1
BBB Blood–brain barrier
BMP Bone morphogenetic protein
CADASIL  Cerebral autosomal dominant arteriopathy with subcortical infarcts 

and leukoencephalopathy
CNS Central nervous system
EM Electron microscopy
HB-EGF Heparin-binding epidermal growth factor
HHT Hereditary hemorrhagic telangiectasia
IBGC Idiopathic basal ganglia calcifications
MMP Matrix metalloproteinase
PDGF-B Platelet-derived growth factor-B
PDGFRβ Platelet-derived growth factor receptor-β
SDF-1α Stromal-derived growth factor-α
Shh Sonic hedgehog
SMA Smooth muscle actin
S1P Sphingosine-1-phosphate
S1PR Sphingosine-1-phosphate receptor
TAAD Thoracic aortic aneurisms
TGFβ Transforming growth factor-β
TIMP Tissue inhibitors of metalloproteinases
vSMCs Vascular smooth muscle cells
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3.1  Introduction

Pericytes are embedded in the vascular basement membrane lining the abluminal 
surface of microvasculature. These cells belong to a larger lineage of cells termed 
mural cells, which include vascular smooth muscle cells (vSMCs) that completely 
surround large vessels (arteries, arterioles, and veins), and pericytes that incom-
pletely cover microvessels (capillaries and postcapillary venules) (Fig. 3.1) [1]. 
These cells were first described by Eberth in 1871 and Rouget in 1873, who de-
scribed contractile cells that surround small blood vessels [2, 3]. In 1923, Zim-
merman first coined the term ‘pericyte’ by renaming ‘Rouget cells’ based on their 
proximity to endothelial cells [4].

Although much has been learned about the cell biology, development, and func-
tion of pericytes in the last 140 years, considerable mystery persists regarding the 
role of these cells in regulating tissue development, vascular function, homeosta-
sis, and response to injury and disease. Much of the difficulty in studying peri-
cytes comes from the fact that pericytes lack clearly defined histological and mo-
lecular criteria. While many researchers identify pericytes based on their proximity 
to microvascular endothelial cells, many other cell types in different tissues are 

Fig. 3.1  Association of pericytes and endothelial cells. a Schematic representation of endothelial 
cells ( blue) and mural cells ( pink). Vascular smooth muscle cells cover larger vessels such as arte-
rioles. In capillaries, pericytes are found on the abluminal surface of endothelial cells embedded in 
the vascular basement membrane. b Immunofluoresent micrograph of mouse retinal vasculature 
with endothelial cells stained with BSL-I ( green) and pericytes stained with an anti-NG2 antibody. 
c Electron micrograph showing a cross-section of a central nervous system capillary. The endothe-
lial cell ( e) forms a tube for the passage of blood, and the pericyte ( p) is situated on the abluminal 
surface of the endothelial cell. d Electron micrograph demonstrating the interaction of pericytes 
( p) with endothelial cells ( e) in a mouse cerebral capillary. Pericytes are embedded in the vascular 
basement membrane with intermittent junctional contacts with the endothelial cell
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 associated with the abluminal surface of endothelial cells, including vSMCs, mac-
rophages, fibroblasts, and epithelial cells. The lack of distinct molecular markers for 
pericytes has hindered the precise identification of each cell type, and thus there is 
often ambiguity regarding the cell population being studied. The most stringent def-
inition of a pericyte requires that a cell is embedded within the vascular basement 
membrane [5]. However, studies suggest that pericytes exhibit dramatic plasticity, 
including cell proliferation, morphogenesis, and migration [1]. These processes that 
occur in response to injury and disease include breakdown of the extracellular ma-
trix (ECM) and movement away from the vascular basement membrane. Therefore, 
defining pericytes strictly based on their localization in the basement membrane is 
too limited and fails to reflect these dynamic properties. Furthermore, there is evi-
dence suggesting the heterogeneity of pericyte populations in different organs, and 
even within the same organ, further obscuring the identification of this cell type.

In the upcoming years, the identification of novel pericyte-specific molecular 
markers, and the generation of genetic tools to label pericytes in vivo, as well as new 
imaging techniques to recognize pericyte cell morphology and localization, may 
provide a better definition for this mysterious cell type.

3.2  Cell Biology of Pericytes

3.2.1  Cell Morphology

Pericytes are associated with the abluminal surface of microvessels, including cap-
illaries and postcapillary venules throughout the body. These cells adhere to the 
abluminal surface of endothelial cell tubes, and are embedded in the vascular base-
ment membrane [1, 6, 7]. Pericytes commonly extend long, branching cytoplasmic 
processes along the abluminal surface of the blood vessels that can stretch across 
multiple endothelial cell bodies (Fig. 3.1). The cell body of pericytes is often found 
at branch points of the microvascular network.

On capillaries, pericytes have a rounded cell body that contains a few primary 
cellular processes branching into perpendicular secondary processes that connect 
with endothelial cells. In postcapillary venules, pericytes display a more stellate 
pattern, with a flattened cell body and many thin, branching cellular processes [7].

Electron microscopy (EM) has identified that pericytes possess a discoid nucle-
us, few cytoplasmic organelles, and abundant plasmalemmal vesicles. Serial section 
EM has demonstrated that these vesicles interconnect to form a continuous network 
associated with the parenchymal-facing membrane of the pericyte [8]. The pericyte 
cell body is rich in cytoskeletal elements, such as intermediate filaments composed 
of desmin and vimentin extending into the primary extensions, and microtubules 
extending into both the primary and secondary cellular processes [1]. In addition, 
bands of actin, myosin, and tropomyosin are situated beneath the plasma mem-
brane, indicating these cells are capable of contraction [9]. Although most of the cell 
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body of the pericyte is separated from the endothelial cell by the vascular basement 
membrane, pericyte processes are observed to contact the endothelial cells in so-
called peg-and-socket junctions [10–12].

As noted, one of the major challenges in studying pericytes comes from the 
lack of defining molecular markers. There is no molecular marker that is unique to 
pericytes. Recent findings demonstrating molecular heterogeneity of pericytes in 
different tissues and the ability of pericytes to change their morphology and mo-
lecular composition in response to injury, disease, and cell culture, further com-
plicate the identification of pericytes. One commonly used molecular marker is 
platelet-derived growth factor receptor (PDGFR)-β, a receptor tyrosine kinase that 
is required for the recruitment of pericytes to the vascular tubes. However, PDGFRβ 
is also expressed in other cell types, including neural cells, cardiomyocytes, and 
fibroblasts [13, 14]. In addition, markers such as NG2, Anpep (CD13), desmin, 
RGS5, Abcc9, Kcnj8, Dlk, and Zic1 have all been utilized to identify pericytes, yet 
all lack specificity [1, 15–19].

3.2.2  Heterogeneity of Pericytes

Recent evidence suggests that there is remarkable heterogeneity of pericytes at dif-
ferent levels of the vascular tree, especially notable when comparing pericytes on 
postcapillary venules with pericytes on capillaries. Postcapillary venules have a 
greater number of flattened pericytes compared with capillaries, with thinner cel-
lular processes and a greater extent of overlapping branches [20, 21].

In addition, there are clear differences between pericytes in various organs, as 
well as distinct subpopulations within an organ. These differences may indicate the 
importance for the vasculature to meet the unique requirements of each tissue and 
organ in the body.

Pericyte cellular density and extent of coverage of the vascular tube differ in 
various tissues. For example, central nervous system (CNS) capillaries have the 
largest number of pericytes, with an endothelial to pericyte ratio between 1:1 and 
3:1, whereas skeletal muscle shows a pericyte:endothelial cell ratio of 100:1 [22]. 
However, it should be noted that such metrics are imprecise since there are no reli-
able markers for counting the exact number of pericytes in each tissue. The extent 
of coverage by pericytes of the external surface area of the vascular tube also var-
ies and has been estimated to be 11 % in cardiac muscle, 21 % in skeletal muscle, 
22–32 % in the cerebrum, and 41 % in the retina [23]. The density and vascular cov-
erage of pericytes inversely correlates with the permeability of the vessel as well as 
the rate of endothelial cell turnover. These observations have led to the hypothesis 
that pericytes may be critical for endothelial stability and limiting permeability. In-
deed, experiments using genetically engineered mice that lack pericytes have con-
firmed a role for pericytes in these processes [17, 24]. Pericytes in different tissues 
show variable levels of granularity, an indication of the abundance of cytoplasmic 
lysosomes. All cerebral pericytes are granular, a property that is increased following 
disruption of the blood–brain barrier (BBB) [5].
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Pericyte populations within specific tissues have evolved unique morphological 
and physiological properties, many of which were identified initially by different 
names. For instance, stellate cells represent hepatic pericytes [25]. These cells are 
localized between endothelial cells of the sinusoidal capillaries and the parenchyma 
in the space of Disse [26] and are not embedded within the vascular basement mem-
brane as sinusoidal capillaries have incomplete basement membranes and thus do 
not comply with classical definition of pericytes. Stellate cells contain cellular pro-
trusions that adhere both to the endothelium and hepatocytes, and express desmin, 
glial fibrillary acidic protein, neural cell adhesion molecule, synaptophysin, nes-
tin, and smooth muscle actin (SMA) when activated. These cells possess functions 
unique to the liver as they are involved in vitamin A storage, liver development, 
regeneration, and fibrosis (discussed in the ‘Regulation of Tissue-Specific Proper-
ties’ section) [27].

Evidence suggests that even within a given organ, there are different pericyte 
populations based on their localization. For instance, in the kidney there are two 
types of pericytes: the tubulointerstitial capillaries are covered by what are thought 
to be classical pericytes, whereas the glomerulus has specialized pericytes termed 
mesangial cells [28, 29]. Mesangial cells make up 30 % of all glomerular cells and 
play an important role in capillary tuft morphogenesis and the regulation of glo-
merular filtration (discussed in the ‘Regulation of Tissue-Specific Properties’ sec-
tion). These cells express many classical pericyte markers, such as PDGFRβ and 
CD90, and are thus thought to be locally specialized pericytes [29]. In the cochlea, 
pericytes on vessels in different regions have different morphologies and express 
different molecular markers, depending on their localization on the capillary bed. 
Pericytes on vessels in the spiral ligament express α-SMA, desmin, and tropomyo-
sin, whereas pericytes on vessels of the stria vascularis express only desmin [30].

In addition, different subpopulations of pericytes appear to be interspersed along 
the vascular tree. In the CNS, EM has been used to identify four subclasses of peri-
cytes based on morphology of cellular processes and location of the nucleus. These 
different morphologic categories include (i) pericytes with broad cellular processes 
that are continuous with the surface of the endothelial cells; (ii) pericytes with thin, 
finger-like cellular projections confined to specific regions of the endothelial tube; 
(iii) pericytes that extend processes longitudinally along the axis of the capillary; 
and (iv) pericytes in which the cell body and processes are retracted from the endo-
thelial tube [6]. These features may define specific subsets of pericytes, or may indi-
cate unique pericyte characteristics at specific moments, including migration along 
the vessel during angiogenesis or migration away from the vessel in response to in-
jury and disease. Furthermore, several studies have identified subtypes of pericytes 
in the lung, skin, kidney, and CNS that differ in their capacity to proliferate and 
form a scar tissue after tissue injury (see ‘Regulation of Injury/Disease’ section).

Furthermore, the location of pericytes along the vascular tube varies. For instance, 
in the choriocapillaris of the eye, pericytes are positioned distal to localized oxygen 
transport [31] and, in bovine, lung pericytes reside near endothelial cell junctions 



70 R. Daneman and A. Keller

[32]. In muscle, pericytes have been observed to cover histamine-induced gaps in 
the vasculature [33]. These data suggest that the location of pericytes within the 
vasculature may be important for specific vascular function within a tissue or organ.

3.2.3  Cell Adhesion to Endothelial Cells

Although pericytes line the outer surface of the endothelial cell tube, most of the 
pericyte cell body is not in contact with endothelial cells but is separated by the vas-
cular basement membrane. However, there are discrete points where pericyte cellu-
lar processes contact endothelial cells to form cellular adhesions; it is estimated that 
a single pericyte can form up to 1000 adhesion contacts with endothelial cells [1].

The main type of cellular junction formed between pericytes and endothelial 
cells are described as ‘peg-and-socket’ junctions. In these junctions, cellular protru-
sions from the pericyte (pegs) adhere to invaginations (sockets) in the endothelial 
cells. These junctions are thought to be mediated by N-cadherin interaction based 
on the observation that N-cadherin expression has been visualized at points of peri-
cyte–endothelial cell interactions, and the addition of N-cadherin blocking antibod-
ies leads to defective pericyte adhesion to the vascular tube [34]. Further evidence 
suggests that transforming growth factor-β (TGFβ) signaling is required for adhe-
sion since disruption of Smad4 leads to loss of pericyte–endothelial cell interactions 
due to diminished N-cadherin expression [35] (discussed in the ‘Vascular Recruit-
ment’ section).

In addition, several other types of cellular adhesions have been visualized be-
tween pericytes and endothelial cells. Adhesion plaques have been identified and 
are characterized as membrane contacts in which microfilament bundles are adja-
cent to the pericyte membrane, and an electron dense endothelial cytoplasm is adja-
cent to the endothelial membrane [36]. In brain microvessels, fibronectin has been 
observed at the adhesion plaques, suggesting that this could be a critical mechanical 
linkage, perhaps involved in vessel contractility. Several studies have suggested that 
gap junctions allow for electrical coupling of endothelial cells and pericytes. Func-
tional gap junctions have been observed between endothelial cells and pericytes 
in vitro using a co-culture paradigm [37], and gap junctions have been visualized 
between endothelial cells and pericytes in vivo [38]; however, it has yet to be deter-
mined whether there is electrical coupling of endothelial cells and pericytes by these 
gap junctions in vivo. Although not fully characterized, tight junctions have been 
observed between endothelial cells and pericytes in vivo [12, 32].

3.2.4  Interaction with the Extracellular Matrix

Pericytes are embedded in the vascular basement membrane and thus share an ECM 
with CNS endothelial cells. Several studies using cell purification and microar-
ray analysis have identified that pericytes express many different components of 
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the EMC, including collagen subunits, laminin subunits, vitronectin, and asporin. 
Time course studies of vascular development suggest that pericyte recruitment to 
the endothelial tube correlates with the onset of vascular basement membrane depo-
sition. Endothelial cell–pericyte co-cultures suggest that pericytes can also induce 
the expression of ECM components, such as nidogen and collagen, by endothelial 
cells [39]. Furthermore, disruption of platelet-derived growth factor-B (PDGF-B)/
PDGFRβ signaling, which inhibits the recruitment of pericytes to endothelial cells, 
causes marked disruption in the vascular basement membrane and leads to protru-
sions of endothelial cells into the CNS parenchyma [15]. Taken together, these data 
suggest that recruitment of pericytes to endothelial cells is critical for the deposition 
of EMC, which is produced by both cell types.

Additionally, it appears that the vascular basement membrane is critical to the 
recruitment and adherence of pericytes to the endothelial cells. RNA interference 
(RNAi)-mediated inhibition of tissue inhibitor of metalloproteinase 3 (TIMP-3) 
leads to increased matrix metalloproteinase disruption of the ECM and causes an 
increased vessel diameter and loss of endothelial cell–pericyte interactions [39]. 
One of the critical functions of the ECM is to localize the PDGF-B signal that is re-
quired for the recruitment of pericytes to the endothelial cells. Mutation of the ECM 
retention motif of PDGF-B leads to a poor pericyte recruitment to the endothelial 
tube [40] (discussed in the ‘Vascular Recruitment’ section).

While the ECM is critical to mediate endothelial-pericyte interactions during 
angiogenesis and adult tissue homeostasis, alterations in the basement membrane 
can lead to loss of pericyte–endothelial cell interactions during injury and disease. 
For instance, following a stroke there is a degradation of the vascular basement 
membrane mediated by matrix metalloproteinases (MMP)-2 and MMP-9, which 
coincides with the migration of the pericytes away from the endothelium [41, 42]. 
This can also be observed during tumor angiogenesis where the formation of new 
blood vessels involves the degradation of the vascular basement membrane and 
often results in endothelial cells poorly covered in pericytes.

A recent study suggests that pericyte–ECM interaction is an important regulator 
of the differentiation state of pericytes. In the CNS, loss of astrocyte-derived lam-
inin was shown to drive expression of contractile proteins in pericytes, and pericyte 
interaction with laminin-111 via α2 integrins was required to maintain the noncon-
tractile phenotype [43].

3.3  Cell Development

3.3.1  Cell Lineage

The few studies that have investigated the developmental origin of the mural cells 
covering microvasculature (i.e. pericytes) suggest a common origin for pericytes 
and vSMCs (reviewed by Armulik et al. [1]). However, mural cells have differ-
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ent developmental origins depending on which vascular bed they are located. The 
first blood vessels to develop in the embryo proper are the paired dorsal aortae 
that arise from the trunk. Initially, mural cells in the floor of the dorsal aorta are 
derived from splanchnic mesoderm, and mural cells on the roof are derived from 
sclerotome, similar to endothelial cells (reviewed by Sato [44]). Later during devel-
opment, splanchnic-derived mural cells are replaced by sclerotome-derived cells 
[45]. Mural cells of the ascending and arch portions of the aorta, ductus arteriosus, 
the brachiocephalic, right subclavian arteries, and common carotid arteries arise 
from neural crest (reviewed by Majesky [46]). Similarly, mural cells in the heart 
exhibit several distinct developmental origins. Specifically, vSMCs of the proximal 
and major anterior coronary arteries arise from neural crest, whereas the rest derive 
from the proepicardial organ and epicardium. Coronary vein vSMCs have an atrial 
cardiomyocyte origin (reviewed by Riley and Smart [47]). Neural crest gives rise 
to vascular mural cells in the head region, CNS, and thymus (reviewed by Armulik 
et al. [1]). Mural cells in the gut, liver, and lung are derived from mesothelium 
(reviewed by Armulik et al. [1]) in contrast to those in the limbs and peritoneum, 
which are derived from the sclerotome [48]. It is unknown whether the different de-
velopmental origins of the mural cells in different vascular beds give rise to tissue-
specific functions of these cells.

3.3.2  Differentiation

The transcriptional regulation of vSMC differentiation is relatively well understood, 
with vSMC-selective gene expression achieved by a unique combination of multi-
ple ubiquitously expressed or selective factors (reviewed by Alexander and Owens 
[49]). Several signaling pathways (Notch, TGFβ [discussed in section 3.3.3], Wnt) 
have been shown to be important for initial vSMC differentiation surrounding the 
aorta [50–52].

The transcriptional mechanisms that control pericyte differentiation remain elu-
sive. However, a recent report by Siegenthaler et al. demonstrates that genetic abla-
tion of Foxc1 in pericytes leads to pericyte and endothelial cell hyperplasia, thus 
underscoring its role as an important regulator of pericyte maturation [53]. During 
development, several pericyte markers (e.g. RGS5, endosialin, NG2, desmin) show 
dynamic expression. The expression of RGS5, endosialin, and NG2 in pericytes is 
selectively decreased as the vasculature matures, whereas desmin expression in-
creases [54–57]. According to a recent study, Dll4 and PDGF-B signaling induces 
the differentiation of pericytes from myoblasts [58]. It is not known to what extent 
PDGF-B/PDGFRβ and Notch signaling regulate pericyte differentiation during an-
giogenesis; however, Notch signaling has been shown to regulate PDGFRβ expres-
sion on vSMCs [59]. Additionally, Notch signaling in mesangial cells (specialized 
pericytes in kidney glomeruli) was shown to be necessary for specification of me-
sangial cell precursors that express a high level of PDGFRβ [60]. Of note, increased 
PDGFRβ signaling in brain pericytes results in higher pericyte proliferation and a 
less mature phenotype [61]. This suggests that the PDGFRβ activity that is required 
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for pericyte recruitment may be needed to be switched off for pericyte maturation. 
It is interesting that brain pericytes have been suggested to differentiate within the 
mesenchyme that surrounds the telencephalon before entering the CNS [62].

3.3.3  Vascular Recruitment

Several well-characterized signaling pathways are critical for pericyte recruitment 
during angiogenesis, including the PDGF-B/PDGFRβ and TGFβ signaling axes 
(Fig. 3.2). In addition, other pathways that regulate pericyte recruitment are recog-
nized, although largely in the context of pathological conditions (Fig. 3.2). It should 
be underlined that, based on current knowledge, no universal signaling pathway 
seems to regulate pericyte recruitment to all organ vascular beds during develop-
ment, injury, or pathological angiogenesis. Most likely, pericyte recruitment to the 
developing vasculature in a given organ is guided by a combination of signaling 
pathways that is specific to each organ.

 Signaling Axis: PDGF-B/PDGFRβ

Many studies have confirmed the importance of the PDGF-B/PDGFRβ signaling 
axis for pericyte recruitment during development and pathological angiogenesis. 
The importance of PDGFB in vascular development and pericyte recruitment was 
somewhat unexpected. In fact, PDGFB, the first oncogene to be cloned and se-
quenced, was recognized as a growth factor for mesenchymal cells. However, the 
critical role of PDGF-B in pericyte recruitment to the developing microvasculature 
was demonstrated by the genetic ablation of Pdgfb. Mice lacking Pdgfb, or its re-
ceptor Pdgfrb, showed almost identical phenotypes, with late embryonic lethality 
caused by dysfunctional vasculature [17, 63]. During angiogenesis, outgrowing en-
dothelial cells express high levels of PDGF-B. Subsequently, secreted PDGF-BB 
is mobilized to the ECM adjacent to the endothelium. Pericytes, which express 
PDGFRβ, respond to the PDGF-BB gradient by proliferation and migration along 
the developing vasculature (reviewed by Armulik et al. [1]). The dependency of 
pericyte recruitment on PDGF-B/PDGFRβ signaling is organ-specific. Pdgfb or 
Pdgfrb knockout embryos lack pericytes in organs such as the brain, kidney, skin, 
and muscle, but not in the liver and thymus.

The binding of PDGF-BB to the ECM is critical for the bioavailability of this 
signaling molecule. The importance of localized presentation of PDGF-BB in peri-
cyte recruitment was demonstrated in genetically-modified mice that express PDGF-
B protein lacking the so called ‘retention motif’, thus preventing mobilization to the 
ECM [40]. Although these mice are viable, they possess a reduced number of pericytes 
along the capillary bed, and thus represent a tool to investigate the role of pericytes 
in the adult organism. Analysis of adult pericyte-deficient mice showed that pericytes 
are important regulators of CNS vascular permeability ( discussed in section 3.4.4). 
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 Furthermore, pericyte-deficient animals develop brain calcifications at anatomical 
locations similar to patients suffering from idiopathic basal ganglia calcifications 
(IBGC) [64]. IBGC is a neurodegenerative disease with an autosomal dominant in-
heritance pattern. It was recently demonstrated that approximately 25 % of IBGC 
patients have deleterious mutations in PDGFB or PDGRRB genes [64, 65]. Interest-
ingly, analysis of mice with varying degrees of pericyte deficiency has demonstrated 
that the extent of brain calcifications correlates inversely with pericyte coverage and 
BBB defect [64].
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 Transforming Growth Factor-β

Mouse knockout studies of various genes encoding for components of the TGFβ 
signaling pathway have demonstrated the importance of the TGFβ signaling path-
way in vascular development. TGFβ, together with activins and bone morphogenet-
ic proteins (BMP), form a large superfamily of pleiotropic growth factors that play 
a role in many different developmental processes. The canonical TGFβ signaling 
pathway emanates from a ligand binding to a heteromeric receptor complex com-
posed of type 1 (activin receptor-like kinases [ALKs]) and type 2 (e.g. TGFβRII, 
BMPRII) serine/threonine kinase receptors. Type 1 receptors phosphorylate the 
transcription factors SMAD2/3, which, upon binding to SMAD4, translocate into 
nucleus and activate TGFβ target genes. The specific outcome of the cellular re-
sponse (proliferation, differentiation, migration, etc.) to TGF signaling depends on 
the repertoire of the type1 receptors expressed by a given cell and the presence of 
TGFβ co-receptors (e.g. endoglin) (reviewed by ten Dijke and Arthur [66]).

In humans, haploinsufficiency of ligands, receptors, or intracellular effec-
tors causes thoracic aortic aneurysms and dissections (TAADs) [TGFB2, FBN1, 
 TGFBR1, TGFBR2, SMAD3], and hereditary hemorrhagic telangiectasia (HHT) 
[ENG, ACVRL1, SMAD4]. TAAD patients have aortic dilatations that may develop 
into aneurysms or aortic dissections, potentially causing sudden aorta rupture and 
massive bleeding. HHT results in abnormal patterning of the vascular tree, charac-
terized by the formation of arteriovenous anastomoses that predispose HHT patients 
to frequent hemorrhages. Since TGFβ receptors are expressed both in endothelial 
cells and mural cells, it has been difficult to assess the precise molecular mecha-
nisms by which TGFβ regulate pericyte recruitment. ALK5 and TGFβRII are ex-
pressed by endothelium and pericytes, whereas ALK1 and endoglin are expressed 
by endothelial cells only. ALK1 induces phosphorylation of SMAD1/5, which pro-
motes angiogenesis, whereas ALK5 signaling in endothelial cells inhibits prolifera-
tion acting via the SMAD2/3 complex (reviewed by ten Dijke and Arthur [66]). In 
addition, TGFβ signaling induces mural cell differentiation, and activation of TGFβ 
from its latent form requires endothelial–mural cell contact [67]. Thus, endothelial 
cells and mural are interdependent, with changes in one cell type leading to changes 
in the other.

The severity of the vascular phenotype of the modified TGFβ signaling path-
way is dependent on the developmental stage. TGFβ signaling is not only required 
for formation of the vascular bed during development but also for vessel mainte-
nance in the adult organism. Most studies that address the role of the TGFβ path-
way in mouse vasculature have focused on endothelial-specific constitutive or 
conditional deletion of TGFβ pathway components (reviewed by Jakobsson and 
van Meeteren [68]). Generally, genetic ablation of either type 1 (ALKs) or type 2 
receptors (TGFβRII, BMPRII) results in hemorrhage, a phenotype often accompa-
nied by vascular smooth muscle defects (reviewed by Jakobsson and van Meeteren 
[68]). It is often challenging to precisely delineate the role of a single pathway 
since multiple TGFβ pathways are interdependent and simultaneously active in the 
cell. For example, ALK1 requires ALK5 kinase expression for its activity [69], and 
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thus genetic ablation of ALK5 affects both pathways. The deletion of genes of the 
TGFβ/BMP pathways results in a relatively early vascular phenotype and in utero 
death (around E10) due to the presence of only big trunk vessels such as the dorsal 
aorta [66]. For example, the conditional of ablation of Bmbr1a, a type 1 receptor 
that mediates BMP signaling (ALK3), results in embryonic death at E11.5 due to 
extensive hemorrhage in the trunk [70]. Detailed analysis of the aorta demonstrated 
reduced mural cell coverage and the poor association between vSMCs and endo-
thelium [70]. Whether this mutation also leads to defective pericyte coverage has 
not been reported; however, a recent report on ALK5/SMAD2/3 signaling in the 
endothelium reported poor coverage of mural cells on all caliber vessels, from the 
aorta to capillaries, which could be due to reduced PDGF-B expression in the en-
dothelium [71]. Increased expression of PDGF-B by thalidomide stimulates mural 
cell recruitment in endoglin heterozygote animals, an experimental model for HHT 
[72]. In brain vasculature, the targeted disruption of Smad4, the central intracellu-
lar mediator of TGFβ/BMP signaling, also results in poor pericyte coverage along 
microvessels [35]. In support of this observation, it was demonstrated that TGFβ/
BMP and Notch signaling pathways cooperate in the upregulatation of N-cadherin. 
As discussed above, N-cadherin mediated endothelial/pericyte interaction has been 
suggested to be important for vessel stabilization [34].

Based on the above studies, it is clear that aberrant TGFβ/BMP signaling in 
endothelial cells results in poor mural cell coverage. To date, data are not avail-
able to explain how pericyte-specific TGFβ signaling affects vessel development 
or maintenance. However, few studies on the cell-specific elimination of TGFβRII 
or ALK3 in vSMCs have proven the crucial role of TGFβ/BMP signaling in mural 
cell proliferation and differentiation along big trunk vessels [73, 74]. Thus, emerg-
ing data suggest that TGF signaling in endothelial cells promotes mural cell re-
cruitment, at least partly by inducing PDGF-B expression and also by modulating 
expression of cell adhesion molecules required for endothelial/pericyte interaction.

 Other Pathways

Notch signaling is critical for regulating angiogenesis in both endothelial and mural 
cells. As noted, Notch signaling is required for mural cell maturation (reviewed by 
Morrow et al. [75]). In humans, NOTCH3 mutations cause stroke and a syndrome 
known as cerebral autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy (CADASIL), which is associated with dementia. The patho-
genic mechanism is not known but may be related to the degeneration of vSMCs 
caused by accumulated, non-functional Notch3 protein that leads to vessel occlu-
sion and ischemic stroke. Notch3 knockout mice show impaired maturation and 
reduced coverage of arterial vSMCs [76], but an effect on the pericyte population 
has not been reported. However, the recent analysis of microvasculature of CA-
DASIL patients has demonstrated the involvement of proper NOTCH3 signaling 
in pericyte survival [77]. A critical Notch3 ligand on endothelial cells seems to be 
Jagged-1, which is required for Notch3 expression on vSMCs [78]. It is of note that 
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the endothelial expression of Jagged-1 has been shown to be critical for vSMC dif-
ferentiation in vivo [79].

The angiopoietin-1 (Ang1)/Tie-2 (Tek) signaling axis has long been suggested to 
be important for pericyte recruitment. This view is based on the analysis of Angpt1 
and Tek knockout embryos that lack mural cell coverage (reviewed by Gaengel 
et al. [80]). Ang1 is expressed by pericytes and Tie2 is expressed by the endothe-
lium (reviewed Gaengel et al. [80]), yet it remains unclear how the loss of Ang1 or 
Tie2 results in a defect in pericyte coverage. A recent study has demonstrated that 
the vascular phenotype observed in Ang1 knockouts is due to abnormal cardiac 
development [81]. The genetic ablation Ang1 after E13.5 did not alter pericyte re-
cruitment. Consistent with the proposed role of Ang1/Tie2 signaling in regulating 
vascular stability, absent Angpt1 leads to pathological angiogenesis and tissue fibro-
sis in the setting of tissue injury or stress [81].

Under in vivo conditions, the heparin-binding epidermal growth factor (HB-
EGF)/ErbB signaling pathway in vasculature is important for cardiac development 
[82]. In addition, in vitro studies have demonstrated the importance of endothelial 
HB-EGF in mural cell recruitment via ErbB1 and ErbB2 in mural cells [83]. Fur-
thermore, the HB-EGF/Erb pathway has been shown, together with the PDGF-B/
PDGFRβ pathway, to regulate pericyte recruitment [84]. Similar to Ang1, HB-EGF 
seems to play a role in maintaining vascular stability by promoting pericyte survival 
and proliferation during tissue injury [85].

In tumor vasculature, stromal-derived growth factor-1α (SDF1α) has been 
shown to promote PDGF-B-dependent pericyte migration via CXCR4 [86, 87]. In-
terestingly, glioblastoma stem cell recruitment to the endothelium has been shown 
to be dependent in SDF1α/CXCR4, and their subsequent differentiation into peri-
cytes has been induced by TGFβ [88]. Also, semaphorin 4d-plexin-B1 signaling in 
endothelial cells was shown to promote pericyte recruitment to tumor vessels in a 
PDGF-B-dependent manner [89].

Sonic hedgehog (Shh) signaling regulates pericyte recruitment to the choroid 
plexus [90]. Shh signaling has been also shown to regulate mural cell recruitment 
during neoangiogenesis [91]. Ephrin-B2 expression in mural cells is needed for 
proper association between endothelial cells and pericytes [92]. Recently, it was 
demonstrated that Ephrin-B2 regulates PDGFRβ internalization and thus is impor-
tant for controlling PDGFRβ signaling activity [93].

3.4  Regulation of Vascular Function

Recent advances using cell purification and culture, genomic analysis and genetic 
mouse models have identified many different roles for pericytes in development, 
tissue homeostasis, and disease. These functions include interactions with endothe-
lial cells to regulate angiogenesis, vascular tone and permeability, and interactions 
with tissue-specific cells to regulate organ development and homeostasis. In addi-
tion, pericytes respond to injury and disease by regulating leukocyte trafficking, 
tissue regeneration, and fibrosis.
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3.4.1  Regulation of Angiogenesis

Due to the close proximity of pericytes to endothelial cells, both during develop-
ment and adulthood, it has long been thought that pericytes play a key role in regu-
lating angiogenesis and vascular stability. Indeed, work with mice with mutations in 
genes required for pericyte recruitment has demonstrated that these cells play a role 
in regulating developmental angiogenesis, vascular stabilization, and homeostasis, 
as well as neoangiogenesis in the adult [80].

During development, many studies have identified the localization of pericytes 
along the nascent vascular tube and their interactions with endothelial tip cells and 
stalk cells. Endothelial sprouts have been observed to enter tissues in the absence of 
pericytes; however, pericytes invade and are recruited to the vascular tube shortly 
after initial invasion. In fact, pericytes can often be found at the leading edge of the 
endothelial sprouts interacting with tip cells [18, 94, 95]. It is thought that the en-
dothelial tube plays a role as a migration signal for the pericytes, likely through the 
secretion of PDGF-BB. Pericytes are recruited either from adjacent vessels or from 
surrounding mesenchymal precursors.

The timing of pericyte recruitment to the nascent vasculature coincides with 
vessel stabilization. Indeed, work with mouse mutants that affect pericyte recruit-
ment, such as PDGF-B/PDGFRβ or Ang1/Tie2, have demonstrated that pericytes 
are critical for vessel stabilization. In these mutants, endothelial cell sprouts are 
able to enter the developing tissues; however, the vascular tubes often have tortured 
patterning, increased vessel diameter, and the increased likelihood of hemorrhage 
[17, 24, 96, 97]. These data suggest that pericytes are not required for the initial 
invasion of endothelial cells into a tissue, or even the formation of the vascular 
tube, but they are important for the appropriate patterning of the vasculature as well 
as stabilizing the vascular tube. Corroborating these data are in vitro co-culture 
models that have demonstrated that pericytes can supress endothelial cell growth 
and migration [98, 99]. Furthermore, pericyte recruitment to the nascent vessels 
has been implicated in resistance to regression of the newly formed sprouts [100].

Pericytes have also been implicated in neoangiogenesis in adults in response to 
alterations in oxygen levels, injury, or disease. In the initial phase of angiogenic pro-
cesses, pericyte cell bodies bulge and increase in volume, their processes shorten, 
and they proliferate [101]. In addition, they increase their expression of MMPs, 
such as MMP-9, which corresponds to the disruption of the basement membrane 
required for the migration of new angiogenic sprouts [102]. This process may be 
guided by the same signals that regulate developmental angiogenesis. Vascular en-
dothelial growth factor (VEGF) production has been shown to induce proliferation 
and migration of pericytes during hypoxia via an indirect mechanism through the 
production of nitric oxide (NO) by the endothelium [103, 104]. In addition, VEGF 
can be produced by the pericytes to direct this process themselves [105].

Pericytes have also been implicated as important regulators of tumor angiogen-
esis and thus are potential targets in antitumor therapy [106]. Studies have identified 
pericytes on blood vessels along the leading edge of tumor growth with incomplete 
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pericyte coverage implicated in vascular abnormalities, and increased vascular per-
meability has been observed in different tumors [107–109]. Anti-VEGF treatment, 
which targets the endothelium, has been shown to remove tumor vessels while 
sparing pericytes [110]. Alternatively, it also leads to vessel normalization with in-
creased pericyte coverage [111, 112]. Although targeting of pericytes through in-
hibition of PDGFRβ showed no loss of tumor vasculature [113, 114], inhibition of 
PDGFRβ combined with anti-endothelial therapy has provided synergistic success 
in reducing tumor vasculature and size in multiple tumor models [115]. Therefore, 
targeting of pericytes to decrease tumor vasculature is an active area of research.

3.4.2  Regulation of Blood Flow

Almost 100 years ago, Krogh and co-workers first reported remote vasodilation 
of capillaries in response to neural stimuli (reviewed by Bagher and Segal [116]). 
Focal capillary stimulation has also been shown to affect local blood flow. Spe-
cifically, fluctuations in capillary blood flow have been explained by conduction of 
vasomotor responses by electrical signals via endothelium that leads to relaxation of 
vSMCs at distinct locations within the resistance network (reviewed by Bagher and 
Segal [116]). Pericytes, similarly to vSMCs, express contractile proteins and have 
the capacity to contract in response to vasodilative and vasoconstrictive agents in vi-
tro (reviewed by Rucker et al. [117, 118]). Although the regulation of blood flow by 
pericytes seems plausible, (in fact, it was the first function suggested for pericytes), 
it has been difficult to demonstrate in vivo. Changes in the diameter of arteries and 
arterioles (i.e. vessels that have vSMC coverage) are thought to regulate blood flow 
in response to different metabolic needs. For example, in the brain, the regulation 
of functional hyperemia (i.e. blood flow increases in response to increased local 
neuronal activity) is initiated by neurotransmitters released by neurons, and occurs 
at the level of the arterioles (reviewed by Attwell et al. [119]). Based on the demon-
stration of pericyte-mediated constriction of vessels in ex vivo cerebellar slices and 
retina preparations [120, 121], it seems plausible that in vivo pericyte-mediation is 
possible at the level of capillaries in response to neuronal-stimuli. Although peri-
cytes were shown to constrict in vivo, a role for pericytes in neurovascular coupling 
was difficult to identify [122]. However, a recent study reported that vasodilation 
and blood flow changes in the somatosensory cortex were initiated in capillaries 
after whisker pad stimulation [121]. Vasodilation of capillaries occurred, on av-
erage, 1.4 s before vasodilation was seen in the arterioles, thus implicating that 
vasodilation in capillaries is not a passive response to pressure changes occurring 
at the level of arterioles [121]. In addition, in pathological conditions, pericyte-me-
diated contraction could potentially disturb the flow. Pericyte-mediated contraction 
in response to ischemia was shown to constrict capillaries in vivo, suggesting that 
pericytes contribute to the ‘no-reflow’ phenomenon after cerebral ischemia [123]. 
Neural stem cell progenitor proliferation in the neurogenic niche in the subventricu-
lar zone is accompanied by an increase in local capillary bed blood flow. It was 
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recently shown that specialized subventricular zone astrocytes (B cells) and neural 
progenitors regulate flow in the capillary bed by purinergic receptor activation on 
pericytes [124].

The kidney is another organ where pericytes are purported to regulate capil-
lary blood flow. The renal medulla is vascularized by vasa recta capillaries, and 
blood flow in these capillaries requires tight control to facilitate the concentration of 
urine and avoid severe ischemia in the medulla. Similar to brain microvasculature, 
regulation of renal medullary blood flow may occur at the level of the capillary 
bed (vasa recta), independent of arterial perfusion pressure (reviewed by Kennedy-
Lydon et al. [118]).

3.4.3  Regulation of Leukocyte Trafficking

For leukocytes to enter tissue, a tightly orchestrated series of events takes place on 
blood vessel walls. The leukocyte adhesion cascade involves rolling, activation, 
adhesion strengthening, intraluminal crawling, firm adhesion, and paracellular and 
transcellular migration. Leukocyte entry is crucial for immune surveillance and the 
control of tissue inflammation. Although there is extensive knowledge on the cel-
lular and molecular mechanisms by which leukocytes cross the endothelium, rela-
tively little attention has been paid to the role of pericytes in these processes.

Transmigration of neutrophils into the surrounding tissue takes place through 
venules at permissive sites that lack mural cell coverage and have different base-
ment membrane components [125–128]. Real-time imaging to monitor neutrophil 
transmigration in living inflamed tissue has demonstrated that, after transendotheli-
al migration, neutrophils crawl along pericytes, which are mediated via intercellular 
adhesion molecule-1 (ICAM1)–Macrophage-1 antigen (Mac1) interaction [127]. 
This interaction seems to be functionally important, since blocking this interaction 
reduces neutrophil extravasation into tissue or transmigration in vitro [127, 129, 
130]. Mural cells also react to inflammatory stimuli (e.g. tumor necrosis factor) 
by the expansion of pericyte gaps, thus enabling neutrophil to exit these structures 
[127, 128]. Interestingly, the expansion of gaps between pericytes was induced by 
neutrophil–pericyte interaction that supressed actomyosin-based contractility in 
pericytes [128].

A recent study by Stark et al. specifically investigated the role of capillary peri-
cytes in leukocyte transmigration in inflamed skin [130]. After neutrophils exit 
venules, they are attracted by capillary pericytes, which secrete chemoattractants 
in response to inflammatory stimuli [130]. More importantly, pericytes have been 
shown to control the activation status and survival of extravasated leukocytes [130]. 
Thymus pericytes are reported to produce sphingosine-1-phosphate (S1P) and pro-
mote T-cell exit from the thymus via S1P receptor (S1PR)-1 expressed in immature 
thymocytes [131].

In several tissues (i.e. CNS, testis), an active mechanism facilitates immune tol-
erance and ignorance, with these tissues considered to be immune-privileged. In 
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addition, restrictive endothelial barriers physically block leukocyte entry into these 
tissues. Analysis of CNS endothelial cells from pericyte-deficient embryos have 
demonstrated that, in the absence of pericytes, endothelial cells express elevated 
levels of leukocyte adhesion molecules (e.g. ICAM1), accompanied by an increased 
number of subsets of Gr1-positive leukocytes within the CNS [15]. Interestingly, 
PDGFRβ activation in pericytes modulates expression of immune response genes 
in pericytes [61].

Therefore, different studies suggest opposing roles for pericytes in regulating 
leukocyte migration. For instance, in peripheral tissues such as muscle, pericytes 
are emerging as positive regulators of leukocyte transmigration, whereas in the 
CNS, pericytes are thought to inhibit leukocyte migration as pericyte-deficiency 
in the CNS is accompanied with neuroinflammation. These conflicting results may 
reside in the tissue-specific roles of pericytes, or may indicate a more complex regu-
lation of leukocyte trafficking by pericytes that is context-dependent.

3.4.4  Regulation of Vascular Permeability

The permeability of the vascular bed to plasma molecules and proteins appears 
to be organ-specific, and inversely correlates with pericyte coverage of the capil-
laries. For instance, CNS vasculature, which has the highest pericyte coverage, is 
characterized by extreme tightness, achieved by specific endothelial characteristics, 
and collectively referred to as the BBB. The principal components of the BBB in-
clude closed endothelial cell–cell junctions, expression of solute carrier (SLC) and 
ATP-binding cassette (ABC) transporters, and a low level of transcytosis. In vivo 
analysis of various mouse mutants defective for CNS pericyte coverage indicate 
that pericytes are critical for regulating CNS vascular permeability during develop-
ment, adulthood, and in aging. Analysis of Pdgfrb −/− embryos, which almost com-
pletely lack pericyte coverage of CNS vasculature, has demonstrated that pericytes 
regulate the endothelial permeability during embryogenesis [15]. Similarly, BBB 
permeability analysis of viable pericyte-deficient animals has shown that pericytes 
also regulate BBB permeability in the adult organism [132]. Whereas, early in vi-
tro studies suggested that pericytes regulate the BBB at the level of endothelial 
cell–cell junctions [133], these in vivo studies have demonstrated that, while en-
dothelial junctions are broader and more convoluted in the absence of pericytes, 
junctions are continuous and do not show accumulation of intravenously injected 
tracers [15, 132]. Intravenously administered tracers are detected in large vesicles 
in the endothelial cells of pericyte-deficient mice, as well as at the endothelial base-
ment membrane, indicative of a transcellular route of passage [15, 132]. These data 
suggest that pericytes limit CNS vascular permeability by inhibiting the rate of 
transcytosis; however, the underlying mechanism by which this is achieved is not 
fully understood.

Although pericytes regulate the BBB in embryos, there seems to be subtle dif-
ferences in endothelial cell differentiation in adults, which could contribute to 
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 increased permeability. Pericyte-deficient embryonic brain vessels show ectopic 
expression of PLVAP, a protein associated with endothelial cell vesicles and fenes-
trae [15]. Interestingly, expression of PLVAP in cerebral vasculature is not detected 
in adult pericyte-deficient mice [132]. Thus, adult vasculature may possess com-
pensatory mechanisms to suppress PLVAP expression, which could be mediated by 
another cell type at the neurovascular unit (e.g. astrocyte). Accordingly, pericyte-
deficiency leads to increased vesicular transport in the endothelium and pericytes 
regulate the BBB at the level of endothelial transport.

Less well explored is the pericyte-mediated regulation of vascular permeabil-
ity in peripheral tissues. Analysis of pericyte-deficient adult mice ( Pdgfbret/ret) has 
shown that, in addition to increased BBB permeability, these mice also show in-
creased vascular permeability in the liver [134]. PDGF-B/PDGFRβ signaling is not 
required for pericyte (hepatic stellate cells) recruitment to liver vasculature [17], 
which suggests that the mechanism of increased liver permeability must be different 
from the brain. However, although the PDGF-B/PDGFRβ signaling is not impor-
tant for pericyte recruitment, it may be necessary for organ-specific maturation of 
pericytes in the liver.

3.4.5  Regulation of Injury/Disease

Recently, a dual role has emerged for pericytes in regulating tissue response to 
injury and disease—on the one hand, as a potential source for tissue-specific stem 
cells, and on the other hand, as the scapegoat for fibrotic conditions that give rise to 
myofibroblasts, the scar-forming cells, in the periphery and in the CNS (reviewed 
by Armulik et al. [1] and Greenhalgh et al. [135]). While these observations have 
generated excitement due to their enormous translational potential, the lack of spe-
cific cellular markers and genetic tools, such as Cre drivers for identifying and 
fate-mapping pericytes, represents a current barrier to our understanding of these 
cells. Therefore, it is not surprising that conflicting results point to divergent origin 
of myofibroblasts in various fibrotic conditions.

Regardless of the etiology of the chronic renal disease, a common pathological 
manifestation is the development of fibrosis. In recent years many studies have 
revealed that pericytes represent the major source of myofibroblasts in kidney fi-
brosis (reviewed by Ren and Duffield [136]). However, a recent study using lineage 
tracing to identify myofibroblasts forming cells in renal fibrosis has identified a 
multicellular origin of these cells (e.g. tissue-resident fibroblasts, bone marrow-
derived cells) and indicated that pericytes do not contribute significantly to this 
process [137].

It has also been reported that multiple cell types contribute to the formation of 
myofibroblasts in the lung. Of note, fate-tracing experiments using NG2ER-Cre 
have demonstrated that pericytes in the lung proliferate in response to injury but 
do not form myofibroblasts (i.e. SMA-positive cells) [138]. However, a recent 
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study by Hung et al. showed that not all pericytes in the lung express NG2 [139]. 
Furthermore, careful fate mapping of lung mesenchymal cells has shown the pres-
ence of multiple pericyte populations that share the expression of certain pericyte 
markers (e.g. PDGFRβ), but with a distinct transcriptional profile [139]. They also 
found that in lung, similar to kidney, multiple mesenchymal cell populations (e.g. 
pericytes and perivascular fibroblasts) contribute to lung myofibroblasts [139]. Re-
cently, spinal cord scar tissue was reported to originate from pericytes [140]. Göritz 
et al. used glutamate-aspartate transporter (GLAST)-Cre driver to lineage trace 
scar-forming cells after spinal cord injury. Although GLAST promoter is thought 
to be active in astrocytes, Göritz et al. noticed that scar-forming cells originated 
from GLAST and PDGFRα-positive perivascular cells (type A pericytes) embedded 
in the basement membrane of arterioles. However, another recent study identified 
perivascular fibroblasts as the culprit in spinal cord scar tissue [141]. In this study, 
genetic lineage tracing revealed that collagen 1α-producing cells (i.e. myofibro-
blasts) originate from perivascular fibroblasts adjacent to arterioles and not from 
capillary bed pericytes [141]. This raises the question whether type A pericytes in 
the CNS could actually represent PDGFRα-positive perivascular fibroblasts. In ad-
dition, CNS pericytes have also been identified as cells that contain multipotential 
stem cell activity. Purified pericytes have been shown to be capable of self-renewal 
and generate neuronal and glial cells in response to basic fibroblast growth factor. It 
is not clear whether these cells actually produce neural cells in vivo during develop-
ment or in response to injury and disease [142, 143].

Dulauroy et al. have shed more light on the molecular phenotype of profibrotic 
cells [144]. They demonstrated that elimination of membrane-anchored metal-
loprotease ADAM12+ cells in skin and muscle decreases tissue fibrosis [144]. 
ADAM12+ cells were found to reside along the vascular wall and to have a dis-
tinct developmental origin (neural crest, mesenchymal), depending on the organ. 
Interestingly, perivascular ADAM12+ cells in normal tissue also express pericyte 
markers (PDGFRβ, NG2) and are embedded in the vascular basement membrane 
[144]. After injury, ADAM12+ cells are not embedded in the vascular basement 
membrane and it remains to be demonstrated whether myofibroblasts in skin and 
muscle are derived from ADAM12+ pericytes or from a population of ADAM12+ 
perivascular cells distinct from pericytes [144]. In muscle, pericytes have emerged 
as potential stem cells giving rise to new muscle cells after injury [145]. Interesting-
ly, ADAM12+ profibrotic cells were not seen to contribute to muscle repair [144] 
and likely represent a pericyte population distinct from those activated upon tissue 
injury, and contribute to the formation of new myocytes.

Thus, various studies lend evidence to the heterogeneous origin of myofibro-
blasts in various organs. To what extent pericytes contribute to the formation of fi-
brotic tissue in different organs remains an open question. Investigations to answer 
this question are complicated by the lack of specific markers and Cre drivers for fate 
mapping. In addition, limited knowledge regarding the heterogeneity of pericytes 
within a specific organ makes data interpretation difficult and impedes progress on 
this front.
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3.4.6  Regulation of Tissue-Specific Properties

In addition to regulating system-wide aspects of vascular function, pericytes in dif-
ferent organs have developed tissue-specific properties that allow them to regulate 
the development, function, and response to stress of these organs. In this section we 
will describe a few of these unique tissue-specific pericyte properties.

 Hepatic Stellate Cells

Stellate cells are the pericytes of the liver and comprise 5–8 % of all cells in this 
organ. These cells are vital for the storage and transport of Vitamin A within the 
liver. Hepatic stellate cells store 80 % of the total body retinol as retinyl esters, 
mostly retinyl palmitate, in lipid droplets within the cell body, and release these reti-
nols in response to systemic retinol levels [146]. These vitamin A droplets exhibit 
a unique autofluorescence that allows for imaging of these cells. Hepatic droplets 
exist in both smaller membrane-bound unites and larger membrane-free droplets, 
and contain triglyceride, cholesteryl ester, cholesterol, and phospholipids, in addi-
tion to retinols [26]. Lecithin:retinol acyltransferase, which catalyses the synthesis 
of retinoyl esters, is required for synthesis of these lipid droplets, and mice deficient 
for this enzyme lack these lip droplets. During injury and disease, activated hepatic 
stellate cells release their retinols, which are thought to be involved in liver regen-
eration and fibrosis [26].

Stellate cells are also critical for the liver’s response to injury and disease. The 
liver can fully regenerate within a matter of weeks if up to two-thirds of the hepatic 
mass is removed. Stellate cells are thought to play important roles at multiple stages 
of liver regeneration, including positive regulators of early-phase cell proliferation 
and negative regulators of the later phase [147]. This is based on the observation 
that inhibiting activated stellate cells either with gliotoxin or L-cysteine prevents 
normal regeneration [148, 149]. They produce angiogenic factors that regulate both 
endothelial and hepatic cell proliferation, as well as producing modulators of the 
ECM that allow for regeneration. Further evidence suggests that they are capable of 
generating hepatocytes, furthering the notion that pericytes may function as multi-
potent progenitors in multiple organs [150].

In addition, stellate cells in the liver are thought to play a key role in regulating 
liver fibrosis. Following injury, hepatic stellate cells become highly proliferative, 
with enlargement of the rough endoplasmic reticulum, loss of cellular processes 
and lipid droplets, and gain of contractile filaments and α-SMA [151]. These acti-
vated stellate cells secrete ECM and TIMPs, which inhibit MMPs, and thus have 
limited ECM degradation, a hallmark of liver fibrosis [152]. Accordingly, activa-
tion of stellate cells appears to play a key role in the initiation and progression of 
liver fibrosis. This may not be a role specific to liver pericytes as pericytes in other 
organs, such as the kidney, have been suggested to contribute to fibrosis in these 
tissues.
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 Thymus Pericytes

While it is clear that pericytes regulate leukocyte trafficking from blood vessels 
into many tissues, recent data suggest that pericytes regulate the egress of T cells 
from the thymus into the blood stream, a process important for the adaptive immune 
response. T cells exit the thymus at the corticomedullary junction, and overexpres-
sion of the S1PR-1 receptor in thymocytes leads to the perivascular accumulation 
of thymocytes adjacent to pericytes and premature egress. Deletion of sphingosine 
kinases from neural crest-derived pericytes leads to the faulty egress of the thymo-
cytes, demonstrating a key role for pericyte-secreted S1P in this process [131].

 Renal Pericytes

In the kidney, there are two described pericyte subtypes: renal pericytes that are 
associated with tubulointersitial microvessels, and mesangial cells that are associ-
ated with the glomerulus. Renal pericytes are involved in different aspects of the 
kidney’s response to injury and disease. For instance, migration of renal pericytes 
from the microvasculature may lead to capillary loss and subsequent hypoxia dur-
ing chronic kidney disease [28]. Moreover, renal pericytes are thought to play an 
important role in the development of kidney fibrosis, since activation of renal peri-
cytes leads to the deposition of ECM and the onset of fibrosis [153].

Mesangial cells in the kidney are important for the regulation of glomerulogen-
esis, as well as regulation of glomerular filtration. Mutation in PDGF-B signaling 
in mice results in lack of mesangial cells, and the glomerulus appears malformed 
[63, 154]. The contractile nature of mesangial cells allows them to regulate the 
filtration rate of the glomerulus [29].

3.5  Summary

Pericyte research is currently advancing rapidly in various areas of developmental 
biology, vascular homeostasis, and pathology. Once neglected by scientists, these 
‘dull’ perivascular cells are now in the limelight of BBB research and tissue fibrosis. 
In addition, recent studies implicate pericytes in regulating blood flow, immune and 
inflammatory responses, and as a source of multipotent stem cells in adult tissues. 
There has been considerable progress in our understanding of the molecular mecha-
nisms by which pericytes are recruited to the developing vasculature. However, 
the identification of pericytes in vivo remains a significant challenge, especially 
given the heterogeneity of pericytes within a given organ. Importantly, increasing 
evidence supports the concept of heterogeneity of pericytes where different subsets 
of pericytes are associated with the vasculature in every tissue. Thus, research that 
will define the molecular attributes of pericytes will facilitate the characterization of 
their role in regulating a large number of physiological processes and pathologies. 
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It will also help to determine whether all of the functions attributed to pericytes are 
carried out by all cells, or whether individual functions are carried out by subsets of 
pericytes (e.g. blood flow regulation). Although our current understanding regard-
ing the biology of pericytes is only fragmentary, even today, pericytes are emerging 
as therapeutic targets in various pathological conditions, such as ischemia, fibrosis, 
and cancer. In addition, studies on the organ-specific functions of pericytes have the 
potential to guide the development of efficient drug delivery platforms for brain and 
to control tissue repair after injury.
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Chapter 4
Fibroblast Growth Factor Signaling in Vascular 
Development

Igor Kovacevic, Meike Hoffmeister and Stefanie Oess

4.1  Overview of the Fibroblast Growth Factor (FGF) 
Family

The family of fibroblast growth factors (FGFs) in humans is composed of 22 differ-
ent members [4]; they are thought to exert their biological effects through autocrine, 
paracrine, endocrine, or intracrine mechanisms [4, 5]. These properties are correlat-
ed with the extra- or intracellular localization of certain FGFs and their interaction 
with extracellular matrix (ECM) or other regulatory components.

The majority of members of the FGF protein family contains a signal peptide 
sequence and is secreted through the secretory pathway. However, extracellular 
FGF-1 (acidic FGF) and FGF-2 (basic FGF) do not contain such a sequence and 
can be directly translocated through the cell membrane in an unconventional protein 
secretion pathway [6, 7]. Structurally, FGFs are characterized by the presence of a 
core region, comprising 12 antiparallel β-strands [8]. This core region contains the 
heparan sulfate glycosaminoglycan-binding site, and the affinity for heparan sulfate 
is important for determining the range of action of a certain FGF protein. The endo-
crine FGFs (FGF-19, -21, and -231) display reduced heparan sulfate affinity, which 
confers their long-range endocrine function [10]. The intracrine FGFs (FGF-11, 

1 In humans the term FGF-15 is not assigned, explaining the existence of FGF-23, although the 
FGF family has only 22 members. In mouse and rat, FGF-19 has not been identified. Fgf15 and 
Fgf19 are considered orthologous genes in vertebrates and are often referred to as Fgf15/19 [9].
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-12, -13, and -14) are not secreted and their biological activity is independent of the 
FGF transmembrane receptor [4, 11]. The remaining members of the FGF family 
function in an autocrine or paracrine manner [4, 5].

The complexity of the FGF family is further increased by the expression of sev-
eral isoforms, generated through alternative initiation of translation and proteolytic 
processing [12]. For instance, the human Fgf2 gene codes for several low and high 
molecular weight isoforms, ranging from 18 to 24 kDa. High molecular weight 
isoforms of FGF-2 are localized in the nucleus due to the presence of a nuclear lo-
calization signal (NLS), while low molecular weight isoforms are mainly cytosolic 
[5, 13]. Both high and low molecular weight isoforms have angiogenic potential 
[14], but they may employ distinct signaling mechanisms and induce different cel-
lular phenotypes [5].

Endothelial cells express several different FGFs. Antoine et al. demonstrated 
the expression of FGF-1, -2, -4, -7, -16, and -18 in cultured human umbilical vein 
endothelial cells (HUVECs) and human aorta [15]. Among these, FGF-1 and FGF-2 
belong to the first proangiogenic factors described and were shown to induce endo-
thelial cell proliferation and migration in vitro and in vivo [1–3, 16, 17]. Therefore, 
in the following sections we will focus mainly on FGF-1- and FGF-2-dependent 
signaling mechanisms.

4.2  The Family of FGF Receptors (FGFRs)

FGF receptors (FGFRs) are transmembrane tyrosine kinase receptors. FGFRs gen-
erally comprise a ligand-binding extracellular domain, a single transmembrane 
domain, and the cytoplasmic tyrosine kinase domain [18] (Fig. 4.1). The FGFR 
protein family consists of four typical members (FGFR1, FGFR2, FGFR3, and 
FGFR4), as well as a recently discovered FGFR5 (or FGFR1L), which lacks the 
tyrosine kinase domain [4, 19]. The extracellular portion of the FGFR is composed 
of two to three immunoglobulin (Ig)-like domains (designated D1–D3), the acid 
box of seven to eight acidic residues, located between D1 and D2, and the heparin-
binding site within the D2 domain. The juxtamembrane region in the cytoplasmic 
part of the FGFR is important for the recruitment of several adaptor proteins, which 
are involved in the signal transduction from the activated FGFR. Finally, a split 
tyrosine kinase domain and a C-terminal cytoplasmic tail mediate the phosphoryla-
tion events and the regulation of the receptor trafficking, respectively [4, 9].

4.3  Alternative Splicing Yields Structurally 
and Functionally Diverse FGFRs

The complexity of the FGF/FGFR signaling network is additionally enhanced by 
alternative splicing, which results in the expression of multiple isoforms of a sin-
gle FGFR family member. There is considerable structural diversity between the 
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 different FGFR splicing isoforms; for example, soluble, secreted FGFRs, FGFRs 
lacking the kinase domain, or receptors containing two or three Ig-like domains 
resulting in altered ligand binding specificity are produced [20, 21]. One of the most 
carefully studied splicing events in the FGFR protein family is the splicing of the 
messenger RNA (mRNA) coding for the C-terminal part of the D3 (IgIII) domain. 
This domain can be encoded in two different ways: isoform IgIIIb is encoded by 

Fig. 4.1  Fibroblast growth factor receptor 1 ( FGFR1) signal transduction. The binding of FGF-
1, -2, or -4 at the interface of the IgII and IgIII domains, together with the binding of heparin or 
heparan sulfate to the acid box, induces dimerization and subsequent activation of FGFR1. Auto-
phosphorylation of seven tyrosine residues in the intracellular domain of the receptor triggers the 
activation of three major signaling cascades. The mitogen-activated protein kinase ( MAPK) path-
way is activated through the binding of the FGFR substrate (FRS)-2 adaptor protein and sequential 
activation of Ras-Raf-MEK1/2 kinases. The Akt pathway is induced via FRS2-mediated recruit-
ment of the adaptor protein Gab1 and activation of PI3K. The protein kinase C ( PKC) pathway is 
activated by direct binding of phospholipase C ( PLC)-γ to Tyr766 of FGFR1. Active PLC-γ hydro-
lyses phosphatidylinositol-4,5-diphosphate ( PIP2) to diacylglycerol ( DAG) and inositol-1,4,5-
triphosphate ( IP3); DAG subsequently induces activation of PKC, and IP3 triggers the release of 
Ca2+ from intracellular stores
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exons 7/8, and isoform IgIIIc is encoded by exons 7/9. The alternative splicing 
of FGFR1, FGFR2, and FGFR3 produces both IgIIIb and IgIIIc variants, while 
FGFR4 splicing yields only the IgIIIc isoform. These isoforms confer different li-
gand-binding specificity, e.g. FGFR3IIIb binds to FGF-1 and -9, and the FGFR3IIIc 
isoform binds to FGF-1, -2, -4, -8, -9, -17, -18, and -23 [22]. Moreover, different 
FGFR isoforms display a cell-type-specific expression pattern, e.g. IgIIIb isoforms 
are predominantly expressed in epithelial tissues, and IgIIIc isoforms in mesenchy-
mal tissues [23]. The most prominently expressed FGFR isoform in cultured human 
endothelial cells (HUVECs) is FGFR1IIIc, followed by FGFR3IIIc and FGFR2IIIc 
[15]. Moreover, the expression of FGFR1IIIc and FGFR2IIIc isoforms were shown 
in the human aorta [15].

4.4  Three Major Pathways are Involved in Canonical 
FGF/FGFR Signal Transduction

The FGF/FGFR signaling network is important in numerous cell types and has been 
studied more extensively in cell types other than endothelium. Typically, the signal 
transduction downstream of the FGFR involves three signaling mechanisms: mi-
togen-activated protein kinases (MAPKs), PI3K/Akt, and phospholipase C (PLC) 
[24]. In endothelial cells, signaling via the MAPK pathway and PI3K/Akt is well 
established, while the significance of FGFR-induced PLC-γ activation is still con-
troversial [25]. Since the activation process is studied in greatest detail for FGFR1, 
and FGFR1 is the predominant FGFR isoform in endothelial cells, we will focus 
here on the description of activation and signaling elicited by FGFR1 (Fig. 4.1).

At the basal auto-inhibited state of FGFR1, a proline residue in the C-terminal 
part of the kinase activation loop prevents binding of the kinase substrate. Interest-
ingly, ATP can bind to the nucleotide-binding site under these conditions, occuring 
even without ligand stimulation [26]. Binding of FGF-1, -2, or -4 to the interface 
of the IgII and IgIII domains, accompanied by binding of heparin to the acid box in 
the IgII domain, induces conformational changes in the FGFR1 structure. Heparin 
or heparan sulfate are required to stabilize the complex between the FGF ligand and 
the FGFR [27]. Subsequent dimerization of the FGFR results in autophosphoryla-
tion of seven cytoplasmic tyrosine residues [27, 28]. In addition, adaptor proteins 
of the FGFR substrate (FRS)-2 family—FRS2α and FRS2β—that are associated 
with the juxtamembrane domain of FGFR1 already in its inactivated state, become 
tyrosine-phosphorylated by the activated receptor [29]. The phosphorylated tyro-
sine residues now serve as docking sites for the recruitment of adaptor proteins 
and enzymes containing either a phosphotyrosine-binding domain (PTB) or an Src 
homology 2 (SH2) domain.

As mentioned above, FRS2α and FRS2β bind to the juxtamembrane domain of 
FGFR1 via their PTB domains, independently of the receptor activation status [30]. 
Upon activation of the FGFR1, FRS2α recruits other adaptor proteins, namely Shp2 
and Grb2. Grb2 forms a complex with the guanidine nucleotide exchange factor 



974 Fibroblast Growth Factor Signaling in Vascular Development

(GEF) Sos, which in turn activates the small GTPase Ras. This event induces a 
whole cascade of protein kinases, finally leading to phosphorylation and activation 
of the MAPK ERK1/2, p38, and JNK. Among those, Erk1/2 kinases phosphorylate 
a wide range of cytoplasmic proteins (such as cytoskeleton-associated proteins) and 
transcription factors (e.g. c-Fos, Ets, Elk-1, etc.) and thereby regulate processes 
such as cell proliferation, differentiation and migration [31].

Activation of the PI3K/Akt pathway downstream of FGFR1 also depends on 
FRS2. In this pathway, upon FGFR1 activation, FRS2 recruits the adaptor protein 
Gab1, which leads to activation of PI3K and, subsequently, Akt. Active Akt kinase 
induces prosurvival signaling pathways, reflecting once more the diversity of cel-
lular signaling events initiated by activation of FGFR1 [24].

Finally, PLC-γ binds to the phosphorylated tyrosine 766 in the C-terminal tail 
of FGFR1 via its SH2 domain [28]. In the next step, activated PLC-γ hydrolyses 
phosphatidylinositol-4,5-diphosphate (PIP2) to diacylglycerol (DAG) and inositol-
1,4,5-triphosphate (IP3). Finally, DAG induces activation of the protein kinase C 
(PKC) and IP3 triggers the release of Ca2+ from intracellular stores, resulting in 
activation of Ca2+-dependent signaling events [24].

Beyond this canonical FGF signal transduction via the FGFRs, the exogenous 
FGF-1 and FGF-2 molecules have been shown to be able to reach the cell cytosol 
and nucleus; therefore it has been proposed that they have a dual role in signal 
transduction, partly independent of the FGFRs [32–34]. This has particularly been 
shown in the context of cell growth regulation and rRNA synthesis [35–37]; howev-
er, the molecular details of this signaling process and its importance for endothelial 
cell biology are not completely understood.

4.5  Negative Regulation of FGFR1 Signaling

In order to keep the FGFR1 signaling under tight control, a mechanism of negative 
regulation of signal transduction is required. This is achieved via recruitment of 
proteins such as Cbl, Sprouty (Spry), Sef, and MAPK phosphatases.

Upon activation of the FGFR1, the ubiquitin ligase Cbl is recruited via FRS2 
and Grb2 adaptor proteins. Cbl subsequently ubiquitinates the FGFR1 as well as 
FRS2, leading to attenuation of FGFR1 signaling [38], possibly by regulating the 
trafficking of FGFR1 to the lysosome [39]. However, the process of endocytosis 
and sorting of activated FGFRs is not thoroughly investigated in endothelial cells. 
In epithelial cells, the activated FGFR1 is co-internalized with E-cadherin, and co-
localization in EEA1- and Rab5-positive endosomes shows that both proteins share 
the initial endocytosis and sorting mechanism in this cell type [40]. Furthermore, 
in vivo studies in Xenopus indicated that extended-synaptotagmin-2 mediates the 
endocytosis of the FGFR1, most probably through clathrin-dependent endocytosis 
[41]. Finally, a series of studies by Wiedlocha and Sorensen have demonstrated 
that FGFR endocytosis can occur through both clathrin- and caveolin-dependent 
pathways [34].
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An additional level of negative regulation of the activated MAPK pathway 
downstream of the FGFR is achieved through the action of the four members 
of the Spry protein family [42]. Spry proteins form homo- or hetero-oligomers, 
which can inhibit the MAPK pathway via interaction with the FRS2-Grb2-Sos 
complex or directly via interaction with Raf kinase [43]. Overexpression of Spry-1 
or Spry-2 in endothelial cells has been shown to inhibit FGF-2-dependent MAPK 
activation [44].

The transmembrane protein Sef (similar expression to FGF) is another negative 
regulator of FGFR signaling. Sef is a direct inhibitor of tyrosine phosphorylation of 
the FGFR1, as well as several kinases in the MAPK pathway [45, 46].

Finally, MAPK phosphatases, also known as dual-specificity phosphatases 
(DUSP), are important for the attenuation of FGFR1 signaling [47–49]. Recently, 
it has been shown that ERK-mediated phosphorylation of Ser777 in the C-terminal 
tail of FGFR1 itself leads to inhibition of FGFR1 signaling, proliferation, and mi-
gration, and constitutes a negative feedback mechanism in the control of FGF sig-
naling [50].

4.6  FGF Co-Receptors and Extracellular Matrix 
Components Contribute to FGF-Dependent Signal 
Transduction

The FGF co-receptors Klotho (one of the three fates in Greek mythology), Cfr 
( cysteine-rich FGFR) and Flrt (fibronectin leucine-rich transmembrane protein), lo-
calized on the extracellular face of the plasma membrane, can support the formation 
of certain FGF/FGFR complexes and promote the FGFR signaling activity [51–54]. 
The endocrine FGFs (FGF-19, -21, and -23), which have a low affinity to heparan 
sulfate, rely on Klotho as essential tissue-specific co-receptors [53]. Furthermore, 
proteins involved in cell-adhesion processes, such as integrins, neural cell adhesion 
molecule (NCAM), and N-cadherin, are involved in the regulation of FGFR signal 
transduction [55].

As mentioned above, components of the ECM, such as heparan sulfate pro-
teoglycans (HSPGs), also perform an important regulatory function in FGFR 
signaling. HSPGs regulate the distribution of FGF ligands in the extracellular 
environment, and thereby the accessibility of FGFs for activation of its receptor 
[56]. One of the HSPGs, syndecan-4, has been shown to play a role in the regula-
tion of FGFR signaling in endothelial cells. In their study, Elfenbein and Simons 
have shown that syndecan-4 promotes the internalization of the FGFR1/FGF-2 
complex in endothelial cells. The authors described a mechanism whereby syn-
decan-4 mediates macropinocytosis of the FGF-2/FGFR1 complex and modulates 
the kinetics of FGFR1-dependent MAPK activation [57, 58].

Moreover, a study addressing a potential FGFR-independent role of syndecans 
in FGF signaling has been performed. In this study, overexpression of full-size syn-
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decan-4 in human endothelial cells enhanced FGF-2-dependent signal transduction. 
In contrast, overexpression of the extracellular domain of syndecan-4 linked to the 
glycosylphosphatidylinositol (GPI) anchor sequence from glypican-1 failed to in-
duce FGF-2 signaling [59]. Since the intracellular domain of syndecan-4 binds to 
several phospholipids and proteins, e.g. PIP2 and PKCα, the authors argued that the 
overexpression effects were due to the intrinsic FGF-dependent signaling properties 
of the full-size syndecan-4 protein [59], independent of FGFR1 [57, 58]. Additional 
experiments in rat fat pad endothelial cells (RFPECs) by the same group demon-
strated that only the expression of full-size syndecan-4 was able to enhance the 
FGF-2-dependent signaling response [60]. Furthermore, it has been proposed by the 
same group that syndecan-4 is involved in the activation of the small GTPase Rac1 
in endothelial cells [61, 62]. However, additional studies in alternative experimental 
settings are required in order to confirm the role of syndecans as FGFR-independent 
FGF signal transducers.

In addition to the co-receptors and ECM components mentioned, the biological 
activity of FGFs might be regulated by binding to gangliosides, thrombospondin-1, 
the fibronectin fragment fibstatin, or FGF-binding protein, as well as to a number of 
serum components such as soluble FGFR1, fibrinogen, α2-macroglobulin (α2 M), 
pentraxin-3, and several cytokines [5].

4.7  Current Knowledge About FGFs and Their Receptors 
in Vascular Development is Limited

In comparison to other ligand receptor pairs, such as vascular endothelial growth 
factor/vascular endothelial growth factor receptor (VEGF/VEGFR), Eph/EphR, or 
Ang/Tie, the function of FGFs and their receptors in the development of the vascu-
lar system is poorly understood [63, 64]. Loss-of-function studies in mice have not 
been informative because FGF-1 and FGF-2 knockout mice (both single and double 
knockouts) do not show a strong phenotype, both in respect to the vascular system 
as well as development in general [65]. This might be explained by the existence of 
various FGFs and their functional redundancy [63]. However, it has been reported 
more recently that FGF-2 knockout mice show a decreased number of lymphatic 
vessels in the eye cornea [66] (see 4.15), indicating that more specific defects in the 
vascular system might be observed upon detailed analysis. In addition, complete 
FGFR1 and FGFR2 knockout mice are developmentally arrested before the onset of 
vascularization [67–69], making the analysis of the function of FGFR1 and FGFR2 
during vascular development impossible.

The Ornitz Laboratory has recently generated tissue-specific FGFR1/FGFR2 
double knockout mice with deletion of both genes in endothelial/hematopoietic 
cells. These mice are viable, indicating that deletion of FGFR1 and FGFR2 in these 
cell types does not result in lethal developmental defects. An initial analysis of vas-
cular developmental in these mice suggests that endothelial FGFR1/2 signaling is 
not strictly required for vascular development or homeostasis, but is important for 
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neovascularization in response to injury (Ornitz D, personal communication). These 
mice represent a highly valuable tool for the future detailed study of FGFR1/2 sig-
naling in the various aspects of vascular development.

To date, evidence for the function of FGFs in angiogenesis stems from a variety 
of in vitro and in vivo models. These will be discussed in the following section, 
including information regarding the underlying signaling mechanisms, where avail-
able.

4.8  The Vascular System is Built Through Vasculogenesis 
and Angiogenesis

The vascular system forms as one of the first functional structures during embry-
onic development. It is built through two interlinked, but mechanistically distinct, 
processes, referred to as vasculogenesis and angiogenesis. Vasculogenesis describes 
an assembly process of precursor-derived endothelial cells into a primitive vascular 
plexus, while angiogenesis is defined as the formation of new blood vessels from 
a pre-existing network [70]. The mesoderm is the origin of endothelial cell and, in 
amniotes, the differentiation occurs in several distinct regions: (i) in the embryo 
proper, where endothelial precursors are first detected within paraxial and lateral 
plate mesoderm around embryonic day (E)7.0 of mouse development; and (ii) in 
the extraembryonic mesoderm of the yolk sac, allantois, and placenta [71–73]. Cells 
from the extraembryonic splanchnopleuric mesoderm are induced to develop into 
hemangioblasts, which are common precursors of blood and endothelial cells and 
form the blood islands on the yolk sac around E7 [74]. In the following develop-
mental process, the inner cells of the blood islands differentiate into hematopoietic 
stem cells surrounded by endothelial precursors, so-called angioblasts. From these 
angioblasts, the first blood vessels are formed de novo in the process of vasculo-
genesis. The intraembryonic vascular networks in amniotes, but also in fish and 
amphibians, arise from single angioblast progenitors situated in the mesoderm that 
surrounds a developing organ and these angioblasts, e.g. give rise to the dorsal aorta 
[74–76].

4.9  FGF is an Important Inducer of Angioblasts during 
Vasculogenesis

The endoderm provides the growth factors for the induction of the mesoderm; it 
was shown that one of the key players in the process of mesoderm induction is 
FGF-2 [77, 78], together with TGFβ [79] early studies perfomed in vivo on Xeno-
pus embryos and in vitro on dissociated pre-gastrulation avian embryos identified 
FGFs as potent inducers of mesoderm and subsequent angioblast formation [74, 
80]. Furthermore, the expression of dominant negative FGFR (  Xenopus  homolog 
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of FGFR1, containing only the extracellular and transmembrane domains) in Xen-
opus disrupted mesoderm formation [81]. Cox and Poole employed vasculogenesis 
assays using quail/chick chimeras, where somite-derived mesodermal precursors 
were transplanted from a quail donor and gave rise to angioblasts in a chick recipi-
ent. In this experimental setting, the injection of FGF-2-blocking antibodies, along 
with the quail somite, significantly reduced the number of angioblasts originating 
from the somite. By implantation of beads soaked with FGF-2 into quail/chick 
chimeras, the authors further demonstrated that FGF-2 not only regulates the an-
gioblast induction from uncommitted mesoderm but is also required to establish an 
initial vascular pattern in the developing embryos [82]. The importance of FGF-2 
for vasculogenesis was also confirmed in cultures of quail blastodisc-derived cells. 
These cells efficiently differentiated into blood vessels only in the presence of 
FGF-2 [83].

In contrast to the embryonic stem-cell-derived embryoid bodies from avian 
and Xenopus embryos, mouse embryoid bodies are less suitable for studying the 
involvement of single growth factors in angioblast induction because they have 
a tendency to spontaneously undergo vasculogenesis. However, the addition of a 
growth factor cocktail, including FGF-2, significantly increases the development of 
primitive vascular-like structures from mouse embryoid bodies [84]. The important 
function of FGF-2 in inducing vasculogenesis has recently been confirmed in a 
study using mouse embryonic stem cells or embryoid bodies. Treatment with α2 M 
induced both vasculogenesis as well as angiogenesis via induction of FGF-2 expres-
sion. Incubation with the FGFR1 inhibitor SU5402 prevented the α2 M-dependent 
activation of both vasculogenesis and angiogenesis [85]. Furthermore, FGF-2 in 
combination with leukemia inhibitory factor (LIF) has been shown to induce vas-
culogenesis in endothelial cells derived from mouse embryonic stem (ES) cells in 
vitro [86].

Interdependence of the FGF and VEGF signaling network in the regulation of 
vasculogenesis (and angiogenesis) was shown in experiments performed on explant-
ed mouse embryonic hearts. In this setting, FGF-1, -2, -4, -8, -9, and -18 induced 
coronary vasculogenesis as well as angiogenesis. The provasculogenic/angiogenic 
effects of all tested FGFs in this assay were dependent on VEGF signaling and vice 
versa [87], indicating an extensive crosstalk and synergism between FGFs and mem-
bers of the VEGF family, which we will continue to discuss below (4.16).

4.10  Developmental Angiogenesis is a Multistep Process 
Producing Stereotypical Vascular Patterns

Developmental angiogenesis is a highly stereotypical process, which leads to the 
establishment of organ-specific vascular patterns with reproducible anatomy [88]. 
The process of angiogenesis can be broken down in a series of events, namely de-
stabilization of an existing vessel and degradation of the ECM, proliferation and 
directed migration of endothelial cells, the formation of new endothelial cell/cell 
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contacts and vascular tubes followed by coverage with pericytes or vascular smooth 
muscle cells and vessel stabilization [89]. The functional unit in the process of es-
tablishing new vascular branches is the angiogenic sprout, which consists of several 
types of specialized endothelial cells. The leading position of the vascular sprout 
is taken by the so-called tip cell. Tip cells are highly polarized and form numerous 
cellular protrusions, referred to as filopodia [90]. Through these filopodia, the tip 
cells constantly sense the microenvironment for guidance cues in order to navigate 
the growing vessel. Tip cells also regulate capillary branching by detecting and con-
necting to neighboring sprouts. Sensing of the directional cues through filopodia, as 
well as translation into directed migration, strongly depend on coordination of the 
tip cell cytoskeleton with membrane dynamics and the activity of small GTPases is 
thought to be important for tip cell function [91–95]. Stalk cells follow the leading 
tip cell; they proliferate and thereby elongate the growing branch [88, 90, 91]. How-
ever, the assignment of these specialized functions is only transient, and endothelial 
cells dynamically shuffle their relative positioning in the angiogenic sprout, prob-
ably due to continuous competition for the tip cell function [96]. Finally, quiescent 
phalanx cells build the inner lining of the new vessel after its outline has been set 
[88, 90, 91].

4.11  The Role of FGF in Vessel Destabilization 
and Matrix Remodeling

During the first phase of angiogenesis, degradation of the ECM is an important 
step, and matrix metalloproteinases (MMPs), as well as the plasmin/plasminogen 
system, have been implicated in this process [5, 97, 98]. Urokinase plasminogen 
activator (uPA) converts the inactive proenzyme plasminogen into the active serine 
protease plasmin, which degrades fibrin and other ECM components [99]. FGF-1, 
FGF-2, and FGF-4 induce uPA expression in endothelial cells and, in addition, en-
hance the cell surface expression of the uPA receptor, which might mediate localiza-
tion of the proteolytic activity to the site of active migration [100]. In line with these 
findings, FGF-2-induced vessel formation was decreased on the cornea of uPA and 
plasminogen knockout mice [101], suggesting an important role of the plasmin/
plasminogen system in mediating the proangiogenic FGF signal.

The expression of several MMPs is also positively regulated by FGFs [5, 98]. 
Importantly, FGF-2 stimulation leads to increased shedding of pro-MMP-2 and -9 
as well as MT1-MMP-containing vesicles from endothelial cells, thereby enhanc-
ing proteolytic activity in the pericellular compartment [102]. Notably, MT1-MMP 
is highly expressed in tip cells [103]. These MMPs degrade capillary basement 
membrane components such as type IV collagen or HSPGs, but also serve to reveal 
cryptic proangiogenic binding sites, e.g. for integrins [98]. In addition, MMPs, such 
as MMP-3 and -13, as well as plasmin have been shown to liberate HSPG-tethered 
FGF-2 from the matrix, demonstrating the intricate interplay between growth fac-
tors, proteinases, and the ECM [98, 101, 104].
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4.12  FGFs in Angiogenic Sprout Formation and Function

As described above, the angiogenic sprouting process requires the complex action 
of a number of different specialized endothelial cells, which need to coordinate a 
variety of distinct cellular functions, such as matrix degradation, proliferation, mi-
gration, and regulation of cell/cell contacts. Therefore, it is important to analyse the 
role of proangiogenic factors, such as FGFs, in a system that allows for these com-
plex cell/cell interactions in a setting most closely related to the in vivo situation.

FGFs promote sprouting angiogenesis from embryoid bodies [105]. FGF-2 has 
been shown to induce angiogenesis from pre-existing vessels in the chorioallantoic 
membrane (CAM) and the yolk sac membrane of the developing chick [106, 107], 
and FGF-2 administration on the quail CAM induces vessel growth from small 
vessels in the arterial tree [108]. Interestingly, FGF-2 application induced a strong 
angiogenic response at E7, when FGFR expression was high, but FGF-2 response 
was much less pronounced at later embryonic stages, when FGFR expression was 
decreased [108]. Likewise, angiogenesis is induced in endothelial corneal cells af-
ter implantation of FGF-2-containing hydrogel into the rabbit mid-stroma corneal 
pocket [109]. It has also been demonstrated that endogenous FGF-2 induces vessel 
outgrowth from heart explants [110]. Moreover, the administration of FGF-2 into 
the perivitelline space of developing zebrafish embryos induced dose-dependent 
vascular sprouting from adjacent subintestinal vein vessels [111].

In addition to these model systems, a number of mouse models have been de-
veloped that allow us to study the role of the FGF/FGFR system in vascular devel-
opment. General overexpression of FGF-2 in transgenic mice leads to a so-called 
‘latent angiogenic phenotype’ characterized by a predisposition to angiogenic reac-
tions and amplified angiogenesis demonstrated in the matrigel plug assay [112]. In 
line with these experiments, overexpression of FGF-2 in the retina of transgenic 
mice has been reported to cause a similar proangiogenic phenotype in the context 
of cell injury [113]. In accordance with this proangiogenic role of FGF-2, the ade-
novirus-mediated delivery of FGF-2-antisense RNA to endothelial cells of mouse 
embryos cultured ex utero disrupts vascular development. Major phenotypes ob-
served after FGF-2 knockdown at E7.5 included abnormal development of the yolk 
sac vasculature and growth cessation, which were reversed by application of FGF-2 
complementary DNA (cDNA) [114]. The same group has circumvented the early 
lethality of FGFR1 knockout mice, and used adenoviral delivery of a dominant 
negative FGFR1 mutant to endothelial cells of E9 mouse embryos cultured ex utero. 
The disruption of FGFR1 function caused defects in developmental angiogenesis, 
including incomplete branching of the yolk sac vasculature and defects in inter-
somitic vessels and brain vascularization [115], demonstrating an important role 
of FGFR1 in these developmental processes. More recently, a role for FGFR2 has 
been suggested (in the mouse heart) since endothelial-cell-targeted overexpression 
of constitutively active FGFR2 induces increased migration and tube formation in 
isolated endothelial cells, and conveys cardioprotection and enhanced angiogenesis 
after myocardial infarction [116].
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4.13  Function of FGFs in Proliferation and Migration 
of Endothelial Cells

The complex nature of the angiogenic process entails that the role of FGFs in its 
discrete steps is difficult to analyse in the physiologically relevant in vivo situation. 
Therefore, in vitro cell culture systems for endothelial cells are employed, which 
allow single aspects of cell behavior to be specifically addressed. Although there is 
a certain caveat concerning the significance of the results obtained in these in vitro 
settings, they have allowed valuable insight into the involvement of FGFs in the key 
processes of angiogenesis.

In 1984, FGF-2 purified from chondrosarcoma ECM has been shown to stimu-
late the proliferation of capillary endothelial cells in vitro, and the proproliferative 
action of FGF on endothelial cells has subsequently been confirmed by a large num-
ber of laboratories [2, 3, 16]. FGF-2-induced proliferation of immortalized capillary 
endothelial cells is accompanied by tyrosine phosphorylation of the adaptor protein 
FRS2, which in turn interacts with Grb2, leading to strong and sustained activation 
of the MAPK ERK2. Accordingly, the addition of the MEK inhibitor PD98059 sup-
pressed MAPK activity, which inhibited the proliferative response to FGF-2 [117]. 
Moreover, proliferation of choriocapillary endothelial cells has been shown to be 
stimulated by FGF-2 in vitro and required both ERK1/2 and PI3Kinase/Akt path-
ways, demonstrating the importance of these signaling pathways for FGF-2-induced 
proliferation in endothelial cells [118]. In contrast, FGF-2-induced activation of the 
p38 pathway in endothelial cells is involved in the negative regulation of cell sur-
vival, proliferation, and differentiation [119]. Moreover, FGF-2-dependent Akt sig-
naling has been shown to be an important survival signal in endothelial cells [120].

The coordinated movement of tip-cell-directed angiogenic sprouts is crucial for 
the establishment of the vascular branching pattern; however, the role of FGFRs in 
the specification of endothelial tip versus stalk cells and/or the guidance of vascu-
lar sprouts is not entirely clear. The function of FGF/FGFRs in directed migration 
and branching is most extensively studied in the Drosophila airway system, which 
is highly reminiscent of tip-cell-guided developmental angiogenesis. Here, FGFs 
determine the specification of the epithelial tip cell, which directly responds to the 
FGF ligand and leads airway branch outgrowth [91]. Accordingly, in a mixed en-
dothelial cell population, in which FGFR1 was silenced in half of the cells, FGF-
2-responsive cells lead migration, whereas nonresponsive cells adopted a subsidiary 
trailing position in the context of sheet migration [121]. Interestingly, an FGFR1 
mutant lacking the C-terminally located 63 amino acids of the cytoplasmic domain 
failed to mediate chemotaxis in a modified Boyden chamber assay, but efficiently 
mediated MAPK activation and FRS2 phosphorylation. In addition, the migration 
defect was independent of PLC-γ1 or phospholipase A2 activation, but sensitive to 
PI3K inhibition, suggesting a possible involvement of PI3K/Akt in mediating endo-
thelial cell migration in this experimental setting [122].

The role of the FGF/FGFR system in endothelial cell migration is further high-
lighted by the fact that endothelial cells isolated from FGF-2 knockout mice have 
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a defect in migration in response to mechanical damage in the so-called scratch 
assay in vitro. The migration defect is accompanied by reduced MAPK activation, 
and can be rescued by the addition of exogenous FGF-2 [123]. In addition, FGF-2 
(alongside other FGFs) stimulates migration of endothelial cells from heart explants 
in the context of coronary angiogenesis. Importantly, coronary tubulogenesis of em-
bryonic epicardium is responsive to many FGF family members and requires both 
FGF and VEGF-A [124]. Finally, expression of the dominant negative FGFR1 mu-
tant (used by Lee et al. [115] in embryos ex utero as described above) in HUVECs 
leads to an impairment of MAPK signaling, reduction of endothelial cell number, 
induction of apoptosis and inhibition of migration in the modified Boyden chamber 
assay, confirming the role of FGF-2/FGFR1-initiated MAPK activation in these 
endothelial key properties [115].

In accordance with the well established role of small GTPases in the control of 
cell movement, FGF-2-induced angiogenesis in the in vivo matrigel plug assay de-
pends on the presence of the small GTPase Rac [125]. Our laboratory has recently 
shown that FGF-2-induced activation of Rac1 in primary mouse lung endothelial 
cells depends on the presence of the F-BAR protein NOSTRIN. NOSTRIN serves 
as a membrane-bound multivalent adaptor to assemble a signaling complex contain-
ing FGFR1, Rac1, and its activating exchange factor Sos-1. The loss of NOSTRIN 
in NOSTRIN knockout mice, or after morpholino-mediated knockdown in zebraf-
ish embryos, leads to reduced endothelial cell proliferation and directed migration, 
with a pronounced defect in tip cell filopodia formation, suggesting an important 
role for the FGF-2/FGFR1/Rac1 axis in regulating angiogenic sprouts in vivo [92]. 
Moreover, PI3K has been shown to regulate the activity of the small GTPases 
Cdc42 and Rac via activation of the GEF proteins [126], which are thought to be 
vital for mediating the directed migration of endothelial cells [91].

4.14  Function of FGFs in Capillary Branching and Vessel 
Maturation

To date, there has been no general scheme established describing the function of 
FGF signaling in branching morphogenesis; however, there is ample evidence for 
an important role of FGF during this process [127]. Upon overexpression of FGF-
1 in the myocardium of transgenic mice, coronary artery density and branching 
are increased [128]. Likewise, overexpression of FGF-2 in transgenic mice leads 
to increased vessel density and vessel arborescence in the heart [129], illustrating 
the properties of these FGFs to positively regulate vascular branching. This has 
been confirmed by studies indicating that FGF-2 is a key determinant for vascular 
branching in luteal angiogenesis [130]. FGF-dependent signaling involves FGFR1, 
since a dominant negative version of FGFR1 expressed in retinal pigmented epithe-
lial cells leads to a poorly branched vascular bed in the choroid and an avascular 
neonatal retina [131]. In accordance with these findings, embryoid bodies derived 
from FGFR1 knockout mice are characterized by abundant, but morphologically 
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distinct, elongated vessels [132–134], pointing to the fact that FGFs are important 
for the establishment of vascular network morphology.

After completion of the early, invasive phase of angiogenesis, the late phase of 
angiogenesis serves the maturation of the newly formed vessel, and requires the for-
mation of tight cell/cell contacts, deposition of ECM, and recruitment of pericytes 
or smooth muscle cells. FGFs have been suggested to contribute to these processes, 
e.g. through the regulation of integrin and cadherin expression and ECM deposition 
[5, 89]. FGFs play an important role in the formation and, more explicitly, the main-
tenance of cell/cell contacts. Inhibition of FGF signaling through the introduction of 
soluble FGF traps or dominant negative FGFR mutants in vitro and in vivo leads to 
dissociation of adherence and tight junctions followed by loss of endothelial barrier 
function and vascular integrity in adult mice [135]. The loss of FGF signaling dis-
rupts the VE-cadherin-catenin complex at adherence junctions, and FGF-dependent 
regulation of expression and stability of the protein tyrosine phosphatase Shp2 have 
been implicated in this process [136]. However, the role of FGFs in maturation of 
newly formed vessels during developmental angiogenesis has not been investigated 
in detail.

4.15  FGFs and Lymphangiogenesis

While angiogenesis is a term used to describe development of the novel blood ves-
sels from the pre-existing vasculature, lymphangiogenesis is a process of formation 
of novel lymphatic vessels. FGF-2, together with VEGF-C and VEGF-D is a po-
tent lymphangiogenic factor. Analysis of FGF-2 knockout mice showed a decreased 
number of lymphatic vessels in the eye cornea compared with wild-type mice [66]. 
Application of FGF-2 was shown to induce lymphangiogenesis in mouse cornea in 
a dose-dependent manner. At lower doses, FGF-2 promoted formation of lymph ves-
sels, whereas the endothelial angiogenic response was neglectable. The mechanism 
of FGF-2-induced lymphangiogenesis in this assay was dependent on the increase in 
expression of VEGF-C and VEGF-D [137, 138]. Moreover, VEGFR3 was shown to 
be important for FGF-2-dependent lymphangiogenesis in the mouse cornea [139]. A 
study by Matsuo et al. applying chemical inhibitors, suggested that FGF-2-induced 
lymphangiogenesis in temperature-sensitive rat endothelial lymphatic cells (TR-LE 
cells) was mediated via the Akt/mTOR/p70S6 kinase pathway [140]. More detailed 
experiments on FGF-2-mediated signaling in lymphangiogenesis were performed 
in primary lymphatic endothelial cells (LECs) isolated from embryonic mouse skin. 
These data show that FGFR1 is the primary receptor for FGF-2 in LECs, and that the 
FGF-2/FGFR1 signaling axis mediates proliferation and migration of LECs, while 
VEGF signaling is important for LEC sprouting and elongation [141]. In addition 
to FGFR1, additional FGFR isoforms might be important for FGF-2 signal trans-
duction in LECs [142]. Several recent studies confirmed the crucial role of FGF-2/
FGFR1 signaling in tumor lymphangiogenesis and proposed a potential treatment 
strategy for the inhibition of cancer metastasis [143, 144].
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4.16  Crosstalk between FGF and Vascular Endothelial 
Growth Factor Signaling during Vascular 
Development

There is an intimate crosstalk between FGFs and members of the VEGF family 
during vasculogenesis and angiogenesis, as well as lymphangiogensis [5, 145, 146] 
(for a recent review on the role of VEGF see Chap. 1 of this book). FGF-2 has been 
referred to as ‘the master regulator of angiogenesis’ due to its strict requirement 
for mesoderm induction and angioblast formation, as well as its potential to induce 
the expression of VEGF and its receptor [135, 146]. However, the crosstalk be-
tween these two important proangiogenic signaling pathways is far more complex. 
In some experimental settings, FGF-2 requires activation of the VEGF/VEGFR 
system to induce neovascularization. On the other hand, VEGF has been shown 
to rely on the action of FGFs to promote angiogenesis. Despite this synergism, 
FGF and VEGF display distinct biological properties, resulting in different endo-
thelial cell behavior during angiogenesis [5, 127, 145], highlighted by the distinct 
morphology of vessels induced in the absence or presence of the different growth 
factors [132–134].

4.17  Summary

FGFs are pleotropic growth factors with important functions in a variety of dif-
ferent cell types. The broad specificity of FGFs and the redundancy in respect of 
biological functions render it difficult to assign precise roles for FGF/FGFR signal-
ing modules in vascular development. The combined information from various in 
vitro, ex vivo, and in vivo models collectively describes an important role of FGFs 
and, foremost, FGF-2 in the regulation and fine-tuning of vasculogenesis, angio-
genesis, and lymphangiogenesis. Endothelial cell-specific knockout mouse models 
for different FGFRs combinations will allow the involvement of FGF/FGFR signal-
ing in various aspects of vascular development and neovascularization to be studied 
in more detail.

FGFs and their cognate FGFRs have recently gained great attention as promis-
ing therapeutic targets in cancer therapy. Oncogenic mutations and overexpression 
of FGFs or FGFRs have frequently been observed in a variety of different cancers, 
and FGFs/FGFRs have a key role in promoting tumor angiogenesis. This has lead 
to the development of a number of agents designed to disrupt FGF/FGFR signaling 
on the basis of small molecule tyrosine kinase inhibitors, monoclonal antibodies, 
FGF-ligand traps, and allosteric inhibitors [147–149]. Solid tumors co-opt develop-
mental signaling programs in order to promote tumor vascularization, and not least, 
therefore, it is of great importance to understand the role of FGFs and their receptors 
in vascular development in molecular detail.
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Chapter 5
Development and Differentiation  
of the Lymphatic Vascular System

Jeremiah Bernier-Latmani, Amélie Sabine and Tatiana V. Petrova

5.1  Introduction

The lymphatic vasculature is a highly specialized part of the cardiovascular system, 
present in virtually all tissues of the body. Lymphatic vessels are essential for ho-
meostasis by promoting removal of extracellular fluid and various macromolecules 
from the tissues back into blood circulation, and by mediating immune cell traffick-
ing from the periphery to lymph nodes. The importance of the lymphatic system 
can be observed in clinics around the world in patients with lymphedema. Lym-
phatic vessel disruption, either through genetic or mechanical means, in patients 
with lymphedema results in limb fluid build-up which causes, at best, discomfort, 
and, at worst, life-threatening disfiguration [1]. Furthermore, lymphatic vessels are 
one of the main conduits for metastasizing cancer cells, the main driver of terminal 
cancer [2]. Moreover, obesity is linked to lymphedema, suggesting that lymphatic 
dysfunction rates may rise with the current obesity epidemic in Western countries 
[3]. Lastly, lymphangiogenesis is commonly increased in inflammatory diseases 
[4]. However, targeted molecular approaches for modulating growth and function 
of the lymphatic vasculature are only emerging, making the study of the lymphatic 
system an important aspect of improving human health.

In this chapter, we review molecular mechanisms controlling developmental 
lymphangiogenesis and lymphatic vessel maturation. In learning about how the 
normal lymphatic network develops, and the factors regulating these processes, we 
hope to use this knowledge to provide treatments for human diseases associated 
with lymphatic vessels.
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5.2  Lymphatic Basics

The lymphatic network is comprised of capillaries, precollecting and collecting ves-
sels. Immune cells, dietary fats, and interstitial fluid first pass into permeable lym-
phatic capillaries (Fig. 5.1). The permeability of the lymphatic vessels is due to the 
semicontinuous nature of adherens junctions, which are organized into specialized 
‘button-like’ structures [5]. Lymphatic capillaries can be also distinguished by the 
high expression of the lymphatic vessel endothelial hyaluronan receptor (LYVE-
1), sparse or absent basement membrane, and absence of mural cells. Collecting 
lymphatic vessels are the least permeable lymphatic vessel type, and they are lined 
with endothelial cells, connected by continuous ‘zipper-like’ cell–cell junctions [5]. 
Lymphatic collectors do not express LYVE-1 but have a basement membrane and 
are covered by smooth muscle cells (Fig. 5.1) (reviewed by Schulte-Merker et al. 
[6]). Lymphatic smooth muscle cell contractions, together with body movements 
and arterial pulsations, are important for propulsion of lymph. Intraluminal lym-
phatic valves, positioned at regular intervals in collecting lymphatic vessels, pre-
vent lymph back flow towards lymphatic capillaries. Precollector vessels, which 

Fig. 5.1  Lymphatic vessel basics. Interstitial fluid and immune cells pass through discontinuous 
adherens junctions on lymphatic capillaries in a unidirectional manner. One of the main mark-
ers for lymphatic capillaries is LYVE-1. Precollecting vessels share features of both lymphatic 
capillaries ( LYVE-1 expression) and collecting vessels ( lymphatic valves). Lymphatic collecting 
vessels have valves that ensure unidirectional flow of lymph, continuous basement membrane and 
contractile smooth muscle cells
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join capillaries and collecting lymphatic vessels, have features of both vessel types 
(Fig. 5.1). For example, they express LYVE-1 but also have intraluminal valves [6].

The diversity of lymphatic vessel types found in adults is a product of a complex 
interplay between lymphatic endothelial identity factors, growth factor-mediated 
signaling to lymphatic-specific receptors, and interaction with external factors, e.g. 
interstitial fluid pressure, and flow and shear stress. We summarize in this chapter 
our current understanding of the molecular mechanisms that produce the lymphatic 
vasculature.

5.3  Developmental Lymphangiogenesis

5.3.1  Lymphatic Network Formation

Florence Sabin first proposed the venous origin of lymphatic vessels [7], and re-
cent studies, using lineage tracing and high-resolution imaging in thick sections 
and whole embryos, have confirmed this hypothesis [8–10]. Lymphatic endothe-
lial cell (LEC) progenitors emerge from the cardinal veins and intersomitic vessels 
through a process of budding without disturbing the integrity of the venous wall. 
The streams of LECs, connected by continuous adherens junctions, migrate from 
the veins and form an initial lymphatic plexus. LECs then coalesce and form large 
lumenized lymphatic vessels, commonly called ‘lymph sacs’, one of which will 
become the thoracic duct [8, 10]. This process of lymphatic plexus formation, fol-
lowed by lumen formation, continues in a caudal–dorsal manner to form an almost 
complete lymphatic network before birth (Fig. 5.2a, b, c, d).

Although many questions remain regarding the process of lymphangiogenesis 
during embryonic and postnatal growth, the molecular mechanisms controlling 
many steps of LEC identity, differentiation, migration, proliferation, and vessel for-
mation have been identified.

5.3.2  Establishment of Lymphatic Endothelial Cell Identity

The first gene described as a regulator of LEC identity was PROX1 [11], a homeo-
box transcription factor that is first expressed in a subset of cells in the cardinal vein 
around E9.5 (Fig. 5.2a). Nascent LECs, which bud off into the mesenchyme, also 
express lymphatic endothelial-specific markers, including VEGFR-3, podoplanin, 
CCL21, neuropilin-2 (NRP2), and LYVE-1, as well as a specific integrin repertoire, 
such as ITGα6β1 (Fig. 5.2b) [8, 12]. PROX1 is essential for lymphatic vascular 
development as Prox1-null mice fail to develop a lymphatic vascular network be-
cause of the failure of LECs to migrate from veins [10, 11]. Furthermore, PROX1 is 
necessary for lymphatic identity maintenance after the formation of the lymphatic 
network, as shown by both in vitro and in vivo experiments [13, 14].
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Fig. 5.2  Molecular mechanisms controlling lymphatic cell identity, sprouting, and segregation 
from blood vessels. (a) ERK signaling activation delineates a subset of venous cells as progenitor 
lymphatic endothelial cells ( LECs), which, in turn, express SOX18, COUP-TFII, and PROX1. (b) 
LECs migrate from the vein in response to vascular endothelial growth factor ( VEGF)-C/VEGF 
receptor ( VEGFR)-3 signaling. The VEGFR-3 co-receptor neuropilin-2 (NRP2) also promotes 
VEGF-C/VEGFR-3 signaling. CCBE-1 is also necessary for LEC migration from the cardinal 
vein. LEC mechanical stretching contributes to activation of VEGFR-3 signaling and LEC prolif-
eration. (c) LECs migrate in streams away from the cardinal vein to form the lymphatic primary 
plexus and primordial thoracic duct. (d) Normal platelet aggregation is important for keeping 
lymphatic and blood vasculatures segregated. Platelets may act either by modulating formation 
or function of lymphovenous valves via unknown mechanisms or by preventing ectopic fusion of 
lymphatic and blood vessels
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The transcription factor SOX18 acts upstream of PROX1, and its expression in 
a subset of dorsolateral cardinal vein endothelial cells is necessary for the induction 
of PROX1 expression [15]. Mutations in SOX18 were described in patients with 
hypotrichosis-lymphedema-telangiectasia [16], which underscores the role of this 
transcription factor in lymphatic vascular development. Recent work suggests that 
localized activation of the MEK/ERK signaling cascade regulates polarized SOX18 
expression and subsequent development of lymphatic vasculature [17]. Endotheli-
al-specific activation of the MEK/ERK pathway, through an activating mutation in 
Raf1, caused increased commitment of venous endothelial cells to the lymphatic 
fate, which led to expansion of lymphatic vessels and decreased size of veins. Strik-
ingly, activated ERK was able to induce PROX1 expression in arterial endothelial 
cells, suggesting a fundamental role of this signaling cascade in the establishment 
of the LEC identity program [17].

Another factor necessary for lymphatic cell identity maintenance is COUP-TFII. 
In blood vessels, COUP-TFII maintains venous identity by suppressing Notch sig-
naling [18]. COUP-TFII is critical for the early stages of lymphatic identity es-
tablishment and maintenance in LEC progenitors during migration away from the 
vein by promoting expression of PROX1, VEGFR-3, NRP2 and LYVE-1 [9, 19, 
20]. However, COUP-TFII is not necessary to maintain PROX1 after initial LEC 
identity establishment as PROX1 expression is unchanged after inducible deletion 
of COUP-TFII at E13.5 [19]. The importance of COUP-TFII seems to be limited 
to growing lymphatics as COUP-TFII deletion in adults resulted in no detectable 
phenotype [19]. Nevertheless, COUP-TFII deletion suppressed tumor lymphangio-
genesis and in vitro LEC sprouting, and these effects seem to be mediated by a di-
rect effect of COUP-TFII on NRP2 expression, a modulator of VEGFR-3 receptor 
tyrosine kinase (RTK) activity [19, 21].

Notch signaling plays a major role in arteriovenous differentiation (reviewed by 
Swift and Weinstein [22]), and was also recently shown to play a role in lymphatic 
endothelial differentiation [23]. Lymphatic-specific Notch1 deletion from E9.75 to 
E13.5 resulted in an increase of PROX1-positive cells, enlarged lymph sacs and 
dermal lymphatics, and LEC migration into veins [23]. Consistent with Notch as 
a negative regulator of LEC identity, LEC-specific Notch activation, by inducible 
expression of the Notch1 intracellular domain, during the same timeframe, caused 
an opposite phenotype: decreased expression of PROX1, podoplanin, VEGFR-2, 
VEGFR-3, LYVE-1, and hypoplastic, abnormal, blood-filled lymphatics near the 
cardinal vein [23]. Furthermore, LEC-specific Notch1 activation also decreased 
COUP-TFII expression, suggesting that Notch repression is necessary for COUP-
TFII-mediated PROX1 activation. However, the effect of Notch signaling may not 
be so simple as endothelial cell-specific deletion of RBPJ, the main mediator of 
Notch target gene expression, could not rescue PROX1 expression in embryos with 
ablated COUP-TFII [20]. Whatever the exact mechanism, Notch plays an important 
role in constraining lymphatic cell differentiation during embryogenesis.
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5.3.3  Lymphangiogenic Sprouting and Migration

Once LECs have differentiated in cardinal veins they migrate and proliferate to 
form the lymphatic vascular network (Fig. 5.2c). Vascular endothelial growth fac-
tors (VEGFs) are the primary stimuli driving developmental angiogenesis and 
lymphangiogenesis by binding VEGF receptors, which in turn activate intracellu-
lar signaling cascades promoting migration, proliferation, and survival (reviewed 
by Jeltsch et al. [24]). VEGF-A and VEGF-C are the main angiogenic and lym-
phangiogenic growth factors, respectively, and both are ligands for VEGFR-2 and 
VEGFR-3 (reviewed by Adams and Alitalo [25]). LECs express high levels of 
VEGFR-3 [26]. In addition, sprouting blood vessels, as well as some tumor ves-
sels and fenestrated endothelial cells, also express low levels of VEGFR-3 [27–29]. 
VEGF-C expression is first detected at E12.5 near the cardinal vein where the first 
LECs are differentiating, corresponding with high levels of LEC VEGFR-3 expres-
sion [30]. VEGF-C-null embryos, which die before birth, have severe edema due 
to the lack of lymphatic vessels. Indeed, in the absence of VEGF-C, PROX1 is 
expressed in LEC progenitor cells; however, these cells do not migrate from veins 
to form ‘lymphatic sacs’, suggesting VEGF-C is one of the main stimuli promot-
ing LEC migration [8, 31]. The importance of VEGF-C is highlighted by the fact 
that even VEGF-C+/− mice exhibit chylous ascites and defects in postnatal lym-
phangiogenesis with hypoplastic dermal lymphatics [31]. Furthermore, VEGF-C 
overexpression in skin results in hyperplastic and proliferating lymphatic vessels 
[32]. Mutations in VEGFR-3 cause congenital lymphedema, and similar mutations 
in mice lead to severe lymphatic vascular hypoplasia [33]. In addition, expression 
of soluble VEGFR-3, which prevents VEGF-C-mediated activation of VEGFR-3, 
in the skin, caused complete regression of the dermal lymphatic network in mouse 
pups without affecting blood vessels [34]. Thus, the VEGF-C/VEGFR-3 signaling 
axis is likely the most important mechanism regulating lymphatic endothelial mi-
gration and survival.

5.3.4  Extracellular Signaling Pathways in Lymphangiogenesis

One accessory protein that promotes VEGFR-3 signaling in LECs is NRP2. NRP1 
and 2 were first described as axon guidance factors belonging to the class-3 sema-
phorin subfamily, but were later shown to play an important role in the vasculature. 
NRP1 is a co-receptor of VEGFR-2 and is essential for embryonic angiogenesis 
and vascular maturation (reviewed by Koch and Claesson-Welsh [35]). NRP2 binds 
VEGF-C and VEGFR-3 and, after ligand binding, both NRP2 and VEGFR-3 are 
internalized in LECs [36]. NRP2 is highly expressed in actively growing lymphatic 
vessels, where it controls VEGF-C/VEGFR-3-dependent lymphatic vessel sprout-
ing [21, 37, 38].

Another factor associated with VEGF receptors is claudin-like protein 24 
(CLP24), a member of the claudin protein family of intercellular junction proteins 
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[39]. Frogs or fish with CLP24 ablation failed to develop a lymphatic network, 
whereas CLP24-deficient mice display a milder phenotype with dilated lymphatic 
capillaries and ectopic smooth muscle cell coverage [40]. CLP24 associates with 
VEGFR-2 and VEGFR-3 and restricts activation of Ca2+/cAMP/CREB, while oth-
er downstream signaling pathways, such as p38 mitogen-activated protein kinase 
(MAPK), are not affected [40].

Collagen- and calcium-binding EGF domains 1 (CCBE1) protein is an extracel-
lular matrix (ECM) component critical for lymphangiogenesis in zebrafish, mice, 
and humans [41–44]. Hennekam syndrome is characterized by general lymphatic 
dysplasia with patients having limb lymphedema and lymphangiectasia of the lung, 
intestine, pericardium, thyroid, and kidney [41]. Some Hennekam syndrome pa-
tients have inherited point mutations in the calcium-binding EGF domain of CCBE1 
[41]. CCBE1-deficient mouse embryos have severe edema and die before birth be-
cause of a complete lack of lymphatic vessels [42]. Similar to the phenotypes of 
VEGF-C- and PROX1-deficient mice, the PROX1-positive LEC precursors cells 
are unable to bud from the cardinal vein, indicating that LEC migration cues are 
disturbed in these mice [42].

An elegant study recently shed light on how mechanosensory input influenc-
es developmental lymphangiogenesis [45]. LEC stretching was found to increase 
VEGF-C- and integrin-β1-dependent VEGFR-3 phosphorylation and LEC prolif-
eration [45]. Therefore, interstitial fluid pressure, which increases at the onset of 
lymphatic vasculature expansion at E10.5–E12.5 and causes stretching of LECs, is 
one of the important mechanical factors that contributes and cooperates with tissue 
gradients of VEGF-C to induce growth of lymphatic vessels [45].

The angiopoietins (Ang1 and Ang2) are ligands for Tie receptors (Tie1 and 
Tie2), another class of RTKs. Ang1 and Ang2 are important in blood vessel matura-
tion and sprouting, respectively (for review, see Augustin et al. [46]). Ang2−/− mice 
have chylous ascites, hypoplastic lymphatic capillaries, and ectopic smooth muscle 
cell coverage of lymphatic capillaries, suggesting that Ang2 plays an important role 
during developmental angiogenesis [47]. However, the lymphatic phenotype ob-
served in Ang2−/− mice could be rescued by inserting Ang1 into the Ang2 locus, sug-
gesting that the differential roles of Ang1 and Ang2 in lymphangiogenesis need to 
be resolved [46]. Tie1 is necessary for functional lymphatic vessels. Hypomorphic 
mutation or induced deletion of Tie1 results in embryos with edema. This edema is 
likely caused by a loss of lymphatic vessel caliber regulation, suggesting a role for 
Tie1 in modulating pro-lymphangiogenic signaling [48, 49].

The Eph receptors and their ligands, ephrins, are a class of RTK. Ephrin ligands 
bind and stimulate phosphorylation of the cytoplasmic end of Eph receptors in 
‘forward’ signaling. Eph/ephrin interactions can also result in ‘reverse’ signaling 
whereby the Eph receptors act as ligands and stimulate cytoplasmic phosphoryla-
tion of ephrin ligands (reviewed by Kullander and Klein [50]). EphB4 and ephrinB2 
are expressed in lymphatic vessels [51]. The cytoplasmic domain of ephrinB2 is 
important for lymphangiogenic sprouting as sprouting defects were observed in 
the postnatal dermis in mutant animals [51]. The mechanism of reduced sprouting 
in eprhinB2 mutants may be through inhibition of VEGFR-3 internalization after 
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VEGF-C binding [52]. Therefore, EphB4/ephrinB2 signaling plays an important 
part in mediating the effects of the VEGF-C/VEGFR-3 signaling axis.

Notch signaling plays a fundamental role in the regulation of sprouting angio-
genesis. The current view is that angiogenic tip cells induce canonical Notch sig-
naling in stalk cells, which represses VEGF receptor signaling and thereby reduces 
sprouting potential [53, 54]. Such maintenance of differential sprouting potential is 
essential for efficient angiogenesis [55]. The role of Notch signaling in lymphatic 
vascular sprouting and remodeling has recently been investigated. Systematic anal-
ysis of Notch signaling components in zebrafish revealed that Dll4 and Notch1b 
are necessary for thoracic duct formation and LEC sprouting and migration [56]. In 
mice, the role of Notch signaling in sprouting and migration is less well-defined. A 
study by Zheng et al., using Dll4-Fc, showed that Notch blockade increased LEC 
spheroid sprouting in vitro, especially in response to VEGF-A [57]. Co-injection 
of Dll4-Fc and VEGF-A-expressing adenovirus caused an increase in dermal lym-
phatic vessels in adult mice compared with VEGF-A alone, suggesting that Notch 
signaling in lymphatic vessels restricts VEGFR-2-dependent signaling in LECs 
[57]. In contrast, a study by Niessen et al. found that postnatal Notch inhibition, 
using Notch1 and Dll4 blocking antibodies, decreased lymphatic vessel density and 
VEGFR-3 surface staining in dermal lymphatic vessels [58]. Therefore, the role of 
Notch signaling in lymphatic sprouting, and possible differences between adult and 
postnatal lymphangiogenesis, remains an open question.

ALK1 and ALK5 are endothelial type I receptors of the transforming growth 
factor (TGF)-β superfamily of ligands [59]. ALK1-Fc treatment in pups induced 
chylous ascites as well as a massive increase in retinal blood vessel density [60]. 
Dermal and intestinal lymphatic capillaries also fail to fully develop after ALK1 
blocking; however, collecting vessels are unaffected [60]. Interestingly, genetic in-
activation of one of the high-affinity ALK1 ligands, BMP9, has no effect on lym-
phatic capillary sprouting, while the formation of collecting vessels is compromised 
([61]; see below). This suggests that other ALK1 ligands or ligand-independent 
signaling should be considered for explaining the effects of ALK1-Fc. Endothelial- 
or LEC-specific inactivation of TGFβr1, or its co-receptor TGFβr2, during embry-
onic development prevents LEC sprouting and leads to enlarged, hyperproliferative 
dermal lymphatic vessels [62]. Thus, signaling via ALK1, TGFβr1, and TGFβr2 is 
important to ensure the balance of sprouting versus proliferating LECs during lym-
phangiogenesis, and is necessary for the correct patterning of the vascular network 
[60, 62].

5.3.5  Intracellular Signaling Pathways in Lymphangiogenesis

Survival and proliferation of LECs in vitro is mediated by the PI3K/AKT and MEK/
ERK signaling pathways [63]. Indirect evidence suggesting a role for the PI3K/
AKT pathway was the observation that mice with germline deletions of the regu-
latory subunits of PI3K develop chylous ascites [64]. Intestinal submucosal and 
diaphragm lymphatic capillary density was decreased in the mice with germline 
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deletion of PI3K regulatory subunits, suggesting that PI3K plays a role in LEC sur-
vival postnatally [65]. Furthermore, PI3K catalytic subunit interaction with Ras is 
necessary for LEC survival as mice with point mutations disturbing this interaction 
have chylous ascites and defects in lymphatic vasculature development [66].

AKT-deficient mice provided further evidence for the role of PI3K signaling in 
lymphangiogenesis. There are three isoforms of AKT (AKT1, 2, and 3), and AKT1 
is the predominant form in BECs [67]. Dermal lymphatic capillaries in AKT1, but 
not AKT2 or AKT3, germline knockout mice were hypoplastic due to a decreased 
number of LECs [68]. In addition, AKT1 was also important for the formation of 
precollector valves; however, valves in larger collecting vessels were unaffected. 
Nevertheless, AKT1 inactivation did not affect VEGF-C-induced LEC sprouting in 
vivo, suggesting that it may be more important for cell survival [68]. Interestingly, 
the development of blood vessels is normal in the absence of AKT1 [69], which 
suggests differential usage of this signaling pathway between blood and lymphatic 
vessels.

A modulator of the Ras/MEK/ERK pathway, RASA1, was also found to be 
involved in lymphatic function. RASA1-null mice have numerous blood ves-
sel defects, including decreases in branching and stability [70]. Constitutive or 
 lymphatic-specific deletion of RASA1-induced chylothorax and chylous ascites 
in both weaning pups and adults, presumably due to loss of VE-cadherin/LYVE1 
button-like junctions [71]. Lymphatic-specific deletion of RASA1 also caused in-
creased LEC proliferation, coincident with an increase in Ras/ERK signaling in 
RASA1-deficient lymphatic vessels in vivo. Aberrant ERK signaling is activated 
via the VEGF-C/VEGFR-3 pathway, as RASA1-deficient mice treated with VEG-
FR-3 blocking antibodies did not have a lymphatic phenotype. Therefore, RASA1 
provides a link between pro-lymphangiogenic growth factors and mechanisms of 
VEGFR-3-mediated transduction of these signals through Ras [71].

RAC1, a small GTPase in the Rho family, has been shown to play a role in 
endothelial cell migration in vitro [72]. Surprisingly, endothelial-specific deletion 
of RAC1 in vivo is not sufficient to impair sprouting angiogenesis, but is required 
for the migration of committed LECs from the cardinal vein [73]. RAC1 inacti-
vation reduces LEC migration in response to VEGF-C, which ultimately leads to 
close association of early lymphatic vessels (‘lymph sacs’) and the cardinal vein. 
RAC1-deficient embryos also display blood-filled lymphatic vessels [73]; however, 
complete interpretation of this phenotype needs to be evaluated in the context of the 
roles of lymphovenous valve status and/or platelet function in lymphatic-venous 
separation (see below).

5.3.6  Platelets and Lymphatics: More Complex  
than Initially Thought

The mature lymphatic vasculature is connected to blood circulation at only few 
specific regions, such as the junction between the thoracic duct and subclavian vein. 
The reflux of blood to the thoracic duct is prevented by a lymphovenous valve that 
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forms early during embryonic development [74]. A number of genetic model phe-
notypes include blood-filled lymphatic vessels, indicative of additional patent con-
nections between the blood and lymphatic vasculatures. Importantly, genes deleted 
in models that display the blood-filled lymphatic phenotype encode components of 
signaling pathways regulating platelet development or aggregation, such as MEIS1 
[75], podoplanin (or the enzyme important for its post-translational modification) 
[76, 77], PLCγ2 [78], CLEC-2, SLP76, and Syk [79, 80]. Podoplanin, a cell sur-
face glycoprotein, is highly expressed in LECs. Binding of podoplanin to CLEC-
2 on platelets induces activation of the Syk/SLP76/PLCγ2 signaling cascade and 
platelet aggregation (reviewed by D’Amico and Alitalo [81]). Until recently, it was 
thought that platelet thrombi, induced by podoplanin on the surface of the nascent 
lumenized lymphatic vessel, ‘seal off’ new lymphatic vasculature from the cardinal 
vein [77, 80], in a mechanism somewhat analogous to closure of the ductus arte-
riosus [82]. However, more recent evidence shows that LECs migrate from veins 
as nonlumenized streams of cells, without disturbing venous wall integrity [8, 10]. 
Therefore, the role of platelet aggregation in the formation of abnormal connec-
tions between blood and lymphatic vessels is probably more complex, and may, at 
least in part, include malformations or dysfunction of the lymphovenous valve and 
cytokine-induced fusion of the lymphatic and blood vasculatures (Fig. 5.2d) [83].

5.4  Lymphatic Vessel Maturation

5.4.1  Maturation of Lymphatic Capillaries

Fully mature lymphatic capillaries contain LECs with discontinuous highly special-
ized ‘button-like’ junctions, allowing free passage of interstitial components and im-
mune cells into the vessel lumen while maintaining vessel integrity [5]. In contrast, 
LECs in actively sprouting lymphatic vessels are connected by continuous adherens 
junctions (Fig. 5.3a). The transition from ‘zipper-like’ to ‘button-like’ junction phe-
notype begins at E17.5 and is completed by P28 [84]. The mature state of lymphatic 
intercellular junctions is lost during the lymphangiogenic response in inflammation 
but can be restored by dexamethasone treatment, which appears to act through the 
direct regulation of glucocorticoid receptors in LECs [84] (Fig. 5.3a). Lymphatic 
endothelial-derived sphingosine-1-phosphate is another factor contributing to the 
maintenance of mature junctions, although this effect may be, in part, indirect due to 
increased lymphatic endothelial sprouting [85]. In contrast, inhibition of lymphan-
giogenesis using VEGFR-3-blocking antibody did not increase junction maturation 
[84], suggesting that VEGF-C/VEGFR-3 signaling and formation of specialized 
lymphatic junctions are not directly coupled. In summary, intercellular junctions of 
capillary LECs are highly dynamic structures, which are regulated by a variety of 
pathological and physiological stimuli; this regulation may have important conse-
quences for lymphatic vessel functions.
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5.4.2  Formation of Collecting Lymphatic Vessels

Lymphatic collecting vessel formation involves development of lymphatic valves, 
increased deposition of basement membrane components, and recruitment of 
smooth muscle cells. In the mouse embryo, mesenteric collecting lymphatic vessels 

Fig. 5.3  Lymphatic vessel maturation. (a) Lymphatic endothelial cells in growing capillaries are 
connected by continuous adherens junctions, which are transformed into discontinuous ‘button-
like’ junctions in mature lymphatic capillaries [84]. ‘Button-like’ junctions can revert to the ‘zip-
per-like’ state during inflammation. Dexamethasone promotes maturation of lymphatic endothelial 
cell (LEC) junctions. (b) Collecting lymphatic vessels develop from the capillary-like primary 
lymphatic plexus through the acquisition of lymphatic valves, deposition of basement membrane, 
and recruitment of smooth muscle cells. Lymphatic valve development is controlled by FOXC2/
NFATC1/shear stress/connexin37 signaling, planar cell polarity proteins CELSR1 and VANGL2 
regulate rotation and collective migration of lymphatic-valve-forming cells, and integrin-α9/fibro-
nectin EIIIA promote extracellular matrix ( ECM) fibril assembly and leaflet elongation. Ang2 and 
BMP9 are two growth factors important for formation of lymphatic valves. Recruitment of SMCs 
to collecting vessels is regulated by reelin and Ang2, whereas SEMA3A/NRP1/Plexin A1 signal-
ing is important for keeping the valve area free of smooth muscle cells
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begin to form around E15.5, and this process is accompanied by the downregula-
tion of lymphatic capillary markers LYVE-1, VEGFR-3, and CCL21 [86]. Sites 
of forming lymphatic valves are marked by increased expression of PROX1 and 
the forkhead transcription factor FOXC2. Once specified, lymphatic valve-forming 
cells rotate and invaginate into the vessel lumen and further elongate to form bicus-
pid leaflets containing specialized ECM, covered on each side by endothelial cells 
[86, 87]. Lymphatic valve endothelial cells express high levels of transcription fac-
tors PROX1, FOXC2, and GATA2, adhesion receptor integrin-α9, the glycocalyx 
component podocalyxin, and ECM components laminin-α5 and fibronectin EIIIA 
[86–89].

Formation of lymphatic valves is a complex morphogenetic process that requires 
cooperation of multiple signaling pathways (Fig. 5.3b). Inactivation of FOXC2 
completely prevents formation of lymphatic valves and further maturation of ves-
sels [86, 90]. Heterozygous loss-of-function mutations of FOXC2 are found in a 
human hereditary disease, lymphedema-distichiasis, characterized by hyperplastic 
initial lymphatic vessels and abnormal lymphatic drainage, likely due to absent or 
dysfunctional lymphatic valves [91–93]. Genome-wide analysis of FOXC2 DNA-
binding sequences in LECs suggested cooperation between the FOXC2 and cal-
cineurin/nuclear factor of activated T cells (NFAT) signaling pathways [86]. In-
deed, activated nuclear NFATc1 is present in lymphatic valve-forming cells, and 
lymphatic endothelial-specific loss of the Ser/Thr phosphatase calcineurin, which 
controls NFATc1 activation, arrests the development of lymphatic valves [86, 89]. 
A number of gap-junction proteins are also implicated in the maturation of lym-
phatic vessels. Lymphatic valve development defects are documented in Cx37- and 
Cx43-deficient mice, as well as in mice double heterozygous for Cx43 and Cx37 
[89, 94]. Mechanistically, loss of Cx37 does not affect lymphatic valve cell identity 
establishment but prevents formation of a defined lymphatic valve territory, and the 
number of valves is severely reduced in Cx37−/− animals [89, 94]. In humans, mu-
tations in GJC2 (connexin47) and GJA1 (connexin43) are associated with lymph-
edema [95–97], further highlighting the important role of connexins in lymphatic 
vascular biology.

Lymphatic valve agenesis is observed in mice bearing a mutation in the PDZ-
binding domain of ephrinB2 [51]. Thus, in addition to its role in the regulation 
of VEGFR-3 endocytosis and lymphatic vessel sprouting [52], ephrinB2 reverse 
signaling is important for lymphatic vascular remodeling. More recently, studies of 
adult corneal lymphatic vessels showed that EphB4, an ephrinB2 receptor, is highly 
expressed in the valves, and administration of EphB4-Fc fusion proteins prevented 
regeneration of valves after corneal injury [98].

Reorientation of lymphatic valve-forming cells requires planar cell polarity pro-
teins CELSR1 and VANGL2 [99]. PCP proteins delay the recruitment of VE-cad-
herin and adherens junction stabilization to allow efficient collective migration and 
change of orientation of valve-forming cells, which is requisite for leaflet formation 
[99]. Further leaflet formation and elongation is controlled by the adhesion receptor 
integrin-α9, which forms a complex with integrin-β1 and regulates the assembly of 
the valve ECM component fibronectin EIIIA [87].
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Inactivation of BMP9, a member of the TGFβ/BMP growth factor family and a 
ligand of ALK1, leads to a decreased number of mature valves and abnormal lymph 
flow [61]. Treatment of LECs in vitro with BMP9 induces the expression of CX37, 
FOXC2, integrin-α9, and EPHRINB2 in an ALK1-dependent manner [61], suggest-
ing that BMP9/ALK1 signaling contributes to many aspects of collecting vessel 
development.

Lymphatic valves are frequently formed at the sites of vessel branching, suggest-
ing that disturbed lymph flow contributes to valve development [89]. Indeed, in vi-
tro experiments demonstrated that both calcineurin activation and CX37 expression 
are induced by shear stress, and this induction requires PROX1 and FOXC2. More-
over, Cx37 mediates uniform activation of Ca2+/calcineurin/NFATc1 in response to 
shear stress. Thus, PROX1, FOXC2, and shear stress act upstream of Cx37 and cal-
cineurin signaling to induce the lymphatic valve phenotype [89]. While the mecha-
nisms of flow sensing remain elusive, intriguingly Clsr1-rich protrusions in lym-
phatic valve-forming cells are oriented away from lymph flow, suggesting that they 
may act as flow sensors during lymphatic valve development [99]. Both connexins 
and Ca2+/calcineurin signaling are important for collective cell migration and the 
PCP pathway in other cellular systems; therefore, it may be interesting to explore 
a potential connection between CELSR1/VANGL2 and shear stress/connexin37/
calcineurin signaling in lymphatic valve-forming cells.

To date, only a limited number of studies addressed the mechanism of interaction 
and recruitment of SMCs to collecting lymphatic vessels. Although commonly con-
sidered to be a subtype of vascular smooth muscle cells, lymphatic smooth muscle 
cells express contractile proteins from both smooth muscle and cardiac muscle, and 
they display functional properties consistent with this unusual composition [100–
102]. Currently, the molecular mechanisms of such lymphatic smooth muscle spe-
cialization are not understood but it may be necessary to generate sufficient force 
for lymph propulsion (reviewed by von der Weid and Zawieja [103]).

Recruitment of smooth muscle cells to collecting lymphatic vessels is a rela-
tively late event, occurring after the formation of lymphatic valves and initial depo-
sition of the ECM component collagen IV [86, 104] (Fig. 5.3b). Lymphatic smooth 
muscle cells express α-smooth muscle actin and desmin, but not blood vascular 
pericyte marker NG2 [104]. Decreased smooth muscle coverage is observed in col-
lecting lymphatic vessels of Ang2−/− mice [47], although the mechanism is not well 
understood. Reelin is a large extracellular protein, mostly studied for its role in 
nervous system development. In the vasculature, reelin is highly expressed in lym-
phatic vessels [104, 105], with intracellular localization in capillary LECs and ex-
tracellular localization in collecting lymphatic vessels [104]. Reelin-deficient mice 
have abnormal dermal collecting lymphatic vessels, with decreased smooth muscle 
cell coverage, ectopic expression of the capillary marker LYVE-1, and defective 
lymph flow. In vitro, contact of SMCs with LECs elicits secretion and processing 
of reelin, which in turn induces expression of the SMC chemotactic factor mono-
cyte chemoattractant protein MCP-1 in LECs. Thus, reelin acts as an LEC-specif-
ic ECM component, important for the communication between SMCs and LECs 
[104]. Given that large collecting vessels are not affected by  reelin deficiency, other 
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mechanisms for the recruitment and stabilization of lymphatic SMCs should be 
further investigated.

Smooth muscle coverage of collecting vessels is discontinuous, with low or 
absent SMCs in the area of lymphatic valves. Such arrangement is important for 
lymphatic valve function since the valve region undergoes significant variations 
in diameter during valve opening and closing. Blockade or genetic inactivation of 
axon guidance molecule SEMA3A, or its receptors NRP1 and PlexinA1, leads to 
the uniform coverage of collecting vessels with SMCs, shortening of lymphatic 
valve leaflets, and abnormal lymph flow [106, 107]. Enhanced smooth muscle cell 
recruitment and ectopic coverage of the valve area with SMCs is also found in 
CLP24−/− mice. Whether this is linked to modulation of VEGFR-2 or VEGFR-3 
signaling by CLP24 remains to be studied [40].

5.5  Conclusions

Over the past 25 years, understanding of lymphatic biology has increased immense-
ly and many of the pathways controlling lymphatic vessels have been elucidated. 
However, organ-specific features of lymphatic vessels and roles of additional cell 
types, e.g. immune or smooth muscle cells, in the regulation of lymphatic vascu-
lar development and function should be further evaluated under physiological and 
pathological conditions. Furthermore, the role of intracellular signaling pathways in 
lymphatic growth and maturation is only beginning to be addressed. There are an in-
creasing number of tools available for the study of the lymphatic system. Inducible 
lymphatic endothelial-specific gene deletion, reporter models, and advances in im-
aging technology should allow increased understanding of molecular mechanisms 
controlling lymphatic biology. Application of the knowledge obtained in preclinical 
mouse models should be applied to improving human health.
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Chapter 6
Junctional Signaling in Endothelial Cells

Luca Bravi and Maria Grazia Lampugnani

6.1  The Architecture of Endothelial Cell-to-Cell 
Junctions: Focus on Adherens Junctions

Cell-to-cell junctions represent highly specialized domains of the plasma membrane 
that control fundamental activities of the endothelium, such as barrier properties, 
the growth-arrested phenotype predominant in adult vessels, and response to pro-
liferation and differentiation factors during physiological angiogenesis. Consistent 
with their critical functional role, cell-to-cell junctions are often altered in vascular 
diseases and in general pathologies that involve vascular dysfunctions [22].

To sustain such diverse and crucial tasks, the molecular architecture of endothe-
lial junctions is finely specialized (see Dejana et al. [22] for an extensive descrip-
tion). In this chapter, we will particularly focus on a specific subdomain of endothe-
lial cell-to-cell junctions, the adherens junctions. Our laboratory has contributed to 
this field since the early 1990s with the identification and initial characterization of 
vascular endothelial (VE)-cadherin, the endothelial-selective transmembrane con-
stituent of endothelial adherens junctions [47].

VE-cadherin does not act alone in adherens junctions; indeed, several different 
molecules have been reported to interact with VE-cadherin at the level of both ex-
tracellular and cytoplasmic domains (for an introductory list, see Lampugnani [46]). 
Considering the plethora of molecules that have been found to form complexes with 
VE-cadherin, it appears most likely that several distinct types of molecular clusters 
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can organize around VE-cadherin and define specialized microdomains at cell-to-
cell junctions to support specific cellular functions.

In addition, while endothelial adherens junctions exist in the organisms [5, 75], 
the definition of their molecular specialization in different organs and tissues is still 
initial (see below [75]).

Undoubtedly, junctional signaling acts locally to regulate the tightness of cell 
contacts and the permeability of the monolayer, as illustrated in the examples be-
low. However, the consequences of such signaling extend beyond the junctions, 
determining deep modifications of the transcriptional profile of the cell. The mo-
lecular details of such transcriptional regulations are in large part not known. A few 
examples of the most explored regulatory pathways are reported below.

6.2  Local Signaling at Adherens Junctions: In Control  
of Vascular Structure and Permeability

VE-cadherin can be regarded as a signaling receptor that, upon recognition of an 
identical VE-cadherin molecule on an adjoining cell, acting as the ligand, becomes 
engaged in an adhesive trans-interaction [71]. Such molecular interaction has the 
consequence of inducing the clustering of VE-cadherin molecules at the sites of 
membrane contact between two adjoining cells. This can be considered the first 
signaling response. Molecules of the nectin family can facilitate the initial concen-
tration of VE-cadherin at nascent junctions [66].

The junction then requires further stabilization which is achieved through inter-
actions among VE-cadherin molecules present on the same cell (cis-interaction), 
especially through association of the VE-cadherin complex to the cortical actin cy-
toskeleton [71]. Such peripheral actin bundles can organize independently of VE-
cadherin [73]. However, VE-cadherin can recruit several cytoplasmic molecules 
that regulate the local organization of the actin cytoskeleton. One of these is Tiam 
[48], a guanine nucleotide exchange factor (GEF) that activates Rac for the organi-
zation of peripheral actin [96]. The small GTPase, Rap1, which plays a crucial role 
in the stabilization of endothelial junctions ([32]; see below), can stimulate trans-
location to the membrane of Tiam [6]. Rap1 can also mediate the association of the 
Raf1/Rok-α complex to VE-cadherin to moderate phosphorylation of myosin light 
chain 2 (MLC2) and actomyosin contractility at junctions [111]. A provisional list 
of small GTPases and their regulators recruited to VE-cadherin complex and con-
trolling actin polymerization and actomyosin contractility is presented in Table 6.1. 
For a general model of formation of cadherin-based junctions see Nelson [71].

How can the information developed through such molecular interactions at junc-
tions be transmitted inside the cell to modulate its behavior? As anticipated above, 
this is primarily achieved through the recruitment at the cytoplasmic domain of VE-
cadherin of molecules that possess either adaptor or enzymatic functions (β-catenin, 
cerebral cavernous malformation [CCM] proteins [see below], Rap1, and many oth-
ers; see Lampugnani [46] for a more extensive list). VE-cadherin can also enroll 
transmembrane molecules at junctions, among which are both kinase receptors 
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and phosphatase receptors [46]. In addition, post-transcriptional modifications of 
VE-cadherin can modulate such associations, as well as permanence at junctions of 
VE-cadherin itself (see below).

6.2.1   β-Catenin: The Canonical Cytoplasmic Partner of Vascular 
Endothelial (VE)-Cadherin

The classical cytoplasmic partner of VE-cadherin is β-catenin, a very versatile adap-
tor molecule that binds and recruits several regulatory and scaffold molecules to cell 
junctions (for a provisional list of molecules engaged to adherens junctions through 
β-catenin see Lampugnani [46]). Therefore, β-catenin provides a fundamental con-
tribution to the molecular architecture and function of endothelial junctions. Indeed, 
truncated VE-cadherin, lacking the carboxy-terminal half of the cytoplasmic do-
main and unable to bind β-catenin, induces defects in vivo and in vitro superimpos-
able to those observed after null mutation of VE-cadherin [11, 70].

It has been proposed that the phosphorylation of tyrosine residues of β-catenin 
can decrease its binding affinity for VE-cadherin. This has been reported in re-
sponse to vascular endothelial growth factor (VEGF) [67]. In addition, focal 

Table 6.1  Small GTPases can both enhance and decrease adherens junction stability
Junction stabilization
Small GTPase Effectors Molecular function

GEF
Rap1a Epaca (cAMP-dependent)

PDZ-GEF 1a (cAMP-independent)
C3Gb

Stabilization of VE-cadherin at 
junctions

Rac Tiam (Rac specific) Polimerization of cortical actin
Cdc42
R-RASc Inhibition of VE-cadherin 

internalization
GAP

Rho P190Rho-GAPd Inhibition of Rho
Junction destabilization
Rho ROCK activation, phosphory-

lation of myosin light chain, 
actomyosin

GEF
Rac Vav2 VE-cadherin endocytosis

cAMP cyclic adenosine monophosphate, ROCK Rho-associated coiled-coil-containing protein 
kinase, VE vascular endothelial
a Molecular complex with VE-cadherln reported: Rap1 bound to CCM1 [31]; Epac bound to 
PDE4D [83]; PDZ-GEF1 bound through MAGI/β-catenin [90]
b Src-dependent phosphorylation in response to thrombin [6]
c Sawada et al. [92]
d p120-mediated complex with N-cadherin reported, complex with VE-cadherin putative [110]
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 adhesion  kinase (FAK) could contribute to the weakening of endothelial junctions 
in response to VEGF, phosphorylating the tyrosine residue 142 of β-catenin and 
decreasing its association with VE-cadherin in vivo [13].

However, other reports are in contrast to the model in which VE-cadherin/β-
catenin complex is modulated by tyrosine phosphorylation of β-catenin (or VE-
cadherin itself; see below). Tyrosine phosphorylation of β-catenin could contribute 
to loss of barrier function, without requiring detachment from VE-cadherin. Indeed, 
Timmerman et al. [102] report tyrosine phosphorylation of VE-cadherin-associated 
β-catenin in response to thrombin, and no dissociation of the complex. Nonethe-
less, tyrosine phosphorylation of β-catenin is critical to sustain the permeability 
increase in response to thrombin. Indeed, depletion of the phosphatase SHP2, which 
dephosphorylates β-catenin, inhibits recovery of the barrier after thrombin chal-
lenge [102]. This may suggest that tyrosine phosphorylated β-catenin could change 
its association with partners other than VE-cadherin, and in this way could convey 
different signals. In summary, no general agreement on this issue has so far been 
reached. The specific mode of modulation of the VE-cadherin/β-catenin complex 
appears dependent on the stimulus and, possibly, on the origin of the endothelium. 
These variables could determine phosphorylation of specific tyrosine residues of 
β-catenin [56], resulting in apparently contrasting results (for example, see the op-
posite results obtained either with human umbilical vein endothelial cells [HUVEC] 
cultured on fibronectin, or human pulmonary microvascular endothelial cells cul-
tured on collagen, reported by Timmerman et al. [102] and Monaghan-Benson and 
Burridge [67], respectively).

In some conditions of severely and constantly disorganized junctions, β-catenin 
can partially dissociate from VE-cadherin. For example, this has been reported in 
CCM1-silenced endothelial cells [31], and we have observed a similar event in 
CCM3-knockout endothelial cells [8]. A reasonable hypothesis is that, in endo-
thelial cells, even a limited decrease in the association between VE-cadherin and 
β-catenin is sufficient to create subtle local heterogeneity in the molecular composi-
tion of cell-to-cell junctions that weaken the continuity of the monolayer and impair 
its barrier function.

In addition to its adaptor role at junction, β-catenin is a crucial regulator of tran-
scription, particularly in association with transcription factors of the Tcf family 
[16]. This aspect is discussed below (see also comments in the legend for Fig. 6.1).

A particular example of indirect control of transcription by β-catenin localized to 
junctions is the regulation of nuclear localization of the transcription factor FoxO1 
(see below).

6.2.2  Other Cytoplasmic Associates of VE-Cadherin with a 
Crucial Role in Endothelial Physiology: Rap1 and the 
Cerebral Cavernous Malformations (CCMs)

Among the several molecules that associate with VE-cadherin at cell-to-cell junc-
tions and control vascular permeability and vascular structure, we report here on 
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the small GTPase Rap1 [32] and the CCM proteins (CCM1, 2, and 3) [85] as our 
laboratory also contributed to the definition of their function in the endothelium.

These molecules are discussed together as CCM1 has been demonstrated to re-
cruit and localize Rap1 to cell-to-cell junctions [31]. CCM1 associates with adhe-
rens junctions, directly binding β-catenin through its FERM domain [31]. In ad-
dition, co-immunoprecipitation of CCM1 with the adherens junction components 
VE-cadherin, α-catenin, and afadin has been reported [31]. However, interaction 
with β-catenin appears to be nonexclusive for junctional localization of CCM1. 
Indeed, CCM1 can be recruited to cell junctions through interaction of its FERM 
domain (the groove between subdomain 1 and 3) with the C-terminal region of the 
transmembrane protein heart of glass (HEG1) [29]. In addition, CCM1 appears to 
sustain functions downstream of HEG1. Indeed HEG1, CCM1, or CCM2 murine 
and zebrafish mutants show convergent traits in their abnormal phenotypes [40].

The stabilizing activity of Rap1 on endothelial cell-to cell junctions has long 
been identified and analyzed in several models of endothelial cells cultured in vi-
tro [32, 42]. The cyclic adenosine monophosphate (cAMP) analog 8-pCPT-2ʹ-Me-
cAMP (007), a synthetic cell-permeable activator of Epac1 (an Rap1 GEF), is a 
potent stabilizer of VE-cadherin-based endothelial cell-to-cell junctions [32, 42]. 
In addition, Rap1b isoform knockout mice show hemorrhagic phenotype due to un-
stable blood vessels [14]. When ablated in mice, Rap1a, the other isoform of Rap1, 
does not determine a vascular phenotype. Similar effects of vessel fragility that re-
sult predominantly in cerebral hemorrhages have been observed in  zebrafish larvae 

Fig. 6.1  Distribution of β-catenin to the nucleus inversely correlates to the stability of endothelial 
junctions. a In confluent endothelial layers in culture, β-catenin ( red) is prevalently associated 
with cell-to-cell junctions where it co-distributes with VE-cadherin ( green, co-distribution; yellow, 
arrows). b In migrating endothelial cells, which have dynamic adherens junctions in comparison 
to the stable monolayer, β-catenin can be observed in the nucleus ( red, arrowheads), in addition 
to junctions, where it still co-localizes with VE-cadherin ( green, co-distribution; yellow, arrow). 
Endothelial cells at the migrating front of a wounded monolayer are shown. c In VE-cadherin-
null endothelial cells, β-catenin is also prevalently nuclear ( red, arrowheads) in highly dense cul-
tures. Endothelial cells in culture, and isolated from either wild-type or VE-cadherin-null mouse 
embryos, are shown. Active β-catenin (in the three panels), dephosphorylated on the N-terminal 
residues Ser37 or 41, is immune-stained with the mAb clone 8E7 (Merck Millipore, Darmstadt, 
Germany). Junctional β-catenin acts as a crucial scaffold for several signaling molecules (see 
Lampugnani [46] for a provisional list of such molecules). Nuclear β-catenin in the different situ-
ations shown is competent for regulation of transcription. This has been analyzed in detail for the 
transcription of claudin-5, a component of tight junctions with crucial activity in the control of 
permeability [100]. The mechanisms that direct β-catenin localization in the nucleus are not yet 
defined in molecular details. See the text for further discussion
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treated with Rap1b morpholino [34]. Local signaling activated by Rap1 would de-
termine polymerization of cortical actin through the activation of Rac [6, 32]. Rap1 
can recruit an Raf1/Rok-α complex to junctions for local modulation of actomyosin 
contraction [111], as discussed above). However, the molecular mechanism of junc-
tion stabilization in response to Rap1 activation still remains largely unknown. As-
sociation with junctions of GEFs and GTPase-activating proteins (GAPs) can regu-
late the localization and duration of Rap signaling [32]. PDZ-GEF1, an Rap1 GEF, 
can be found to be associated with VE-cadherin through β-catenin and MAGI1 [90, 
32]. Another Rap1 GEF, Epac1, can associate with VE-cadherin through the phos-
phodiesterase PDE4D [83]. Afadin (AF6) [60], which can recruit both Rap-GTP 
and RapGAPs, can associate with adherens junctions [6, 32].

While constitutive activation of Rap1 is required for maintaining stable junc-
tions, and its activation further reinforces them, it is debated whether Rap1 deacti-
vation or delocalization can destabilize established cell-to-cell junctions [32].

Interestingly, besides CCM1, which binds directly to Rap1 [94], CCM2 and 
CCM3, which can form a complex with CCM1 [97, 107, 114], also strongly con-
tribute to the maintenance of stable endothelial cell-to-cell junctions in both in vitro 
and in vivo models [7, 8, 51, 58]. Indeed, as soon as they are ablated, adherens junc-
tions (and, as a consequence, tight junctions; see below) become disorganized and 
permeability is increased.

Local activation of Rap1 at adherens junctions, as promoted by CCM1, is criti-
cal for stabilization of endothelial junctions. Indeed, stimulation of Epac1 with 
8-pCPT-2ʹ-Me-cAMP (007) in CCM1-ablated cells does not restore either endo-
thelial barrier or localization of Rap1 to cell-to-cell junctions [31]. Consistently, 
activation of Epac1 does not restore junction and permeability in Rap1-depleted 
endothelial cells [77]. While it is established that CCM2 binds directly to CCM1, 
and CCM3 binds to CCM2 [97], it is not known how the absence of either CCM2 
or CCM3 could influence the localization or activity of Rap1 bound to CCM1. In 
addition to affecting Rap1 GTPase, ablation of CCM1, 2, or 3 stimulate the activity 
of Rho, with consequent phosphorylation of MLC2, actomyosin contraction, and 
disorganization of cell-to-cell junctions [99, 109] (for Rho activation after CCM1 
and 2 ablation); [8] (for Rho activation after CCM3 ablation). Inhibition of Rho 
activity can restore the structure and function of junctions in CCM-ablated endothe-
lial cells, and inhibit formation of vascular lesions in vivo (see below). Rap1 could 
mediate the downregulation of Rho by CCM proteins recruiting Rac and inhibiting 
Rho activation at cell-to-cell junctions [6, 99]. Figure 6.2 summarizes the molecular 
interaction at cell-to-cell junctions between VE-cadherin, β-catenin, CCM proteins, 
and small GTPases.

As illustrated by the individual examples discussed above, signaling conveyed 
by stabilized junctions depends on the association of specific molecules with junc-
tions, and on their interactions. This relies primarily on clustering of VE-cadherin to 
cell-to-cell contacts. Therefore, the presence of VE-cadherin at junctions is crucial 
and can be regulated as discussed in the following paragraph.
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Fig. 6.2  Schematic representation of the molecular interactions at endothelial cell-to-cell junc-
tions between VE-cadherin, cerebral cavernous malformation ( CCM) proteins, small GTPases, 
and the polarity complex. CCM1 interacts with both β-catenin and Rap1 [31]. As a consequence, 
Rap1 is activated locally (GTP-bound) and stabilizes cell-to-cell junctions through a mechanism 
that is still poorly understood [32]. Active Rap1, possibly activating Rac and inhibiting Rho, 
induces stabilization of the cortical actin cytoskeleton.In addition, active Rap1, stabilizing VE-
cadherin to cell-to-cell junctions [42], indirectly promotes localization to cell-to-cell contacts of 
the polarity complex, Par3/Par6/atypicalPKC ( aPKC) together with Tiam [48]. This complex can 
associate with VE-cadherin through recognition, by the third PDZ domain of Par3, of the type II 
PDZ-domain-binding motif at the C-terminus of VE-cadherin [38], and directs apical-basal polar-
ity and the formation of a regular and polarized lumen [51]. CCM2 and CCM3 can form a complex 
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6.2.3  Phosphorylation and Ubiquitination of VE-Cadherin  
and the Regulation of Vascular Permeability

The permanence of clustered VE-cadherin at cell-to-cell junctions can be modulat-
ed by post-transcriptional modification of the cytoplasmic domain of VE-cadherin, 
particularly phosphorylation on tyrosine (Y658 and Y685 [75]) and serine (S665 
[26]) residues. Such post-transcriptional modifications can regulate the internal-
ization rate of VE-cadherin and, as a consequence, the stability, composition, and 
signaling activity of adherens junctions.

VE-cadherin posses several tyrosine residues (eight in the human protein and 
nine in the mouse protein) that could be potential targets of tyrosine kinases [81]. Of 
these residues, only tyrosine residues at positions 658 and 685 have, to date, been 
reported to be phosphorylated in vivo in the mouse [45, 75]. In a current model, 
tyrosine phosphorylation of VE-cadherin in response to angiogenic or inflamma-
tory stimuli has been associated with weak and permeable cell-to-cell junctions [81, 
103]. However, tyrosine phosphorylation of VE-cadherin may not be sufficient, and 
other signaling pathways possibly need to concur to determine the loss-of-barrier 
function [1]. This concept has been further reinforced by the work of Orsenigo et al. 
[75], who observed that VE-cadherin is indeed phosphorylated on tyrosine resi-
dues 658 and 685 in vivo, specifically in the veins under physiological conditions. 
Such phosphorylated VE-cadherin is regularly distributed to cell-to-cell junctions, 
and the rate of its internalization is not increased in comparison to the nonphos-
phorylated form. However, such phosphorylation sensitizes the cells to respond to 
permeability-increasing agents such as bradykinin and histamine, with consequent 
enhanced ubiquitination and internalization of VE-cadherin. Endothelial cells ex-
pressing the nonphosphorylatable form of VE-cadherin, such as Y658F or Y685F, 
with tyrosine (Y) mutated in phenylalanine (F), do not reduce their barrier function 
in response to either bradykinin or histamine, nor internalize the mutated VE-cad-
herin. Specific phosphorylation of VE-cadherin in veins is determined by the low 
shear stress characterizing veins and mediating the constitutive activation of Src 
that directly or indirectly targets VE-cadherin [75].

The serine residue 665 (S665) appears to be a critical target in the action of 
VEGF as an agent that decreases the endothelial barrier [26]. Although the effects 
of such phospho-residue have been studied in detail in in vitro models of cultured 
endothelial cells, its presence has been observed as a short-term response to VEGF 
also in vivo in VE-cadherin from mouse skin vessels [27]. Once more, a key fac-
tor would be Src, which, activated by VEGF receptor 2 (VEGFR2), upon VEGF 

[107] that might be recruited to cell-to-cell contacts in association with CCM1 [97], contributing to 
junction stability. Although localization to junctions of such ternary complex has to be definitely 
proved, the absence of any of the CCM proteins profoundly affects endothelial cell-to-cell junc-
tions. Indeed, active Rap1 is delocalized from junctions (Glading et al. 2008; [34], junctions are 
dismantled, apical-basal polarity is lost [7, 51, 58] and lumen is abnormal in CCM-ablated (any 
CCM gene) endothelial cells cultured in vitro (Glading et al. 2008 [7, 51, 58], in murine models of 
CCM pathology [7, 58] and in vascular lesions of CCM patients [7, 58]
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binding, would phosphorylate Vav2. This GEF starts a chain of activating events: 
activation of the small-GTPase Rac, which stimulates its downstream target p21-
activated-kinase (PAK) to phosphorylate the residue S665 in VE-cadherin. Β2-
arrestin recognizes such phosphorylated residue and, upon binding to VE-cadherin, 
promotes clathrin-dependent internalization of VE-cadherin. The consequence of 
this process is weakening of cell-to-cell junctions. Interestingly, this sequence of 
events can be blocked by angiopoietin-1 (Ang1). Ang1, promoting the sequester-
ing of Src through mDia, inhibits the phosphorylation of VE-cadherin on S665, its 
internalization, and the ensuing weakening of junctions.

Phosphatases are expected to modulate the phosphorylation of VE-cadherin. 
Until now, the tyrosine phosphatase SHP2, which is associated with VE-cadherin 
through β-catenin, has been reported to dephosphorylate β-catenin, γ-catenin, and 
p120 associated with VE-cadherin, but not VE-cadherin itself [102, 105].

The endothelial-specific vascular endothelial phosphatase (VE-PTP) is associ-
ated with VE-cadherin at junctions through interaction of the extracellular domains 
of the two proteins. VE-PTP can indeed dephosphorylate VE-cadherin, besides Tie2 
and plakoglobin [24, 89]. It has recently been reported that VEGFR2, when associ-
ated with junctions, can also be a target of VE-PTP [35].

In addition, clathrin-dependent internalization of VE-cadherin can be inhibited 
by p120 catenin masking an endocytic signal [69].

6.2.4  VE-Cadherin can be Associated with, and Modulate  
the Activity of, Angiogenic Receptors

VE-cadherin clustered at junctions can also modulate the activity of receptors that 
act as crucial regulators of vessel organization, such as VEGFR2 [11, 50] and trans-
forming growth factor (TGF)-βR2 [88]. Activated by VEGF, VEGFR2 becomes 
phosphorylated on several tyrosine residues [15]. These phosphorylated tyrosines 
become docking sites for different mediators that can activate locally-specific sig-
naling pathways [15], depending on the stability of junctions. In5 particular, we 
have observed that when VE-cadherin is engaged in stable contacts, as in confluent 
endothelial monolayers, activated VEGFR2 associates with VE-cadherin through 
β-catenin and activates phosphatidylinositol3-kinase (PI3K) [also associated with 
VE-cadherin through β-catenin] to phosphorylate Akt and to signal cell survival 
and resistance to apoptosis [11, 100]. When VE-cadherin is engaged in dynamic 
junctions, as in cells undergoing angiogenic responses, VEGF-activated VEGFR2 
preferentially stimulates the phospholipase C (PLC) and mitogen-activated protein 
kinase (MAPK) pathway to signal proliferation [49]. Such signaling can take place 
from endocytic compartments in which VEGFR2 is internalized in association with 
VE-cadherin through a clathrin-dependent process [50].

VE-cadherin clustered in stable contacts can modulate endothelial behavior, 
forming a complex with another regulator of the vascular phenotype, the TGFβ 
receptor TGFβR2 (as well as with Alk1 and Alk5 [88]). The functional consequence 
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of such local regulation is the activation, by TGFβ, of antiproliferative and antimi-
gratory responses. Such signaling would contribute to the stability of the mature 
endothelial layer. On the contrary, in endothelial cells with weakened junctions, 
as is the case after treatment with a VE-cadherin-blocking antibody [88] or with a 
reduced level of VE-cadherin [58], TGFβR2 is not associated, or is less associated, 
with VE-cadherin [88]. This deactivates the antiproliferative and antimigratory re-
sponse elicited by TGFβ, and can even redirect TGFβ signaling towards dediffer-
entiation (endothelial-mesenchymal transition [EndMT]) of the endothelial cells, as 
described in more detail in the following paragraphs in CCM pathology.

VE-cadherin has also recently been shown to be associated with fibroblast 
growth factor receptor 1 (FGFR1) and to reduce its phosphorylation in response to 
FGF2 engaging the phosphatase Dep1 in a multiprotein complex [28].

6.3  Adherens Junctions and Nuclear Signaling: 
Mediators and Targets in the Establishment  
of Barrier Properties and Differentiated Phenotype  
of the Endothelium

In addition to regulating endothelial functions through the local organization of spe-
cific signaling complexes to adherens junctions, as described in the previous para-
graphs, the ‘degree of tightness’ of VE-cadherin association with junctions appears 
to regulate the transcriptional profile of endothelial cells [100]. ‘Degree of tight-
ness’ means distinct and specific molecular complexes recruited by VE-cadherin to 
adherens junctions as a function of the duration and stability of its engagement in 
an adhesive interaction. In general, the molecular details of the dynamic remodeling 
of such complexes are still poorly known. Some examples have been presented in 
the previous paragraphs. Among the interactors of VE-cadherin, β-catenin plays an 
important role in coordinating the state of the junction compartment to the quality 
and type of transcription in the nuclear compartment. Although such regulation is 
evident from a functional point of view, details of the underlying molecular mecha-
nism are still virtually unknown.

Examples of loss and acquisition of differentiated phenotype through the cross-
talk between adherens junctions and the nucleus mediated by β-catenin in endothe-
lial cells will be discussed in more detail below; however, before then, we have to 
face the still unsolved problem of cell biology.

6.3.1   Nuclear β-Catenin: How Adherens Junctions Could 
Control It?

In addition to its scaffold role in adherens junctions, β-catenin is a crucial regula-
tor of transcription in association with Tcf transcription factors [16]. At present, 
the relationship between the junctional and nuclear pool of β-catenin remains an 
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unsolved general issue in cell biology, besides endothelial cells. It is not known 
whether β-catenin concentrated in the nucleus originates from junctions or whether 
it comes from a distinct pool. In Drosophila, the existence of two distinct pools, 
junctional and nuclear, of the β-catenin homolog armadillo, is ascertained [91], and 
is confirmed in Caenorhabditis elegans [43]. In contrast, in mammalian epithelial 
cells, photoactivatable GFP-tagged β-catenin has been observed to re-localize from 
E-cadherin to the nucleus upon dissociation of adherens junctions [39].

While it is reasonable to hypothesize that some communication exists between 
these two pools, the molecular details of such a connection are not defined. A pos-
sible mechanism through which cell-to-cell junctions could regulate the level of 
the cytoplasmic pool of β-catenin, and indirectly the level of nuclear β-catenin, 
has been reported in epithelial cells [59]. In these cells, crucial components of the 
β-catenin phosphodestruction complex, such as axin, adenomatous polyposis coli 2 
(APC2), and glycogen synthase kinase (GSK)-3β, are localized to cell-to-cell con-
tacts, and cadherins can promote N-terminal phosphorylation of β-catenin, which 
targets β-catenin to proteasomal degradation. As a consequence, when junctions 
are tightly organized, N-terminal phosphorylation of β-catenin and its turnover are 
enhanced. The reduced pool of cytoplasmic β-catenin would limit the nuclear distri-
bution of β-catenin and its transcriptional activity. Whether the phosphodestruction 
complex acts on β-catenin released from cadherin or on an independent pool has not 
presently been clarified. N-terminal phosphorylated β-catenin can also be found at 
cell-to-cell junctions “in a complex which is molecularly distinct from the cadherin-
catenin complex” [59]. However, such coordination between tightness of junctions 
and targeted degradation of β-catenin would regulate the cytoplasmic and nuclear 
amount of β-catenin and allow the cell to mount a transcriptional response mediated 
by β-catenin and appropriate to the state of junctions.

6.3.2   Nuclear β-Catenin in Endothelial Cells

In addition to the above general questions, endothelial cells present a peculiarity 
in respect to the classical model of a direct balance (proportion/ratio) between the 
cytoplasmic and nuclear level of β-catenin. In our experience, endothelial cells can 
concentrate β-catenin in the nucleus without apparently requiring accumulation of 
(stabilized) β-catenin in the cytoplasm, as generally observed after stimulation with 
Wnt in other cell types. Constant finding in endothelial cells is that when adherens 
junctions are poorly organized, β-catenin concentrates in the nucleus and regulates 
transcription. Examples of weak cell-to-cell contacts are: endothelial cells in non-
confluent layers as during angiogenic response; models of pathological conditions 
as after KD of the CCM1 [31] and knockout of the CCM3 gene [8]; and the extreme 
experimental situation of VE-cadherin-null endothelial cells [100]. Remarkably, in 
each of these circumstances, although the total level of β-catenin can decrease, even 
to an extremely low level, as in VE-cadherin-null endothelial cells, residual β-catenin 
concentrates into the nucleus where it is transcriptionally active. The mechanism of 
such nuclear localization of the low total level of β-catenin has not presently been 
defined. Notably, β-catenin lacks nuclear localization sequences [16, 23].



148 L. Bravi and M. G. Lampugnani

When junctions are poorly organized, β-catenin induces a transcriptional profile 
characterized by loss of differentiation markers and acquisition of EndMT markers 
[8, 58, 100], as discussed below.

On the other hand, endothelial cells can also use β-catenin to direct a program of 
differentiation. Indeed, endothelial cells of the central nervous system (CNS), which 
participate in the blood–brain barrier (BBB) when stimulated by either Wnt3a [55], 
Wnt7a, or Wnt7b [98] activate a canonical response and block proteasomal degra-
dation of β-catenin that now concentrates into the nucleus where it induces a BBB 
transcriptional profile [55, 78]. In parallel, Wnt induces stabilization of adherens 
junctions, with increased localization to junctions of VE-cadherin and β-catenin, 
and tightening of tight junctions through upregulation of claudin transcription [55, 
98] (see below). As far as adherens junctions are concerned, both VE-cadherin and 
β-catenin appear more regularly disposed to cell-to-cell contact in Wnt3a-treated 
endothelial cells from brain microvessels; however, this is not the consequence of 
transcriptional activation of these genes. The molecular mechanisms of strengthen-
ing of adherens junctions in response to Wnt is not yet defined in endothelial cells, 
although it might involve regulation of small GTPases [93].

All in all, the transcriptional responses elicited by nuclear β-catenin appear to be 
coordinated to the state of endothelial cell-to-cell adherens junctions. The molecu-
lar mechanisms that direct such alternative responses of endothelial cells are still 
mostly unknown (see also below).

6.3.3   Adherens Junctions and Transcriptional Regulation  
of Permeability: The Case of Claudin-5 and Claudin-3

The extreme example of fragile endothelial junctions is that determined by the 
absence of VE-cadherin. Until now, this situation has mostly been studied in ex-
perimental models of in vitro cultured endothelial cells. Indeed, in the organism, 
constitutive inactivation of the VE-cadherin gene is embryonically lethal in the 
mouse [11] and in zebrafish [68], and VE-cadherin-inactivating antibody produces 
an acute lethal phenotype in the adult mouse [18, 19]. VE-cadherin can be dispens-
able for the early phase of sprouting angiogenesis when tip cells interact through 
filopodial contacts [52]. However, VE-cadherin is required for coordinating the fol-
lowing steps and allowing cells to properly recognize each other and mature the 
initial contacts, as observed in the zebrafish embryo [52].

In the absence of VE-cadherin, molecular determinants of the endothelial mature 
phenotype, such as claudin-5, VE-PTP, and von Willebrand factor, are transcription-
ally downregulated [100] (unpublished results). In particular, claudin-5, an endo-
thelial-selective constituent of tight junctions, is crucially involved in the control of 
endothelial permeability in the CNS [72]. The inhibition of claudin-5 transcription 
involves the formation of a nuclear complex between β-catenin and FoxO1, which 
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acts as a transcriptional repressor of the Claudin-5 gene [100]. In addition, FoxO1 
represents an interesting example of molecular cross-talk between junctional and 
nuclear compartments. Indeed, FoxO1 is phosphorylated through active Akt (phos-
phorylated on Thr308 and Ser473) localized to stable cell-to-cell contacts. Akt is ac-
tivated locally at cell-to-cell junctions via PI3K, which associates with VE-cadherin 
through β-catenin only in stable contacts [11], as described above. Relevant for reg-
ulation of transcription is the fact that phosphorylation both promotes FoxO1 exclu-
sion from the nucleus (phosphorylation on Thr24) and inhibits its binding to DNA 
(phosphorylation on Ser256) [9, 115]. As a consequence, transcription of claudin-5 
(and other target genes such as VE-PTP and von Willebrand factor), is derepressed 
in endothelial cells with stable junctions, and the barrier properties are enhanced by 
the organization of claudin-based tight junctions.

An opposite example of transcriptional control of permeability by β-catenin is 
represented by the response of brain endothelial cells to Wnt3a and Wnt7a/b [55, 
98]. As discussed above, in response to Wnt stimulus, β-catenin concentrates in the 
nucleus where it can activate a specific transcriptional program that drives differ-
entiation of endothelial cells towards the CNS-specific phenotype (the BBB [21]). 
In particular, as far as control of permeability is concerned, the transcription of 
claudin-3 is upregulated both in vivo and in vitro [55, 98], and this has the functional 
effect of reinforcing the barrier properties of the endothelium [55, 98], as specifi-
cally needed at the BBB.

As discussed above, the molecular mechanism that determines very distinct 
β-catenin-driven transcriptional programs, in relation to different stability of ad-
herens junctions, is still scarcely defined. As it has been shown for FoxO1, the co-
operation between β-catenin and transcriptional co-regulators, the level or nuclear 
localization of which is regulated by the strength of adherens junctions, could be 
crucial. In addition, fine-tuning of the nuclear level of β-catenin could contribute to 
such distinct responses [33].

6.3.4   Adherens Junctions and Endothelial Differentiation:  
The Case of Endothelial-Mesenchymal Transition

EndMT represents a process of dedifferentiation driven by transcriptional repro-
gramming that also targets the composition and function of adherens junctions [64]. 
In the course of this process, the promigratory N-cadherin partially substitutes for 
VE-cadherin [28, 99]. The so-called cadherin switch, with N-cadherin substituting 
E-cadherin, is indeed a well-established trait of epithelial-mesenchymal transition 
(EMT) in epithelial cells [44]. Transcriptional repression of E-cadherin is well-de-
fined in these cells, and similar mechanisms involving Twist, Snai1 and Snai2 also 
operate in endothelial cells [57]. However, reorganization of cell-to-cell junctions 
might also represent a priming event of EndMT. Although the precise relationship 
between junctional and nuclear β-catenin are poorly defined, as discussed above, 
β-catenin might represent one of the molecular link(s) in the reshaping of both junc-
tion and transcription profile that characterizes the EndMT. Indeed, β-catenin can 
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drive the transcriptional upregulation of EndMT markers also cooperating with the 
TGFβ pathway [65, 116].

A physiological example of EndMT takes place during the formation of the heart 
cushion in the embryo [82]. In this case, not only is β-catenin transcriptionally ac-
tive in the endothelial cells undergoing the transformation but it is also required for 
initiation of the process [54], which is subsequently reinforced by the activation 
of endothelial cells by TGFβ2 produced in the heart tissue. At the initial stages of 
transformation, endothelial cells co-express α-smooth muscle actin and the endo-
thelial marker VE-cadherin [54]. Although the cells undergoing such transforma-
tion become highly motile, the organization of endothelial cell-to-cell junctions has 
not been examined in detail; in particular, it remains to be defined whether expres-
sion of the promigratory N-cadherin is increased [28].

EndMT has increasingly been studied for its crucial contribution to various pa-
thologies characterized by fibrosis, as well as to cancer [44, 64]. As far as vascular 
pathology is concerned, EndMT takes place and has a causative role [58] in the 
CCM, which has already been introduced above. In this case, endothelial adher-
ens junctions constitute an early target of the loss-of-function mutation of any of 
the three CCM genes. VE-cadherin and β-catenin become highly disorganized and 
the endothelium loses its barrier properties. Subsequently, N-cadherin substitutes 
VE-cadherin at junctions, which remain highly disorganized, as a consequence of 
delocalization of Rap1 and activation of Rho [31, 99, 109] (see above). Reshaping 
of adherens junctions is accompanied by induction of an array of EndMT and stem 
cell markers, among which are CD44, s100a4, Ly6a, Klf4, which contribute to the 
pathological vascular phenotype [58]. If and how disorganization of junctions has 
a causal role in transcriptional reshaping and initiation of EndMT, besides being a 
target of this process, remains to be defined.

However, also in this case, the dedifferentiation process requires β-catenin tran-
scriptional signaling [8]. Association of β-catenin to junction-delocalized VE-cad-
herin is reduced ([8] for CCM3 knockout; [31] for CCM1). However, once more, 
it is not known whether the β-catenin released from VE-cadherin is directly re-
sponsible for the β-catenin-driven transcriptional signaling observed. In addition, 
EndMT is reinforced by activation of the TGFβ signaling that, in CCM1-knockout 
endothelial cells, is cell autonomous, through the production of BMP6 [58]. These 
observations confirm the cooperation between the β-catenin and TGFβ pathway in 
the control of EndMT.

6.4  Endothelial Adherens Junctions In Vivo: Learning 
from Vascular Dysfunctions in Animal Models and 
Human Pathologies

Endothelial adherens junctions play a crucial role in vivo, both for correct vascular 
morphogenesis and for establishment and maintenance of the barrier function of the 
endothelium. This has been observed both in genetic mouse mutants and zebrafish 
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embryos, these last treated with specific morpholinos for the main component of 
adherens junctions and VE-cadherin, as well as for several molecules recruited to 
adherens junctions [46]. In humans, only a few pathologies linked to genetic defects 
of molecular components of endothelial adherens junctions have been reported (see 
[22], and below). In addition, endothelial cell-to-cell junctions are typically altered 
in several human diseases (see below).

6.4.1  Animal Models

Either ubiquitous or endothelial-restricted inactivation or mutation of genes for 
component of adherens junctions in transgenic mice mostly results in early embry-
onic lethality due to vascular disorganization and impaired control of permeability. 
We have reported such phenotypes in transgenic mice with homozygous null muta-
tion for VE-cadherin or expressing a carboxy-terminal truncated VE-cadherin mu-
tant unable to bind β-catenin [11]. Vascular defects, both in organization and barrier 
function, have also been observed in zebrafish larvae treated with morpholinos to 
VE-cadherin [52, 67]. In addition, endothelial-selective inactivation of β-catenin 
produces vascular hemorrhagic lacunae at bifurcations of cerebral, as well as vi-
telline, umbilical and placental vessels and embryonic lethality between 11.5 and 
13.5 dpc [12].

Embryonic lethality with vascular phenotypes has been reported after inactiva-
tion in p120, N-cadherin (both endothelial-selective knockout), VE-PTP, Dep1, and 
Rap1b mice, among the others. Please refer to Lampugnani [46] for an extensive 
description of these and other related phenotypes.

In recent years, our laboratory has particularly focused on the role of CCMs in 
vascular pathologies [51, 58].

Although not endothelial-specific, CCM molecules show a specific activity in 
the endothelium. Indeed, constitutive and ubiquitous ablation in the mouse of any 
of the three genes determines generalized vascular disorganization and early embry-
onic lethality (around 10 dpc) [36, 108, 109]. CNS-specificity for vascular lesions 
appears if gene deactivation is induced after birth, using either endothelial-restrict-
ed knockout [7, 58] or heterozygosity for CCM on a mutation-prone genetic back-
ground (loss of tumor suppressor gene Trp53 [95], and deletion of mismatch repair 
complex gene Msh2 [62]). The vasculature of the CNS is particularly affected with 
the development of focal vascular malformations resembling human cavernomas 
in the brain, cerebellum, and retina [85]. The molecular mechanism of this typical 
organ specificity still remains to be explained. This might depend either on specific 
characteristics of the differentiated endothelium in the CNS or on the persistence of 
endothelial precursors that could be particularly affected by mutation in CCM genes 
[58]. This hypothesis may fit with the observation that, in the animal model, the 
number of cavernomas and the rate of their appearance is maximal when gene re-
combination is induced soon after birth, and decreases sharply when recombination 
is postponed by even a few days [7]. In addition, it has been reported that endothe-
lial cells in the CNS acquire a fully differentiated phenotype early after birth [55].
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6.4.2  Human Pathologies

Numerous human pathologies affecting disparate organs present morphologically 
abnormal and permeable vessels (see Cattelino et al. [12] for a comprehensive list).

In light of the phenotype of the animal mutants discussed above, endothelial 
adherens junctions are likely affected and also contribute to pathologies in humans. 
In various human diseases, the abnormality of endothelial junctions has been con-
firmed and molecular details on endothelial adherens junctions in pathological sam-
ples from different organs are accumulating. Endothelial junctions in tumors have 
represented a typical subject for this type of study [4]. It has also been shown that 
VE-cadherin in endothelial cells of tumor vessels expresses distinct antigenicity 
[61]. The monoclonal antibody that specifically recognizes VE-cadherin in tumor 
vasculature was also effective in inhibiting the neoplastic growth in experimental 
models of murine tumors without increasing permeability [53]. More recently, non-
neoplastic diseases, such as inflammatory, infectious, and degenerative pathologies, 
in particular of brain and lung, have also been increasingly investigated under the 
perspective of endothelial adherens junctions [20, 37, 86, 112]. A website collecting 
and organizing the increasing mass of such reports could represent a useful tool for 
the scientific community.

Genetic defects in endothelial cells have been recognized to be the cause of vari-
ous vascular pathologies in humans [104]. However, mutations in genes for compo-
nents of adherens junctions and resulting in vascular defects are rare in humans. To 
our knowledge, RASA1/p120RasGAP and the three CCM genes represent the only 
examples of such a relationship.

The RASA1 (p120-RASGAP) gene codifies for a Ras GTPase and is mutated 
in patients (heterozygous for loss-of-function mutation) with brain arteriovenous 
malformations [84]. Its possible that relationship with adherens junctions is sug-
gested by the role of RASA1 in activating p190RhoGAP, which positively regulates 
adherens junction assembly in cooperation with catenin p120 [110]. However, this 
molecular pathway targeting adherens junctions has, until now, been proved in fi-
broblasts expressing N-cadherin.

Loss-of-function mutation in any of the CCM genes is the cause of the genetic 
form of CCM disease (20–30 % of all CCM patients [80]). Some molecular func-
tions of CCM1, 2, and 3 in relation to adherens junctions have already been de-
scribed above. The inheritance of the pathology is autosomal dominant, in the sense 
that patients are heterozygous for the CCM mutation. It has not been definitely 
established whether the formation of focal vascular lesions requires local loss of 
heterozygosity of the CCM genes or a second hit, either genetic or environmental 
[2, 25, 76]. Sporadic CCM patients diagnosed on the basis of magnetic resonance 
imaging (MRI) similarity with genetic patients do not present germline mutation, 
and the genetic situation in the brain lesion is extremely difficult to ascertain in a 
number of samples with statistical significance.
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6.4.3   Targeting Endothelial Adherens Junctions for Therapy: 
Pharmacological Tools to Stabilize/Destabilize Adherens 
Junctions

As discussed above, adherens junctions can significantly contribute to vascular dys-
functions and pathologies; therefore, they could also represent targets for therapeu-
tic intervention.

A huge number of biological substances and chemicals have been shown to af-
fect the organization and functions of endothelial adherens junctions. These effects 
have been demonstrated in cells in culture and in animal models, while, for most, 
specific clinical trials in patients are still lacking. However, some of the substances 
that regularize adherens junctions in experimental models are already in clinical 
use, with different therapeutic indications than the targeting of adherens junctions in 
the endothelium. We will briefly discuss two such drugs—simvastatin and fasudil.

Simvastatin and fasudil both interfere with signaling from small GTPases, inhib-
iting the Rho-family of small GTPases and the Rho-associated coiled-coil-contain-
ing protein kinase (ROCK), a crucial effector of Rho, respectively.

Simvastatin is a statin that has long been used in clinics to lower serum cholester-
ol. It has pleiotropic effects and inhibits isoprenylation of Rho GTPases, targeting 
the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase and depleting 
the cell of the geranylgeranyl pyrophosphate intermediate necessary for post-trans-
lational lipidation of Rho GTPases. This results in the inhibition of Rho localization 
to the plasmatic membrane and downregulation of Rho activity [17, 79].

Fasudil has been used in patients to protect against neuronal damage induced by 
ischemia [113]. It inhibits ROCK, competing for ATP binding. The result is down-
regulation of the organization of actin stress fibers induced by phosphorylation and 
activation of MLC2.

Simvastatin and fasudil have been used in experimental murine models of CCM2 
and CCM1 mutation in vivo, as well as in endothelial cells in culture. As extensively 
described above, CCM proteins are required for the control of permeability in en-
dothelial cells, in addition to their role in vessel organization [99, 109]. It has been 
reported that simvastatin can correct the defect in barrier functions of CCM2 hetero-
zygous mice elicited by VEGF and induce organization of cortical actin in cultured 
HUVEC after knockdown of CCM2 by small interfering RNA (siRNA) [109].

Similarly, fasudil inhibits vascular leakage, both basal and induced by Lipopoly-
saccharide (LPS) in the brain and lung of both CCM1 and CCM2 heterozygous mice 
[99]. It also reduces the enhanced permeability of endothelial cells with impaired 
expression of CCM1 or CCM2 (endothelial cells either isolated from brain and lung 
of CCM1 heterozygous mice or treated with siRNA to downregulate CCM1 and 
CCM2 expression [99]). In addition, it reduces the number and dimensions of brain 
vascular malformations in a murine model of CCM1 pathology [63].

The drugs discussed above all intervene in stabilizing cell-to-cell contacts. It ap-
pears that drugs aimed at opening endothelial junctions are much rarer. In particular, 
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reversible opening of adherens junctions could be important for focal delivery of 
drugs to tissues difficult to reach (as after ischemia or as the CNS which is protected 
by the BBB). Delivery of drugs to the CNS has also been attempted using physical 
systems for focal drug delivery, such as MRI-guided focused ultrasound to activate 
local drug release from nanoparticles [101]. Table 6.2 reports a more extensive list 
of drugs and substances modulating the stability of adherens junctions.

6.5  Conclusions

Adherens junctions in endothelial cells represent an extremely complex signaling 
center, the molecular details of which are now starting to be described. Endothe-
lial adherens junctions play a central role in coordinating the state of cell-to-cell 
interaction with the transcriptional responses. It remains to be defined which mo-
lecular specificities characterize adherens junctions in the endothelium of different 
types of vessels (artery versus vein, large vessels versus microvessels) and organs. 
This knowledge will be useful to envisage treatments that, targeting the function 

Table 6.2  Agonists targeting adherens junctions can regulate endothelial stability and permeability
Molecule Type of molecule Mediator
Destabilization
 Thrombin Inflammatory Rho
 Histamine
 Bradykinin
 IL1/TNFα/IFN-γ
 VEGF Angiogenic VEGFR2 (several downstream 

mediators)
Stabilization
 Adrenomedullin Endogenous mediator cAMP
 Prostacyclin
 PGE2
 β-adrenergic agonists
 S1P S1P receptor/Rac activation
 Angiopoietin 1 Tie2 receptor
 8-pCPT-2ʹ-Me-cAMP (007)a Experimental drug Epac (Rap1 GEF) Tie2
 Angiocomp Tie2
 Simvastatin Drug in clinical use Inhibition of RhoGTPase 

isoprenylationb

 Fasudil Inhibition of ROCK
cAMP cyclic adenosine monophosphate, HMG-CoA 3-hydroxy-3-methylglutaryl-CoA, IFN 
interferon, IL interleukin, PGE2 prostaglandin E2, ROCK Rho-associated coiled-coil-containing 
protein kinase 1, S1P sphingosine1-phosphate, TNF tumor necrosis factor, VEGF vascular endo-
thelial growth factor, VEGFR2 vascular endothelial growth factor receptor 2a Soluble and cell 
permeable cAMP analog specific for EPAC
b Inhibition of HMG-CoA reductase
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of  specific components of endothelial adherens junction, could show efficacy and 
selectivity in the therapy of several human pathologies.

In general, Rac activation mostly results in stabilization of cell-to-cell contacts 
through inhibition of Rho and stabilization of cortical actin cytoskeleton [96]. How-
ever, Rac activation can also induce increased vascular permeability through the 
activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and 
production of reactive oxygen species [106].

On the contrary, Rho activation means decreased barrier function as a conse-
quence of ROCK activation, actin stress fiber organization, phosphorylation of 
myosin light chain, and actomyosin contraction. This mechanism has been demon-
strated to play an important role in CCM pathology in which loss of CCM expres-
sion induces activation of Rho and destabilization of adherens junctions [99, 109]. 
However, limited Rho activation by the angiopoietin-activated Tie2 receptor can 
stimulate mDia to bind Src. Sequestration of Src blocks the sequence of signaling 
steps that ensues in VE-cadherin phosphorylation on S665, VE-cadherin internal-
ization, and enhanced permeability [27]. In addition, transient activation of Rho at 
junctions may be required in the early stages of cell-to cell adhesion [3, 111].

Furthermore, catenin p120, in addition to stabilizing VE-cadherin at the plasma 
membrane inhibiting its clathrin-dependent internalization [69], can enhance the 
adhesive contact area of endothelial cells activating Rac-dependent cell spreading 
[74]. p120 has also been shown to inhibit Rho in other cell types [3].

Localization to adherens junctions of small GTPases and their regulators, GEFs 
and GAPs, is crucial to locally control the activity of small GTPases and modulate 
specific targets. This has been demonstrated, for example, for Rap1 [32]. Molecular 
complexes with VE-cadherin have been shown for some GTPases, GEF and GAP, 
as reported in the footnote to Table 6.1. Small GTPases and respective GEFs and 
GAPs are aligned in parallel columns.

A selection of representative agonists has been reported. Destabilization of the 
adherens junction is induced by inflammatory and angiogenic factors. Endogenous 
mediators, among which cAMP-increasing agents (such as adrenomedullin, prosta-
cyclin, prostaglandin E2 (PGE2), and β-adrenergic agonists) can induce stabiliza-
tion. Interesting experimental compounds include 8-pCPT-2ʹ-Me-cAMP (007), a 
synthetic, cell-membrane permeable cAMP analog that specifically activates Epac, 
the Rap1 GEF [32], and Comp-Ang1, the soluble and stable variant of Ang1 in 
which the coiled-coil domain (45 amino acid) of the cartilage oligomeric matrix 
protein COMP replaces the N-terminal portion of Ang1 (245 amino acid) [41]. At 
least two drugs in clinical use have been demonstrated to effectively restore desta-
bilized endothelial junctions, i.e. simvastasin and fasudil, which repair adherens 
junctions of endothelial cells affected in vitro and in vivo by either loss-of-function 
mutation (heterozygous) of CCM1 and CCM2 genes or by siRNA downregulated 
expression of CCM1 and CCM2. In addition, we have observed that the metabolites 
of sulindac (another drug in clinical use), sulindac sulfide, and sulfone effectively 
regularize adherens junctions of CCM3-ablated endothelial cells, both in vitro and 
in vivo [8].
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Chapter 7
More than a Scaffold: Extracellular Matrix in 
Vascular Signaling

Iva Nikolic

7.1  Extracellular Matrix (ECM): Ligands and Receptors

7.1.1  ECM Proteins

Extracellular matrix (ECM) proteins comprise a diverse network of molecules that 
can be broadly classified into two main classes of macromolecules: proteoglycans 
(PGs) and fibrous proteins such as collagens and laminins. Nonfibrous PGs are 
extremely hydrophilic and they fill the majority of interstitial space, providing me-
chanical buffering and hydration to the matrices. In contrast, fibrous proteins form 
highly enmeshed fibrils, which not only act predominantly as structural elements of 
the ECM but also as regulators of different cellular functions. In addition, matricel-
lular proteins and matrikines have recently been recognized as novel nonstructural 
ECM components that are able to further modify cell–matrix interactions and per-
form a broad spectrum of functions in a tissue-specific manner.

Proteoglycans

PGs encompass a group of over 30 different species of macromolecules consisting 
of glycosaminoglycan chains (GAG) that are covalently bound to a specific protein 
core; based on differences in these components, they can be classified into small 
leucine-rich, modular, and cell-surface PGs [1] (Fig. 7.1a, e, Table 7.1) Although 
PGs constitute a minor component of vascular tissue, these macromolecules regu-
late vessel properties such as elasticity, permeability, hemostasis, and thrombosis 
[2]. In addition, a subset of modular PGs is found in basement membranes, where 
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they display both pro- and anti-angiogenic effects by binding growth factors and 
regulating their availability [3]. For a comprehensive review of proteoglycan biol-
ogy see Couchman and Pataki [4].

 Structural ECM Proteins

Collagen constitutes the most abundant component of the ECM, where it provides 
tensil strength, regulates cell adhesion and migration, and directs tissue develop-
ment [5]. Its basic building blocks consist of three alpha chains intertwined to form 
a triple helix, which further assemble into extended fibrilar structures with tissue-
specific alignment and distribution. A dramatic diversity of collagen molecules—
at least 28 different vertebrate collagens have been reported to date—derive from 
distinct α-chain composition as well as diverse supramolecular structures [6]. For 

a

b

c

d

e

f

Fig. 7.1  Extracellular matrix ( ECM) ligands and receptors. Both ECM ligands and receptors typi-
cally possess modular structure, containing domains that allow them to bind to each other as well 
as a broad range of different molecules. Depicted here are the representatives of (a) proteoglycans 
( decorin), (b) structural ECM proteins ( laminin), and (c) matricellular proteins ( CCNs). In addi-
tion, different types of ECM receptors, such as (d) integrins, (e) syndecans, and (f) dystroglycans, 
are included
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Table 7.1  Representative extracellular matrix ligands and receptors in the endothelium
Receptor Function Source

Collagens
I α1β1; α2β1 EC morphogenesis; 

tensile strength of the 
vessel wall

Whelan and Senger 
[75]

III α1β1; α2β1 Elasticity of the vessel 
wall

Heino [158]

IV α1β1; α2β1 Structural component 
of vascular basement 
membrane

Kern et al. [159]

V α1β1; α2β1 Inhibition of EC adhe-
sion and proliferation

Fukuda et al. [160]

VI β1 integrins Adhesion of smooth 
muscle cells

Kielty et al. [161]

Elastin and microfibrillar proteins
Elastin Elasticity of the vessel 

wall
Midwood and Schwar-
zbauer [162]

Fibrillins (1–2) αvβ3; α5β1; αvβ6 Structural components 
of microfibrils

Muiznieks and Keeley 
[6]; Jovanovic et al. 
[163]

Fibulins (1–7) αvβ3; αvβ5; α9β1 Structural components 
of microfibrils

Muiznieks and Keeley 
[6]; Timpl et al. [164]

Laminins
Laminin-411/511 α3β1; α6β1; syndecans; 

dystroglycan
Structural component 
of vascular basement 
membrane

Kostourou and 
Papalazarou [9]

Fibronectin αvβ3; α5β1 EC migration; vessel 
lumen formation

Zou et al. [165], Wang 
and Milner [166]

Matricellular proteins
Thrombospondins 
(1–5)

CD36; IAP; β3 
integrins

Inhibition of EC 
adhesion, migration, 
survival, and tube 
formation

Lawler and Lawler 
[167]

CCNs (1–2) αvβ3; α6β1; αIIbβ3; 
αMβ3

EC adhesion, migra-
tion, differentiation, 
and survival

Chaqour [168]

Tenascins (-C, -R, 
-X, -W)

αvβ3; syndecan-4 EC adhesion, 
migration

van Obberghen-Schil-
ling et al. [169]

Small leucine-rich proteoglycans
Decorin Structural component 

of vessel wall
Williams [170]

Biglycan Structural component 
of vessel wall

Williams [170]

Basement membrane proteoglycans
Perlecan α2β1 Structural component 

of vascular basement 
membrane

Iozzo [3]

EC endothelial cell
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instance, fibril-forming collagens pack together side-by-side to form thick fibrils, 
whereas network-forming collagens form open mesh-like structures with various 
geometries. Vessel walls, especially arterial, can contain up to 17 different collagen 
types, with collagens I, III, IV, V, and VI having the highest expression levels [7] 
(Table 7.1).

Another major fibrillar ECM protein is elastin, which imparts the property of 
elasticity to tissues that undergo repeated stretch, such as the lung, skin, and blood 
vessels [8]. In fact, elastin is one of the earliest structural matrix proteins to be 
expressed by vascular smooth muscle cells (SMCs) in large vessels. Similar to col-
lagen, secreted tropoelastin monomers (precursors of elastin) assemble into elastin 
fibers through cross-linking of their lysine residues and activity of the lysyl oxidase 
(LOX) enzyme family. In addition, elastin strongly associates with a scaffold of 
fibrillin-rich microfibrils, which contribute to the integrity of elastin fibers [6].

Laminins are one of the main constituents of basement membranes, where they 
act as scaffolds necessary for the initial assembly of the membrane. Laminin mol-
ecules are heterotrimeric glycoproteins consisting of one α, one β, and one γ chain 
held together by disulfide bonds [9] (Fig. 7.1b). In vertebrates, different types of 
each of the chains have been found (α1–5, β1–3, γ1–3), and their expression varies 
between the cell types and during development; together, they constitute 18 differ-
ent laminin trimers. The most important laminins found in endothelial basement 
membranes are LN 411 and LN 511, which contain α4β1γ1 and α5β1γ1 chains, 
respectively.

Another protein that acts as a scaffold for the assembly of other matrix compo-
nents is fibronectin, a large dimer molecule that exists in different isoforms and 
different conformations. In addition to its role in directing the organization of the 
ECM, fibronectin is essential for cell attachment and migration during both physi-
ological and pathological conditions [10]. Its ability to stretch and expose cryptic 
sites within its molecule enables fibronectin to elicit pleiotropic effects on cellular 
behavior and to modulate cellular responses [11].

Matricellular Proteins and Matrikines

Although structural ECM proteins can affect cellular functions through mechano-
transduction and through binding to many cell-surface receptors, tissues employ 
an additional mechanism to further modulate these cell–matrix interactions—ma-
tricellular proteins. This fast-growing group of proteins appears not to contribute 
directly to the organization or physical properties of the ECM, but it rather modu-
lates a broad range of cell regulatory functions through various mechanisms [12]. 
Typical representatives are thrombospondin (TSP), SPARC (secreted protein, acidic 
and rich in cysteine), tenascin, osteopontin, and CCN (Cyr61), but numerous other 
novel proteins such as EGFL7 [13] and MAGP-1 [14] seem to share many of their 
structural and functional properties. Confirming their nonstructural roles, pheno-
types of mice lacking a matricellular protein are either normal or very mild, and 
typically exacerbated upon mechanical stress and wound healing [15, 16]. Simi-
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larly, these proteins are only expressed during embryonic development and in re-
sponse to wound injury, tissue remodeling, inflammation, cancer, and other chronic 
diseases [17, 18]. Their structure is typically modular, containing domains that are 
able to bind a variety of other ECM proteins, cell-surface receptors, growth factors, 
cytokines, and proteases, enabling them to control an array of cellular functions in 
a context-dependent manner (Fig. 7.1c). In the endothelium, matricellular proteins 
exert either pro- or antiangiogenic effects, affecting virtually every phase of blood 
vessel formation (see the ‘ECM and Blood Vessel Growth’ section).

Finally, both structural and nonstructural ECM proteins undergo partial proteo-
lytic cleavage, generating fragments—known as matrikines—that also exert effects 
on cellular functions. Typical examples include angiostatin derived from plasmino-
gen, endostatin from collagen XVIII, restin from collagen XV, and anastellin from 
fibronectin, as well as SPARC- and TSP-derived fragments. These bioactive frag-
ments play an active role in angiogenesis by affecting different steps of the angio-
genic process and by employing different mechanisms of action [19].

7.1.2  ECM Receptors

 Integrins

Structurally and functionally diverse ECM proteins exert their effects through dif-
ferent cell-surface receptors, the most important of which are integrins. This is a 
group of large heterodimeric transmembrane glycoproteins that is highly conserved 
throughout evolution, ranging from sponges to humans. Integrin receptors consist 
of noncovalently associated α and β subunits, and each subunit contains an extracel-
lular domain, a single transmembrane region, and a short cytoplasmic region [20] 
(Fig. 7.1d). Together, 18α and 8β subunits can form 24 different integrin heterodi-
mers, each specific for a unique set of ECM ligands.

Rather than just simple adhesion molecules, integrins act as complex relay points 
that transmit bidirectional signals across the plasma membrane. Upon ligation, these 
receptors change their conformation from inactive to active, and cluster together to 
form large signaling hubs, which further mediate the effects of the extracellular en-
vironment on cell proliferation, motility, survival, and other processes. In contrast, 
integrins are also able to respond to signals coming from inside the cell and engage 
in so-called inside-out signaling; this further allows the cells to control the affinity 
and avidity of integrin receptors for their ligands (for extensive review of integrin 
signaling see Hood and Cheresh [21]).

The most important vascular integrins that are expressed on the quiescent en-
dothelium include α1β1, α2β1, α3β1, α6β1, and α6β4, which predominantly bind to 
collagens and laminins, but also α5β1 and αvβ5, which bind to fibronectin and vitro-
nectin, respectively. In remodeling endothelium, in contrast, α5β1 and αvβ3 undergo 
a dramatic increase in expression and exert diverse functions through binding an 
assortment of ECM ligands [22].
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 Other ECM Receptors

In addition to integrins, ECM proteins can signal through previously mentioned 
cell-surface PG syndecans. These are single transmembrane proteoglycan mol-
ecules that carry heparan sulfate and chondroitin sulfate chains, which facilitate 
interactions with a diverse group of proteins including different growth factors and 
ECM proteins such as fibronectin and laminin [23] (Fig. 7.1e). In addition, syn-
decans act as co-receptors that are able to further modify the activity of integrin 
receptors.

Finally, dystroglycans have been characterized as novel nonintegrin receptors 
able to bind laminins and mediate their effects [24]. They consist of a highly gly-
cosylated α chain noncovalently anchored to a transmembrane β chain (Fig. 7.1f). 
Although their function still remains elusive, dystroglycans are upregulated in en-
dothelial cells (ECs) during both physiological and pathological angiogenesis.

7.2  ECM and Blood Vessel Growth

7.2.1  Introduction

Growth of new blood vessels proceeds through two main mechanisms: vasculo-
genesis, which entails differentiation of mesodermal cells into angioblasts and their 
subsequent fusion into a primitive vascular plexus, and angiogenesis, or formation 
of new blood vessels from the pre-existing blood vessels [25, 26]. The former pre-
dominantly occurs during embryonic development, although certain pathological 
processes such as cancer involve incorporation of circulating progenitors into the 
vascular network; the latter process defines vessel growth not only in the adult but 
also during the later stages of vascular plexus remodeling.

Angiogenic sprouting ensues through a well-defined cascade of events, and its 
underlying molecular machinery has been extensively studied over the last decade. 
Angiogenic stimuli activate quiescent ECs, which then assume a hierarchical orga-
nization into highly motile tip cells and trailing stalk cells. Tip cells extend numer-
ous filopodia, sense the environment, and lead the sprout into a certain direction 
while stalk cells actively proliferate and concurrently form vascular lumens. When 
tip cells from opposing sprouts meet, they lose their invasive phenotype and gener-
ate tight junctions, allowing formation of continuous, patent vessels and promoting 
their subsequent maturation. Such complex and tightly regulated events are under 
control of an intricate network of different molecular players spearheaded largely 
by the vascular endothelial growth factor (VEGF)/Notch signaling axis, which is 
extensively reviewed elsewhere [27]. However, angiogenic sprouting does not oc-
cur in isolation but within an elaborate fabric of ECM cues that guide cellular in-
teractions with the surrounding environment (Fig. 7.2). Therefore, this chapter will 
focus on how ECM components regulate different phases of vessel growth.
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7.2.2  Resting Vasculature

ECs that line the walls of blood vessels in an organism are typically quiescent and 
packed tightly enough to facilitate the integrity of the vessel but permeable enough 
to enable flux of material between blood and interstitium; different combinations of 
tight junctions and adherens junctions, through which ECs interact with each other, 
regulate this permeability in a tissue-specific manner [28, 29]. However, much of 
the EC surface is in contact with a vascular basal membrane comprising laminins, 
collagen IV, nidogen, perlecan, and other PGs, which together assemble into a ma-
trix that insulates ECs from the surrounding interstitial space. Another type of vas-
cular cells that further regulate EC function are mural cells—smooth muscle cells 
in arteries, arterioles, and veins; and pericytes in capillaries and venules [30]. They 

Fig. 7.2  Extracelluar matrix ( ECM) drives physiological angiogenesis. At the onset of angio-
genic sprouting, blood-borne proteins such as fibronectin, vitronectin, and fibrinogen extravasate 
through leaky vasculature into the perivascular space and interact with the pre-existing ECM to 
form a provisional matrix. In addition, the basement membrane gets degraded, exposing the endo-
thelial cells ( ECs) to the provisional matrix and proteins such as collagen I, which is abundantly 
present in the interstitial space. The activity of the ECs matches the changes in the extracellular 
environment, resulting in the upregulation of proangiogenic factors such as αvβ3 and α5β1 integrins. 
Furthermore, ECs secrete various ECM proteins that support different phases of the angiogenic 
process
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interact intimately with the surface of ECs, share the same basement membrane, 
and actively contribute to vessel stabilization and maturation as well as regulation 
of the blood flow.

Master regulators that keep ECs in the quiescent state include homeobox family 
members such as Hox A5, Hox D10, Hox C9, and Gax [31–34]. They reinforce a 
specific gene-expression program, downregulating genes necessary for EC migra-
tion and proliferation, and upregulating genes with antiangiogenic activities. Al-
though these mostly include various growth factors and signaling molecules, mem-
bers of the ECM directly promote EC quiescence, as shown in the ‘EC Stabilization 
and Maturation (Vessel Stabilization and Maturation)’ section.

7.2.3  Endothelial Cell (EC) Activation

The initial phase of vessel growth encompasses simultaneous changes in the ex-
tracellular environment and matrix composition on the one hand, and EC activity 
on the other. Although a spectrum of different growth factors and bioactive mol-
ecules promote angiogenesis, VEGF are the best-studied growth factors able to 
initiate these early-signaling events leading to new vessel sprouting. They bind to 
their receptors on the surface of ECs and activate members of Src family kinases, 
which then phosphorylate vascular endothelial (VE)-cadherin and promote junc-
tion disassembly and vessel permeability [35]. In addition, FAK kinase phosphory-
lates β-catenin and facilitates VE-cadherin–β-catenin dissociation [36]. This allows 
blood-borne ECM proteins, such as fibronectin, vitronectin, and fibrinogen, to ex-
travasate into the perivascular space, interact with the pre-existing ECM, and form 
a ‘provisional ECM’, which facilitates all the subsequent phases of vessel growth.

These events are perfectly orchestrated with the changes in EC morphology and 
behavior. Namely, in addition to affecting EC junctions and EC communication, 
angiogenic signals coordinate simultaneous deactivation of quiescence-maintaining 
Hox genes and induction of proangiogenic members of the Hox gene family, such as 
HoxB3, HoxD3, and HoxA9 [37–39], which promote invasive EC phenotype [39]. 
For instance, activated ECs rapidly change the repertoire of integrin receptors on 
their surface, dramatically upregulating αvβ5, α5β1 and, in particular, αvβ3 integrin, 
which preferentially bind components of the provisional ECM [22]. In addition, 
Hox genes control the expression of different proteases as well as Eph receptors, 
which further regulate sprout formation. Taken together, changes in EC phenotype 
upon angiogenic signaling match the dynamics of remodeling ECM, enabling the 
cells to sense and respond to the new matrix topology.

7.2.4  Tip/Stalk Cell Selection

As mentioned in the introduction, upon activation ECs establish a hierarchy of 
leading tip cells and trailing stalk cells. Although it is well established that VEGF-
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induced Dll4 upregulation in tip cells and activation of the Notch pathway in the 
stalk cells define tip/stalk cell phenotypes, there has been evidence that ECM plays 
a role in tip cell selection. Namely, Estrach et al. demonstrated that ligation of α2β1 
and α6β1 integrins by laminin-111 induces FoxC2 signaling and high Dll4 expres-
sion [40]. Moreover, Lama4 mutant mice display excessive filopodial branching 
and tip cell formation as a result of decreased Dll4 signaling [41]. Finally, gene 
expression profiling of ECs enriched for tip cells revealed laminin β1 as one of 
the upregulated genes, reinforcing the hypothesis that basement membrane compo-
nents such as laminins could have additional functions in addition to their role in 
vessel maturation and stabilization [42]. In addition, other extracellular-associated 
proteins were shown to directly affect Notch signaling. Namely, both EGFL7 and 
MAGP-2 act as Notch antagonists in ECs, suggesting they may actively participate 
in regulating the balance between tip and stalk cells within the angiogenic sprout 
[43–45].

7.2.5  EC Invasion and Migration

To lead the sprout in the right direction, tip cells interact with and modify the sur-
rounding matrix. Therefore, a group of factors specifically enriched in these cells 
involves ECM degrading enzymes such as cathepsin S, a disintegrin and metal-
loproteinase with TSP motifs (ADAMTS), and urokinase-plasminogen-activated 
receptor (uPAR) [42]. These proteases release growth factors which are stably de-
posited in the ECM through binding other proteins and PGs. For instance, both 
VEGF and basic fibroblast growth factor (bFGF) associate with heparan-like gly-
cosaminoglycans and require haparinases and proteases to become fully active [46]. 
In addition, plasminogen activators release transforming growth factor (TGF)-β, 
which then further promotes expression of angiogenic signals and ECM-degrading 
proteases [47].

Furthermore, proteases participate in the degradation of the basement membrane 
and remodeling of the surrounding matrix, thus regulating EC migration on mul-
tiple levels [48]. Namely, disassembly of the basement membrane exposes ECs to 
high concentrations of interstitial collagen I, which drives morphogenesis of new 
vessel sprouts. This abundant ECM protein supports VEGF-induced EC migration 
through β1 integrin signaling and Erk1/Erk2 activation, but it also drives directed 
cell migration in the absence of angiogenic factors [49]. Similarly, components of 
the provisional ECM, especially fibronectin, play a crucial role in this phase of an-
giogenic sprouting, and highly motile tip cells, for instance, show enrichment for β1 
integrin, a fibronectin receptor [42]. These ECM proteins and their integrin recep-
tors modulate EC migration by controlling cellular adhesion and by allowing func-
tional connection between focal adhesions and actin cytoskeleton [50]. Ultimately, 
reorganization of the cytoskeleton enables ECs to complete their migration cycle 
through activation of small Rho GTPases, including CDC42, Rac1, and RhoA [51, 
52]. However, the control of EC migration through cellular adhesion seems to be 
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slightly more complex. Namely, fibronectin plays an additional role of orchestrating 
ECM matrix assembly by acting as a scaffold for a range of proteins produced by ac-
tivated ECs [53]. The most intriguing subset includes matricellular proteins, which 
display unique effects on EC adhesion. When plated on tenascin-C and TSP-1, ECs 
do not undergo actin cytoskeleton remodeling and stress-fiber formation, although 
they engage integrin receptors and spread to a certain extent [54, 55]. In addition, 
soluble matricellular proteins induce focal adhesion restructuring and alterations 
in the stress fibers in strongly adherent cells without affecting integrin clustering 
and cell shape [56]. Such intermediate state of adhesion appears to favor cellular 
motility, enabling maximal migration [57]. In contrast, strong adhesion prevents the 
turnover of ECM-cellular contacts, and weak adhesion does not generate contractile 
force necessary for directed cellular migration [58]. Interestingly, although numer-
ous members of the matricellular protein family, as well as some novel ECM-asso-
ciated proteins such as EGFL7, appear to promote EC migration in such a manner, 
they all employ unique receptors as well as distinct signaling pathways to induce the 
state of intermediate adhesion [59, 60]. This strongly argues against their functional 
redundancy and suggests that their roles are highly contextual.

7.2.6  EC Proliferation and Tube Formation

While tip cells explore the surrounding environment and guide the sprout in the 
right direction, stalk cells actively proliferate and form lumens to extend and sta-
bilize the sprout. Although the current model of vascular branching explains how 
the balance of Notch and Wnt signaling in the stalk cells maintains their active 
proliferation [61, 62], components of the ECM are indispensable for the regulation 
of both cell cycle and cell survival. In particular, the Ras-mitogen-activated pro-
tein (MAP) pathway seems to act as a master regulator of these cellular functions. 
For instance, fibronectin and vitronectin engage a subset of β1 integrins and αvβ3 
integrin to activate Shc adaptor protein and Erk2 kinase, which in turn regulates 
cell-cycle progression [63]. In addition, integrins seem to cooperate with receptor 
tyrosine kinases (RTKs) to regulate the activity of cyclin-dependent kinases [64]. 
On the other hand, EC survival is largely dependent on cell adhesion and spreading, 
as well as activation of FAK and PI3K kinase signaling [65, 66]. Indeed, disruption 
of ECM-integrin interactions promotes apoptotic cell death [67]. In this context, 
matricellular proteins that maintain intermediate cell adhesion could be particularly 
important for the advancing vascular sprout as they would keep apoptosis at bay in 
migrating cells.

As previously mentioned, stalk cells following the invading tip cells eventu-
ally undergo complex molecular changes to form vascular lumens, although it still 
remains unclear whether this happens concurrently or subsequently to the sprout 
invasion [68, 69]. Numerous studies, using elegant in vitro and in vivo models, have 
demonstrated that this process requires a precise sequence of events and that it oc-
curs through different mechanisms, depending on the size of the vessel or type of 
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the vascular bed [70]. The first mechanism, also known as cell hollowing, has been 
demonstrated both in vitro and in vivo, and it involves formation of intracellular 
vacuoles that subsequently fuse and enable the cells to form continuous lumens [71, 
72]. In contrast, cord hollowing occurs when lumen appears between the adjacent 
cells following complex junctional rearrangements, and changes in cell polarity and 
cell shape [73, 74]. However, a common feature of these different mechanisms is 
that they critically depend on numerous integrin–ECM interactions. For instance, 
in vitro studies have shown that collagen and fibrin/fibronectin matrices induce 
EC tubular morphogenesis through α2β1, α1β2, and αvβ3, α5β1 integrins, respectively 
[75, 76]. Indeed, inhibition or ablation of β1 integrin prevents lumen formation in 
chicken embryos [77] as well as mouse embryos through disruption of EC polarity 
[78]. These ECM–integrin interactions activate Src and FAK kinases as well as Rho 
GTPases to control intracellular vacuole formation and their coalescence [79, 80]. 
In contrast, ECM displays additional functions during cord hollowing. For example, 
it has recently been shown that a matricellular-like protein EGFL7 regulates EC 
adhesion and cell shape through activation of the RhoA pathway, enabling the for-
mation of central lumen between the neighboring ECs [81, 82]. Finally, several re-
cent reports revealed a surprising discovery that members of the vascular basement 
membrane do not only play a role in tube stabilization but also act earlier during 
the phase of lumen formation. Deletion of laminin γ1 in stem cells increases lumen 
diameter in angiogenic sprouts, and inhibition of basement membrane deposition 
in three-dimensional EC culture leads to lumen enlargement [83]. Interestingly, it 
seems that this is intricately connected with the sprout invasion and the tip cells 
themselves, as they show high expression of both nidogen-1 and nidogen-2, as well 
as laminin β1 [42].

7.2.7  Vessel Stabilization and Maturation

Finally, to end the angiogenic cycle and assume their resting phenotype, newly 
formed angiogenic branches recruit mural cells through activation of signaling 
pathways such as PDGF-(PDGF)-β, Ang1-Tie2, TGF-β, and SIP1-EDG1 [84]. One 
of the major functions that mural cells exert during this phase is production and 
deposition of vascular basement membrane matrix [85], which directly contributes 
to EC quiescence. For instance, both laminin and collagen XVIII knockout mice 
show increased angiogenic sprouting following application of angiogenic factors 
[86, 87], and these basement membrane proteins may directly supress EC prolifera-
tion and tube formation [88, 89]. To reinforce this process, a matricellular protein, 
CCN2, promotes pericyte recruitment by potentiating platelet-derived growth fac-
tor (PDGF) signaling; it also directs basement membrane assembly [90]. Another 
way through which basement membrane proteins stabilize angiogenic branches is 
the generation of matrikines. For instance, collagen XVIII undergoes partial pro-
teolysis to form endostatin, which induces cell-cycle arrest and inhibits EC migra-
tion [91, 92]. Likewise, numerous fragments derived from collagen IV, including 
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arresten, canstatin, and turmstatin, exert antiangiogenic activity through αv and β1 
integrins, and through inhibition of matrix metalloproteinase (MMP) activity [19, 
93]. Finally, concurrent with these dynamic changes in the extracellular environ-
ment, ECs and mural cells shift their gene expression program towards a more ma-
ture phenotype. ECs upregulate α3 and α6 integrin messenger RNA (mRNA) while 
pericytes dramatically increase the expression of α1, α3, and α6 integrin—receptors 
that preferentially bind laminins, nidogens, and collagen IV in the basement mem-
brane [85]. In addition, activation of Hox genes that maintain EC quiescence (see 
the ‘Resting EC’ section) dramatically upregulate TSP-2, which inhibits EC adhe-
sion, migration, survival, and tube formation [94, 95].

7.3  ECM and Tumor Vascularization

7.3.1  Introduction

One of the major steps during tumor growth and expansion is the development of a 
tumor vascular network, a process also known as angiogenic switch, which allows 
tumors to maintain their oxygen and nutrient supply and to remove the waste prod-
ucts [96]. Beyond such function, which is closely coupled with the blood supply, 
it has been well-documented that the angiogenic switch occurs at different stages 
of carcinogenesis, suggesting that tumor endothelium provides additional instruc-
tive cues necessary for tumor progression [97]. The main mechanism shown to 
contribute to tumor vascularization is angiogenic sprouting, which exploits much of 
the same molecular circuitry that drives physiological angiogenesis (see the ‘ECM 
and Blood Vessel Growth’ section). However, tumor-derived endothelium displays 
dramatic differences compared with its normal counterpart, reflected in irregular 
morphology, loss-of-function-specific properties, increased leakiness, defective 
basement membrane, and absence of close contact with mural cells [98]. This in 
turn causes activation of mechanisms that release angiogenic and permeability fac-
tors, which perpetuate the angiogenic cycle, maintaining the vessels in an immature 
state and continuously promoting the growth of new vessels [99].

7.3.2  Tumor Angiogenesis

A major component of reactive tumor stroma includes activated fibroblasts, which 
aberrantly deposit ECM proteins and enzymes, and therefore remodel local matrix 
topology and structure to form permissive grounds for tumor angiogenesis. Similar 
to what has been described in a physiological setting, ECM components regulate 
both initiation and maintenance of vessel growth. For instance, MMPs play a crucial 
role in releasing and activating matrix-bound proangiogenic factors [100] that initi-
ate angiogenic sprouting. Indeed, mice lacking MMP-1 and MMP-9 show reduced 
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tumor growth and angiogenesis [101, 102]. In addition, ECM ligands support all 
phases of vessel extension by regulating different functions of tumor ECs. The ma-
tricellular protein CCN1 promotes EC migration and aberrant neovascularization 
in pancreatic cancer [103]. EC survival during hypoxic conditions is mediated by a 
matrix-associated protein EGFL7 [104], while different collagens, which are exces-
sively deposited within the stroma, may control EC proliferation through regula-
tion of ECM stiffness [105, 106]. Finally, tenascin-C, which is highly expressed in 
tumor-derived endothelium [107], regulates multiple aspects of vascular sprouting 
by instructing EC migration, proliferation, and VEGF expression [108, 109].

On the other hand, integrins have also been implicated in angiogenic sprouting 
during tumor development. Both αvβ3 and α5β1 integrin, which are strongly upregu-
lated in activated endothelium, seem to be critical for this process; their antagonists 
effectively block tumor angiogenesis and induce tumor regression [110, 111]. In 
addition, collagen and laminin-binding receptors have been shown to play a role; 
function-directed antibodies against α1β1 and α2β1 integrin reduce tumor growth 
and angiogenesis [112]. Interestingly, however, genetic ablation models of these 
integrins in mice do not corroborate this data and the outcomes differ dramatically 
depending on the tumor type. Namely, mice lacking α2β1 integrin exhibit increased 
melanoma growth and angiogenesis, while in Lewis lung carcinoma these processes 
remain unchanged [113]. Furthermore, mice lacking β3 and β5 integrins show en-
hanced tumor growth and angiogenesis or, alternatively, they induce only transient 
inhibition of angiogenesis and tumor progression, without an effect on already-
established tumors [114, 115]. This confirms that their role in tumor angiogenesis is 
highly context-dependent.

7.3.3  Additional Modes of Tumor Vascularization

Although angiogenic sprouting has been traditionally recognized as the main source 
of new vessels in developing tumors, extensive research within the last several years 
revealed unexpected and novel mechanisms of neovascularization. Not surprising-
ly, ECM plays a critical role in driving and facilitating these processes (Fig. 7.3).

 Endothelial Progenitor Cells

Contribution of endothelial progenitor cells (EPCs) to tumor vascularization has 
been intensively studied ever since they were isolated from the bone marrow [116] 
and peripheral blood [117], and shown to home into sites of active neovasculariza-
tion. In sites such as tumors, there has been evidence that EPCs directly incorporate 
into already-existing vessels, although the extent of the contribution remains the 
subject of controversy [118]. Alternatively, EPCs appear to indirectly support tumor 
angiogenesis through paracrine mechanisms [119, 120]. Importantly, different com-
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ponents of the ECM promote and regulate each of the steps that EPCs need to com-
plete to accomplish their function: mobilization, invasion of the tumor site, differ-
entiation into mature ECs, and/or regulation of the pre-existing function of the ECs. 
For instance, integrins α4β1 and α4β7 are essential for mobilization of EPCs from 
the bone marrow microenvironment, while α6β1 integrin allows EPCs to respond 
to laminins, which act as a homing signal within the vascular basement membrane 
[121]. On the other hand, integrin α5β1 facilitates EPC homing to vascular injury 
sites where it binds fibronectin, which is abundantly present within the remodeling 
matrix [122, 123]. Additionally, EPCs adhere directly to the surface of the activated 
ECs by employing αvβ3 and αvβ5 integrins [124, 125]. During EPC differentiation 
into mature ECs, several ECM proteins play a crucial role, the most important of 
which is fibronectin. Namely, EPCs show higher adhesion and differentiation when 
plated on fibronectin compared with collagen, and they display continuous expres-
sion of fibronectin-binding integrins α4, α5, and αv [117, 126]. Fibronectin conse-
quently promotes VEGF-induced EPC differentiation through ligation of α5β1 inte-
grin [127]. In addition, a matricellular protein, CCN1, promotes EPC differentiation 
through regulation of negative transcriptional regulator Id1 [128]. Finally, in con-
trast to the process of differentiation, EPCs affect the angiogenic process through 
production of paracrine factors, which are dynamically regulated by different ECM 
substrates. For instance, gelatin, fibronectin, and fibrin proteolytic fragment E pro-
mote expression of VEGF, TGF-β1, stromal-cell derived factor (SDF)-1, and inter-
leukin (IL)-8, which in turn facilitate EC tube formation and wound healing [129].

Fig. 7.3  Extracellular matrix ( ECM) supports different modes of tumor vascularization. Similar to 
their role in physiological processes, ECM proteins promote angiogenic sprouting within tumors. 
However, recent findings uncovered alternative ways of how tumors increase their vascular supply 
and promote oncogenic signaling, and ECM components seem to be critical for these processes. 
The figure depicts some of these newly discovered modes of tumor vascularization

 



1757 More than a Scaffold: Extracellular Matrix in Vascular Signaling

 Tumor-Derived Endothelium and Vasculogenic Mimicry

Several recent studies made a surprising discovery that stem-like population of tu-
mor cells in glioblastoma has the potential to differentiate along endothelial lineage, 
giving rise to EPCs and, subsequently, mature ECs [130, 131]. These tumor-derived 
ECs progressively acquire more pronounced EC-like properties and a propensity to 
incorporate into the tumor vasculature [132]. Related to this observation, aggres-
sive melanoma cells have been shown to dedifferentiate in vivo and organize in 
vasculogenic-like matrix-embedded networks that contain plasma and erythrocytes 
[133]. This process has been termed vasculogenic mimicry and has been observed 
in many different cancers [134–136].

Although distinct, these phenomena describe an important feature of aggressive 
cancer cells—the capacity to cycle between different cellular states and under spe-
cific conditions promote cancer progression, for example, by amplifying tumor vas-
cularization. Importantly, the local microenvironment and instructive cues from the 
ECM appear to play an outstanding role in cancer cell plasticity. Namely, numerous 
studies have shown that differentiation of stem cells along different cellular lineages 
is tightly regulated by the stiffness, as well as the composition, of the ECM [137]. 
In the context of cancer, neuroblastoma cells expressing tenascin-C differentiate 
into endothelial-like cells in the presence of VEGF, while deletion of tenascin-C 
completely abolishes this effect [138]. On the other hand, cancer cells that undergo 
vasculogenic mimicry upregulate numerous angiogenesis- and vasculogenesis-
related genes, including laminin-5, MMP-2, and MT1-MMP, which appear to be 
necessary for the network formation. Knockdown of galectin-3, an ECM-associated 
protein, abolishes the capacity of melanoma cells to form tubular networks in type I 
collagen gel [139]. Finally, matrices conditioned by aggressive melanoma cells in-
duce poorly aggressive melanoma cells, as well as normal melanocytes, to undergo 
reprogramming and assume vasculogenic phenotype, undeniably showing that in-
structive information is encoded within the ECM [140, 141].

Taken together, it has become increasingly clear that tumors represent incredibly 
complex entities that undergo accelerated evolution and adaptation to even the most 
extreme conditions. However, this evolution requires cooperation between cancer 
cells themselves and stromal elements such as tumor endothelium, fibroblasts, and 
infiltrating immune cells. Considering that ECM with its diverse components me-
diates much of the communication between these different elements, its targeting 
could be an important direction in the area of cancer therapy, a topic discussed in 
the following section.

7.4  Conclusions and Perspectives

Throughout this chapter, we learned that ECM proteins and their receptors coop-
erate with growth factors and other classes of molecules to regulate EC biology 
during formation of blood vessels. Recapitulating their physiological roles, ECM 
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components also drive neovascularization in tumors, although in this setting they 
display additional functions that can further fuel cancer progression. Not surpris-
ingly, the last several years saw an expansion of ECM-based therapeutics that are 
currently tested in clinical trials for the treatment of different types of hematopoietic 
as well as solid cancers.

Ever since integrin αvβ3 and α5β1 were shown to be driving tumor angiogenesis 
and tumor growth, they have been considered the prime targets for cancer therapy 
and diagnostics. Several therapeutics targeting these molecules have been devel-
oped, including both peptides and antibodies: ATN-661 peptide and volociximab 
antibody were designed to specifically block α5β1 integrin signaling, while cilen-
gitide and etaracizumab inhibit αvβ3 and αvβ5 integrin or, specifically, αvβ3 integ-
rin, respectively [142]. In addition, because αvβ3 integrin almost selectively labels 
neoangiogenic sprouts, therapeutics such as maraciclatide-Tc-99m, which recog-
nizes this integrin, were developed for noninvasive tumor imaging [143]. However, 
the idea of targeting tumor vasculature through these receptors seems to be less 
straightforward than originally thought as several late-stage clinical trials failed to 
report survival benefit for patients; for instance, a phase III clinical trial that tested 
the efficacy of cilengitide in glioblastoma patients showed no impact on overall sur-
vival. Moreover, several recent findings are starting to offer hints as to why this may 
be the case. Namely, the discrepancy between a phenotype in αvβ3 knockout mice 
and the effects of αvβ3-blocking antibodies suggested that this integrin might not be 
indispensable for blood vessel formation (see the ‘ECM and Tumor Vascularization’ 
section). However, Steri et al. recently showed that αvβ3 integrin is indeed required 
for angiogenesis, but only transiently; over the longer-term, ECs undergo rewiring 
and use other molecular mechanisms to execute their basic functions [115, 144]. 
Furthermore, doses of inhibitors used to treat the tumors seem to be of outstanding 
importance, as low doses of cilengitide promote tumor growth and angiogenesis 
[145]. Finally, this particular integrin has been shown to bind a wide spectrum of 
ECM ligands and growth factors that elicit both pro- and antiangiogenic effects, 
suggesting that its functions are highly contextual, and further complicating its use 
as an anticancer agent.

One way to circumvent the fact that integrin receptors act through different 
ligands, and therefore display differential effects, would be to target the ligands 
themselves. Indeed, several ECM protein-based therapeutics have been showing 
promising results in preclinical and clinical studies. The matricellular protein CCN2 
elicits potent angiogenic activity, and the CCN2-specific humanized antibody FG-
3019 inhibits tumor growth and metastasis in pancreatic cancer [146]. Antibodies 
targeting the ECM-associated protein EGFL7 improve the efficacy of anti-VEGF 
therapy through induction of EC apoptosis and inhibition of tumor progression in 
nonsmall cell lung cancer [104]. Finally, different derivatives of antibodies recog-
nizing fibronectin extra-domain B (EDB), as well as large tenascin-C isoforms, 
have been in use for radioimmunotherapy in different cancers [147]. Apart from 
blocking the proangiogenic ligands, another strategy would be to mimic the effects 
of the antiangiogenic ligands, such as TSP. Indeed, several ongoing clinical trials 
are testing the efficacy of the TSP-1 analog, ABT-510, in both hematopoietic and 
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solid cancers (ClinicalTrials.gov). Importantly, ECM proteins may be particularly 
promising candidates for the treatment of advanced and metastatic cancers because 
of their emerging role in regulating tumor cell dormancy. Ghajar et al. recently re-
ported that, within the metastatic sites, quiescent endothelium rich in TSP-1 levels 
maintains cancer cell dormancy, while neovascular tips stimulate exit from dor-
mancy through increased expression of periostin, tenascin, versican, and fibronec-
tin [148]. In addition, osteoblast-derived osteopontin promotes tumor dormancy 
in acute lymphoblastic leukemia (ALL) [149]. However, it has been reported that 
ECM proteins, much like their receptors, act in a context-dependent manner. For 
instance, CCN4 promotes the progression of breast and colon cancer but inhibits 
the metastasis of melanoma [150–152]. Other members of the same family, such 
as CCN3, show differential effects in melanoma and glioma [153, 154]. Finally, 
osteopontin, shown to inhibit ALL relapse, promotes metastasis of many epithelial 
tumors [149, 155].

The most probable reason for such discrepancies is that ECM proteins and their 
receptors follow complex temporal and spatial patterns of expression. ECM is se-
creted by both cancer and stromal cells, and its contents are specific for different 
tissues and cancer types, as well as for different stages of progression found within 
the same tumor. Importantly, the development of technologies able to define spe-
cific ECM signatures or ‘matrisomes’ has started to shed some light on this com-
plex issue. The comparison of ECM contents in lung and colon tissue reveal both 
common proteins, as well as organ-specific ECM signatures [156]. Furthermore, 
composition of the tumor ECM changes with the tumor’s metastatic potential. Fi-
nally, it appears that both cancer and stromal cells evolve during cancer progression, 
contributing different combinations of ECM components along the way [157].

Taken together, although ECM-based therapeutics represent an exciting direc-
tion in the area of cancer treatment, additional studies will be necessary to further 
understand the functional complexity of the ECM and its components. Only by in-
tegrating these findings with our current treatment practice, will we be able to fully 
unlock the potential of these novel targets of cancer therapy.
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Abbreviations

VEGFA Vascular endothelial growth factor A
VEGFR Vascular endothelial growth factor receptor
FAK Focal adhesion kinase
PI3K Phosphatidyl-inositol 3´kinase
eNOS Endothelial nitric oxide synthase
TSAd T cell specific adapter protein
Shb Src homology-2 domain protein B
GAB1 Grb2-associated binding protein 1
IQGAP1 IQ motif-containing GTPase activating protein 1
VVOs Vesiculo-vacuolar organelles
VE-cadherin Vascular endothelial-cadherin
NO Nitric oxide
PAK p21-activated kinase
HGF Hepatocyte growth factor
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N-WASP Neural Wiskott–Aldrich syndrome protein
Tiam T-cell lymphoma invasion and metastasis
VE-PTP Vascular endothelial-protein tyrosine phosphatase
ERK Extracellular signal-regulated kinase
CXCR Chemokine C-X-C motif ligand receptor
MMP Matrix metalloproteinase
ICAM-1 Intercellular adhesion molecule-1
PSGL1 P-selectin glycoprotein ligand 1
SDF-1 Stromal cell-derived factor-1
ROS Reactive oxygen species
BRB Blood-retinal barrier
RCE Retinal capillary cell
RPE Retinal pigment epithelial cell

8.1  Introduction

The two hallmark responses to the main angiogenic factor vascular endothelial 
growth factor-A (VEGFA) are increased angiogenesis and vascular permeability 
[1]. Indeed, the vascular permeability response to VEGFA is so prominent that 
this molecule was originally described as vascular permeability factor (VPF) [2, 
3]. Vascular permeability can be categorized according to its functional implica-
tions and cues responsible for promoting this response. Under basal conditions, 
the vasculature is primarily responsible for supplying oxygen and nutrients, and 
disposing of waste products. These compounds have a high capacity for diffusion 
over the membrane due to their small sizes, and thus no specific need for increased 
vascular permeability is required to perform these functions. However, effusion of 
larger compounds to the extravascular space requires an acute increase in vascular 
permeability, a process that can be elicited by growth factors, cytokines, or che-
mokines, which actively modify the function of the vasculature [4, 5]. Examples 
of factors responsible for acutely increased vascular permeability during hypoxia 
and inflammation, respectively, are VEGFA and bradykinin and/or histamine [1, 4, 
6–9]. Whether the increased vascular permeability serves the same purpose when 
initiated by different mediators during diverse settings remains unknown. The acute 
permeability response can easily be recorded by studying leakage of high molecu-
lar weight tracers to the extravascular space [10]. If the acute response persists, 
which, for example, happens in tumors, wound healing, and chronic inflammatory 
diseases, the permeability increase will transition to a chronic phase that sometimes 
becomes pathological. Increased permeability implies that larger molecules become 
diffusible over the endothelial barrier, and thus an exudate of plasma will leave 
the vessels and immerse the extravascular space. During this process, fibrin clots 
containing deposits of plasma factors can be formed and they then function as gels 
forming a provisional additional matrix for angiogenic sprouts to grow on [11, 12]. 
In addition to the extravasation of plasma proteins, blood leukocytes will leave the 
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vasculature and infiltrate the surrounding tissue. Although a considerable amount 
of knowledge has accumulated on the mechanisms of induced vascular permeabil-
ity and its regulation, many aspects of the roles of this response for physiological 
and pathological processes remain unresolved. Presumably, extravascular deposits 
of plasma proteins and infiltrating leukocytes will promote the repair of damaged 
tissue by supporting neoangiogenesis, and, in addition, infiltrating leukocytes will 
help to clear out damaged cells and dissolve the fibrin clots. These assumptions 
seem plausible and suggest that vascular permeability is indeed important in physi-
ologically relevant repair processes; nevertheless, precise data defining a role of 
vascular permeability response in such scenarios are sparse.

In the following text, mechanisms of VEGFA-induced vascular permeability and 
relevant signal transduction schemes downstream of VEGF receptor-2 (VEGFR2) 
will be summarized. This will be followed by a description of VEGFA-induced 
vascular permeability in vivo. Finally, mechanisms of VEGFA-stimulated leukocyte 
extravasation and vascular permeability in disease will be reviewed, followed by 
concluding remarks.

8.2  Mechanisms of Increased Vascular Permeability

The major part of the vascular permeability response is due to leakage that takes 
place in postcapillary venules [13, 14], but VEGFA-induced leakage has also been 
found to occur in capillaries and muscular venules [15]. Numerous mechanisms 
responsible for VEGFA-induced leakage have been proposed. Initially, caveolae 
were thought to be responsible for vascular permeability [16] but this suggestion 
was contradicted by the finding that the caveolin-1 knockout mouse is capable of 
mounting an increased vascular permeability response despite the absence of caveo-
lae [17]. In another model, permeability is achieved by passage through a stacked 
system of intracellular vesicular organelles that traverse the endothelial cytoplasm 
[10]. These have been named vesiculo-vacuolar organelles (VVOs), and by jux-
taposition or fusion they create a continuous channel that allows passage of high 
molecular weight compounds. Their formation is not dependent on the presence of 
caveolae and they allow passage of ferritin [10]. How these organelles fuse or allow 
opening of the diaphragms between adjacent vesicles in a regulated manner during 
the permeability response is at present largely unknown but could reflect a mechani-
cal contraction of the endothelial cell.

Retraction of endothelial cells represents another potential mechanism, giving 
rise to increased vascular permeability [13]. The action of intracellular motor pro-
teins will thus cause cell contraction, which creates gaps at the cell boundary and 
allows passage of high molecular weight compounds through these. However, the 
cell retraction hypothesis has been challenged and the cell shape changes observed 
have been attributed to a natural recoil process occurring when cell–cell junctions 
are disassembled [18, 19].

Plasticity of endothelial cell junctions is an additional mechanism of control of 
vascular permeability [4] (see Chap. 6 by Bravi and Lampugnani). The main struc-
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tures on endothelial cells for cell–cell contacts are adherens junctions, and these 
are primarily organized through homophilic complexes of vascular endothelial 
(VE)-cadherin [20] between two adjacent endothelial cells [21, 22]. The intracellular 
sites of such complexes bind α-catenin, β-catenin, and p120-catenin [23], allowing 
regulation of gene expression via β-catenin and the generation of an interface that 
connects junctions with the cytoskeleton. Expression of a VE-cadherin/α-catenin 
fusion protein in endothelial cells effected a tighter association of the cytoskel-
eton to this fusion protein, and a reduced permeability response, indicating that an 
association of the cytoskeleton to adherens junctions causes junction stabilization 
[24]. VEGFA-induced vascular permeability causes disassembly of VE-cadherin 
from adherens junctions in vivo [25]. This effect may be partial, generating loose 
junctions that are partly unfolded, or complete, forming gaps between the cells [4, 
26]. VE-cadherin may interact directly with VEGFR2 [20, 27–29] or vascular endo-
thelial-protein tyrosine phosphatase (VE-PTP) [30–32], and these associations are 
thought to regulate junction integrity. VEGFR2 stimulation will dissociate VE-cad-
herin [23, 25], partly or completely, from the complexes that build up junctions and 
initiate VE-cadherin endocytosis. The ensuing fate of the endocytosed VE-cadherin 
is not clear; it may recycle to the membrane or be degraded. Disruption of adherens 
junctions may further affect intracellular processes such as microtubule growth via 
Src and phospholipase C-γ-dependent dephosphorylation of end-binding protein 3 
[33]. In addition to adherens junctions, some endothelial cells have specialized tight 
junctions, as yet another barrier preventing permeability.

Vascular permeability is additionally regulated by vasodilation, which is a pro-
cess primarily regulated by precapillary arterioles [34]. Proximal vessel dilation or 
dilation at the site of vascular permeability will increase the local blood pressure 
and flow, thus allowing facilitated efflux of plasma components. Nitric oxide (NO) 
has been implicated in vascular permeability, possibly by causing vasodilation and 
thereby increased blood flow [35].

8.3  Vascular Endothelial Growth Factor Receptor-2 
Signal Transduction in the Regulation of Vascular 
Permeability

Signal transduction downstream of VEGFR2 has been investigated extensively, and 
pathways that are likely to participate in the regulation of the vascular permeability 
response will be described in this section. The subsequent part will describe current 
knowledge on in vivo regulation of VEGFA-induced vascular permeability.

The Src family of tyrosine kinases, Src and Yes, have been shown to exert an im-
portant role in VEGFA-induced vascular permeability [27, 28]. VEGFR2 activates 
these kinases by various means. In vitro data suggest direct binding of Src to tyrosine 
Y1059 in the kinase domain of active VEGFR2 as a possible mode of Src activation 
[36]. In addition, activation occurs via binding to the T cell specific adapter pro-
tein (TSAd) downstream of VEGFR2 in vitro and in vivo [37, 38]. A third possible 
mechanism of interaction involves binding to the adapter Src -homology 2 domain 
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protein B (Shb) [39–41]. Finally, Src phosphorylation of the IQ motif-containing 
GTPase-activating protein (IQGAP1) has been reported to exert VEGFA-dependent 
effects [36, 42].

The effects of Src activation on the vascular permeability response are pleiotro-
pic. Src kinases may directly phosphorylate VE-cadherin [28, 43] and β−catenin 
[44, 45], thus modifying the properties of adherens junctions and the intracellular 
localization of VE-cadherin. Src kinases may also phosphorylate and activate the 
tyrosine kinase Axl [46] or the Rac guanine nucleotide exchange factor Vav2 [47], 
which may induce vascular permeability via downstream signaling through Akt and 
Rac (see paragraphs on Rac and Akt below in this section). In addition, a complex 
between Shb and Src [41] may activate focal adhesion kinase (FAK), which partici-
pates in the regulation of vascular permeability.

FAK plays a significant role for VEGFA-induced vascular permeability, and 
exerts this effect via numerous mechanisms [48, 49]. One is direct phosphory-
lation of β-catenin on residue Y142, leading to disruption of adherens junctions 
[49]. Another is FAK-dependent activation of Rac [50], which by various means 
promotes the vascular permeability response (see paragraph on Rac below in this 
section). FAK activation may also stimulate PI3K activity [51] or exert direct ef-
fects on the cytoskeleton. Contrary to these effects, FAK may also tighten the en-
dothelial barrier by phosphorylating N-WASP (neural Wiskott–Aldrich syndrome 
protein) [52], which then forms a complex with cortical actin and p120-catenin. 
The molecular mechanism(s) responsible for VEGFR2-induced FAK activation are 
not fully understood but may involve a direct association between VEGFR2 and 
clustered integrins [53–55] or RhoA-dependent stimulation [56]. Alternatively, the 
Shb adapter protein may mediate FAK activation [41] via its association with Src 
[40, 56]. VEGFA may also control FAK activity via regulation of protein tyrosine 
phosphatases [57].

In addition to FAK, the Axl tyrosine kinase has recently been found to operate 
downstream of Src [46]. Phosphatidyl-inositol 3´kinase (PI3K) is a downstream 
effector of Axl that promotes vascular permeability via diverse mechanisms (see 
paragraph on PI3K below in this section).

The Rac family G-protein members are established regulators of the vascular 
permeability response to VEGFA and, as mentioned, function downstream of FAK. 
Rac may cause serine phosphorylation at S665 of VE-cadherin via its downstream 
kinase p21-activated kinase (PAK), making the latter dissociate from adherens junc-
tions and internalize [47]. Alternatively, Rac may alter the cytoskeleton effecting 
a cellular retraction [58]. A third possible mode of action of Rac with respect to 
induction of vascular permeability is through the generation of reactive oxygen spe-
cies [59]. On the other hand, active Rac may reduce vessel leakiness under certain 
conditions [60, 61], possibly due to a promotion of the attachment of the adhe-
rens junction complex to the cytoskeleton, suggesting a duality in the effects of 
Rac on vascular permeability, depending on the specific condition at which Rac 
is stimulated. The lung endothelial barrier exhibits a complex mode of regulation, 
depending on VEGFA, hepatocyte growth factor (HGF), and stretch [62]. HGF and 
physiological stretch tightens the barrier via Rac activation, whereas VEGFA and 
excessive stretch loosens the barrier involving Rho activation [62]. The pleiotropy 
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in the effect of Rac on endothelial leakiness may reflect the multifaceted regulation 
of effector mechanisms exerted by Rac—one related to the cytoskeleton, another to 
VE-cadherin phosphorylation and internalization, and a third dependent on the gen-
eration of reactive oxygen species. There are several means by which Rac activity 
may be regulated. Src-dependent phosphorylation of Vav2 will increase Rac activ-
ity [47, 63]. Tiam (T-cell lymphoma invasion and metastasis) is another guanine 
exchange factor for Rac, and can be stimulated by FAK [64] or PI3K [65].

PI3K is an important signaling intermediate downstream of VEGFR2 [66]. 
VEGFA may activate PI3K via Axl [46], FAK [51], Shb [41], IQGAP1 [36], or by 
direct binding of the PI3K p85 subunit to pY-1175 on VEGFR2 [67]. Activation 
of PI3K generates increased synthesis of phosphatidyl-inositol 3´-phosphates, and 
these phospholipids activate a number of downstream effectors such as Rho family 
G-protein (Rho, Rac, Cdc42) guanine nucleotide exchange factors (see Tiam above) 
affecting the cytoskeleton or Akt. The latter exerts regulation of multiple responses 
via phosphorylation of substrate proteins. The Akt target most relevant for the per-
meability response appears to be endothelial nitric oxide synthase (eNOS) [68].

The gas nitric oxide (NO) plays an important role for maintaining vascular ho-
meostasis in the retina (see Chap. 12 by Hammes). Increased activity of eNOS par-
ticipates in the VEGFA-induced vascular permeability response [68] by increasing 
the production of NO. This effect results from Akt-dependent phosphorylation of 
this enzyme [69, 70]. Other kinases that activate eNOS in the context of VEGFA-
induced vascular permeability are protein kinase A [71] and Ca2+/calmodulin-de-
pendent kinase [72]. Activity of eNOS may also be regulated by reactive oxygen 
species [73] or Hsp90 [74]. The reason why active eNOS causes vascular perme-
ability is not fully understood but this action probably involves multiple mecha-
nisms. One established effect of NO is vasodilation that will increase the local blood 
flow. Another target effect of NO is S-nitrosylation of β-catenin which will cause 
its dissociation from VE-cadherin and consequently the disassembly of adherens 
junctions [75].

VE-PTP interacts with both VEGFR2 and VE-cadherin, and is thus considered 
a regulator of adherens junctions [30–32]. The precise mode of action of VE-PTP 
in regulating vascular permeability is poorly understood but it was recently shown 
that VE-PTP participates in the dephosphorylation of VEGFR2 and VE-cadherin, 
and that a trimeric complex forms between VEGFR2, VE-PTP, and the angiopoi-
etin-1 receptor Tie2 [76]. Dissociation of VE-PTP from VE-cadherin is necessary 
for VEGFA-induced vascular permeability [77], and loss of VE-PTP in zebrafish 
will induce breakdown of adherens junctions and vascular leakage [78].

The Shb adapter protein binds to tyrosine 1175 in activated human VEGFR-2, 
and thus transduces, in a Src-dependent manner, certain signals in response to VEG-
FA stimulation [41], including activation of FAK and PI3K [41]. Since Shb binds 
Src in endothelial cells [40], activation of FAK may involve the generation of a 
trimeric signaling complex consisting of Shb-Src-FAK. Shb knockout endothelial 
cells display reduced VEGFA-dependent activation of FAK, myosin light-chain 
kinase, extracellular signal-regulated kinase (ERK), Akt, and Rac1 [29, 79], and 
thus the phenotype presents a signaling signature that may influence vascular per-
meability in several ways. The association between VEGFR2 and VE-cadherin is 
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normally reduced upon the addition of VEGFA [23], but when Shb is absent, such a 
dissociation does not occur [29].

TSAd is another SH2 domain-containing adapter molecule that binds tyro-
sine 951 in VEGFR-2 after receptor activation [38], and thus confers VEGFA 
stimulation of Src activity since TSAd also binds Src via its proline-rich motif [37]. 
Consequently, certain Src-dependent responses, including disruption of adherens 
junctions, show a dependence on TSAd-mediated signaling via TSAd complex for-
mation with VEGFR2, VE-cadherin, and c-Src [37].

IQGAP1 becomes phosphorylated and stimulated by Src subsequent to VEGFA 
activation [36]. This will reduce the localization of IQGAP1 and VE-cadherin to 
adherens junctions and reactive oxygen species-dependent tyrosine phosphoryla-
tion of VE-cadherin [42]. IQGAP1 may also exist in a complex with Rac1, Src, 
p47phox, and cortactin, thus suggesting the possibility that IQGAP1 may modify 
junctions via Rac1 signaling and generation of reactive oxygen species [80].

GAB1 is an adapter protein downstream of VEGFR2 that, upon tyrosine phos-
phorylation, binds and activates Grb2, SHP2, the p85 subunit of PI3K, and phos-
pholipase C-γ. The increase of PI3K activity is likely to play a role for VEGFA-
stimulated vascular permeability [81], although such an effect was not observed in 
the GAB1 knockout in vivo.

8.4  VEGFA-Induced Vascular Permeability In Vivo

The description of VEGFR2 signal transduction outlined above is mostly based on 
in vitro studies. These have been complemented with in vivo work using models of 
genetic alterations or chemical inhibitors that have specified the involvement of cer-

Fig. 8.1  Summary of signal transduction pathways operating downstream of vascular endothelial 
growth factor-A (VEGFA) in endothelial cells of relevance for vascular permeability in vivo. See 
text for details. Figure is based on Claesson-Welsh and Welsh [7]
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tain signaling mechanisms in VEGFA vascular permeability. A summary of signal 
transduction pathways described in vivo, of relevance to the vascular permeability 
response to VEGFA, is given in Fig. 8.1.

In vivo studies of vascular permeability have implicated the participation of 
Src family kinases in this process. Experiments using Src kinase-deficient mice 
revealed reduced VEGFA-induced vascular permeability [27] and subsequently this 
was found to depend on phosphorylation of VE-cadherin [28] that destabilized ad-
herens junctions. Consequently, tissue edema was reduced and recovery after myo-
cardial infarction improved in the absence of Src activity.

Axl is another tyrosine kinase that contributes to VEGFA-stimulated vascular 
permeability in vivo [46]. Axl is downstream of TSAd/Src and is thought to regulate 
vascular permeability by activation of PI3K.

In vivo studies using endothelial-specific FAK gene inactivation have demon-
strated the requirement of FAK for VEGFA-induced vascular permeability [48, 49].

Studies directly addressing the role of Rac1 in vascular permeability in vivo are 
sparse since mice deficient in endothelial Rac1 die in utero due to vascular ab-
normalities [82]. However, the absence of Rac1 activity in endothelial cells will 
diminish endothelial cell-driven vasodilation [83]. This effect may, in part, be a 
consequence of reduced eNOS activation, leading to less blood flow after induced 
hind-limb ischemia. However, increased endothelial cell Rac1 activity may under 
certain conditions give less vascular leakage, suggesting multiple modes of action 
of this signaling component in the vascular permeability response [60].

Absence of the p110γ isoform of PI3K causes diminished vascular permeability 
in response to VEGFA [84]. On the other hand, inactivation of class 1A PI3K ac-
tivity leads to increased dye leakage in the neovasculature, suggesting a complex 
mode of action of PI3K in regulation of this process [85]. Increased activity of the 
PI3K downstream signaling intermediate Akt in endothelial cells causes chronically 
increased vascular permeability, with edema as a consequence [68]. This effect is 
at least partly due to vessel dilation and stimulation of eNOS. Conflicting results 
have been obtained on the effects of Akt deficiency. Whereas one report described 
reduced VEGFA-induced vascular permeability [86] as a consequence of Akt1 de-
ficiency, another study noted an increased response [87]. The deficient VEGFA-
stimulated vascular permeability was attributed to weak activation of eNOS, with 
decreased production of NO [86].

Shb is essential for VEGFA-stimulated vascular permeability in vivo [79]. The 
dissociation of VE-cadherin from adherens junctions that occurs in vivo in response 
to VEGFA fails as a consequence of Shb deficiency [26], providing a mechanistic 
explanation for the impaired vascular permeability response. Vascular permeability 
and blood flow in experimentally-induced muscle ischemia are reduced in the ab-
sence of Shb [26], suggesting a contribution of Shb and vascular permeability for 
recovery in this situation.

TSAd is required for VEGFA-induced vascular permeability [37, 38], both in the 
skin and the trachea. This effect is explained by impaired VEGFA-induced disas-
sembly of adherens junctions [37]. TSAd signaling appears not to have a major ef-
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fect on eNOS activity, and histamine-induced vascular permeability was unaffected 
by the absence of TSAd [37].

No data directly implicating IQGAP1 in the VEGFA-induced vascular permea-
bility response are at present available, although IQGAP1 was shown to be required 
for macrophage infiltration into damaged muscle tissue during post-ischemic re-
covery [88].

GAB1 is necessary for post-ischemic recovery, VEGFA-induced angiogenesis 
and vascular permeability in vivo [71]. Although GAB1 is normally thought to me-
diate PI3K activation, the in vivo response of the knockout primarily depends on 
diminished activation of protein kinase A, leading to reduced activation of eNOS 
[71].

Several of the signal transduction responses downstream of VEGFR-2 ultimately 
cause activation of eNOS, as described above. This is an important effector since 
absence of eNOS will abolish the vascular permeability response [89]. As men-
tioned above, the mechanisms behind the permeability response of NO are poorly 
understood but may involve increased vasodilation and direct disruption of adher-
ens junctions.

8.5  Modulation of VEGFA-Induced Vascular 
Permeability by Other Factors

Angiopoietin-1 is an angiogenic factor, operating via its receptor Tie2, which is 
known to reduce VEGFA-stimulated vascular permeability [90], although the un-
derlying mechanism remains unclear. One proposed model involves RhoA-de-
pendent sequestration of Src onto mDia (diaphanous homolog), thus reducing the 
phosphorylation of S665 on VE-cadherin in an Rac-dependent manner [91]. How-
ever, the effects of angiopoietin-1 on Rac1 activity are contradictory since another 
study described increased Rac1 activity in response to this ligand, causing reduced 
VEGFA-stimulated vascular leakage [60]. Apparently, Rac1 may stimulate or in-
hibit vascular permeability, depending on the local conditions. Angiopoietin-1 may 
also inhibit VEGFA-induced vascular permeability via protein kinase C zeta-depen-
dent phosphorylation of an inhibitory site on eNOS [92]. Tie2 and VE-PTP interact 
on the cell surface but downregulation of such complexes does not affect the VE-
cadherin staining pattern [93]. However, VE-PTP-dependent dephosphorylation of 
VEGFR2 requires angiopoietin-1-activated Tie2 [76], suggesting a VE-PTP-depen-
dent antagonism between VEGFA and angiopoietin-1 regulating junction perme-
ability. In addition, angiopoietin-1 decreases the phosphorylation of VE-cadherin 
at Y658, presumably via the action of VE-PTP, since VE-cadherin phosphorylation 
was elevated in VE-PTP-deficient cells.

The phospholipid sphingosine-1-phosphate is an extracellular ligand operating 
via G-protein-coupled receptors that influences the vasculature [94]. Sphingosine-
1-phosphate may stimulate VEGFR2, resulting in Akt and eNOS activation [95]. In 
vivo, sphingosine-1-phosphate reduces vascular leakage by increasing Rac1 activ-
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ity in a manner similar to that of angiopoietin-1 [60]. Alternatively, sphingosine-
1-phosphate may stabilize vessels by inhibition of VEGFR2 signaling and retention 
of VE-cadherin at junctions after VEGFA stimulation [96].

8.6  VEGFA and Leukocyte Extravasation

VEGFA has been demonstrated to recruit leukocytes from the circulation to tissues, 
using different in vivo models. When VEGFA overexpression was induced in select-
ed organs in a transgenic system, bone marrow-derived mononuclear myeloid cells 
were recruited to these specific sites [97]. Furthermore, neutrophils to accumulated 
at the site of intramuscularly transplanted pancreatic islets in a VEGFA-dependent 
manner [98, 99]. The revascularization process of these transplanted islets was de-
pendent on recruitment of a distinct circulating neutrophil (CXCR4hi, MMP-9hi) 
population [98, 99]. The relationship between VEGFA, neoangiogenesis, and neu-
trophil extravasation is illustrated in Fig. 8.2. VEGFA production in transplanted 
islets promotes the extravasation of a subset of neutrophils that participate in the 
revascularization process.

How tissue-derived VEGFA exerts its effect on leukocytes in circulation is still 
not clear, but diverse mechanisms have been suggested and may act in concert, 
potentiating each other. Studies performed in vitro on human umbilical vein endo-
thelial cells (HUVECs) or colonic microvasculature demonstrated upregulation of 
endothelial adhesion molecules (ICAM-1 and P-selectin) in response to VEGFA 
[100–102], while VEGFA-induced leukocyte adhesion was shown to be dependent 
on CD18 [103, 104]. The expression of VEGFR1 on monocytes [97, 105] implies 
direct effects of VEGFA on cells in circulation. Indeed, VEGF-induced adhesion 
and migration of isolated monocytes, neutrophils, and T cells have been demon-
strated [100, 101, 103, 106–108]. VEGFA is also known to induce expression of 
other chemotactic agents such as stromal cell-derived factor-1 (SDF-1). Transgen-
ic induction of VEGFA expression induced expression of SDF-1 by fibroblasts, 
which, in the tissue, positioned recruited leukocytes perivascularly relative to the 
angiogenic vessels [97]. A role for SDF-1 in mobilization of circulating leukocytes 
at hypoxic sites has been reported [109]. In addition, multiple tumor-derived che-
moattractants, including VEGFA, recruit CD11b+ Gr1+ leukocytes by activating the 
PI3-kinase isoform p110γ, which results in activation of the integrin α4β1 on the 
leukocyte, and concomitant tumor invasion [110].

Leukocyte extravasation can occur transcellularly through the thin endothelial 
cells, or paracellularly through endothelial junctions [111–113]. The extravasation 
process is mechanistically not yet well-defined and the route of choice might depend 
on stimulus, type of leukocyte, and location of the vascular bed. The importance of 
the paracellular route was demonstrated in two genetic models where the endothe-
lial junctions were kept sealed by maintaining VE-cadherin in a constitutively ac-
tive state [24, 77]. These models revealed greatly impaired leukocyte extravasation 
in response to inflammatory stimuli at different sites, demonstrating that opening of 
endothelial junctions is essential for leukocyte recruitment out of the vasculature. 
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Whether opening of endothelial junctions during leukocyte extravasation inevitably 
results in a permeability increase remains to be shown.

Edema formation and accumulation of tissue leukocytes are cardinal signs of 
inflammation and these occur concomitantly with increased vascular permeability. 
Intuitively, an association between these processes is commonly made but several 
studies prove them to be both spatially and temporally uncoupled [114, 115], and 
leukocyte extravasation can occur at sites distant from formed endothelial gaps 
[116–118]. The formation of endothelial cell domes during leukocyte diapedesis 
has been implicated as a mechanism for controlling vascular permeability and 

Fig. 8.2  Schematic view illustrating neutrophil extravasation in relation to local vascular endothe-
lial growth factor-A ( VEGFA) production after islet transplantation to the cremaster muscle. Dif-
ferent steps of the leukocyte extravasation process (leukocyte rolling following capture, adhesion, 
crawling, and extravasation) are depicted that sequentially result in leukocyte migration towards 
the site of VEGFA production, which, in this scenario, is the transplanted islet. Leukocyte cap-
ture/rolling requires P-selectin on the endothelial cells and the P-selectin glycoprotein ligand-1 
(PSGL1) expressed on the leukocyte. Expression of the endothelial cell adhesion molecule 
ICAM-1 and leukocyte integrins probably participates in this process. Consequently, an enrich-
ment of a subpopulation of neutrophils (CXCR4hi, MMP-9hi) that assist neoangiogenesis occurs in 
the tissue surrounding the islet. The mechanisms by which they exert their proangiogenic effect are 
not completely understood, although they are likely to involve release of matrix metalloproteinase 
(MMP)-9. Islets devoid of VEGFA production fail to induce this process
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endothelial barrier integrity [119]. Whether this is true for VEGFA-induced leu-
kocyte recruitment has not yet been experimentally established. Thus, increased 
permeability identified by the hitherto applied methods appears not to be a prereq-
uisite for leukocyte extravasation during inflammatory conditions.

Adherent leukocytes can produce and release reactive oxygen species (ROS) 
that induce opening of the endothelial junctions [120, 121]. The contribution of 
ROS production in leukocyte extravasation remains to be defined, and leukocytes 
lacking the ability to produce ROS are efficient in emigrating out of the vasculature. 
A recent study shows that the proangiogenic VEGFA-recruited neutrophils possess 
specific characteristics compared with neutrophils recruited to an infectious inflam-
mation, since tenfold higher levels of the proangiogenic MMP-9 were found in the 
VEGFA-recruited population [99]. MMP-9 promotes angiogenesis both directly by 
potently digesting the extracellular matrix and thereby allowing for growth of new-
ly formed vessels, and indirectly by releasing matrix-bound VEGFA [122]. Whether 
the distinct cell populations recruited by VEGFA produce similar amounts of ROS 
or other permeability-inducing factors remains to be shown.

The documented parallel effects of VEGFA on opening of endothelial junctions 
and leukocyte recruitment do not necessary imply contribution of the former to the 
latter. However, it seems plausible that VEGFA-induced weakening of endothelial 
junctions would facilitate leukocyte extravasation.

8.7  VEGFA-Induced Vascular Permeability and Disease

8.7.1  Vascular Permeability in Tumors

  The tumor vasculature shows numerous abnormalities, such as poor perfusion, 
high vessel turnover, increased vessel tortuosity, and vascular leakage [123]. Anti-
angiogenic treatment by VEGFA-blocking regimens inhibits or reverses, in many 
instances, the abnormal tumor vessel phenotype and causes vascular ‘normalization’ 
[123]. Such strategies commonly inhibit tumor growth, and VEGFA inhibition is at 
present an accepted clinical practice for treatment of tumors such as glioblastomas 
unresponsive to other treatments, metastatic colorectal cancers, metastatic renal cell 
cancer, some nonsmall cell lung cancers, hepatocellular tumors, and neuroendo-
crine tumors (www.cancer.gov/cancertopics/factsheet/Therapy/angiogenesis-inhib-
itors). The reason why this therapy has proven relatively successful has nevertheless 
not been fully resolved since it has been shown that the VEGFA-inhibited tumor 
vasculature displays improved vascular function [123]. A possible explanation for 
this dichotomy is that the VEGFA-blocking treatments, in addition to reducing tu-
mor angiogenesis, simultaneously inhibit VEGFA-induced vascular permeability, 

www.cancer.gov/cancertopics/factsheet/Therapy/angiogenesis-inhibitors
www.cancer.gov/cancertopics/factsheet/Therapy/angiogenesis-inhibitors


8 Vascular Endothelial Growth Factor-A-Induced Vascular Permeability … 199

and that the latter contributes to tumor growth and dissemination. The angiogenic 
factor angiopoietin-1 decreases vascular permeability in vivo [124]. When tumors 
were treated with an angiopoietin-2 inhibitor (L1-7(N)), tumor vessel ‘normaliza-
tion’ was observed but this effect was reversed by inhibition of angiopoietin-1, sug-
gesting that angiopoietin-1 can reduce tumor vascular permeability by antagonizing 
angiopoietin-2 [125]. A consequence of vascular permeability could be leukocyte 
extravasation, and it has been shown that many tumors expand in a manner depen-
dent on infiltration of class II macrophages (M2) [126, 127], which confer a pro-
angiogenic phenotype. Indeed, VEGFA has been shown to cause selective extrava-
sation of proangiogenic leukocytes [99], and such an effect could promote tumor 
expansion.

8.7.2  Vascular Permeability in Retinal Disease

The vasculature in the eye is protected by the blood–retinal barrier (BRB), which 
is maintained by tight junctions between retinal capillary endothelial (RCE) cells 
on the one hand, and retinal pigment epithelial (RPE) cells on the other, which 
form the inner and outer BRB, respectively [128]. The tight junctions of RCE cells 
are formed by intercellular communications between RCE and glial cells [129]. 
Thereby, organization of the BRB resembles the blood–brain barrier. Loss of nor-
mal BRB function is a common feature of many retinal degenerative disorders that 
are leading causes of visual dysfunction. Such diseases include age-related macular 
degeneration, diabetic retinopathy, and retinal vein occlusions [130] (see Chap. 12 
by Hammes). Patients with age-related macular degeneration present focal ischemia 
of the outer retina, which induces VEGFA production and angiogenesis, resulting 
in hyperpermeable vessels and inflammation. Prolonged elevation of blood sugar 
levels in diabetic patients causes endothelial apoptosis, basement membrane thick-
ening, and pericyte loss, accompanied by increased VEGFA synthesis and vascu-
lar permeability. Retinal vein occlusions can be attributed to hemodynamic distur-
bances, such as increased coagulation and impaired flow properties, resulting in 
ischemia and increased VEGFA synthesis (see Stewart [130] for details). Therefore, 
common aspects of many vascular eye diseases are ischemia, increased VEGFA 
production, and excess vascular permeability [131]. The excess permeability has 
been attributed to both the overstimulated, abnormal vasculature and to changes in 
the phoshorylation of tight junction proteins such as occludin and zona occludens 
protein-1 (ZO1) [132]. Bevacizumab, a VEGFA neutralizing antibody or Lucentis, 
a VEGFA neutralizing Fab2 fragment, administered by intravitreal injection, have 
been used successfully for the treatment of ocular diseases, resulting in preservation 
and even gain of visual acuity.

Figure 8.3 summarizes VEGFA-induced vascular permeability in the context of 
pathophysiological processes, and suggests possible modes of pharmacological in-
tervention.
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8.8  Conclusions

Numerous signaling mechanisms participate in the response, conferring vascular 
permeability in response to VEGFA and significant redundancy exists between the 
various pathways. Presumably, precise control of the characteristics and degree of 
stimulation of vascular permeability can be achieved by differentially orchestrating 
the individual signaling pathways. In addition, this pleiotropy ascertains that the 
permeability response will not be suppressed in case one signaling scheme fails. 
Taken together, this indicates the importance of vascular permeability for the tissue 
repair response to ischemia. It is still uncertain what the precise beneficial effects of 
vascular permeability for the repair processes are, but they could involve extravasa-
tion of both plasma proteins and leukocytes. A factor that complicates specific elu-
cidation of the beneficial contribution of vascular permeability to tissue restoration 
is that most signal transduction pathways of importance in this context are also es-
sential for tissue angiogenesis [7], making delineation of the relative importance of 
vascular permeability versus angiogenesis challenging. In fact, one may speculate 
that these are two inseparable aspects of the angiogenic repair process. Inhibition of 
tumor angiogenesis by VEGFA-blocking regimens has been assumed to be the main 
targets of such treatments, but it is conceivable that inhibition of VEGFA-induced 
vascular permeability may be an equally important component.
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Fig. 8.3  Vascular endothelial growth factor-A ( VEGFA)-induced vascular permeability in the con-
text of disease. Potential sites of pharmacological intervention include VEGFA/VEGF receptor-2 
( VEGFR2) antagonists/inhibitors, angiopoietin-1, angiopoietin-2 inhibitor, sphingosine-1 phos-
phate, and intracellular VEGFR2 signaling. See texts for details
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Chapter 9
Cytochrome P450-Derived Lipid Mediators 
and Vascular Responses

Ingrid Fleming

Abbreviations

[Ca2+]i Intracellular Ca2+ concentration
BKCa Large conductance Ca2+-activated K+ channels
COX Cyclooxygenase
CREB cAMP-response element-binding protein
CYP Cytochrome P450
DHA Docosahexenoic acid
DHET Dihydroxyeicosatrienoic acid
EDHFs Endothelium-derived hyperpolarizing factors
EET Epoxyeicosatrienoic acid
EGF Epidermal growth factor
EPA Eicosapentaenoic acid
FABPs Fatty acid-binding proteins
HETE Hydroxyeicosatetraenoic acid
KCa Ca2+-dependent K+ channels
MKP-1 MAP kinase phosphatase-1
MMP Matrix metalloproteinase
NFκB	 Nuclear	factor	κB
NO Nitric oxide
PI3-K Phosphatidylinositol 3-kinase
PKA Protein kinase A
PPAR Peroxisome proliferator-activated receptor
PUFA Polyunsaturated fatty acid
sEH Soluble epoxide hydrolase;
TRP channels Transient receptor potential channels
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9.1  The Cytochrome P450 (CYP)/Soluble Epoxide 
Hydrolase Axis

Cytochrome P450 (CYP) enzymes are membrane-bound, heme-containing terminal 
oxidases in a multi-enzyme complex that also includes an flavin adenine dinucleo-
tide/flavin mononucleotide (FAD/FMN)-containing nicotinamide adenine dinu-
cleotide phosphate (NADPH)-CYP reductase and cytochrome b5. CYP enzymes 
oxidize, peroxidize and/or reduce cholesterol, vitamins, steroids, xenobiotics, 
and numerous pharmacological substances in an oxygen- and NADPH-dependent 
manner. Some isoforms are fairly specific in their choice of substrates but many 
catalyze a large number of chemical reactions and can use an almost unlimited 
number of biologically occurring and synthetic compounds. Hepatic CYP enzymes 
are responsible for the metabolism of xenobiotica and many pharmaceuticals, but 
they also utilize endogenous compounds as substrates, such as cholesterol and fatty 
acids. Even though many CYP isozymes can oxidize a spectrum of ω-6 and ω-3 
polyunsaturated fatty acids (PUFAs) such as retinoic acid, linoleic acid, eicosa-
pentaenoic acid (EPA), and docosahexenoic acid (DHA; Fig. 9.1), they are often 
referred to as the third pathway of arachidonic acid metabolism, mainly because 
more is known about the biological actions of these products [1].

Interest in the vascular actions of CYP enzymes followed reports that the epox-
ides of arachidonic acid (the epoxyeicosatrienoic acids [EETs]) were endothelium-
derived hyperpolarizing factors (EDHFs) [2, 3], while the 20-hydroxyeicosatetrae-
noic acid (HETE) generated by ω-hydroxylases belonging to the CYP4A family 
were potent vasoconstrictors (for review see Harder et al. and Imig et al. [4, 5]). 
Initial reports focused on the effects of arachidonic acid metabolites on membrane 
potential, but it is now generally appreciated that these compounds mediate a num-
ber of membrane potential-independent effects and regulate angiogenesis [6, 7]. 
The arachidonic acid-metabolizing CYP enzymes with prominent roles in vascular 
regulation are the epoxygenases of the CYP2 gene family (e.g. CYP2B, 2C8, 2C9, 
2C10, and 2J2 in humans; 2C34 in pigs; 2C11, 2C23, and 2J4 in rats) and the arachi-
donic acid ω-hydroxylases belonging to the CYP4A family which form subterminal 
and ω-terminal HETEs [8, 9].

Epoxide generation is thought to be determined by both the level of epoxygen-
ase expression and the availability of the PUFA substrate, which in the case of 
arachidonic acid is determined by the activity of phospholipases such as phospho-
lipase A2. Intracellular levels of the epoxides are tightly regulated and metabolism 
occurs relatively rapidly by hydrolysis, β-oxidation, and chain elongation [10]. 
The soluble epoxide hydrolase (sEH) is the most important epoxide-metabolizing 
enzyme that generates dihydroxy fatty acids (or diols). For a long time, the latter 
were considered to be less active that the parent epoxides but recent evidence has 
challenged this assumption (see section 9.6). There are, of course, exceptions to ev-
ery rule and some epoxides are not great sEH substrates—the best-studied excep-
tion is probably 5,6-EET which is more rapidly metabolized by cyclooxygenases 
(COXs) [11, 12].
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9.2  Regulation of CYP Expression and Activity

EET production may change as a consequence of altered CYP expression (by in-
duction or repression) or altered activity. Little is known about the regulation of 
vascular CYP expression, and although CYP2C protein has been convincingly dem-
onstrated in native endothelial cells, messenger RNA (mRNA) and protein levels 
rapidly decrease after cell isolation, so that in passaged cultured endothelial cells, 
mRNA can only be detected using reverse transcriptase-polymerase chain reaction 
(RT-PCR) [3, 13]. Such findings indicate that CYP2C proteins are relatively un-
stable and that transcriptional processes play an important role in determining CYP 
expression levels, and at the same time highlight the importance of physiological 
stimuli in the control of CYP levels. Indeed, the exposure of cultured endothelial 

Fig. 9.1  Cytochrome P450 ( CYP)-dependent metabolism of n-6 (arachidonic and linoleic acid) 
and n-3 (eicosapentaenoic and docosahexaenoic acid), and metabolism of the epoxides gener-
ated to the corresponding diols by the soluble epoxide hydrolase ( sEH). DHDP dihydroxydoc-
osapentaenoic acid, DHEQ dihydroxyeicosatetraenoic acid, DHET dihydroxyeicosatrienoic acid, 
DiHOME dihydroxyoctadecenoic acid, EDP epoxydocosapentaenoic acid, EEQ epoxyeicosatet-
raenoic acid, EET epoxyeicosatrienoic acid, EpOME epoxyoctadecenoic acid. Reproduced from 
Fleming [9], with permission
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cells to either cyclic stretch or fluid shear stress can restore CYP2C protein expres-
sion as well as endothelial EET production [14].

The expression of several CYP enzymes is modulated by changes in oxygen ten-
sion; for example, hypoxia downregulates CYP2J2 [15] but upregulates CYP2C8/9 
expression in cultured human endothelial cells [16], while transient cerebral isch-
emia induces CYP2C11 in rats [17]. The promoter regions of several CYP2C genes 
contain hypoxia-responsive elements, a finding which may explain the observation 
that the myogenic contraction, as well as the constrictor response to phenylephrine, 
is attenuated in mesenteric arteries from rats exposed to hypoxia for 48 h [18]. This 
phenomenon can be attributed to the hypoxia-induced induction of CYP expres-
sion as CYP2C protein was elevated above control in arteries from rats exposed to 
hypoxia, and both the vascular smooth muscle hyperpolarization and the hypoxia-
induced decrease in the myogenic response were normalized by the CYP2C inhibi-
tor sulfaphenazole [19].

Given the size of the CYP family of proteins, it is not surprising that there is con-
siderable inter-isoform variation in the regulation of gene expression and mRNA 
stability, as well as post-translational modification of the CYP protein. Regulation 
of the CYP2 family involves nuclear receptors related to the steroid hormone re-
ceptor superfamily, such as the constitutive androstane receptor and the retinoic 
acid receptor. Retinoic acid is a CYP2C (CYP2C8) substrate, thus the regulation 
of CYP2C8 expression by a receptor that is activated by an endogenous substrate 
such as retinoic acid is not surprising. CYP2C9, which is highly homologous to 
CYP2C8, is inducible in primary human hepatocytes by xenobiotics, including 
dexamethasone and phenobarbital [20]. The CYP2C8 and 2C9 promoters contain a 
glucocorticoid-responsive element that is recognized and transactivated by human 
glucocorticoid receptor [21–23]. Identification of this functional element provides 
a rational mechanistic basis for the induction of CYP2C protein, and an increase in 
EDHF-mediated responses in porcine coronary arteries by cortisol [24]. Retinoic 
acid is not the only CYP substrate that affects CYP protein levels, and the expres-
sion of many of the CYP enzymes can be induced by a substrate excess. Indeed, a 
number of cardiovascular drugs currently in clinical use are metabolized, at least 
in part, by CYP2C family members. While this process mainly occurs in the liver 
and is associated with the induction of the metabolizing enzyme, the expression of 
CYP2C enzymes in endothelial cells can also be affected. For example, the HMG-
CoA reductase inhibitor fluvastatin, which is metabolized by CYP2C9 in the liver 
[25, 26], also increases CYP2C expression in cultured and native porcine coronary 
artery endothelial cells [13]. The L-type Ca2+ channel blocker nifedipine also elicits 
a very marked increase in the expression of CYP2C in porcine coronary arteries, 
and enhances EDHF-mediated responses [13, 27].

Once the protein is expressed, CYP activity is thought to be determined mainly 
by the availability of its substrates [28]. Since phospholipase A2 inhibitors attenu-
ate CYP-dependent EDHF responses, the activation cascade is thought to involve 
a stimulus-induced increase in intracellular Ca2+, followed by the activation of 
phospholipase A2, which then liberates the PUFA substrate (i.e. arachidonic acid) 
from membrane phospholipids. The increase in substrate immediately results in 
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the activation of CYP enzymes (when expressed) and the generation of vasoactive 
products. While this sequence of events is certainly plausible, it is highly likely 
that additional mechanisms, such as phosphorylation, play a role in regulating CYP 
activity. Indeed, some CYP enzymes (CYP2B1, 2B2, and 2E1) are reported to be 
phosphorylated by protein kinase A (PKA), and the consequences of CYP phos-
phorylation range from the regulation of activity [29] and subcellular localization 
[30, 31] to proteasome degradation [30, 32].

An additional mechanism thought to modulate CYP activity is nitrosation by 
nitric oxide (NO), which can interact with CYP enzymes in two ways. NO revers-
ibly binds to the heme moiety of CYP enzymes, forming iron-nitrosyl complexes, 
and it can irreversibly react with cysteine residues [33]. Both NO–CYP adducts are 
enzymatically inactive in vitro. As endothelial CYP enzymes of the 2C family were 
found to be inhibited by NO, the role of EETs in the regulation of vascular tone in 
the healthy vasculature which constantly generates NO was suggested to be of mi-
nor importance compared with that in circumstances of an endothelial dysfunction 
in which the bioavailability of NO is impaired [34]. However, there are clear physi-
ological consequences of EET activation in endothelial cells (e.g. on Akt, PKA, 
and transient receptor potential [TRP] channels) that can be demonstrated, even in 
the presence of a fully functional endothelial NO synthase. Thus, whether or not 
physiologically relevant (low nmol/L) levels of NO really affect CYP epoxygenase 
activity in vivo, remains to be determined.

9.3  The Soluble Epoxide Hydrolase

The sEH protein is a homodimer composed of two 60 kDa monomers joined by a 
proline-rich bridge [35], with each monomer consisting of an N-terminal domain 
that displays lipid phosphatase activity and a larger C-terminal that processes clas-
sical α/β-hydrolase activity [36, 37]. Surprisingly little is known about the mech-
anisms that regulate sEH activity. There have been a number of studies linking 
changes in sEH expression with inflammatory or hormonal stimuli [38, 39]. Two 
tyrosine residues (Tyr383 and Tyr466) in the active site of the hydrolase are report-
edly essential for enzyme activity [40], and these were recently shown to be nitrated 
by peroxynitrite in vitro and in vivo in mouse models of type 1 and type 2 diabetes, 
leading to a decrease in sEH activity [41]. It is currently only possible to speculate 
about the involvement of sEH tyrosine nitration in the amplification of inflamma-
tion associated with diabetes, but at least one sEH polymorphism, which results in 
decreased enzymatic activity, has previously been associated with human insulin 
resistance [42]. The sEH was also recently reported to be nitrosated in leptin-stim-
ulated wild-type but not endothelial NO synthase knockout mice, suggesting that 
the effects of NO on PUFA metabolism may be partly related to the modulation of 
sEH activity [43].

Inhibition or deletion of the sEH increases tissue and circulating levels of the 
PUFA epoxides at the same time as decreasing diol production, and has pronounced 
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effects on blood pressure [44, 45], inflammation [46], progenitor cell proliferation, 
angiogenesis and vascular repair [47]. The particular effectiveness of sEH inhibitors 
against hypertension associated with activation of the renin-angiotensin system is 
most likely related to the fact that angiotensin II markedly increases sEH expression 
in vivo [39]. Interestingly, hypoxia does the opposite and markedly downregulates 
sEH promoter activity and thus protein expression in the lung [48]. There are other 
examples of hypertension being associated with elevated sEH expression and/or 
activity, such as the spontaneously hypertensive rat. In these animals, elevated sEH 
expression is linked to an increase in the renal metabolism of EETs to dihydroxye-
icosatrienoic acids (DHETs), and sEH inhibitors blunt the development of hyper-
tension [44]. Initial reports also documented that sEH−/− mice have lower blood 
pressure and elevated EET levels than their wild-type littermates [49]. However, the 
blood pressure phenotype now seems to be controversial as the loss of the hydrolase 
can be compensated by elevated concentrations of the pressor and vasoconstrictor 
eicosanoid, 20-HETE, as well as increased lipoxygenase-derived hydroxylation and 
prostanoid production [50]. Despite the lack of alteration in blood pressure, hearts 
from these sEH−/− animals show improved recovery of left ventricular contractility 
and less infarction than hearts from wild-type mice after ischemia [51], and have 
a survival advantage following acute systemic inflammation [50]. Several of the 
metabolites generated by the sEH, such as the DHETs generated from the EETs, are 
also biologically active but generally less so than the parent epoxides. However, the 
DHETs are not as readily incorporated into membrane lipids as the EETs, and the 
latter are thought to be the form in which the majority of endothelium-derived EETs 
leave the cell [52].

The exact physiological role of the lipid phosphatase activity associated with the 
N-terminal domain of the sEH is currently unclear as there are currently no selective 
inhibitors of this domain (sEH inhibitors act on the hydrolase domain and do not 
affect the phosphatase activity [36]). However, the lipid phosphatase has been asso-
ciated with cholesterol-related disorders, peroxisome proliferator-activated receptor 
(PPAR) activity, and the isoprenoid/cholesterol biosynthesis pathway [53]. Indeed, 
in addition to demonstrating enhanced circulating EET levels [49], male sEH−/− 
mice exhibit decreased plasma cholesterol and testosterone levels [54]. Moreover, it 
seems that isoprenoid pyro- and monophosphates are substrates for the N-terminal 
domain of the enzyme [55, 56], and these lipid phosphates are metabolic precursors 
of cholesterol biosynthesis and are also utilized for isoprenylation of small G-pro-
teins involved in multiple cell signaling pathways [57]. Lysophosphatidic acids are 
involved in regulating cell survival, apoptosis, motility, shape, differentiation, gene 
transcription, and malignant transformation, and are reportedly excellent substrates 
for the lipid phosphatase [58, 59]. However, to what extent this can affect physiol-
ogy/pathophysiology needs to be determined.

It is interesting to note that even though most current sEH literature attributes 
the hydrolase domain to the cardiovascular effects seen in humans, the human sEH 
single nucleotide polymorphism most often associated with cardiovascular dis-
ease (R287Q) encodes a protein with significantly lower rather than elevated hy-
drolase activity [60]. Thus, solely incriminating the hydrolase domain for adverse 
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cardio- and pulmonary-vascular effects seems premature and highlights the impor-
tance of further investigating the independent roles of the hydrolase and phospha-
tase domains. Indeed, some aspects of the phenotype of sEH−/− mice (e.g. pulmonary 
vascular muscularization) cannot be reproduced by chronic sEH inhibitor treatment, 
which may be an indirect indication of a physiological role for the phosphatase 
domain [61].

9.4  How do Lipid Epoxides Initiate Cellular Signaling?

Most is known about the actions of the epoxides or arachidonic acid or EETs for 
which several modes of signal initiation have been proposed. One of them involves 
the transactivation of the epidermal growth factor (EGF) receptor in endothelial 
cells, and the activation of this particular signaling pathway has been linked to cell 
proliferation and angiogenesis [62–64]. For actions other than angiogenesis, a sepa-
rate mechanism has been proposed as a high-affinity EET binding site was reported 
to exist on monocytes and U937 cells [65–67]. Competition studies showed a spe-
cific high-affinity binding of 14,15- and 11,12-EET to a receptor that seems to be 
protein in nature [66, 68]. In addition, in isolated membranes, [3H]-14,15-EET bind-
ing was found to be specific, reversible, and saturable, and the ligand was not dis-
placed by antagonists of the thromboxane, platelet-activating factor, or leukotriene 
receptors. However, binding was inhibited by 14,15- and 11,12-EETs, but not by 
inactive analogs of 14,15-EET or 15-HETE. Importantly, ligand binding was inhib-
ited by GTPγS, indicating that the binding site or receptor is coupled to a G protein. 
Such findings are in agreement with other reports indicating the involvement of a G 
protein in the actions of the EETs [69, 70]. One characteristic of many EET-induced 
cellular responses such as gap junctional communication [71] and TRP channel 
translocation [72] is their ability to increase intracellular cyclic adenosine mono-
phosphate (cAMP) levels and activate PKA [66, 73]. Moreover, an EET analog that 
is able to induce the complete relaxation of bovine coronary arteries also does so by 
increasing cAMP levels [74, 75]. Putting the evidence of a protein receptor on cell 
membranes together with that indicating a reliance on cAMP/PKA for EET-induced 
signaling, the existence of a Gαs-coupled EET receptor has been postulated [76]. 
However, to-date no specific EET receptor has been identified.

Many lipids also interact with intracellular fatty acid receptors such as the 
PPARs, and the EETs are no different. For example, ω-hydroxylated 14,15-EET 
and 14,15-DHET [77] are reported to bind with a high affinity to PPAR-α, while 
the EETs generated in endothelial cells in response to fluid shear stress increase 
PPAR-γ transcriptional activity [78]. Additional intracellular receptors for CYP 
products have not yet been identified, but one possibility is that these oxidized fatty 
acids bind to fatty acid binding proteins (FABPs) such as heart type (H) FABP [79], 
which in turn mediate some of the physiologically relevant actions of these interme-
diates, possibly including the activation of PPARs [80].
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A further proposed mechanism involves the incorporation of EETs into the 
plasma membrane, where they associate with effector molecules such as small G 
proteins [69] or change the lipid bilayer order, fluidity, and volume, and thereby 
regulate the flux of ions (e.g. Ca2+) across the membrane [81]. Certainly, the EETs 
can be esterified to phosphatidylcholine, phosphatidylethanolamine, and phospha-
tidylinositols [28]. Moreover, at least in the pancreas, it has been suggested that the 
long-chain acyl-coenzyme A (acyl-CoA) synthetase 4 activates EETs to form EET-
CoAs that are incorporated into glycerophospholipids [82].

Given that enhanced EET production has frequently been correlated with an 
increase in intracellular cAMP levels, it is not entirely surprising that increased 
CYP expression and EET production are associated with activation of the cAMP-
response element-binding protein (CREB) which underlies the EET-induced ex-
pression of COX-2 [83]. However, the first transcription factor reported to be 
regulated by CYP-derived EETs was nuclear factor κB (NF-κB) [84]. Indeed, the 
EET-dependent inhibition of the I-κB kinase led to classification of the EETs as 
anti-inflammatory mediators. However, this classification is complicated by the 
fact that some CYP epoxygenases can generate physiologically relevant levels of 
superoxide anions which tend to activate NF-κB, and thus functionally antagonize 
the inhibitory effects of EETs and promote the expression of adhesion molecules on 
endothelial cells [85]. The reason why CYP epoxygenases of the 2C family gener-
ate superoxide anions [85, 86] while the 2J enzymes do not [87, 88] is currently 
unclear but is probably related to substrate binding and metabolism. However, the 
differential ability to generate free radicals accounts for the disparate effects of 
these isozymes on vascular protection.

Other transcription factors that are reported to be modulated by EETs/DHETs are 
PPARα [77, 89, 90] and FOXO3a [91]. While the nuclear localization of FOXO3a 
is regulated by the EET-dependent activation of Akt [91], much less is known about 
the mechanisms involved in the EET-dependent activation of PPARα, or indeed the 
consequences of this effect.

9.5  CYP and Cardiovascular Function

9.5.1  Vascular Reactivity

The realization that EETs, especially 11,12- and 14,15-EET, can activate large con-
ductance Ca2+-activated K+ channels (BKCa) on vascular smooth muscle cells to 
elicit hyperpolarization and relaxation led to their identification as a class of EDHF 
[2, 3]. The latter term is now recognized as an oversimplification as there are three 
principal mechanisms linked to the EDHF phenomenon: (i) an increase in endothe-
lial [Ca2+]i following cell stimulation triggers the synthesis of a metabolite which 
is essential for the subsequent EDHF-mediated responses; (ii) K+, released from 
endothelial cells via Ca2+-dependent K+ (KCa) channels, induces smooth muscle hy-
perpolarization by activating inwardly rectifying K+ channels and/or the Na+/K+-
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ATPase on vascular smooth muscle cells; and (iii) endothelial cell hyperpolarization 
is transmitted to the vascular smooth muscle via gap junctions. The strengths and 
weaknesses of the arguments for each of these specific types of EDHF has been dis-
cussed at length [92] but each of them appears to be valid in certain vascular beds. 
Interestingly, all of these mechanisms can be modulated by EETs.

In endothelial cells, the activation of KCa channels by EETs is preceded by an 
increase in intracellular Ca2+ levels that can be accounted for by an increased open 
probability of nonselective cation channels of the TRP family. How this happens 
was initially attributed to the presence of an arachidonic acid-binding site in some 
of the TRP channels that can be activated by the parent lipid [93, 94] as well as 
the EETs [93, 95]. However, while relatively high concentrations of the EETs may 
affect TRP channels directly, more physiological concentrations activate TRP chan-
nels in a PKA-dependent manner that involves their translocation to caveolin-rich 
areas in the plasma membrane [72, 96]. There appear to be regioisomer-specific 
differences in EET-induced TRP channel translocation and activation as 5,6-EET, 
but not 11,12-EET, can activate TRPV4 in endothelial cells [93, 95], a phenomenon 
that underlies the EDHF-dependent, flow-induced vasodilatation [96]. On the other 
hand, 11,12-EET, but not 14,15-EET or 5,6-EET, enhance the bradykinin-induced 
capacitive Ca2+ influx in endothelial cells by stimulating the translocation of TRPC6 
and TRPC3 to caveolin-rich areas in the plasma membrane [72].

9.5.2  Pulmonary Circulation

While increasing intracellular Ca2+ in endothelial cells elicits vasodilatation, the 
same process in vascular smooth muscle cells does exactly the opposite. This means 
that when EETs activate TRPC6 channels in pulmonary smooth muscle cells, an 
increase in pulmonary vascular tone would be expected. The fact that activation of 
TRPC6 channels plays a role in regulating hypoxic pulmonary vasoconstriction (a 
physiological mechanism by which pulmonary arteries constrict in hypoxic lung 
areas in order to redirect blood flow to areas with greater oxygen supply) was dem-
onstrated using mice lacking the channel. Indeed, in pulmonary vascular smooth 
muscle cells from these animals, hypoxia completely failed to cause Ca2+ entry. 
It should be noted here that the TRPC6 is reported to primarily conduct Na+, and 
Ca2+ follows secondarily through voltage-gated Ca2+ channels or by the Na+/Ca2+ 
exchanger. In line with the disturbed Ca2+ entry, these animals completely lacked 
the initial, acute phase of hypoxia-induced pulmonary constriction [97]. Moreover, 
TRPC6−/− mice did not respond to 11,12-EET, although the eicosanoid induced a 
pronounced increase in pulmonary pressure in TRPC6+/− littermates. Furthermore, 
inhibition of the sEH potentiated the hypoxic pulmonary vasoconstriction in the 
heterozygous mice, but had no effect in the TRPC6−/− mice [48]. In line with the 
functional data, hypoxia and 11,12-EET caused the translocation of TRPC6 to ca-
veolae in isolated pulmonary vascular smooth muscle cells. In addition, hypoxia-in-
duced translocation of the channel could be prevented by pretreating the cells with 
an EET antagonist [48]. More recently [98], the site for pulmonary oxygen sensing 
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was identified at alveolocapillary level, from which the hypoxic signal is propa-
gated as endothelial membrane depolarization to upstream arterioles in an EET- and 
Cx40-dependent manner (Fig. 9.2; [99]).

The evidence for a vasodilator role of the arachidonic acid epoxides in humans 
is, needless to say, indirect and relies on the use of CYP inhibitors that cannot be 
guaranteed to be completely selective. That said, sulfaphenazole is one of the most 
selective inhibitors available for CYP2C9 [100], and while several studies failed 
to demonstrate any effects of sulfaphenazole on forearm vasodilatation in healthy 
subjects [86, 101, 102], a component of the flow-induced vasodilatation of skeletal 
muscle arterioles [103] and the radial artery [104–106], both of which have been 
shown to express CYP2C protein, is attenuated by the CYP inhibitor. Clearly, how-
ever, disease can affect responses as forearm vasodilator responses to acetylcholine 
could be blunted by CYP inhibitors in patients with hypercholesterolemia and re-
duced NO-dependent vasodilatation [107].

Fig. 9.2  Proposed mechanism for the differential consequences of epoxyeicosatrienoic acid 
( EET)-induced transient receptor potential ( TRP) channel activation in the systemic and pulmonary 
circulations. a In the systemic circulation, EETs are generated in endothelial cells in response to 
stimulation (e.g. by bradykinin) following the activation of phospholipase A2 and cytochrome P450 
( CYP)2C epoxygenases. EET-induced activation of protein kinase A ( PKA) results in the transloca-
tion of TRP channels to the plasma membrane to potentiate the activation on KCa channels initi-
ated by the phospholipase C ( PLC)-induced conversion of phosphatidylinositol 4,5-bisphosphate 
( PIP2) to diacylglycerol ( DAG). The overall consequence is hyperpolarization and vasodilatation. 
b While activating TRPC6 in endothelial cells elicits vasodilatation, the same process in vascular 
smooth muscle cells does exactly the opposite as the TRPC6 channels in vascular smooth muscle 
cells (VSMC) primarily conduct Na+, Ca2+ follows secondarily through voltage-gated Ca2+ channels 
or by the Na+, Ca2+ exchanger ( NCE). Reproduced from Loot and Fleming [99], with permission
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9.5.3  Hypertension and Atherosclerosis

Inhibition of the sEH increases intracellular levels of EETs, and thus prolongs their 
vasodilator and anti-inflammatory actions. Indeed, pharmacological inhibition of 
the sEH prevents angiotensin II-induced hypertension in rats and mice, and pro-
tects the kidney from hypertension-induced damage [44, 45, 52]. Furthermore, in 
humans increased sEH activity was associated with more advanced endothelial dys-
function and vascular inflammation [108].

Although the link between the sEH and cholesterol metabolism would make it 
logical to look at atherosclerosis, the situation is somehow less clear. Certainly, poly-
morphisms of the sEH have been linked with the risk of atherosclerosis and coronary 
heart disease [109–111]. Why this is the case is not known, but the initial report that 
sEH inhibitors can attenuate smooth muscle cell proliferation [112] most probably 
represented an off-target effect of the substance used [113]. In addition, some of the 
animal studies failed to deliver consistent results, and although inhibition of the sEH 
was reported to attenuate atherosclerosis, abdominal aortic aneurysm formation, and 
dyslipidemia by some researchers [114, 115], our group has been unable to detect 
clear effects. Furthermore, the effects on vascular remodeling are inconsistent with 
inhibition of the sEH preventing vascular remodeling in an inflammatory model but 
not in a blood flow-dependent model of neointima formation [116].

Most of the studies performed to date have focused on vascular smooth muscle 
cells, and the fact that monocytes express the sEH and a number of CYP enzymes has 
been largely overlooked. However, this area deserves much more attention as human 
and murine macrophages within atherosclerotic plaques express CYP2S1, a largely 
extrahepatic epoxygenase [117]. Interestingly, enzyme expression increased during 
monocyte differentiation to macrophages, and could be detected in classically acti-
vated or M1 macrophages and macrophages present in atherosclerotic plaques and 
inflamed tonsils, but not in macrophages polarized towards the M2 or alternative-
ly-activated phenotype. Although the enzyme was able to accept several substrates 
and to generate bioactive epoxides from arachidonic acid, linoleic acid and EPA in 
an NADPH-dependent manner, perhaps from the macrophage polarization point of 
view the most relevant substrates seem to be prostaglandins G2 and H2 [117]. The re-
sulting decrease in the immunomodulator prostaglandin E2 (PGE2) would certainly 
be expected to result in a macrophage subtype with attenuated angiogenic potential, 
but whether or not the CYP2S1 product 12(S)-hydroxyheptadeca-5Z,8E,10E-trieno-
ic acid actively contributes to inflammation remains to be determined.

9.6  Angiogenesis and Cancer

Given the fact that the activation of KCa channels has been linked to endothelial 
cell proliferation [118–120], and EETs activate KCa channels, it would seem logi-
cal to assume that KCa activation would play a role in EET-induced proliferation. 
However, although the activation of KCa channels has been linked to endothelial 
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cell proliferation induced by basic fibroblast growth factor [118], this mechanism 
appears to not be involved in the EET-induced proliferation of endothelial cells. The 
first hint that EETs may affect cell signaling and proliferation was obtained in renal 
epithelial cells [62, 121] and, soon afterwards, ‘authentic EDHF’ recovered from 
the luminal incubate of rhythmically stretched coronary arteries was found to acti-
vate a number of kinases, whose function was closely linked with endothelial cell 
proliferation [122]. Activation of these MAP kinases could be inhibited by treat-
ment with CYP inhibitors, as well as by antisense oligonucleotides directed against 
CYP2C, and could be mimicked by the treatment of endothelial cells with 11,12-
EET or by overexpression of CYP2C8 [122]. More detailed analysis of the mecha-
nisms involved revealed that CYP epoxygenase-derived metabolites of arachidonic 
acid are able to transactivate the EGF receptor [123, 124]. 14,15-EET was initially 
suggested to act as a second messenger following activation of the EGF receptor; 
however, it appears that 14,15-EET can also elicit the release of heparin-binding 
EGF-like growth factor from a renal epithelial cell line via a process involving the 
activation of matrix metalloproteinases (MMP) [123]. Although the MMP involved 
has not yet been identified, a very similar mechanism seems to be responsible for 
the transactivation of the EGF receptor in endothelial cells [124]. The EET-mediat-
ed activation of the EGF receptor leads, in turn, to the activation of the kinase Akt 
and an enhanced expression of cyclin D1. All four EET regioisomers have been 
reported to elicit an increase in Akt phosphorylation and cell proliferation in mu-
rine endothelial cells, but only the proliferative effects of 5,6- and 14,15-EET are 
reportedly sensitive to a phosphatidylinositol 3-kinase (PI3-K) inhibitor, whereas 
the 8,9- and 11,12-EET-induced increase in [3H] thymidine incorporation seems to 
be dependent on the activation of the p38 MAP kinase [125]. In contrast, in bovine 
aortic endothelial cells 8,9-, 11,12-, and 14,15-EET-induced cell proliferation can 
be attenuated by MEK, ERK, and PI3-K inhibition [126]. Other signaling pathways 
also contribute to the increase in cyclin D1 expression, including the MAP kinase 
phosphatase-1 (MKP-1), which decreases c-Jun N-terminal kinase (JNK) activity 
[127]. Activation of Akt by EETs also induces phosphorylation and therefore inhibi-
tion of the forkhead factors FOXO1 and FOXO 3a, and subsequently a decrease in 
the expression of the cyclin-dependent kinase inhibitor p27kip1 [91]. The involve-
ment of this mechanism in the CYP2C9-induced endothelial cell proliferation could 
be demonstrated by the transfection of CYP2C9-overexpressing cells with either a 
dominant negative Akt or a constitutively active FOXO3a, both of which inhibit 
CYP2C9-induced endothelial cell proliferation [91]. Although there is a precedent 
for the negative regulation of JNK after activation of Akt, inasmuch as Akt has been 
reported to phosphorylate and inactivate the kinase SEK1 and thus inactivate its 
substrate JNK [128], it remains unclear whether these pathways are linked to each 
other or are simply activated in parallel.

The first link between EETs and angiogenesis was obtained in co-cultures of 
astrocytes and endothelial cells. EETs released from astrocytes increased thymi-
dine incorporation into endothelial cells and elicited the formation of capillary-like 
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structures [129, 130]. Moreover, overexpression of CYP2C9 in, and/or the applica-
tion of, 11,12- or 14,15-EET to monocultures of endothelial cells was associated 
with angiogenesis [124, 131]. In vivo data rapidly followed to support these in vitro 
findings, and EETs induced angiogenesis in the chick chorioallantoic membrane 
[124], as well as in EET-impregnated Matrigel plugs in adult rats [131] and an isch-
emic rat hindlimb model in which the overexpression of different CYP isozymes, 
including CYP2C11 and 2J2, was found to increase muscle capillary density [126]. 
Furthermore, tumor growth and metastasis can be increased by sEH inhibition in 
transgenic mice with high vascular EET levels, i.e. animals that overexpress either 
the human CYP2C8 or human CYP2J2 specifically in Tie-2-expressing cells, or 
that were treated with high concentrations of 14,15-EET [132]. All in all, such evi-
dence indicated that activation of the CYP/sEH axis is linked with the promotion of 
angiogenesis; however, the latter models were somewhat artificial and focused on 
the products of arachidonic acid metabolism, largely ignoring the biological actions 
of other lipids that feed into the same CYP/sEH axis.

It was partly to assess the role of the sEH in angiogenesis under more physi-
ological conditions that we determined the effects of the global and induced dele-
tion of the sEH, as well as its pharmacological inhibition in vascular repair after 
ischemia and in the postnatal murine retina. We found that sEH deletion and inhibi-
tion resulted in markedly decreased angiogenesis [133] and vascular repair [47], 
and provided some of the first experimental data that linked the defect not to the 
accumulation of a PUFA epoxide but to the lack of diol production. To identify such 
lipids, liquid chromatography–tandem mass spectrometry (LC–MS/MS)-based lip-
id profiling approaches are used to screen for the PUFA epoxides or diols most 
affected by the deletion of the sEH, and, to date, biological activities have been at-
tached to the DHA-derived diol 19,20-dihydroxydocosapentaenoic acid [133] and 
the linoleic acid-derived diol 12,13-dihydroxyoctadecenoic acid [47]. Interestingly, 
the signaling pathways targeted by the diols are distinct, as, while the defective 
vascular repair in sEH−/− mice could be attributed to altered Wnt signaling fol-
lowed by attenuated progenitor cell proliferation and mobilization [47], defects in 
the retina could be linked to the translocation of presenilin 1 out of lipid rafts and 
the subsequent inhibition of the γ-secretase [133]. This means that the take-home 
message with respect to angiogenesis is that the ω-3/ω-6 profile of a particular 
tissue is likely to determine the overall effects on angiogenesis. Certainly, while 
EETs have been well-defined as angiogenic mediators [132, 134], a DHA-derived 
epoxide was recently reported to inhibit angiogenesis by preventing phosphoryla-
tion of the vascular endothelial growth factor receptor-2 (VEGFR2) [135]. This is 
of relevance since the lipids that feed into the CYP/sEH axis are largely provided 
by the diet, and regulating dietary intake of specific lipids, e.g. the fish oils EPA and 
DPA, has been linked with altered epoxide and diol profiles, as well as protection 
against vascular inflammation and cancer. On the other hand, increased dietary in-
take of linoleic acid is generally associated with inflammation and increased risk. It 
will therefore be interesting to determine to what extent diet can alter the influence 
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of the CYP/sEH axis on angiogenesis and tumor growth [136, 137], as well as 
the development of the cardiovascular complications associated with the metabolic 
syndrome [136, 138].

To date, the CYP enzymes linked to angiogenesis have included the human 
2C8/2C9 and 2J to enzymes, as well as the rat 2C11 and mouse 2c44 isoforms, all 
of which are epoxygenases. CYP1B1 is worth mentioning at this point, even though 
the enzyme is an estrogen-metabolizing CYP hydroxylase. CYP1B1 induction is an 
important factor in determining risk associated with hormone-mediated cancers, in 
particular as CYP1B1 is induced by hypoxia [139], probably because its expression 
is regulated by the AMP-activated protein kinase (AMPK) [140], and is involved 
in the metabolism of some clinically relevant anticancer agents [141]. In addition, 
CYP1B1 is tightly regulated by the angiogenic microRNA miR-27b [142–144]. The 
link to this particular microRNA is interesting as it has previously been described 
as a “regulator hub in lipid metabolism” [145]. Indeed, miR-27b levels are sig-
nificantly upregulated by a high-fat diet and hepatic miR-27b and its target genes 
are inversely altered in a mouse model of dyslipidemia and atherosclerosis [145]. 
Whether or not CYP1B1 is involved in the latter is unclear but the enzyme has re-
cently been linked with protection against angiotensin II-induced hypertension in 
female mice [146].

What makes CYP1B1 of interest in angiogenesis is that its deletion impaired 
revascularization in a model of oxygen-induced retinopathy in mice [147]. This 
effect was linked with a decrease in the expression of the endothelial NO synthase 
[148], as well as a corresponding increase in intracellular oxidative stress and in-
creased production of thrombospondin-2, an endogenous inhibitor of angiogenesis 
[147, 149]. Interestingly, estrogen-induced angiogenesis has also been attributed to 
changes in endothelial NO synthase, thrombospondin, and free radical generation, 
making it tempting to speculate that CYP1B1 may actually mediate the effects of 
the hormone. Certainly, the CYP1B1-derived metabolites of β-estradiol promote 
angiogenesis in uterine artery endothelial cells [150]. Rather intriguingly, residues 
41–48 of human CYP1B1 are part of a mitochondrial import signal, and the cleav-
age of CYP1B1 by serine proteases results in its targeting to mitochondria, which 
is associated with oxidative stress and mitochondrial dysfunction [151]. Given that 
angiogenic endothelial cells undergo changes in metabolism, the so-called Warburg 
effect [152], it will be interesting to determine whether or not CYP1B1 can also 
alter endothelial cell metabolism and mitochondrial function. Effects on CYP1B1 
may also explain the antiangiogenic actions of the antidiabetic drug metformin, 
which prevents the tumor cell supernatant–induced upregulation of CYP1B1 in en-
dothelial cells [140].
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Chapter 10
The Role of Coagulation Factor Signaling  
in Angiogenesis and Vascular Remodeling

Christoph Reinhardt, Davit Manukyan and Wolfram Ruf

10.1  The Coagulation System

Hemostasis is the physiological process that arrests bleeding and prevents hemor-
rhage following injury of the vessel wall. Hemostasis involves the major functions 
of vascular constriction, platelet adhesion/aggregation, and blood coagulation. The 
coagulation system is a tightly regulated protease network that is essential for the 
integrity of a high-pressure vascular circuit [1]. To keep this system in a quiescent 
state, anticoagulant mechanisms have evolved that are localized to the microvascu-
lar endothelium [2, 3]. If the balance of procoagulant and anticoagulant mechanisms 
is perturbed, the result is either a hemorrhagic diathesis with bleeding episodes or a 
thrombophilic state that favors the occurrence of arterial or venous thrombosis. In 
addition to their hemostatic function, clotting factors prevent the dissemination of 
invading microbes in a process termed immunothrombosis [4]. Infection leading to 
sepsis syndrome and severe trauma can be associated with excessive activation of 
the coagulation system and increased vascular permeability [5]. As a consequence, 
disseminated intravascular coagulation (DIC) can occur and plasmatic coagulation 
factors are consumed. This imbalance favors platelet activation and depletion, re-
sulting in microbleeds and petechiae.
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Upon vascular injury, activation of the coagulation cascade by the membrane 
receptor tissue factor (TF) that is expressed on fibroblasts of the adventitial layer 
(Fig. 10.1a) leads to fibrin deposition and thrombus stabilization [6]. After vascular 
injury, components of the subendothelial matrix, e.g. collagen, laminin, and vitro-
nectin, come into contact with circulating platelets. Primary platelet adhesion to 
the subendothelial matrix is mediated via von Willebrand factor (vWF) through the 
glycoprotein-Ib-V-IX receptor complex [7]. Following adhesion, platelets become 
activated, their granules are released, and platelet aggregation occurs [8]. In addi-
tion, the membrane asymmetry of resting platelets is disturbed following platelet 
activation, and thus a procoagulant membrane surface is provided by exposure of 
phosphatidylserine (PS) which is a prerequisite for formation of Ca2+-dependent 
formation of membrane complexes via the γ-carboxyglutamic acid (Gla) domains 
of clotting factors (Fig. 10.1b) [9].

Coagulation can be started by two pathways (Fig. 10.2):

1. The intrinsic pathway, which is triggered by contact activation of coagulation 
factor XII.

2. The extrinsic pathway, which is initiated by the transmembrane glycoprotein TF.

A substantial body of evidence implicates the contact pathway that has no essential 
role in hemostasis in the development of thrombosis (Fig. 10.2). The intrinsic path-
way is initiated by factor XII in a reaction involving high molecular weight kinino-
gen (HMWK) and plasma kallikrein (PK), collectively referred to as plasma contact 
system [10]. Contact with negatively charged surfaces induces a conformational 
change in FXII zymogen, resulting in small amounts of active FXII (FXIIa). FXIIa 
cleaves PK to generate active kallikrein, which in turn reciprocally activates addi-
tional FXII [11]. Physiologically relevant surfaces such as extracellular RNA [12] 
and platelet-derived polyphosphates [13] were shown to trigger FXII activation. 
FXIIa cleaves factor XI (FXI), leading to activation of FIX by FXIa in the intrinsic 
pathway (Fig. 10.2). Importantly, FXI activation is further augmented by thrombin 
via a feedback mechanism [14].

a b
Fig. 10.1  a Distribution of tissue factor ( TF) in the vessel wall. b Disturbance of the membrane 
asymmetry in the membrane of activated platelets enables Ca2+-dependent binding of coagula-
tion factors to negatively charged phospholipids (phosphatidylserine) via γ-carboxyglutamic acid 
( Gla) residues situated in Gla domains
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The coagulation initiator TF is constitutively expressed in highly vascularized 
organs such as the placenta, brain, heart, kidney, and lung [15]. TF is especially 
expressed in the adventitial and medial layers of the vessel wall by fibroblasts and 
vascular smooth muscle cells [16] (Fig. 10.1a). Endothelial cells under physiologi-
cal conditions are probably devoid of TF [6], and TF was originally thought to be 
exclusively located in the extravascular compartment without any contact with the 
plasma coagulation factors. Perivascular TF thus forms a hemostatic envelope and 
is ready to activate coagulation when vascular integrity is perturbed [16]. In con-
trast, in thrombosis the initiation of blood coagulation can be triggered by TF that 
is present in human blood under physiological conditions [17]. This pool of TF has 
been termed circulating or blood-borne TF [18]. Microparticles that originate from 
monocytes were identified as major TF carriers in blood [19].

Class 2 of the cytokine receptor superfamily comprises the interferon-α recep-
tor, interferon-γ receptor, interleukin (IL)-10 receptor, and the coagulation initiator 
TF [20]. The crystal structure of the extracellular region of the coagulation initiator 
TF revealed that it consists of two fibronectin type III-like domains with a binding 
site for FVII that lies at the interface region and involves residues from domain 1 
and an extended loop of immunoglobulin-like domain 2 [21–23]. TF is the cofactor 
for the plasma serine protease factor VIIa. The procoagulant activity of factor VIIa 
dramatically increases after binding of its membrane receptor TF [24]. The TF/
VIIa binary complex then activates the serine protease zymogens FIX and FX by 
limited proteolysis [25, 26]. Subsequently, FIXa binds its cofactor VIIIa and acti-
vates more FX in the so-called Xase complex (Fig. 10.2). Together with its cofactor 
FVa, FXa forms a complex on the surface of activated platelets, the so-called pro-
thrombinase complex which activates prothrombin [27] (Fig. 10.2). Ca2+, together 
with negatively charged phospholipids (PS), mediates the anchoring of coagulation 
proteases on the surface of activated platelets, which is crucial for the formation of 

Fig. 10.2  Schematic view of the coagulation network subdivided in an initiation phase, a propa-
gation phase, and a termination phase. Tissue factor, FVa, and FVIIIa act as cofactors to augment 
the zymogen activation of coagulation factors
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the functional coagulation complexes. The protease thrombin formed initially in 
coagulation is a pivotal enzyme [28] that activates FV, FVIII, and FXI, and thereby 
amplifies its own formation (Fig. 10.2). Cleavage of fibrinogen by thrombin leads 
to the formation of fibrin polymers (Fig. 10.2), and thrombin also activates FXIII, 
a transglutaminase that crosslinks fibrin and thus stabilizes the fibrin meshwork.

Thrombin is not only involved in the regulation of procoagulant mechanisms but 
also initiates fibrinolytic and anticoagulant systems that counteract fibrin formation 
when it binds to the vascular endothelium through specific receptors [29]. Throm-
bin bound to thrombomodulin on the endothelial cell surface has altered macromo-
lecular substrate specificity and is no longer procoagulant, but now activates protein 
C [30]. Activation of protein C is augmented by the endothelial protein C receptor 
(EPCR) [31]. Activated protein C (APC) binds to protein S on the surface of activat-
ed cells and this complex then proteolytically inactivates factors Va and VIIIa, thus 
halting coagulation by disabling the formation of the prothrombinase (Va/Xa/pro-
thormbin) and the intrinsic Xase complex (VIIIa/IXa/X) [32]. Furthermore, APC 
can exert additional anticoagulant action by inactivation of the tissue plasminogen 
activator inhibitor, thus enhancing fibrinolysis [33]. However, the protein C path-
way not only regulates coagulation but the protein C/EPCR complex also activates 
protease-activated receptor (PAR)-1 [34], and thereby inhibits inflammatory signal-
ing and induces cell survival of endothelial cells [35–36].

10.2  Activation of Protease-Activated Receptors  
(PARs) by Coagulation Proteases

Thrombin, the central trypsin-like serine protease that converts fibrinogen to fibrin 
also promotes activation of PAR 1 and PAR4 on human platelets, and thus con-
nects coagulation and platelet activation [37]. The first thrombin receptor (PAR1) 
was cloned in 1991 [38] and three other members of this receptor family have been 
identified [39–41] (Fig. 10.3). Members of the PAR family of heptahelical G-pro-
tein-coupled receptors (GPCRs) are expressed on various cell types, including en-
dothelial cells, smooth muscle cells, fibroblasts, epithelial cells, mast cells, neutro-
phils, monocytes, and macrophages [42–48]. These receptors not only mediate the 
cellular actions of the central coagulation protease thrombin on platelets but they 
also fulfill important nonhemostatic functions in development, play a role in tumor 
biology, regulation of inflammatory responses, and mediate remodeling and tissue 
repair processes. In contrast to human platelets, mouse platelet thrombin signaling 
is mediated via PAR3 and PAR4 [49], and therefore phenotypes of PAR1-deficient 
animals reflect only on PAR1 signaling in extravascular and vascular cells other 
than platelets. In addition to their function in thrombosis and hemostasis, the coagu-
lation proteases and their cellular receptors are involved in a myriad of vascular sig-
naling processes that ensure the maintenance of vascular development, endothelial 
function, and vascular tone [50].
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The initiation complex of coagulation that is formed by the membrane receptor 
TF and its ligands, the coagulation proteases Factor VIIa and Factor Xa, elicits the 
proteolytic activation of PAR2, whereas Factor Xa also activates PAR1 [51]. The 
seven-transmembrane GPCRs PAR1 and PAR2 serve partially redundant functions 
as vascular detectors of coagulation activation [52]. In the vasculature, expression 
of the thrombin receptors PAR1 and PAR2 was detected on human endothelial cells, 
smooth muscle cells, and macrophages [43, 53–56]. PAR1 is required for develop-
mental angiogenesis [57–59]. In contrast, PAR2 signaling regulates postnatal and 
pathological angiogenesis [60, 61]. Furthermore, PAR1 and PAR2 are involved in 
microvascular remodeling [62, 63]. Dysregulation of PAR-mediated coagulation 
factor signaling under pathologic conditions results in increased angiogenesis (e.g. 
in malignancy of solid tumors) [64] or an augmented innate immune response (e.g. 
during the pathogenesis of sepsis or viral infections) [65, 66]. Furthermore, activa-
tion of PAR1 and PAR2 signaling lowers vascular tone via activation of the nitric 
oxide (NO)-synthase pathway [67]. The regulation of vascular tone [43] and perme-
ability [68, 69] is predominantly caused by PAR signaling in endothelial cells.

The PARs are activated via limited proteolysis by serine proteases close to the N-
terminus of the receptor [48] (Fig. 10.3). The newly formed N-terminus functions as 
a tethered peptide agonist that binds intramolecularly to the seven-transmembrane 
helix bundle of the receptor, and thus affects G-protein activation. Transactivation 

Fig. 10.3  Cleavage sites of serine proteases at the N-terminus of protease-activated receptor 
( PAR)-1
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of another PAR has also been documented for PAR1 or PAR3 which have tethered 
ligands capable of activating PAR2 in heterodimeric complexes [70–72].

The G-protein-coupled PAR downstream signaling can be exemplified with 
PAR1, which couples to members of the G12/13, Gq, and Gi families [73–75]. The 
α-subunits of G12 and G13 bind Rho guanine-nucleotide exchange factors that acti-
vate small G-proteins and induce Rho-dependent cytoskeletal responses involved in 
the platelet shape change [76], the regulation of permeability [77], and migration of 
endothelial cells [78]. Gαq activates phospholipase Cβ and triggers the hydrolysis 
of phosphoinositides, resulting in calcium mobilization and activation of protein 
kinase C. This activates Ca2+-regulated kinases, phosphatases, guanine-nucleotide 
exchange factors, and mitogen-activated protein kinases (MAPKs), resulting in cel-
lular responses that range from granule secretion to integrin activation, aggrega-
tion and transcriptional responses in endothelial and mesenchymal cells [79]. Gαi 
inhibits adenylate cyclase and thus promotes platelet responses. Gβγ subunits can 
activate phosphoinositide 3-kinase (PI3K) and other lipid-modifying enzymes, pro-
tein kinases, and ion channels [80, 81]. Thus, PAR1 activation results in pleiotropic 
effects and the diverse actions which thrombin exerts on different cell types [49].

Several serine proteases can activate PAR1 at the same cleavage site (i.e. the 
Arg41–Ser42 bond) (Table 10.1). For instance, the primary protease that activates 
PAR1 is thrombin, but the receptor is also activated by FXa and the anticoagulant 
serine protease APC [51]. However, APC has effects opposite to thrombin in barrier 
protection, regulation of endothelial inflammation, and apoptosis [82, 83]. These 
distinct signaling properties have recently been shown to be caused by biased ago-
nism, since APC, but not thrombin, can also cleave PAR1 at Arg46, generating an 
alternative tethered ligand sequence [82, 84]. Thrombin cleavage of PAR1 results 
in proinflammatory effects, whereas the N-terminus of PAR1 that is generated by 
APC cleavage at Arg46 acts as a biased agonist for cytoprotective effects [84]. Ma-
trix metalloproteinases (MMPs) also activate PAR1 at a distinct cleavage site [85, 
86], but it is unclear whether this produces a biased agonist response, as shown for 
APC cleavage.

Table 10.1  The activating proteases of protease-activated receptors (PARs)
Activating 
proteases

PAR1 PAR2 PAR3 PAR4

Coagulation 
and fibrinolysis 
system

Thrombin
Plasmin
FVIIa, FXa
Activated protein C

FVIIa, FXa
Activated protein C

Thrombin Thrombin 
plasmin

Others Trypsin
Tryptase
Cathepsin G
Granzyme A
Matrix 
metalloproteinase-1
Gingipain-R

Trypsin I, IV
Mast cell
Tryptase
Matriptase
Epitheliasin
Proteinase 3
Acrosin
Kallikrein 5, 6, 14

Trypsin
Cathepsin G
Gingipain-R
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Several proteases activate a number of PARs; for example, APC can activate 
both PAR1, PAR2 [87], and PAR3 [71]. PAR cleavage does not necessarily lead 
to receptor activation if cleavage occurs at a site that amputates the tethered ligand 
sequence (e.g. Cathepsin G cleavage of PAR1). The proteases that either activate or 
inactivate PARs are listed in Table 10.1 and Table 10.2, respectively [50, 88].

10.3  Coagulation Factor and PAR1 Deficiency 
in Genetic Mouse Models Results in Arrested 
Vascular Development

The central role of the initiation of coagulation by TF and of thrombin generation 
for embryonic development of a functional vasculature has been demonstrated with 
mice that are deficient in coagulation factors and with mouse models that lack PARs. 
TF plays an indispensable role in establishing and maintaining vascular integrity in 
the embryo at days 9.5–10.5 when embryonic and extraembryonic vasculatures ini-
tially form and fuse (Fig. 10.4a). Targeted disruption of the murine TF gene results 
in defective yolk sac vessels and embryos, with severe growth and development re-
tardation at day E10.5 [89, 90]. Approximately 85 % of the TF−/− embryos die before 
E11.5, and embryos that manage to escape this developmental bottleneck do not 
survive gestation [90]. Mouse embryogenesis critically depends on the TF extracel-
lular domain but is independent of its cytoplasmic domain [91]. Day E9.5 TF−/− em-
bryos showed extremely pale yolk sacs, highly enlarged pericardial sacs, and poorly 
developed forebrain structures. Embryonic red blood cells are not retained in the 
yolk sac vessels in TF−/− embryos, suggesting that TF is required to maintain vascu-
lar integrity [90, 92]. At E10.5, TF−/− embryos were significantly smaller than their 
TF+/− and TF+/+ littermates [92]. Interestingly, plasma clotting time and bleeding 
time of TF+/− mice was similar to TF+/+ mice, suggesting that half-normal amounts 
of TF are sufficient for both hemostatic function and vascular development [91]. 
The TF cytoplasmic domain contains a conserved protein kinase C phosphorylation 
site [93] that is phosphorylated by p38 (X-S*/T*-P-X) [94]. However, deficiency 
of the TF cytoplasmic domain does not result in abnormal embryonic development 
[95]. This further supports the notion that the cofactor function of the extracellular 
domain is critical for vascular development.

Table 10.2  The inactivating proteases of protease-activated receptors (PARs)
Inactivating proteases PAR1 PAR2 PAR3 PAR4
Coagulation and fibri-
nolysis system

Plasmin Plasmin

Others Trypsin
Cathepsin G
Elastase
Chymotrypsin

Plasmin
Cathepsin G
Proteinase 3
Elastase

Cathepsin G
Elastase
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Similar to TF−/− mice, mice that are deficient in coagulation factor X suffer 
partial embryonic lethality between E11.5 and E12.5 and fatal neonatal bleeding 
[96] (Fig. 10.4b). At day E12.5, the percentage of non-resorbed FX−/− embryos was 
only 17 %. The majority of factor X−/− neonates die before postnatal day 5, and 
show intraabdominal, subcutaneous, or massive intracranial bleeding. In contrast to 
TF−/− mice, embryos deficient in FVII develop normally but succumb to early intra-

Fig. 10.4  Similar vascular phenotypes of tissue factor ( TF), FX, thrombin, and protease-acti-
vated receptor (PAR)-1-deficient mouse embryos. Vascular development in mice with defective 
thrombin signaling is perturbed between E9.5 and E12.5, leading to vascular leakage, growth 
retardation, and embryonic lethality. a Day E10.5 TF+/+ ( left) and TF−/− ( right) embryos dissected 
from their yolk sacs. An obvious developmental arrest was noted with pale appearance, massively 
enlarged pericardial sac ( white arrow heads) and distended heart ( black arrow head) of the mutant 
embryo ([92]). b Embryos deficient in FX show normal gross morphology compared with wild-
type controls at E11.5 and E12.5 but indicate the occurrence of bleeding ([96]). c E12.5 embryos 
deficient in prothrombin (FII) showed pale appearance and developmental arrest. d PAR1−/− 
(F2r−/−) embryos at E10.5 ( d3) show developmental delay and dilated, blood-filled pericardial cav-
ity compared with PAR1+/− (F2r+/−) littermate embryos ( d1). β-Galactosidase-stained yolk sacs of 
PAR1+/− embryos ( d2) and PAR1−/− embryos ( d4) carrying a TIE2p/e-LacZ transgene that allows 
visualization of the vascular endothelium. Scale bars, 1 mm

 



241

abdominal or intracranial bleeding later in life [97]. However, survival of FVII-
deficient embryos has been shown to be due to materno-fetal transfer of FVII [98].

Fifty percent of factor V-deficient embryos lacking the cofactor that is required 
to form the prothrombinase complex die at mid-gestation with bleeding and vascu-
lar abnormalities in the yolk sac [99]. Those FV−/− embryos that survive the devel-
opmental arrest suffer fatal postnatal bleeding. Prothrombin-deficient mice (FII−/−) 
also show partial embryonic lethality, with more than one-half of the FII−/− embryos 
dying between E9.5 and E11.5 [100] (Fig. 10.4c). Again, bleeding into the yolk 
sac cavity was observed. One-quarter of the FII−/− mice survived to term but died 
within a few days after birth due to hemorrhage. Since fibrinogen-deficient embryos 
[101], as well as NF-E2-deficient embryos with very low platelet counts [102], do 
not show signs of abnormal development, it is unlikely that defective clot formation 
is responsible for the impaired vascular development observed in TF, FX, FV, and 
prothrombin-deficient mice. The similarity of embryonic phenotypes of FV, FX, 
and prothrombin-deficient mice suggests a pivotal role of thrombin generation and 
formation of the prothrombinase complex (FVa/FXa/prothrombin) in embryonic 
vascular development.

Only PAR1−/− mice (F2r−/− thrombin-receptor-deficient mice) show vascular de-
fects resulting in embryonic death, whereas no abnormalities in vascular develop-
ment were observed in PAR2−/−, PAR3−/−, or PAR4−/− mice [50]. Until gestational 
day E8, PAR1−/− mice develop normally but their growth is retarded at E9 compared 
with PAR1+/− control mice [103]. At E9.5, gross bleeding (22 %) and microscopic 
bleeding (66 %) becomes apparent, and half of the PAR1−/− embryos die due to 
vascular defects (Fig. 10.4d) and half survive with no apparent defects in the vas-
culature [56]. Similar to the coagulation factor knockouts, day E9.5 PAR1−/− em-
bryos with development abnormalities have yolk sacs that lack blood-filled vessels 
(Fig. 10.4d). A dilated pericardial sac is observed in embryos with bleeding, a sign 
of cardiovascular failure. Pericardial bleeding becomes prominent at E10.5, and 
52 % of PAR1−/− embryos die by day E12.5 [57]. Endothelium-specific expression 
of PAR1 under control of the TIE2 promoter prevented embryonic death of PAR1-
deficient mice. This suggests that PAR1 signaling in endothelial cells is crucial for 
normal vascular development [57].

The similar vascular phenotypes of TF, FX, FV, prothrombin, and PAR1-de-
ficient mice indicate that thrombin-mediated signaling via endothelial PAR1 is 
indispensable for embryonic vascular development at mid-gestation [57]. The 
central role of thrombin-mediated PAR1 signaling in embryonic blood vessel de-
velopment is further supported by the finding that combined deficiency of PAR4, 
required for platelet activation, and fibrinogen recapitulates the hemostatic defect 
of prothrombin-deficient mice but not the early embryonic lethality that also char-
acterizes prothrombin-deficient mice [104]. In addition to vascular development, 
partially redundant signaling of PAR1 and PAR2 is required for neural tube closure 
in the mouse embryo which is mediated by a local network of membrane-tethered 
proteases [105].

10 The Role of Coagulation Factor Signaling in Angiogenesis …



242 C. Reinhardt et al.

10.4  Regulatory Mechanisms of Coagulation Factor 
Signaling

Binding of FVII to TF, the allosteric catalytic activation of FVIIa, and negatively 
charged phosphatidylserine supporting binding of γ-carboxyglutamyl residues in 
the Gla domains of substrates provide effective mechanisms for localizing coagu-
lation initiation to membrane surfaces. The procoagulant function of TF is tightly 
regulated by the TF pathway inhibitor (TFPI) [106], the physiologic inhibitor of 
the initiator complex (TF/VIIa/Xa). The Kunitz domain 2 of TFPI forms a complex 
with FXa, and Kunitz domain 1 with FVIIa, and TFPI thus inhibits coagulation ini-
tiation as well as TF-induced signaling via PARs [107]. However, the Kunitz-type 
inhibitor TFPI is prone to degradation by leukocyte serine proteases [108]. It can 
be degraded by neutrophil elastase and cathepsin G in neutrophil extracellular traps 
(NETs) of platelet-neutrophil conjugates [4].

TF function is also regulated by post-translational modifications of the receptor 
[109]. TF has two disulfide bridges at positions Cys49–Cys57 and Cys186–Cys209. 
The Cys186–Cys209 disulfide is required for function [110]. It lies at the end of 
the fibronectin type III-like domain 2 and links adjacent strands of an antiparallel β 
sheet [21]. This disulfide bond is exposed to solvent and is prone to reduction [21]. 
TF with a reduced Cys186–Cys209 disulfide has very low procoagulant activity 
but can be converted to the functional receptor by formation of the C186–C209 
disulfide bond by oxidoreductase-mediated dithiol-disulfide exchange reactions 
[111–113]. The redox state of the TF Cys186–Cys209 disulfide determines the sig-
naling specificity of the binary complex (TF/VIIa) [111]. Whereas signaling of the 
binary complex (TF/VIIa) can occur with a broken TF Cys186-Cys209 disulfide 
bond, ternary complex signaling (TF/VIIa/Xa) requires this disulfide [111].

TF interacts with α3β1 and α6β1 integrins [114], and integrin ligation of TF has 
been shown to support TF/VIIa proteolytic signaling through PAR2 [115]. In con-
trast to full-length TF, the alternatively spliced variant of TF regulates angiogenesis 
independent of PAR2 and FVIIa by direct integrin ligation of αvβ3 or α6β1 [116]. 
Integrin function is also regulated by the TF cytoplasmic domain. PAR2 activa-
tion by a PAR2 agonist and TF signaling complexes leads to phosphorylation of 
the cytoplasmic domain of human TF at position Ser 253 and Ser 258 [116]. The 
phosphorylation of Ser 253 requires PKCα [117], and p38 phosphorylates Ser 258 
[94], in a process that is regulated by thioester modification of TF at the intracel-
lular Cys 245 residue [118]. TF cytoplasmic domain signaling regulates integrin 
function in cell migration. It can exert negative effects as well as TF/FVIIa and 
phosphorylation-mediated positive effects [114] in postnatal angiogenesis [62, 63].
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10.5  PAR Signaling Regulates Expression of Angiogenic 
Factors and Vascular Function

The (patho)physiologic responses of coagulation factor-activated PAR signaling in 
the vasculature are mediated via changes in the expression profile of a myriad of 
autocrine and paracrine factors in a cell-type-specific manner.

10.5.1  Cellular Effects of PAR1 Signaling on Angiogenesis

Endothelial Cells Thrombin induces PAR1-dependent angiogenesis in various an-
giogenesis models (e.g. chick chorioallantoic membrane assay, matrigel plug assay) 
[119, 120]. In endothelial cells [121, 122], thrombin exerts mitogenic and antiapop-
totic effects via PAR1-induced release of heparin-binding epidermal growth factor 
(HB-EGF) [123]. Thrombin treatment is accompanied by the induction of vascular 
endothelial growth factor (VEGF) and angiopoietin-2 (Ang2) transcripts [119], and 
by potentiation of VEGF activity on endothelial cells by upregulation of its receptor 
VEGFR-2 [124]. Thrombin stimulation upregulates growth-regulated oncogene-α 
in endothelial cells, and this chemokine can induce the expression of VEGF, Ang2, 
and VEGFR-2 [125].

In human late endothelial progenitors, PAR1 activation affects angiogenesis by 
upregulating the SDF-1/CXCR4 system [126]. In addition to its effects on cells of 
the vascular wall, thrombin also regulates the expression of proangiogenic cyto-
kines via activation of PAR1 in mononuclear cells [127]. Moreover, PAR1-indepen-
dent effects of thrombin on cytoprotection are mediated by α5β3 and α5β1 integrins 
[123]. Thrombin stimulation upregulates αvβ3 expression in human umbilical vein 
endothelial cells (HUVECs), and thus contributes to endothelial cell adhesion, mi-
gration, and survival [128].

Vascular Smooth Muscle Cells PAR1 activation by thrombin increases the re-
lease of VEGF in human vascular smooth muscle cells. This effect is dependent 
on the intracellular Ca2+ concentration and on extracellular signal-regulated ki-
nase (ERK1/2) signaling [129]. Hypoxia-inducible factor (HIF)-1α, a regulator 
of VEGF induction [130], can be upregulated under nonhypoxic conditions by a 
thrombin-dependent mechanism involving reactive oxygen species production in 
endothelial cells and smooth muscle cells [131, 132].
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10.5.2  Cellular Effects of PAR2 Signaling on Angiogenesis

Endothelial Cells Angiogenesis is supported by PAR2 signaling in several angio-
genesis models (hindlimb ischemia, mouse retina model, matrigel assay) [61, 133, 
134]. Incubation of HUVECs with a PAR2 agonist peptide elicits a dose- and time-
dependent mitogenic response [135]. Small interfering RNA (siRNA) silencing of 
TF in human microvascular endothelial cells inhibits the formation of stable, tube-
like structures, whereas overexpression of TF, or stimulation with a PAR2 agonist, 
rescue the loss of TF in a matrigel assay [134]. In endothelial cells, TF can regulate 
PAR-mediated microvessel formation by induction of chemokine ligand 2 (CCL2 
or monocyte chemotactic protein-1 [MCP-1]) [136]. Of note, CCL2 is typically in-
duced by PAR1 signaling [34]. In this in vitro assay, CCL2 mediates the angiogenic 
effect of TF by recruiting smooth muscle cells toward endothelial cells, and facili-
tates the maturation of newly formed microvessels. In the retinal vasculature, the 
proangiogenic properties of PAR2 depend on TNF-α and subsequent induction of 
the receptor tyrosine kinase TIE2 via the MEK/ERK pathway [137]. Furthermore, 
in FVIIa-stimulated HUVECs overexpressing TF and PAR2, the transcription fac-
tor cyclic AMP responsive binding protein (CREB) is phosphorylated and is thus 
activated [138].

10.5.3  Cellular Effects of PAR Signaling on Vascular Function

PAR1 Signaling In addition to angiogenesis and vascular remodeling, PAR signal-
ing influences vascular function through effects on both endothelium and vascular 
smooth muscle cells. Treatment of confluent HUVEC monolayers with thrombin 
leads to a change in the shape of the endothelial cells, resulting in gaps in the mono-
layer and exposure of the subendothelial matrix [139]. TFLLRNPNDK, a PAR1-
selective activating peptide, caused hypotension and heart rate decreases in wild-
type mice. These effects were absent in PAR1−/− mice [59]. The stimulation of PAR1 
induces endothelium-dependent relaxation in human coronary artery rings, but the 
endothelium-dependent relaxation was attenuated with the severity of atheroscle-
rotic lesions [140]. PAR1 activation changes endothelial expression of endothelin-
converting enzyme (ECE) [141]. Furthermore, thrombin may induce NO produc-
tion in endothelial cells [142]; however, long-term treatment of endothelial cells 
with thrombin downregulates endothelial NO synthase (eNOS) expression [141, 
143].

PAR2 Signaling PAR2 activation by the selective activating peptides SLIGKV-
NH2 or SLIGRL cause arterial and venous dilation, leading to hypotension in hu-
mans and mice [59, 67, 144]. The SLIGRL-induced response was absent in PAR2-
deficient mice, and these effects are reduced by inhibition of NO or prostaglandin 
synthesis.
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10.6  Roles of PARs in Physiologic and Pathologic 
Processes

10.6.1  PAR Signaling in Wound Healing and Remodeling

The vascular phenotypes of PAR1-deficient mice clearly demonstrate an important 
role of coagulation factor-mediated PAR1 signaling in developmental angiogen-
esis [145]. In addition to developmental angiogenesis, PAR1-dependent signaling is 
also relevant in postnatal vascular remodeling of the small intestinal mucosa where 
epithelial coagulation factor signaling and PAR1 expression is triggered by the gut 
microbiota and upregulates expression of angiopoietin-1 (Ang1) [63]. Furthermore, 
activation of PAR signaling improves wound healing in the skin [146–149], and a 
proangiogenic function of APC that promotes cutaneous wound healing has been 
demonstrated [150]. Upon myocardial infarction, stimulation of PAR2 signaling 
alters the endothelial cell phenotype and induces expression of angiogenic chemo-
kines [151]. Interestingly, PAR2-deficient mice were protected from postinfarction 
remodeling and showed less impairment of heart function [152]. PARs also contrib-
ute to fibrotic processes in a number of organs [153–155]. In cardiac fibroblasts, 
PAR1 signaling leads to transactivation of the EGF receptor (EGFR) pathway, 
which may contribute to cardiac remodeling [156].

10.6.2  PAR Signaling in Malignancy

A prothrombotic state and cancer-associated thrombosis is frequently observed in 
cancer patients [157], and TF procoagulant activity is crucial for metastatic tumor 
dissemination [158, 159]. Coagulation factor signaling via PARs promotes neovas-
cularization and tumor cell migration, and thus contributes to growth and metastasis 
of many solid tumors [160–162].

Expression and activation of PAR1 has been associated with tumor progression 
in prostate cancer, breast cancer, lung cancer, gastric cancer, colon cancer, melano-
ma, and ovarian cancer [163–170]. Breast carcinoma cell invasion is promoted by 
PAR1 activation, leading to persistent transactivation of EGFR and ErbB2/HER2 
[171]. Inhibition of PAR1 signaling results in inhibition of Akt survival pathways in 
breast cancer cells, and thus suppresses tumor survival and metastasis [172]. Micro-
array studies have been performed to assess the transcriptional program induced via 
PAR1- and PAR2-dependent coagulation factor signaling [173, 174]. In this con-
text, PAR1 mediates the induction of IL-8 and VEGF in prostate cancer cells [175]. 
PAR2 activation regulates VEGF and IL-8 expression in the breast cancer cell line 
MDA-MB-231 cells via MAPK pathways [176, 177]. Both the TF/VIIa/Xa com-
plex and PAR2 are essential for FVIIa- and FXa-induced signaling, migration, and 
invasion of breast cancer cells [178, 179]. Formation of the TF/VIIa/Xa complex 
induces activation of the mammalian target of rapamycin (mTOR) pathway that 
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regulates migration of human breast cancer cells [180]. In breast cancer develop-
ment, cooperation of TF cytoplasmic domain and PAR2 signaling occurs [181], and 
TF phosphorylation correlates with PAR2 expression and is associated with relapse, 
indicating prognostic significance [182].

10.6.3  PAR Signaling in Innate Immunity

Recent studies have demonstrated that PAR signaling plays a role in the regulation 
of the innate immune response. In a mouse model of LPS-induced sterile infection, 
PAR1-mediated coagulation factor signaling amplifies inflammation and lethality 
through sphingosine-1-phosphate downstream signaling in dendritic cells [65]. It 
has recently been shown that PAR1 contributes to the innate immune response dur-
ing viral infection [183]. Furthermore, it has been demonstrated that TF-dependent 
PAR2 signaling on dendritic cells suppresses antigen-specific CD4+ T-cell priming 
[184]. In gingival epithelial cells, proteases of Porphyromonas gingivalis induce 
human β-defensin-2 expression via epithelial PAR2 activation [185]. MyD88-de-
pendent, PAR2 agonist peptide-induced nuclear factor-kappa B (NFĸB) signaling is 
augmented by agonist peptide-dependent physical interaction of toll-like receptor 
4 (TLR4) with PAR2 [186]. Interestingly, in high-fat diet-induced obesity the ge-
netic ablation of TF-dependent PAR2 signaling reduced adipose tissue macrophage 
inflammation, and inhibition of macrophage TF signaling ameliorated insulin re-
sistance [187]. This indicates a role for coagulation factor signaling in metabolic 
syndrome development.

10.7  Perspective

While the essential role of TF as a coagulation initiator is firmly established, the 
coagulation cascade plays important additional roles in embryonic and postnatal 
angiogenesis through the activation of PAR. More recent data expand this view and 
document much broader roles of coagulation protease signaling in physiological 
and pathological processes in the context of vascular diseases, wound healing, tis-
sue remodeling, and cancer. The role of coagulation factor-mediated PAR signaling 
in the regulation of innate and adaptive immunity under various conditions is yet 
to be defined. In future, these areas of investigation will be aided by an increasing 
number of excellent molecular tools and genetic animal models.
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11.1  Introduction

Development of a vascular network, similar to the development of the nervous 
system, requires precise, localized, and controlled signals from the environment. 
Investigations of the last decade have shown that the vascular and nervous systems 
are not only similar in their anatomical pattern but they also grow in a similar way 
and use the same set of signaling molecules to develop and find their final target. In-
deed, at the tip of a growing axon there is a specialized structure termed the growth 
cone that extents filopodia to sense the environment and lead the axon path. In a 
similar way, at the tip of a growing blood vessel there is a specialized endothelial 
cell (EC) known as the endothelial tip cell that also extends filopodia, senses the 
different guidance signals, and guides the vessel to its final destination. Thus, in 
the last decade a new research concept termed ‘the neurovascular link’, focuses 
on studying both systems together, their cellular and molecular similarities, and 
their crosstalk communication in health and disease. Here, we summarize the so far 
known role of the canonical axon guidance molecules in the vascular system, during 
development and in disease conditions.

11.2  Netrins

11.2.1  Introduction

Netrins were first described as guidance molecules for axons exerting both attractive 
and repulsive functions, depending on the receptors to which they bind. Netrin1, 3, 
4, G1, and G2 have been described in mammals, and Netrin2 has been found in 
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chicken. The amino acid sequences of Netrin1, Netrin2 (for chicken), and Netrin3 
are similar to the γ-chain of the laminin molecule, whereas Netrin4 and NetrinGs 
show a higher overlap with the β-laminin structure [1] (Fig. 11.1a). Netrin1, 2, 3, 
and 4 are described as secreted molecules, whereas NetrinGs are membrane-bound 
and anchored by glycosylphosphatydylinositol (GPI) [2, 3] (Fig. 11.1a). As a result 
of their separate structural properties, NetrinGs have different functional mecha-

Fig. 11.1  Netrins and their receptors in the vascular system. a Netrin family members show a 
structural homology to the β-laminin (Netrin4) or γ-laminin (Netrin1, 2, 3, and G) subunits. b 
DCC and Unc5A–D are the main netrin receptors. Neogenin, DSCAM, or integrins also bind to 
netrins and can function in a co-receptor complex. c An angiogenic sprout with an endothelial 
tip cell followed by stalk and phalanx endothelial cells ( ECs). Smooth muscle cells ( SMCs) and 
pericytes cover stalk and phalanx cells. Unc5 and neogenin are expressed on sprouting ECs as well 
as mural cells. d Unbound Unc5B in ECs activates death-associated protein ( DAP) kinase signal-
ing that induces apoptosis. e Netrin1 binding to Unc5B in ECs inhibits apoptosis signaling and 
leads to the stabilization of the angiogenic sprout. Netrin1/neogenin interactions on SMCs induce 
their proliferation and migration, which further enhances vascular stabilization. f Netrin4 blocks 
angiogenesis by binding to Unc5B/neogenin heterodimers in ECs. g Netrin4/integrin signaling in 
lymphatic endothelial cells induces lymphangiogenesis. (Adapted with permission from Macmil-
lan Publishers Ltd: Mehlen et al. [48], copyright 2011; Cirulli and Yebra [174], copyright 2007; 
Kitajewski [175], copyright 2011)
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nisms [4]. The receptors for netrins (with the exception of NetrinGs) are members 
of the DCC (deleted in colorectal cancer) and Unc5 family [5]; however, interac-
tions with other receptors, including the DCC paralog neogenin, DSCAM, and inte-
grins, are also described [5–9] (Fig. 11.1b). NetrinGs bind NetrinG ligands (NGLs), 
which are single-pass transmembrane proteins unrelated to the DCC or Unc5 family 
[5, 10]. In the nervous system, DCC alone has been shown to mediate axonal che-
moattraction upon Netrin1 binding, whereas the binding of Netrin1 to a complex of 
DCC with Unc5 or to Unc5 homodimers mainly results in a repulsive effect [11]. In 
Drosophila m., there is scientific evidence indicating that homodimeric Unc5 recep-
tors serve as the functional unit for short-range repulsion. In contrast, with greater 
distance to the Netrin1 source according to long-range signals, Unc5 members seem 
to form heterodimeric complexes with DCC receptors for mediating the repelling 
effect [12]. Moreover, members of the DCC and Unc5 family belong to a group of 
so-called ‘dependence receptors’, which induce apoptosis in the absence of their 
ligand [13, 14]. Therefore, netrins have currently acquired importance as general 
survival factors, in addition to their known role in neuronal guidance.

Netrin1 is the best-studied member of the netrin family. It guides different neu-
ronal populations to distinct locations, and controls central nervous system (CNS) 
development [15–21]. One of the best-known roles for Netrin1 is in the developing 
spinal cord, where floor-plate-derived Netrin1 attracts ventral-directed commis-
sural axons and regulates their midline crossing [4]. Netrin4 and NetrinGs are also 
found in the CNS, and also in non-neuronal tissue [22, 23]. Functionally, Netrin4 
was found to promote neurite outgrowth in cortical explants, whereas NetrinG1 
induces the outgrowth of thalamocortical axons via NGL1 binding [1, 5, 24].

11.2.2  Netrins and Netrin Receptors in the Vascular System

Expression of Netrin Receptors in Endothelial Cells In addition to the nervous 
system, there is accumulating literature showing a potent effect of netrins during 
vascular development and angiogenesis. Netrin1 and Netrin4 are the best-studied 
members, whereas a functional role of Netrin3 and NetrinGs in the vascular sys-
tem lacks robust investigations. Interestingly, similar to what occurs in neurons, 
the effect of Netrin1 and Netrin4 stimulation in the vascular system depends on 
the EC origin and is linked to differential netrin receptor expression. Generally, 
ECs do not express DCC but express low levels of Unc5B, C, and D, as well as 
neogenin [25–29] (Fig. 11.1c). However, human arterial ECs (HUAECs) express 
higher levels of Unc5B than human umbilical vein ECs (HUVECs) [one of the most 
commonly used cells for studying angiogenesis] [27]. This higher expression of 
Unc5B in arterial ECs was also shown in vivo in the developing mouse retina where 
Unc5B expression was detected in ECs of arteries but not veins [27]. Apart from the 
basal expression levels, Unc5 receptor expression in ECs seems to be regulated by 
angiogenic factors such as vascular endothelial growth factor-A (VEGFA, hereon 
termed VEGF) [30].
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Function of Unc5B and Netrin1 in Physiological Angiogenesis Two different vas-
cular phenotypes have been described in Unc5B mutant mice. On the one hand, it 
has been shown that Netrin1-induced Unc5B activation in ECs led to an antiangio-
genic effect similar to the repulsive effect observed in the nervous system. Genetic 
Unc5B depletion led to increased, but collapsed, arterial branches accompanied by 
abnormal endothelial tip-cell navigation and extensive filopodia extension in differ-
ent vascular beds of the mouse embryo (in the CNS vasculature and the retina), as 
well as in intersegmental vessels of Unc5B morphant zebrafish [27]. These results 
suggest that, in the absence of Unc5B, there is reduced repulsion of angiogenic 
blood vessels by Netrin1. Similarly, studies in chicken embryos show that Netrin1 
inhibits angiogenic sprouting of Unc5B-positive vessels [31]. Netrin1 stimulation 
of HUAECs in vitro also results in a Unc5B-dependent reduction of migration and 
increased filopodia retraction [27].

On the other hand, in vitro and in vivo experiments by Li’s group showed that 
Netrin1 positively stimulated angiogenesis and that the knockdown of Netrin1 in 
zebrafish resulted in inhibition of the parachordal vessel, rather than in increased 
vascular branching [28, 29]. Moreover, analysis of another Unc5B mutant mouse 
line revealed normal blood vessel branching in the hindbrain, cranial, and inter-
somitic vessels [27]. The generation of an EC-specific Unc5B mutant mouse line 
showed that endothelial specific ablation of Unc5B causes embryonic lethality and 
that Unc5B is required for proper development of the vascular bed of the placenta 
but not the hindbrain or yolk sac, which appeared normal [32].

Consistent with an angiogenic role of Netrin1, different EC lines such as mouse 
brain ECs, human microvascular ECs (HMVECs), human aortic endothelial cells 
(HAECs), or HUVECs showed a positive angiogenic response to Netrin1 stimula-
tion with increased sprouting, proliferation, migration, and tube-formation; howev-
er, no known netrin receptors could be identified in these cell lines [25, 28, 29, 33]. 
Interestingly, vascular smooth muscle cells (SMCs) express neogenin (Fig. 11.1c), 
and Netrin1 stimulation in vitro leads to a positive effect on SMC adhesion, pro-
liferation, and migration (Fig. 11.1d) [28]. Moreover, in vivo experiments such as 
xenografts, chicken chorioallantoic membrane (CAM) assays, and corneal pocket 
assays result in increased angiogenesis in response to Netrin1, as well as in a syner-
gistic effect together with VEGF [25, 28].

As mentioned previously, Unc5 members and DCC are known to function as 
dependence receptors, which can be activated both in the presence and absence of 
their ligands. In the absence of Netrin1, DCC and Unc5 unbound receptors activate 
a proapoptotic cascade, leading to cell death via activation of caspases [34]. In 
this regard, during zebrafish development, Netrin1 prevents ECs from apoptosis 
in a Unc5B-dependent manner, whereby genetic knockdown of Netrin1 leads to 
increased cell death of ECs and vascular defects that can be rescued by Unc5B 
inhibition [35]. Netrin1 inhibits in vitro Unc5B downstream caspase signaling and 
decreases the level of apoptosis in HUAECs and HUVECs that could be mimicked 
by Unc5B silencing [35] (Fig. 11.1d, e). Netrin1/Unc5B signaling leads to inactiva-
tion of the death-associated protein kinase (DAPK) and thus blockage of apoptosis 
[35] (Fig. 11.1d). Regarding DCC, to date only one study has found a role for DCC 
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in ECs where Netrin1 induces EC proliferation and migration in vitro via activa-
tion of DCC in aortic ECs and an increase in nitric oxide production [36]. No link 
between DCC and its dependence function has yet been described.

Apart for acting directly on ECs, Netrin1 can also control lymphangiogenesis 
(the formation of lymphatic vessels) via an interplay between muscle pioneers, mo-
toneuron axons, and ECs [37].

Altogether, it is clear that Netrin1 and Unc5B are important for physiological 
angiogenesis and for proper formation of the developing vasculature. Future studies 
will be required to better understand their functions (i.e. survival, proangiogenic, 
or antiangiogenic) within specific vascular beds and whether a pro- or antisurvival 
function can result in a pro- or antiangiogenic effect.

Unc5B and Netrin1 in Pathological Angiogenesis A role for Netrin1 and Unc5B 
has also been identified in pathological angiogenesis using different disease mouse 
models. After postnatal angiogenesis, Unc5B becomes downregulated and remains 
absent in quiescent ECs [38]. However, Unc5B becomes re-expressed in adult ECs 
of sprouting vessels upon subjecting adult mice to oxygen-induced ischemic reti-
nopathy (OIR). Netrin1 also becomes upregulated in the retina upon OIR, and intra-
vitreal lentivirus delivery of Netrin1 small hairpin RNA (shRNA) inhibited retinal 
neovascularization, indicating Netrin1 as a potential target for different retinopa-
thies or other ocular neovascular diseases [39].

Unc5B is also re-expressed in sprouting vessels after matrigel or tumor implants 
[38]. In these two experimental models, Netrin-1, via Unc5B, leads to repulsion 
of ECs and, as a consequence, to inhibition of matrigel neovascularization or in-
hibition of tumor angiogenesis (using Netrin1-containing matrigel plugs or tumor 
cells expressing Netrin1) [38]. However, another study showed that angiogenesis in 
matrigel plugs containing Netrin1 was enhanced compared with control plugs [25] 
(Table 11.1).

In a mouse model of hindlimb ischemia, where the iliac artery was ligated, intra-
muscular delivery of Netrin1 or Netrin4 into the ischemic gastrocnemius resulted 
in improved hindlimb perfusion and greater vascular density in Netrin1-injected 
muscles when compared with control injected muscles [29]. In a rat model of limb 

Table 11.1  Role of axon guidance factors in tumor angiogenesis
Axon guidance factors Inhibition of tumor angiogenesis 

and/or lymphangiogenesis
Promotion of tumor angiogen-
esis and/or lymphangiogenesis

Netrins Netrin1/Unc5B [38] Netrin4/
neogenin [47]

Netrin1/Unc5B [25]
Netrin4 [44]

Slits – Slit2/Robo1 [68, 70, 71]
Ephrins – EphrinB2/EphB4 [95, 97, 100, 

104–106] EphA2 [108–110]
Semaphorins Sema3A/Nrp1 [137, 155–157] 

Sema3F/Nrp2 [158–160]
Sema3E [128, 162, 163]
Sema3G [163]

Sema3C [164]
Sema 4D; Sema4D (cleaved)/
PlexinB1 [166–170]

Nrp neuropilin
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ischemia, it was consistently shown that transplantation of mesenchymal stem 
cells (MSCs), together with Netrin1, directly into the muscle of ischemic limbs, 
improves the effectiveness of MSCs and increases the neocapillary network [40]. 
Notably, in another study, hindlimb ischemia in adult mice (in this case ligating the 
femoral artery) did not lead to re-expression of Unc5B in sprouting ECs, thus sug-
gesting that the observed improvement in the study described above might be due 
to Netrin1 signaling in a Unc5B-independent manner [38]. Altogether, these studies 
suggest Netrin1 as a possible candidate for therapeutic neovascularization. In ad-
dition, Netrin1 was found to be upregulated in patients with proliferating diabetic 
retinopathy (PDR), which is characterized by vascular malformations [41].

Role of Netrin4 in Physiological and Pathological Angiogenesis Although little is 
known about Netrin4 signaling in the nervous system, its contribution in the vascu-
lar context has been considerably investigated; however, its signaling mechanisms 
still remain intricate.

Angiogenic ECs in zebrafish express Netrin4, and genetic knockdown in zebraf-
ish using morpholinos results in vascular defects, suggesting a proangiogenic effect 
for Netrin4 in developmental angiogenesis [42]. Similar to Netrin1, Netrin4 stimu-
lation increased proliferation, migration, survival, and tube formation in several EC 
lines, including HUVECs, HMVECs, and HUAECs in vitro [29, 42, 43]. However, 
the receptor mediating these proangiogenic effects remains unclear. In contrast, 
another study proposed an antiangiogenic role for Netrin4. In this study, it was 
described that Netrin4 binds neogenin, and that a neogenin/Unc5B heteroreceptor 
complex mediates the in vitro antiangiogenic effects of Netrin4 [26] (Fig. 11.1f). 
ECs of lymph vessels also express Netrin4. In vitro experiments using human lym-
phatic ECs revealed the same promoting effects on proliferation, migration, sur-
vival, and tube formation as with Netrin1 [44]. Although lymphatic ECs express 
Unc5B and neogenin, their single- or dual-receptor knockdown was insufficient to 
block the cellular response to Netrin4 [44]. A later study identified integrin α6β1 as 
a possible Netrin4 receptor in lymphatic ECs, showing the ability to bind Netrin4 
(Fig. 11.1g). Consistently, the blockage of either subunit was also able to abolish the 
lymphatic EC migration, adhesion, and signaling induced by Netrin4 in vitro [45].

Several in vivo applications support the proangiogenic capacity of Netrin4 in 
blood and lymphatic vessels under pathological conditions [44]. Netrin4 admin-
istration in different stroke and ischemia models promotes neovascularization and 
positively affects behavior recovery without affecting integrity of the blood–brain 
barrier [29, 46]. It is important to mention that stroke itself upregulated Netrin4 
within the ischemic core [46]. Netrin4 overexpression in mouse skin induces lym-
phangiogenesis in vivo. Moreover, using Netrin4 overexpressing breast cancer 
models, it was shown that Netrin4 promoted tumor lymphangiogenesis and tumor 
metastasis by stimulating lymphatic permeability [44]. However, whether Netrin4 
may act differently on ECs or lympathic ECs from different tumor entities remains 
to be determined. In support of this, in in vivo matrigel angiogenesis assays, Netrin4 
overexpression in colon cancer cells negatively affects angiogenesis in a neogenin-
dependent manner, leading to reduced tumor growth and increased tumor apoptosis 
[47] (Table. 11.1). Although further research is still needed to understand the effects 
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of Netrin4 in different angiogenic pathological conditions, the studies mentioned 
above highlight Netrin4 as a possible therapeutic target for targeting angiogenesis 
and lymphangiogenesis.

In summary, netrin signaling contributes to vascular development and angiogen-
esis, not only in a direct fashion via acting on ECs but also in a cellular interplay via 
acting on SMCs. Netrins exert proangiogenic and also inhibitory effects, perhaps 
regulated by the receptor composition. In addition, this might differ, dependent on 
the tissue and the specific endothelial subset. We are only just beginning to fully un-
ravel the signaling properties of netrins in ECs. Moreover, the roles of other netrin 
family members (i.e. Netrin3 and NetrinGs) still need to be evaluated.

11.3  Slits and Robo Receptors

11.3.1  Introduction

Slits are secreted molecules found throughout invertebrate and vertebrate species. 
There are three described genes in mammals (Slit1, 2, and 3), as well as several 
splice variants of all three members [48]. They contain leucin-rich repeats (LRRs), 
endothelial growth factor (EGF) repeats, and a laminin G-like domain (Fig. 11.2a). 
The known receptors for slits belong to the Robo family. In mammals, there are 
four Robo receptors, Robo1, 2, 3, and 4 (Fig. 11.2b), together with their described 
isoforms Dutt1 (for Robo1), Robo2_tv2 (for Robo2, described in zebrafish and rat), 
as well as Robo3.1 and Robo3.2 (for Robo3) [48]. While Robo1, 2, and 3 are similar 
and are mainly expressed in the nervous system, Robo4 appears to be special, show-
ing a different molecular structure accompanied with a specific expression pattern 
within the vascular compartment in mammals [49–51] (Fig. 11.2a). In addition, 
controversy exists regarding the binding of slits to Robo4 (see below).

Slit/Robo signaling is involved in different neuronal processes, such as axon 
guidance, axon fasciculation, and dendritic branching [52, 53]. In the developing 
nervous system of invertebrates and vertebrates, slits were described as exerting 
a repulsive effect on axons [54, 55]. It was thereby found that Slit/Robo signaling 
regulates the midline crossing of commissural axon projections by a mechanism 
that involves differential expression of Robo receptors in pre- and postcrossing ax-
ons [53, 56]. Interestingly, interactions between Robo1 and the netrin receptor DCC 
have been identified in commissural axons [57].

11.3.2  Slits and Robo Receptors in the Vascular System

There is a growing body of literature indicating that Slit/Robo functions are not 
simply restricted to axonal guidance, and do indeed also play a role in the vascular 
system. Since Robo4 is specifically expressed in the vascular system, the majority 
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of studies have focused on its endothelial-specific function. We summarise the main 
findings below.

In situ hybridization of whole-mount mouse embryos shows that Robo4 expres-
sion starts in large axial vessels and shifts from the dorsal aorta to the intersomitic 

Fig. 11.2  Slits and Robos in the vascular system. a Different domains of slits and Robo recep-
tors. Robo4 (and also, in some cases, Robo1) is expressed on the angiogenic endothelium and 
on smooth muscle cells ( SMCs), but not in endothelial tip cells (see scheme of sprouting blood 
vessel). b Left: Robo4 in zebrafish ECs regulates actin remodeling in an Rac1 Cdc42-dependent 
manner. Right: Slit2 and 3 binding to Robo4 blocks vascular endothelial growth factor receptor-2 
( VEGFR2)-mediated Src and focal adhesion kinase ( FAK) signaling, leading to vascular stabiliza-
tion. Controversies exist regarding the binding of Slit2 and 3 to Robo4. c Robo4 trans-interacts 
with Unc5B and suppresses vascular endothelial growth factor ( VEGF) signaling via VEGFR2 
by blocking VEGFR2-dependent Src kinase activation. d Robo4 interacts in cis with Robo1 to 
transduce Slit2 signals, leading to reduced pericyte migration and therefore increased vascular 
stability. (Adapted with permission from Macmillan Publishers Ltd: Mehlen et al. [48], copyright 
2011; Kitajewski [175], copyright 2011)
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vessels and capillaries as development proceeds [50]. Robo4 is also expressed in the 
vasculature of adult tissues [50]. Robo4 knockout mice are fertile and viable, and 
show normal patterning of blood vessels in different embryonic structures, indicat-
ing that Robo4 is either dispensable for developmental angiogenesis or its absence 
is compensated by yet an unknown mechanism [58]. In contrast, studies in zebraf-
ish show that Robo4 depletion via morpholinos injection, and also overexpression, 
leads to reduced and defective formation of intersomitic vessels via a mechanism 
that involves Cdc42 and Rac1 Rho GTPases [59] (Fig. 11.2b).

Slit1, 2 and 3 have been proposed as ligands for Robo4 in ECs [50, 58, 60, 61]; 
however, other studies challenge whether slits really bind to Robo4, raising the 
question of potential, still unknown, ligands or a ligand-independent activation of 
Robo4. Here we describe studies showing activation of Robo4 by slits, as well as 
studies where slits did not bind to Robo4.

Function in Blood Vessel Growth and Stabilization Analysis of Slit3 knockout mice 
revealed that these mice present defects in the vascular system during embryonic 
development. While the vasculature of diaphragms from E15.5 wild-type mouse 
embryos have a uniform vessel architecture, including regular vascular patterning 
and branching, diaphragms from Slit3 null mice show a dramatic reduction in blood 
vessel density and branches [61]. Consistent with this in vivo result, in vitro experi-
ments with HUVECs, and ex vivo experiments using the rat aortic ring assay, show 
that Slit3 promotes EC proliferation, migration, and motility via Robo4 signaling, 
and also induces remodeling of the actin cytoskeleton [61].

During the growth of a new blood vessel sprout, stalk cells follow behind the 
leading angiogenic endothelial tip cell and participate in maturation and lumen for-
mation of the new growing vessel [58, 62]. Phalanx cells are the most quiescent 
ECs in the vessels and are covered by pericytes and form tight junctions with each 
other (Fig. 11.2). A detailed analysis of Robo4 in the developing retina vasculature 
revealed that stalk cells express Robo4, while tips cells are Robo4-negative [58] 
(Fig. 11.2), suggesting that Robo4 might not function as a typical guidance recep-
tor in the endothelium but rather as factor-regulating vascular stability. In support 
of this concept, even though Robo4 knockout mice do not show obvious differ-
ences in vascular patterning, Robo4-deficient animals possess a higher basal level 
of vascular permeability [58]. Moreover, when subjecting these mice to oxygen-
induced retinopathy, they respond with increased vascular leakage compared with 
wild-type mice [58]. Robo4 stabilizing function is strengthened by results showing 
that Robo4 (in this case activated by Slit2 or Slit3) inhibited VEGF-induced vascu-
lar destabilization and blocked VEGF-induced EC migration, tube formation, and 
permeability in vitro. These effects were due to a Robo4-dependent blockage of 
VEGF-induced activation of the Src-family kinases [58, 63] (Fig. 11.2b). Another 
study in the mouse mammary gland also found a role for Slit/Robo4 signaling in 
restricting VEGF function by downregulating VEGFR2 activation of Src and focal 
adhesion kinase (FAK) [62] (Fig. 11.2b).

Interestingly, direct binding of slits to Robo4 is questioned by structural analysis 
as well as functional investigations of the binding properties of slits [64–66]. In a 
protein–protein interaction screen to identify Robo4 binding partners, no associa-
tion of slits to Robo4 was detected. In contrast, an interaction with Unc5B, a Netrin1 
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receptor (see above), was identified [64] (Fig. 11.2c). Robo4 and Unc5B are co-
expressed in ECs, and stimulation of Unc5B-transfected porcine aorta ECs (PAECs) 
with the extracellular domain of Robo4 (sRobo4) led to Unc5B internalization and 
cell retraction. Robo4/Unc5B signaling leads to the association of Src kinase to 
Unc5B and its activation. Moreover, Robo4/Unc5B signaling counteracts VEGF-
induced Src activation by sequestering Src away from VEGFR2 [64] (Fig. 11.2c). 
Consistently, the intraperitoneal injection of an antibody that specifically blocks 
Robo4/Unc5B interaction led to increased angiogenesis and vascular hyperperme-
ability in vivo. Since Unc5B is expressed on all cells of the angiogenic sprout (see 
above), and the expression of Robo4 is excluded from the tip cell, their trans-inter-
action might represent an additional mechanism regulating tip and stalk cells and, 
consequently, the angiogenic sensitivity of the vascular sprout (Fig. 11.2c).

Altogether, the studies described above clearly demonstrate the function of 
Robo4 signaling for vascular stabilization, either by acting as a ligand for Unc5B 
or by acting as a receptor for slits. These two possible scenarios are not exclusive 
when considering that other studies have shown the formation of heterodimers be-
tween Robo1 and Robo4 in HUVECs [67], thus opening the possibility that slits 
binding to Robo1–Robo4 complexes also leads to the described effects via a Robo4-
dependent, Unc5B-independent mechanism. Moreover, in vitro studies showed that 
Slit2 via activation of Robo1 and Robo4 inhibits pericyte migration, which might 
be interpreted as an additional mechanism for stabilizing endothelial integrity [51] 
(Fig. 11.2d). These results suggest that signal transduction of Slit/Robo4 interac-
tion depends on Robo1 regulating vascular stabilization and thereafter influencing 
endothelial sprouting.

Role of Slits and Robos in Tumor Angiogenesis A function for slits and Robos in 
tumor angiogenesis has also been described. In this regard, it was found that cells of 
several solid tumors, including malignant melanoma, rectal mucinous adenocarci-
noma, breast invasive carcinoma, stomach squamous carcinoma, and hepatocellular 
carcinoma, express and secrete Slit2 [68]. Interestingly, Slit2 expression in human 
carcinoma tumor sections seemed to increase in the center of the tumor compared 
with the periphery [68]. This, as well as hypoxia studies in choriocarcinoma cells, 
leads to the assumption that Slit2 expression is dependent on oxygen levels [69]. In 
in vitro settings, and in contrast to other published studies, Slit2 was able to attract 
HUVECs and promote tube formation in a Robo1-PI3K-dependent manner [68]. 
Consistently, in a xenograft tumor model with human malignant melanoma cells that 
express Slit2, treatment with a functional blocking antibody against the first immu-
noglobulin (Ig) motif of Robo1 led to decreased microvessel density and tumor 
weight when compared with IgG control-treated mice [68]. Another cancer model 
of chemical-induced squamous cell carcinogenesis also linked high Slit2 expression 
to increased angiogenesis, in a Robo1-dependent manner [70] (Table 11.1). Similar 
effects have been described in the lymphatic endothelium, where Robo1 is also 
expressed [71]. Slit2 stimulation thereby sufficiently enhanced the migration and 
tube formation of lymphatic ECs in vitro. Consistently, in vivo tumor models with 
mice overexpressing Slit2 showed increased tumor lymphangiogenesis and lymph 
node metastasis [71].
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Robo4, which is strongly expressed in highly active endothelium, is also regu-
lated by hypoxia [49]. However, to date no studies have been conducted proposing 
a role for Robo4 in tumor angiogenesis. Thus, whether Robo4 also plays a role in 
tumor angiogenesis, or whether Robo4 is only required in healthy conditions and 
Robo1 in pathological circumstances, remains to be determined. In support of the 
second hypothesis, a quantitative analysis of Robo1, Robo4, and Slit2 messenger 
RNA (mRNA) in colorectal cancer tissue versus normal tissue revealed that while 
Robo1 was significantly upregulated in tumor tissue, no changes where observed 
for Robo4 or Slit2 [72].

Role in Pre-Eclampsia It has also been suggested that the Slit/Robo pathway con-
tributes to pre-eclampsia, a disease occurring during pregnancy that is character-
ized by high blood pressure, endothelial dysfunction, and impaired angiogenesis 
[69]. Analysis of slits and Robo receptors showed that Slit3, Robo1, and Robo4 are 
expressed in the endothelium of placental villi, and Slit2 and Robo1 are expressed 
in the syncytiotrophoblast [69]. In pre-eclamptic placentas, Robo1 and Robo4 are 
significantly increased compared with healthy controls, thus suggesting a potential 
pathological role for the Slit/Robo pathway in this disease [69]. It is not yet known 
whether there is a functional effect of the increased expression of Robo1 and Robo4.

Taken together, the available evidence suggests that Slit/Robo signaling in the 
vasculature possesses a stabilizing and maturating role. Further studies would need 
to clarify the situations where they might have an antiangiogenic or proangiogenic 
effect.

11.4  Ephrins and Eph Receptors

11.4.1  Introduction

Eph receptors are named after the Erythropoietin-producing human hepatocellular 
carcinoma cell line in which they were discovered. Eph receptors are divided into 
two subgroups—EphAs (EphA1–10 in vertebrates) and EphBs (EphB1–6 in verte-
brates)—depending on the sequence homology of their extracellular domain [73, 
74] (Fig. 11.3a). Eph receptors interact with the membrane-bound proteins termed 
ephrins (greek ‘ephros’ for controller), which are also divided into two subclasses—
EphrinAs and EphrinBs (Fig. 11.3a). The five homologous members EphrinA1–5 
are anchored in the plasma membrane by a GPI linker, and bind almost exclusively 
to EphA receptors [73]. In contrast, EphrinBs are transmembrane proteins possess-
ing a C-terminal. The name PDZ is derived from the first three proteins in which 
these domains were found: PSD-95 (a 95 kDa protein involved in signaling in the 
post-synaptic density), Dlg (the Drosophila discs large protein), and ZO1 (the zonu-
la occludens 1 protein involved in maintaining epithelial cell polarity). PDZ motif, 
and mainly signal via EphBs [73] (Fig. 11.3a). However, reports show that mem-
bers of the A and B classes interact with each other, as exemplified by EphB2 and  
EphrinA5 binding [75].
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Fig. 11.3  Ephrins and Ephs in the vascular system. a Ephrins and their Eph receptors are mem-
brane-bound molecules. EphrinAs interact preferentially with EphAs, and EphrinBs with EphBs. 
b EphB4 is primarily found on venous endothelial cells ( ECs), whereas EphrinB2 expressed on 
arterial ECs; their signaling controls arterial-venous separation. c EphrinB2 is expressed in the 
angiogenic endothelium, as well as in the mural compartment, and also interacts with vascular 
endothelial growth factor receptor-2 ( VEGFR2) and -3 in ECs. Upon EphB4 binding, EphrinB2 
recruits Dab2 and Par3 effector proteins, leading to clathrin-dependent endocytosis of the Eph-
rinB2–VEGFR complex. Thereby, VEGFR internalization serves as a crucial step for downstream 
VEGFR signaling, and directly affects angiogenesis. d VEGFR2 internalization is controlled by 
activated atypical protein kinase C (aPKC). Activation of aPKC is higher in stalk cells than in 
tip cells, thus leading to reduced internalization of the complex and reduced VEGF signaling in 
stalk cells. (Adapted with permission from Macmillan Publishers Ltd: Kitajewski [175], copyright 
2011)
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Eph/Ephrin signaling in neurons is extensively investigated and is involved in 
many contexts throughout the development of the CNS. Based on their structural 
characteristics, Eph/Ephrin signaling is considered a short-range neuronal wiring 
signal. Eph/Ephrin signaling controls the formation of topographic maps [76, 77] 
and, in particular, is essential in pre- and postsynaptic development, as well as syn-
aptic plasticity [78, 79]. The molecular mechanisms through which Eph/Ephrin sig-
naling takes place are very sophisticated and include special features such as recep-
tor clustering and the ability to signal bidirectionally and autonomously [80]. The 
high degree of possible receptor/ligand combinations, as well as interactions with 
co-receptors, increases the signal diversity of Eph receptors and ephrins.

11.4.2  Eph Receptors and Ephrins in Vascular Development

In the field of angiogenesis, EphA2 and EphrinA1 are among the best-studied mem-
bers of the Eph/EphrinA classes, even though almost all EphAs are expressed in 
ECs (for example, in human brain microvascular ECs) [81]. EphrinA1 is expressed 
at sites of developmental angiogenesis, and soluble EphA2-Fc inhibits EC migra-
tion, sprouting, survival, and corneal angiogenesis induced by VEGF [82, 83]. 
EphA2 knockout mice initially showed a normal vascular development [84]; how-
ever, more detailed studies have described that EphA2-deficient mice possess fewer 
and enlarged lung capillaries and increased numbers of endothelial sprouts, together 
with less pericyte coverage [85]. In addition, EphA2-deficient mice hyperreact to 
bacterial infection of the lung and ovalbumin sensitization by enhanced neoangio-
genesis, immune cellular infiltration, and cytokine release [85]. Taken together, 
these investigations point to a functional role of EphA2 and EphrinA1 signaling 
in maintaining vascular integrity by stabilizing intracellular connection not only 
between ECs but also endothelial and mural cells.

EphB4 and EphrinB2 are the best-studied B-class members in angiogenesis, 
particularly because of their distinctive expression pattern, with higher expres-
sion of EphrinB2 in arterial ECs and EphB4 in the venous endothelium [86–88] 
(Fig. 11.3b). This specific expression pattern, together with the fact that EphB4/
EphrinB2 function as a receptor-ligand pair able to signal bidirectionally, outlines 
the possibility of controlling cellular segregation and boundary formation as func-
tional features of B-class signaling in ECs [89, 90]. An example of this is found in 
the zebrafish model organism, where the dorsal aorta and caudal vein derive from 
the same primordial structure that subsequently segregates into arterial and vein 
ECs. Angioblast cells migrate ventrally from this primary vessel to form the caudal 
vein in an EphB4/EphrinB2-dependent manner, whereas the remaining cells later 
form the dorsal aorta [91]. In this regard, a loss-of-function study in mice specifi-
cally targeting endothelial EphB4 pointed out that the dorsal aorta of the embryos 
was enlarged, whereas the formation of cardinal veins was negatively disturbed 
[90]. More importantly, it was observed that venous ECs were misallocated in arter-
ies [90]. These findings highlight the prominent role of EphB4/EphrinB2 signaling 
for intercellular communication and tissue boundary formation (Fig. 11.3b).
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The generation and evaluation of different EphrinB2 transgenic mouse lines 
demonstrated the essential role of EphrinB2 for proper vascular development. Eph-
rinB2 knockout mice, or mice with ubiquitous overexpression of EphrinB2, are em-
bryonic or neonatal lethal, respectively, due to severe vascular defects [92, 93]. The 
lethal phenotype of the ubiquitous EphrinB2 deletion could be rescued by crossing 
this line with an endothelial EphrinB2 overexpressing mouse line [92, 93], indicat-
ing that EphrinB2 expression in the endothelium is essential for survival. Analysis 
of a mouse line where EphrinB2 overexpression in the endothelium is temporally 
controlled revealed that overexpression of EphrinB2 during early development also 
leads to severe vascular defects and embryonic lethality. The severity of the phe-
notype decreases when EphrinB2 overexpression is induced in the more advanced 
developmental stages [88]. Consistent with these findings, the endothelial-specific 
knockout of EphrinB2 under the Cdh5 (vascular endothelial [VE]-cadherin) pro-
moter showed a less-developed vascular system [88]. Therefore, these loss-of-func-
tion and gain-of-function studies are evidence that EphrinB2 is essential for vascu-
lar development in a specific temporal frame and proangiogenic manner. Interest-
ingly, transgenic mice lacking the cytoplasmic domain of EphrinB2 also die during 
embryonic development due to defects in vasculogenesis and angiogenesis (similar 
to the EphrinB2 null mutants) [94], thus showing the EphrinB2 intracellular domain 
and reverse signaling is important for vascular development. The requirement of the 
EphrinB2 intracellular domain for developmental angiogenesis was also confirmed 
with a transgenic mouse line containing deletion of a single valine residue in the 
cytoplasmic domain (EphrinB2ΔV), which disrupts PDZ-dependent reverse signal-
ing. EphrinB2ΔV showed impaired retina and brain vascularization with reduced 
vessel branching and vascular sprouts [95]. Similarly, in vitro experiments showed 
that EphrinB2 is a potent regulator of EC behavior by regulating the actin cytoskel-
eton through Rho-family small GTPases [96]. In addition, in vitro analyses show 
that the membrane-bound extracellular EphB4 domain is sufficient to induce Eph-
rinB2-dependent EC invasion, proliferation, and overall survival [97] (Fig. 11.3c). 
While these studies clearly highlight the importance of EphrinB2 reverse signal-
ing in developmental angiogenesis, the function of EphB4 forward signaling (upon 
EphrinB2 binding) in this process still remains unknown. Nevertheless, ablation of 
the EphB4 gene leads to embryonic lethality before E11.5 [98].

EphrinB2 is upregulated in ECs in response to angiogenic factors such as VEGF, 
fibroblast growth factor (FGF), hepatocyte growth factor (HGF), or activin recep-
tor-like kinase-1 (Alk1) [a member of the transforming growth factor (TGF)-β fam-
ily], whereas angiopoietin-1 (Ang1) attenuates its expression levels [87, 99]. In 
vivo and in vitro experiments show that EphrinB2 controls developmental angio-
genesis and lymphangiogenesis by controlling EC sprouting activity rather than 
EC proliferation [88, 100]. EphrinB2 co-localizes and co-immunoprecipitates with 
VEGFR2 and VEGFR3. EphrinB2 reverse signaling (activated by EphB4) plays a 
crucial role in VEGFR2 and VEGFR3 receptor internalization, phosphorylation, 
and downstream signaling (Rac1, Akt, and Erk1/2) after VEGF stimulation [88, 95] 
(Fig. 11.3c). A recent study showed that a protein complex containing EphrinB2, 
the clathrin-associated sorting protein Dab2, and the cell polarity regulator Par3 
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associates with VEGFR2 in the clathrin-coated vesicle and mediates VEGFR2 traf-
ficking towards the early endosome [101] (Fig. 11.3c, d). Atypical PKC (aPKC) 
acts as a negative regulator of this process by phosphorylating Dab2 and reducing 
VEGFR2 endocytosis [101] (Fig. 11.3d). Interestingly, sprouting ECs at the leading 
front of the mouse retina have lower levels of activated aPKC and higher rates of 
VEGFR endocytosis and turnover compared with nonsprouting ECs (Fig. 11.3d). 
Consistent with this model, EC-specific knockout mice for Dab2, Par3, and aPKC 
show vascular phenotypes that resemble those of EphrinB2 mutants [101].

Expression of EphrinB2 does not only localize to ECs but also to pericytes or 
SMCs [102, 103] (Fig. 11.3). EphrinB2 deficiency in the mural cell compartment 
led to embryonic vascular malformation and perinatal lethality [89, 103]. Analysis 
of the vasculature of these mice showed disrupted vessels and defects in the spatial 
organization of pericytes and SMCs, as revealed by microvessels showing scattered 
coverage with mural cells [102, 103]. In vitro, EphrinB2 expression in SMCs partic-
ipated in SMC adhesion, migration, polarization, and formation of focal adhesions 
via a molecular mechanism involving Crk and p130(CAS) [89, 103].

In summary, EphrinB2 and EphB4 signals are essential for cellular segregation 
and vascular development, affecting ECs as well as mural cells in a proangiogenic 
fashion. Moreover, their interaction with VEGFRs, as well as their essential contri-
bution to receptor turnover and signal transduction, makes them an integrative unit 
for different pathways in the concept of a neurovascular link.

11.4.3  Ephrins and Eph Receptors in Tumor Angiogenesis

Several studies report a role for EphrinB2 and EphB4 in tumor angiogenesis. In 
malignant brain tumors, EphrinB2 and EphB4 are expressed in both ECs and tumor 
cells [104]. EphB4 expressed in tumor cells leads to enhanced tumor angiogen-
esis via EphrinB2 reverse signaling in the endothelium [97] (Table. 11.1). Consis-
tently, EphrinB2 functional blocking antibodies cause a reduction in angiogenesis 
and lymphangiogenesis in xenografted mice and a concomitant reduction in tumor 
growth [105]. Confirmation of the role of EphrinB2 reverse signaling in tumor an-
giogenesis was demonstrated using an orthotopic glioma tumor model and a skin 
heterotopic tumor model in the already-mentioned EprhinB2ΔV mice [95]. In these 
tumor models, angiogenesis and tumor growth was severely reduced compared with 
tumors in control mice. Moreover, similar to the studies using an EphrinB2 func-
tional blocking antibody, tumor blood vessels in EprhinB2ΔV mice were devoid of 
sprouts and filopodia [95, 105]. EphrinB2 reverse signaling in tumor vessels was 
also shown to promote enlargement of blood vessels, the interaction between ECs 
and mural cells, and reduction of vessel permeability, leading to more stable tumor 
vessels [97, 104]. A soluble monomeric extracellular domain of EphB4 was shown 
to act as an antagonist of EphB4/EphrinB2 signaling and inhibited angiogenesis in 
vitro and in vivo as well as tumor growth in xenograft tumor models [100, 106].

With respect to other Ephrins and Eph members, few studies have involved 
EphA2 and its ligand EphrinA1 in tumor angiogenesis. EphrinA1 and EphA2 are 
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expressed in tumor cells and tumor ECs [107]. Tumors grown in EphA2-deficient 
mice are smaller and less vascularized compared with tumors in wild-type mice 
[108, 109]. In addition, injection of soluble EphA2 and EphA3-Fc into tumor-bear-
ing mice results in reduced tumor growth and reduced tumor angiogenesis [110, 
111].

11.5  Semaphorins and Their Receptors

11.5.1  Introduction

Semaphorins (Sema) are membrane-bound, soluble signaling molecules that are able 
to signal long range via diffusion gradients, as well as short range via cell-to-cell 
contact. Dependent on their molecular structure, semaphorins are grouped into eight 
subclasses, with members of classes 3–7 expressed in vertebrates [112] (Fig. 11.4a). 
Semaphorins were first described in the nervous system where they function mainly 
as chemorepellents during axon guidance and neuronal wiring. However, similar to 
netrins and slits, there are reports highlighting a bifunctional role, whereby sema-
phorins can either repel or attract axonal growth cones, and also harbor both capaci-
ties [113]. Semaphorin signaling often induces cytoskeletal remodeling, affecting 
cellular properties such as shape, migration, and cellular connectivity [114]. The 
main receptors of semaphorins are plexins and neuropilins (Nrps). The nine mem-
bers of the plexin family are divided into four subclasses (A, B, C, and D), whereas 
the group of neuropilins has two representative receptors, Nrp1 and Nrp2 [115] 
(Fig. 11.4a). Plexins are able to directly interact with membrane-bound semapho-
rins, whereas soluble semaphorin members (class 3 semaphorins only) often bind 
to neuropilins and signal through a heterodimer complex of neuropilin and plexin 
(with the exception of Sema3E, which binds directly to PlexinD1 and can induce 
signaling independent of Nrp1) [115]. The fact that neuropilins are known to be a 
co-receptor for other tyrosine kinase receptors (such as VEGFRs) makes semapho-
rin signaling an ideal pathway for studying their neurovascular properties [116].

Class 3 semaphorins are the best-studied semaphorins in the vascular system. 
Therefore, in this section we will focus on describing the fundamental aspects 
and functions of this group of molecules and their receptors in blood vessels. The 
emerging role of class 4 and 6 semaphorins in the vascular system will be briefly 
mentioned.

11.5.2  Class 3 Semaphorins in the Developing Vascular System

Class 3 Semaphorins and Plexins Despite their main function as axon repellents 
in neurons, in the vascular system only Sema3s are mainly described as antiangio-
genic, whereas the literature refers to members of the other subclasses primarily in 



11 Axon Guidance Factors in Developmental and Pathological Angiogenesis 275

Fig. 11.4  Semaphorins and their receptors. a Class 3 semaphorins are secreted molecules, whereas 
members of the other semaphorin classes are membrane-bound. Semaphorin and plexin recep-
tors possess a specific Sema domain. Neuropilins also interact with semaphorins. Nrp1 and 2 are 
expressed in the vasculature and in smooth muscle cells (SMCs)/pericytes, whereas the expression 
of PlexinD1 is restricted to the endothelial tip cell (see scheme of blood vessel sprout). b In the 
developing retina, Sema3E is evenly expressed by retinal ganglion cells (RGC) in deeper layers. 
The angiogenic vasculature grows in the direction of a VEGF gradient that is generated by astro-
cytes, showing a higher concentration in the avascular border regions. PlexinD1 is expressed in 
endothelial tip cells, which restricts the Sema3E effect locally to the angiogenic front. c VEGF/
VEGFR2 signaling positively controls PlexinD1 expression in the endothelial tip cell. In turn, 
Sema3E/PlexinD1 signaling negatively regulates Dll4 in tip cells and thus controls tip-stalk cell 
fate. d PlexinD1 interacts with β1-integrins and, on Sema3E binding, activates Arf6 and R-Ras, 
leading to internalization of the receptor complex, reduced adhesion, and filopodia retraction. e 
Neuropilins not only serve as a receptor for semaphorins but also bind to VEGF ligands. Nrp1 plays 
a crucial role in mediating VEGF signaling by interacting with VEGFR2. The presence of Nrp1 
modulates VEGFR2 downstream signaling pathways (including Erk1/2, FAK, and Src). Sema3A 
binding to Nrp1 does not block VEGFR2 phosphorylation but inhibits its downstream signaling. 
(Adapted with permission from Macmillan Publishers Ltd: Kitajewski [175], copyright 2011)
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an activating context. Different studies depict the different levels at which Sema/
Plexin signaling regulates angiogenesis, including not only trajectory formation and 
vessel guidance but also interference with cellular properties such as filopodia for-
mation or receptor presentation.

Among the different plexin receptors, PlexinD1 is highly expressed in ECs of 
developing blood vessels [117, 118]. Gene targeting studies in zebrafish show the 
importance of this receptor in vascular development. In zebrafish, a PlexinD1 loss-
of-function mutation results in increased intersomitic vessel branching [119, 120]. 
Sema3A orthologs (Sema3a1 and Sema3a2) are expressed in the adjacent develop-
ing somites and restrict the growth of angiogenic sprouts to the intersomitic bound-
aries via PlexinD1 binding [118, 119]. In vitro studies show that Sema3A stimula-
tion of HUVECs results in loss of actin stress fibers and inhibition of VEGF-in-
duced cell migration, thus suggesting that Sema3A, expressed in the somites, repels 
PlexinD1-expressing intersomitic vessels and therefore guides vessels along the 
somite boundaries [118]. Further studies reporting on the molecular mechanisms of 
Sema/PlexinD1 signaling in intersomitic vessels show that Sema/PlexinD1 signal-
ing antagonizes VEGF proangiogenic activity by controlling the levels of soluble 
VEGFR1 (sFlt1) expressed by ECs [119].

In a similar manner, PlexinD1 knockout mice present blood vessel patterning 
defects and die soon after birth [121]. Endothelial-specific PlexinD1 knockout 
mice (using the Tie2-Cre mouse line) consistently present defective development 
of the vasculature, heart, and skeleton [122]; however, Sema3A knockout mice 
show none or mild vascular defects, highly depending on genetic background [123, 
124]. Sema3E in mice, in contrast to zebrafish, seems to be the required ligand 
for PlexinD1 signaling in the vascular system (independently of Nrp1). Sema3E is 
expressed in a caudal-rostral gradient in the developing somites, and Sema3E null 
mouse embryos present a similar phenotype as PlexinD1 knockout mice; however, 
they are viable throughout adulthood [121]. Interestingly, it was recently shown that 
despite severe initial defects in the dorsal aorta of Sema3E null mice (which would 
lead to lethality), these defects are resolved during development via morphogenetic 
cellular rearrangements whereby abnormal vessels remodel into normal vessels in-
structed by guidance cues from the lateral plate mesoderm [125]. Sema3E/PlexinD1 
signaling in the vasculature has also been investigated in the developing mouse 
retina, where astrocyte-derived VEGF induces PlexinD1 expression in ECs of the 
angiogenic front (Fig. 11.4b). Even though Sema3E expression is evenly distributed 
in the retinal ganglion cell layer, local PlexinD1 expression at the angiogenic front 
restricts Sema3E signaling to the sprouting front of the retina vasculature [126, 
127] (Fig. 11.4bb). Further investigation into the molecular mechanisms revealed 
that Sema3E/PlexinD1 signaling negatively regulates Dll4 expression in the retinal 
vasculature and that, in turn, Sema3E/PlexinD1 signaling is required for a balanced 
ratio of tip and stalk cells [127] (Fig. 11.4c).

Apart from the in vivo studies described above, in vitro experiments show that, 
similar to their repulsive role in the nervous system, Sema3E/PlexinD1 signals in-
duce the collapse of the actin skeleton [126]. Mechanistically, Sema3E activation of 
PlexinD1 in ECs in vitro activates Arf6, leading to integrin-β1 internalization and, 
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consequently, to cell retraction by negatively regulating cell–extracellular matrix 
adhesive interactions [128] (Fig. 11.4d).

Finally, several plexins have been shown to functionally affect angiogenesis 
and to be tightly interconnected with VEGF signaling. EC-specific knockdown of 
PlexinA1 and PlexinA4, for example, inhibits VEGF- and FGF-induced angiogen-
esis in vitro by remodeling the actin cytoskeleton, whereby PlexinA4, in particular, 
directly interacts with VEGFR2 and FGF receptor-2 [129].

Class 3 Semaphorins and Neuropilins: Link to Vascular Endothelial Growth Factor 
Signaling The second main receptors of semaphorins are neuropilins (Fig. 11.4a). 
Neuropilins do not only bind to semaphorins but also to VEGF ligands. Thereby, 
Nrp1 binding of VEGFA165, A121 ( in vitro), B, and C, and placental growth factor 
(PlGF), as well as Nrp2 binding to VEGFA165, A145, and C, and platelet-derived 
growth factor, are described [130].

Nrp1 knockdown in zebrafish, similar to VEGFR2 knockdown, negatively af-
fects the establishment of an intersegmental circulation, whereby the Nrp1 and 
VEGFR2 double knockdown synergistically aggravates this phenotype [131]. Simi-
larly, Nrp1 knockout mice are embryonically lethal due to impaired heart develop-
ment and defective EC migration [132, 133]. Endothelial-specific knockout of Nrp1 
also leads to underdeveloped and enlarged vessels [134, 135]. Transgenic mice ex-
pressing an Nrp1 mutant form unable to bind Sema3A (Nrp1Sema−), yet still able to 
bind VEGF, show no vascular phenotype, indicating that Sema3A/Nrp signaling 
is not required during vascular development but VEGF/Nrp1 signaling is essential 
[134]. Consistently, as mentioned above, Sema3A knockout mice present no, or 
very mild (depending on the genetic background), vascular phenotype, but do pres-
ent strong axonal patterning defects [123].

Structural studies showed that Sema3A and VEGF do not compete for bind-
ing to Nrp1, but have different binding sites in the extracellular domain of Nrp1 
[136] (Fig. 11.4e). To further understand the function of Nrp1, functional blocking 
antibodies specific to Sema- or VEGF-binding domains of Nrp1 were generated 
(anti-Nrp1A anti-Nrp1B, respectively) [137]. Both antibodies prevent Nrp1 complex 
formation with VEGFR2 but have little effect on VEGFR2-mediated events. Ap-
plication of each of the antibodies reduced neovascularization in the rat corneal 
pocket assay and vascular remodeling in neonatal mouse retinas in vivo (anti-Nrp1B 
showed a more potent effect) [137]. These antibodies also reduced VEGF-induced 
EC migration and sprouting in vitro, thus indicating that, despite the fact that VEG-
FR2 signaling still occurs, an Nrp1/VEGFR2 complex is required for proper angio-
genesis.

In vivo and vitro experiments show that Sema3A has antiangiogenic proper-
ties and inhibits VEGF-induced EC proliferation, migration, and survival [138] 
(Fig. 11.4e). Sema3A stimulation blocks VEGF-induced FAK and Src (but not Erk) 
[139] without affecting VEGFA165-induced phosphorylation of VEGFR2 [140], 
thus indicating that Sema3A blocks VEGF-mediated effects downstream of the re-
ceptor activation (Fig. 11.4e). Sema3A stimulation of HUVECs induces rapid col-
lapsing of the actin cytoskeleton, which might be one of the key explanations for 
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the reduced effect of VEGF-induced angiogenesis and proliferation in vitro [140]. 
Interestingly, Sema3A induces Nrp1-dependent vascular permeability by itself and 
even potentiates VEGF-induced vascular leakage in vivo via phosphorylation of 
VE-cadherin [139].

Neuropilins are single-pass transmembrane proteins possessing a short intracel-
lular C-terminal domain that contains a PDZ domain. The generation of a transgenic 
mouse line lacking the Nrp1 intracellular domain demonstrated that this domain 
is not essential for developmental angiogenesis but is important for spatial sepa-
ration of retinal arteries and veins [141] and for VEGF-dependent developmental 
and adult arteriogenesis [142]. Arteriogenesis defects were due to the absence of a 
PDZ-dependent interaction between Nrp1, VEGFR2, and synectin, which delayed 
the endocytic trafficking of VEGFR2 upon VEGF binding and led to reduced ERK 
activation, which is required for proper arteriogenesis [142]. Interestingly, Nrp1 
endocytosis in response to VEGFA165 and Sema3C stimulation appears to be dif-
ferent, whereby VEGFA165 induced clathrin-mediated uptake and Sema3C lipid 
raft-dependent endocytosis [143], indicating that Nrp1 trafficking is determined by 
its ligand. A role for Sema3D/Nrp1 signaling in pulmonary venous patterning was 
also described. During development, Sema3D-expressing cells form a boundary 
that restricts the pulmonary endothelium expressing Nrp1 [144]. Sema3D consis-
tently acts as a migratory repulsive cue via Nrp1 signaling in ECs in vitro [144].

Nrp2 forms complexes with PlexinA1–4, PlexinD1, VEGFR2, and VEGFR3. 
Different semaphorins, VEGFA, PlGF, and VEGFC bind Nrp2 [115]. In the vas-
cular system, Nrp2 is mainly expressed in vein and lymphatic ECs. Consequently, 
Nrp2 null mice show fewer and smaller lymphatic vessels [145]. Application of a 
functional blocking antibody for Nrp2 to mouse embryos recapitulates the lymphat-
ic defects shown in Nrp2 null mice [146]. Apart from acting via VEGF signaling, 
Nrp2 also seems to affect the vascular system upon binding to class 3 semapho-
rins. Sema3G is expressed in the angiogenic vasculature and regulates angiogenic 
sprouting in an autocrine manner. Sema3G signaling via Nrp2 was found not only 
on ECs but also on paracrine SMCs. Interestingly, full-length Sema3G binds to 
Nrp2 and acts on SMCs to induce migration, whereas processed cleaved Sema3G 
can bind Nrp1 and Nrp2 but are not able to induce SMC migration [147]. Sema3F, 
which also binds Nrp2, inhibits VEGFA165-induced HUVEC proliferation and 
tube formation in vitro, as well as VEGFA165-induced vascularization of alginate 
cell encapsulated plugs in vivo [148].

11.5.3  Role of Class 6 Semaphorins in the Vascular System

It has recently been described that Sema6A participates in angiogenesis. One study 
shows that Sema6A is expressed in ECs during phases of angiogenesis or vascular 
remodeling, and regulates EC survival and growth by modulating VEGFR2 ex-
pression and signaling [149]. Moreover, Sema6A null mice are vital and appear 
to show reduced developmental angiogenesis associated with increased EC death 
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[149]. In contrast to a proangiogenic, prosurvival role for Sema6A, another study 
shows that Sema6A acts as an angiogenesis inhibitor and its expression is controlled 
by miRNA27a/b [150]. In vitro, the extracellular domain of Sema6A is sufficient 
to inhibit VEGF-mediated Src, Erk, and FAK activation in ECs and inhibit angio-
genesis [151].

Apart from Sema6A, not much is known about other members of the Sema6 
proteins. However, Sema6B silencing in HUVECs inhibited FGF-induced prolif-
eration, and Sema6D expression levels were increased in gastric carcinoma samples 
[129, 152]. These results point to a more proangiogenic function of sema6 direction 
for Sema6 members, which needs to be further evaluated, especially with regard to 
Sema6A.

11.5.4  Semaphorins and Their Receptors in Pathological 
Angiogenesis

Different semaphorins have been shown to play a role in cancer, a disease in which 
they have been mostly studied. Semaphorins are known to affect tumor progression 
by either acting on tumor cells directly, on the tumor microenvironment, and/or by 
modulating tumor angiogenesis [153]. Expression of semaphorins and their recep-
tors has been found not only on tumor cells but also on different cellular types of 
the tumor microenvironment, including ECs. Moreover, the expression of certain 
semaphorins and their receptors seems to be regulated in response to hypoxia [154]. 
While certain Semaphorins display proangiogenic and protumorigenic properties 
(Sema4D), others seem to function as antitumor molecules (Sema3A, Sema3B, 
Sema3E, Sema3F, and Sema3G) (Table 11.1). Here we focus on describing the main 
effects of the different semaphorins on tumor ECs and tumor angiogenesis.

Semaphorins with Antiangiogenic Properties in Tumors Similar to developmental 
angiogenesis, class 3 semaphoring are also the best-studied semaphoring family 
members in tumor angiogenesis, displaying primarily inhibitory effects (Table 11.1). 
Using three different tumor models, it was shown that Sema3A is expressed in ECs 
in premalignant lesions and that it becomes downregulated in the tumor endo-
thelium, correlating with enhanced vascularization and tumor progression [155]. 
Similarly, downregulation of Sema3A expression levels (as well as Sema3B and 
Sema3F, see below) correlates with increased invasiveness in breast cancer samples 
[156], thus suggesting a role for Sema3A as an antiangiogenic molecule in can-
cer. Indeed, pharmacological inhibition of Sema3A in these tumors led to enhanced 
angiogenesis and tumor progression. Moreover, ectopic administration of Sema3A 
decreased neovascularization and tumor development, accompanied by enhanced 
vascular normalization and pericyte recruitment [155]. In line with this, systemic 
Sema3A overexpression or tumor-targeted Sema3A delivery was shown to inhibit 
vessel function and increase tumor hypoxia and necrosis [157]. Anti-Nrp1 treatment 
in combination with anti-VEGF antibodies consistently shows an additive effect in 
reducing tumor growth and vascular density with lack of pericyte coverage [137].
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Sema3F has also been shown to block tumor angiogenesis. It is markedly down-
regulated in highly metastatic human cell lines. When metastatic cells are trans-
fected with Sema3F and implanted into mice, the resultant tumors do not metas-
tasize but rather show large areas of cell death and less vascularization [158]. In 
addition, different tumor cells transfected with Sem3F develop smaller tumors with 
a significant lower concentration of blood vessels [159, 160]. In vitro, tumor cells 
expressing Sema3F chemorepelled endothelial and lymphatic cells via Nrp2 [158]. 
Interestingly, expression of Sema3F and Nrp2 are regulated by the tumor suppressor 
p53 [158].

Sema3G, Sema3B, and Nrp2 expression were found to correlate in glioma patient 
samples with prolonged survival [161]. Moreover, tumor cells expressing Sema3G 
or Sema3E, and implanted in the mammary fat pads of mice, develop tumors with a 
significantly reduced amount of tumor vessels compared with control cell suppres-
sion [162, 163]. Exogenous Sema3E consistently inhibits tumor angiogenesis [128].

Semaphorins with Proangiogenic Properties in Tumors Sema3C is the only member 
of the Sema3 subclass described so far to exert a proangiogenic effect (Table 11.1), 
even though the amount of literature is limited. Sema3C was found to be highly 
expressed in neoplastic cells of human gastric cancer samples and to be mainly 
located at the invasive front [164]. Using an orthotopic model in nude mice gastric 
cancer cells with silence Sema3C led to reduced primary tumors, reduced metastatic 
liver tumors, and reduced vessel density. In vitro, capillary-like tube formation was 
reduced by the addition of culture media of Sema3C-deficient tumor cells compared 
with media of control tumor cells [164].

Class 4 semaphorins are cell membrane anchor proteins mainly characterized 
to have a proangiogenic function. Among these, Sema4D is the most studied. (Ta-
ble 11.1). Sema4D is expressed by several carcinoma cells derived, for example, 
from prostate, colon, breast, and lung tissue, as well as in head and neck squa-
mous cell carcinomas. Its receptor, PlexinB1, is primarily expressed by ECs of these 
tumors [165]. Sema4D knockout mice show decreased tumor progression when 
challenged by a tumor-grafting assay [166, 167]. Tumor vasculature increase in 
oral squamous cell carcinoma xenograft models could be blocked with functional 
antibodies against Sema4D, thus indicating a proangiogenic role for Sema4D in 
these tumors [168]. Moreover, it could be shown that Sema4D specifically derived 
from tumor-associated macrophages (TAMs) appears to be important for neovascu-
larization [166]. Sema4D synergizes the effects of VEGF and possesses a similar 
expression pattern as VEGF. In addition, its expression is regulated by hypoxia 
[167, 168]. Mechanistically, it was shown that membrane-bound Sema4D can be 
proteolytically cleaved by type-1 matrix metalloproteinase MT1-MMP (expressed 
by several tumor cell lines) to then bind its receptor, PlexinB1, in ECs and initiate 
the proangiogenic response [169]. Following its binding to PlexinB1, Sema4D pro-
motes the phosphorylation of two receptor tyrosine kinases, Met and Ron, leading 
to induction of angiogenesis, tumor invasion, and metastasis [170].

Role of Semaphorins in Other Pathological Angiogenesis Conditions: Isch-
emia Ischemic retinopathies, characterized by increased extraretinal vessels, show 
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(when recapitulated in in vivo mouse models) increased levels of PlexinD1 in blood 
vessels [126]. Consistent with an antiangiogenic role for Sema3E, pathological 
progression of ischemic retinopathy was reduced by intravitreal administration of 
Sema3E [126]. Moreover, Sema3E and PlexinD1 are upregulated in ischemic limbs 
but also in response to hypoxia and diabetes. Consequently, VEGF treatment sub-
tly improved neovascularization in these ischemic models due to intrinsic Sema3E 
inhibition. However, VEGF treatment with additional blocking of Sema3E/Plex-
inD1 signaling increased vascular recovery [171]. Sema3A is also secreted by 
hypoxic neurons in the avascular retina and prevents vascular regeneration of the 
ischemic retina. Silencing Sema3A expression consistently enhances normal vascu-
lar regeneration [172].

Sema4A, as well as its receptors PlexinB2 and PlexinD1, are found on immune 
cells such as monocytes and macrophages, and macrophage activation leads to an 
increase in Sema4A, PlexinB2, and PlexinD1 expression [173]. In an in vivo cardiac 
ischemia/reperfusion model, Sema4A is highly expressed in the macrophages re-
cruited to the ischemic area, and sustains macrophage-induced angiogenesis [173]. 
Acting via PlexinD1, Sema4A leads to enhanced expression of VEGF in macro-
phages, which in turn acts on ECs to induce an angiogenic response [173].

11.6  Conclusions

Discovery of the molecular link between the neuronal system and the vascular sys-
tem within the last years has expanded and modified our understanding of angiogen-
esis. The previous portfolio of angiogenic signaling factors such as VEGF–VEGFR, 
Dll4–Notch, or angiopoietins–Tie receptors has been substantially enriched with 
the appearance of a whole set of neuronal molecules that also modulate vascular 
responses in health and disease. The prior, historically described canonical axon 
guidance cues (netrins, slits, ephrins, and semaphorins) astonishingly integrate into 
the concept of angiogenesis. Their overall effects in the vascular system appear to 
be very similar to their role in a neuronal context (Fig. 11.5). Interestingly, dur-
ing an angiogenic process, each guidance cue appears to exert a distinct function. 
The range of action of these canonical axon guidance factors is quite broad, start-
ing from the induction and maintenance of an activated vasculature, including the 
directed guidance of angiogenic tip-cell ending, and ending in the regulation of 
vascular-quiescence and crosstalk with other cell types.

The effect of netrin signaling in the angiogenic context is highly dependent on 
the receptor composition of cells of the vascular compartment. In particular, Netrin/
Unc5 interactions show the capacity to stabilize the vasculature (Fig. 11.5). Netrin/
Unc5 signaling on vascular sprouts might be seen as a mechanism to strengthen the 
newly formed vessels and thereafter prevent hypervascularization. Similarly, slits 
and their Robo receptors stabilize newly grown vessels by affecting stalk cells and 
regulating mural cell coverage (Fig. 11.5). Could Slit/Robo signaling, in addition 
to Dll4–Notch, be another set of ligand/receptor pairs that establish and maintain 
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tip/stalk cells? Moreover, some semaphorins functionally support the induction of 
the tip-cell phenotype (Sema/Plexin signaling) and mainly affect tip cell sprouting 
(Fig. 11.5). Similar to descriptions in the axonal growth cone, semaphorin signal-
ing induces remodeling of the actin cytoskeleton that in turn influences the further 
path of the newly growing vessel. Lastly, membrane-bound ephrins and their Eph 
receptors function overall as a bidirectional signal transducer between ECs, or be-
tween ECs and their surrounding tissue, which serves as a powerful property to pass 
on signals and affect a larger amount on cells within the vascular/cellular network 
(Fig. 11.5).

How the molecular mechanisms by which the different canonical axon guid-
ance cues act on blood vessels and how some of them crosstalk and interact with 
other vascular signals, such as VEGF/VEGFR and Dll4/Notch, is becoming clearer. 
Moreover, interactions between receptors of netrins and slits have also been shown. 
Thus, further investigations into the molecular mechanisms that are controlled by 
these guidance factors and how their signaling is integrated to elicit a specific cellu-
lar response will help to expand our understanding of vascular, and perhaps neural, 
development and tissue homeostasis.

Fig. 11.5  Integrative overview of the role of axon guidance cues in angiogenesis netrins, slits, 
ephrins, and semaphorins have a defined role in the vascular system. Remarkably, all molecules 
possess their own functional mechanisms and influence the vascular system at diverse levels, 
reaching from activated angiogenic sprouts, over the communication between cells within the 
vascular compartment, and up to the crosstalk of endothelial cells with the surrounding tissue. This 
scheme summarizes their functions and illustrates the site of their effect. (Adapted with permission 
from Macmillan Publishers Ltd: Kitajewski [175], copyright 2011)
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Finally, each of these canonical guidance signals seems to also play a role in 
pathological angiogenesis, primarily shown so far in a cancer setting. A better un-
derstanding of how netrins, slits, semaphorins, and ephrins affect angiogenesis in 
disease conditions will benefit the future design of therapeutic strategies that might 
help combat cancer and ischemia.
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Chapter 12
The Vasculature in the Diseased Eye

Hans-Peter Hammes

12.1  Introduction

The retinal vasculature is the only microvascular system that can be assessed 
non-invasively. While ultrasound and contrast-enhanced angiograms map the 
body vasculature at a resolution of millimeters, fundus imaging can display the 
microvasculature in the range of 20 µm of vessel diameter (Fig. 12.1). Although 
capillaries can only be visualized through contrast enhancement (termed fluores-
cence angiography) the retinal imaging has gained an enormous interest during 
recent years because of its mirror function of the body’s entire vasculature.

One disease that frequently strikes in the eye is diabetes, and diabetic retinopa-
thy is a frequent encounter in daily medical care. The purpose of this chapter is to 
a. outline the clinical features of diabetic retinopathy, b. describe model systems 
which are used to assess the pathogenesis of diabetic retinopathy, and c. to align 
current knowledge about functional and structural abnormalities caused by factors 
or pathways discussed elsewhere in this book.

12.2  A Brief Epidemiology of Diabetic Retinopathy

Diabetic retinopathy is a frequent complication of diabetes of both, type 1 and 
type 2. The overall prevalence of any diabetic retinopathy worldwide is 34.6 %, 
and of sight-threatening diabetic retinopathy (either clinically significant mac-
ular edema (CSME) or proliferative diabetic retinopathy) is 10.2 % [1]. The 
highest prevalence rates is in African americans and the lowest is in asians. 
Retinopathy is more frequent in type 1 than in type 2 diabetes, and increases with  
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disease duration, higher glucose/HbA1c levels, blood pressure, and cholesterol. 
Recent reanalysis of the landmark Wisconsing Epidemiology Study of Diabetic 
Retinopathy (WESDR) revealed a cumulative incidence of any retinopathy in 
the cohort surviving 25 years of 97 %, a cumulative rate of retinopathy progres-
sion of 83 %, and a rate of progression towards proliferative retinopathy of 43 %. 
These data confirm, that even after many years of implementation of novel thera-
pies such as intensified insulin therapy, there is still an almost 100 % chance to 
develop some, and a 50 % chance of developing sight-threatening retinopathy 
requiring laser therapy. A recent survey of 8700 type 1 diabetic patients from a 
large data base in Germany and Austria demonstrated a cumulative proportion of 
any retinopathy of 84.1 %, after 40 years of diabetes, and a cumulative proportion 
of 50.2 % of advanced retinopathy [2] confirming the above numbers also apply 
to the local setting. However, advanced proliferative stages appear to decline to 
some extent in incidence [3]. The follow-up analysis of the Diabetes Control and 
Complication Trial/Epidemiology (DCCT/EDIC) suggests that the earlier nor-
moglycemia is established, the better the retinal outcome is. Comparing the two 
treatment groups of DCCT after 30 years of disease, the cumulative incidence of 
PDR was 21 % in former intensive group, and 50 % in the former conventional 
group. The latter was comparable with the 47 % cumulative incidence of a popu-
lation based group of similar diabetes duration. The implementation of strict 
glycemic control and other measures to normalize the metabolic profile in type 1 
diabetes will further decrease the incidence of diabetic retinopathy. This and the 
translation of DRS and ETDRS findings, which demonstrated that timely laser 
treatment preserves vision, into treatment of advanced retinopathy stages may 
also affect visual prognosis in type 1 diabetes [4]. At present, it remains unclear 
whether the trend of declining retinopathy also applies to type 2 diabetes. On one 
hand, the numbers of persons with type 2 diabetes increases dramatically (ris-
ing the numbers of susceptible patients), on the other hand, implementation of 

Fig. 12.1  45 ° Fundus photo-
graph of a 35  year old type 1 
diabetic patient after 12 years 
of disease. No signs of dia-
betic retinopathy detectable
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metabolic control, polypharmacy, and timely treatment, in particular for CSME, 
reduces the numbers of patients with vision threatening retinopathy.

Diabetes is a systemic disease, affecting other organs, such as the kidney. Co-
incident nephropathy has a major impact on the progression of retinopathy to 
vision-threatening stages in both, type 1 and type 2 diabetes. Almost all patients 
with proliferative diabetic retinopathy have some degree of nephropathy. In the 
WESDR, the odds ratio for having retinopathy in microalbuminuric patients was 
3.78 for the younger and 1.8 for the older group [5]. This association is confirmed 
in a recent study, in which the OR for severe retinopathy in microalbuminuric type 
1 patients was 4.1 [95 % CI 3.4–4.9]. In patients with even more progressed renal 
damage as reflected by the transition to proteinuria, the increase in risk for sight-
threatening retinopathy stages multiplies. In Danish type 1 diabetic patients, the 
5 year cumulative incidence of PDR was 74 % in patients with gross proteinuria, 
but only 14 % in patients without proteinuria. The OR for advanced retinopathy in 
macroalbuminuric patients with type 1 diabetes in a large German study was 8.6 
[95 % CI 6.4–11.5].

Patients with CSME may represent a special subgroup with possible shared 
pathogenesis resulting in a generalized vascular hyperpermeability. In a study of 
40 type 2 diabetic patients, Knudsen et al. found a significant correlation of urinary 
albumin excretion and transcapillary albumin escape rates with diabetic macular 
edema as measured by optical coherence tomography [6]. Since generalized vascu-
lar permeability paralled vascular leakiness in target organs of diabetic injury, the 
conclusion was that with increasing albuminuria the impact on maculopathy would 
also increase. As a clinical correlate, a strong association of CSME with proteinuria 
in type 2 diabetic caucasion patients was found [7]. Together, these data suggest 
that diabetic retinopathy is part of a systemic disease in which the interaction of 
eye and kidney plays a particular role. This needs to be considered when diabetic 
retinopathy is used as a paradigm of a neovascular disease.

12.3  Risk Factors for Diabetic Retinopathy—the Impact 
of Glucose Revisited

Classical risk factors of diabetic retinopathy are disease duration, quality of glucose 
control, hypertension, lipids, gender, and hormonal changes. Chronic hyperglyce-
mia is the single most important risk factor causing diabetic tissue damage, but its 
relative contribution has probably been overestimated since the DCCT and the UK-
PDS have reported beneficial effects of good glycemic control for the prevention 
of diabetic retinopathy [8, 9]. Analysis of the DCCT data revealed that improved 
control (i.e. lowering of HbA1c from 9 to 7 %) reduced sustained retinopathy pro-
gression by 73 %. However, in the analysis of the entire group, HbA1c and diabe-
tes duration (i.e. the measure of glycemic exposure) explained only approximately 
11 % of the variation in retinopathy risk [10]. From that, it was concluded that the 
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remaining 89 % in the variation in risk is explained by factors related to glycemia, 
not reflected by HbA1c.

Moreover, using digitized photographs capturing the retinal vasculature in 
patients whose underlying risk profile differs fundamentally from diabetic patients, 
it was found that up to 12 % of “healthy” (i.e. non diabetic and non hyperten-
sive patients) develop a retinal phenotype that matches mild stages of diabetic 
retinopathy. These data indicate that the retina is affected by mechanisms which are 
unrelated to glycemia, but that hyperglycemia still plays a role in the incipience and 
propagation of retinal damage.

12.4  Retinopathy as a Risk Indicator for Cardiovascular 
Disease

It is well documented that kidney disease is associated with excess cardiovascular 
morbidity and mortality in diabetes. The association between diabetic retinopa-
thy and cardiovascular disease, however, had only been documented for advanced 
retinopathy stages, suggesting that only the subgroup of patients who developed 
proliferative diabetic retinopathy had an increase in cardiovascular mortality that 
was independent of classical CVD risk factors. In fact, the WESDR study was 
the first large study to demonstrate an excess mortality risk of death in patients 
with diabetic retinopathy, independent of important CVD risk factors such as 
age, diabetes duration, glycemia and gender [11]. Interestingly, the retinopathy-
CVD association is less consistent in type 1 diabetes, mostly because of the role 
of age in CVD mortality. According to recent data, however, the risk association 
between retinopathy and CV mortality extends to any retinopathy which indicates 
that the development of any retinopathy in a person with diabetes is a biomarker 
for increased mortality. In this metaanalysis including over 19,000 patients from 
20 studies, the OR for the composite outcome in type 2 diabetic patients, when 
adjusted for CV risk factors, was 1.61 (95 % CI 1.32–1.9) for any retinopathy, and 
4.22 (95 % CI 2.81–6.33) for advanced retinopathy. For type 1 diabetes, the corre-
sponding OR for any retinopathy was 4.10 (95 % CI 1.50-11.18), and 7.00 (95 % CI 
2.22-20.0) for advanced retinopathy. When limiting the analysis to the studies that 
reported all cause mortality, the meta-analysis of the association between presence 
of retinopathy and all cause mortality was approximately 2.5 fold for both, type 1 
and type 2 diabetes [12]. This is a strong indicator that the retinal vasculature is a 
mirror of general vascular risk.

12.5  Retinal Vascular Pathology in Diabetes

The diagnosis and staging of diabetic retinopathy is still based exclusively on signs 
of vascular dysfunction and structural damage. However, novel insights into the 
complex cellular interactions in the diabetic retina indicate that retinopathy is not 
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only vascular disease, and that changes of the neural retina may even precede and 
predict vascular abnormalities (www.laskerfoundation.org/programs/irrf.htm). The 
implementation of sensitive diagnostic tools into research has opened the view on 
retinopathy as being the result of damage to multiple different cell types in the 
retina.

The common characteristics of diabetic vascular damage is increased vascular 
permeability and progressive vascular occlusion. Clinically, retinopathy is devided 
into two distinct stages, non-proliferative and proliferative diabetic retinopathy. Only 
late stages affect vision. Diabetic macular edema is defined as a condition resulting 
from progressive capillary dropout that causes thickening of the macula through 
accumulation of extracellular fluid, frequently accompanied by lipoprotein deposi-
tions and, if the fovea is involved, vision loss. Any of these advanced stages initiates 
with vascular changes which are readily detectable by fundus inspection. The earli-
est and most relevant sign of diabetic retinopathy is the microaneurysm (Fig. 12.2a 
and b). Clinically, it appears as a red dot of > 20 µm in diameter (Fig. 12.2a). Mi-
croaneurysms are often hypercellular, indicating angiogenic activity (Fig. 12.2 b). 
Indeed, microaneurysms are typically located adjacent to areas of capillary dropout, 
suggesting hypoxic stimulation, and are spherical clusters of cells which stain for 
endothelial markers, while endothelial cells in capillaries of the vicinity remain 
mostly negative. This local proliferative response to vascular changes suggests an 
early abortive attempt of neovascularization amidst vasoregression. Later, microan-
eurysms can clinically disappear because intraluminar microthrombi occlude them. 
This can simulate clinical improvement. Both, microaneurysms and dot hemor-
rhages characterize mild non-proliferative diabetic retinopathy. Around capillaries 
and microaneurysms, lipoproteins can leak from capillaries as hard exsudates which 
are yellow, sharply bounded, and variable in size and form. When the macula is not 
affected, vision remains clinically unaltered. With progressive capillary dropout, 
avascular areas become confluent, and the retina responds differently to progres-
sive ischemia. On the arteriolar site, microinfarcts of small arterioles disclose as 

Fig. 12.2  panel a: Fundus photograph of a 48 year old type 1 diabetic patients after 23 years of 
disease. Arrows: microaneurysms/dot hemorrages defining mild non-proliferative diabetic reti-
nopathy Panel b: Retinal digest preparation showing microaneurysms ( arrows) in the vicinity of 
acellular capillaries. Original magnification 200x. Periodic acid Schiff stain
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“cotton-wool-spots”, representing nerve fiber swelling in the inner retina. On the 
venolar site, saccular bulges (“venous beading”) develop which are formed by hy-
percellular venolar segments. Subsequently, new vessel form within the level of the 
retina, or microaneurysms become numerous and leaky. This stage represents se-
vere, (“preproliferative”) non-proliferative diabetic retinopathy at which the risk of 
blinding proliferative disease is high (Fig. 12.3). Proliferative diabetic retinopathy 
is defined by growth of new vessels into the vitreous, mainly originating from pe-
ripheral venules (NVE, neovascularization elsewhere) or from the optic disc (NVD, 
neovascularisation from the disc) (Fig. 12.4). Intravitreal hemorrhages cause acute 
vision loss, while the formation of fibrovascular tissue responding to the intravitreal 
discharge of inflammatory cells and its contraction is the cause of permanent vision 
loss through retinal detachment.

Taken together, the clinical distinction between non-proliferative and prolifera-
tive diabetic retinopathy is based on clinical decision-making, not on the inherent 
underlying vascular processes. From a vascular biology point of view, even the 
initial clinical stages are proliferative in character, suggesting that the retina in dia-
betes responds with a continuum of proliferative vascular changes.

However, in a subset of patients, the tissue response is not angiogenic, but boost-
ing permeability. When the macular is involved, retinal edema becomes particularly 
significant, and the resulting entity is diabetic macular edema, and clinically signifi-
cant, if edema formation involves one disc diameter around the macular. When the 
edema affects the spatial integrity of the macular area, vision may become impaired. 
Clinically, macular edema is frequently accompagnied by hard exsudates which 

Fig. 12.4  Fundus photo-
graph showing neovascular-
ization from the disc

 

Fig. 12.3  Severe non-prolif-
erative diabetic retinopathy 
showing venous beading 
( arrow upper right quadrant), 
intraretinal loop formation 
( arrow lower right panel), 
intraretinal microvascu-
lar abnormalities (IRMA) 
( arrows upper and lower left 
and at the optic disc)
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represent intraretinal extravasations of lipids at the border between edematous and 
nonedematous areas. They are considered hallmarks of focal breakdown of the 
blood retinal barrier, either widespread from large areas of affected capillaries or 
focal from microaneurysms. The parallel occurrence of leaky and non leaky micro-
aneurysms, and the differences in patient characteristics suggests that local factors 
determine the clinical phenotype independent of common underlying pathogenetic 
abnormalities. Notably, the assocation between visual function as measured by acu-
ity, and macular thickness as measured by optical coherence tomography (OCT) is 
not particularly strong which is of clinical importance when anti-edematous thera-
pies are evaluated.

12.6  Animal Models—do they Reflect Clinical 
Retinopathy?

Animal models are widely used to study diabetic retinopathy. This is a. the conse-
quence of the paucity of adequate human material, in particular of early stages, or b. 
the consequence of the availability of models with distinct genetic manipulations, in 
which the retinal phenotype is studied under diabetic conditions, or as a surrogate. 
Animal models are a crucial part to understand the pathogenesis, and to identify 
promising targets for treatment in humans.

Histopathological changes described in animal models of diabetic retinopathy 
may represent only preclinical human retinopathy, as outlined below, and may vary 
depending on the model. The only consistent changes that diabetic animals develop 
are the loss of pericytes and the degeneration of retinal capillaries (also termed va-
soregression). Vasoregression and pericyte dropout also occur in the human diabetic 
retina speaking for the translational validity of animal models. Extensive reviews 
have highlighted the role, advantages and disadvantages, and other aspects of in 
vivo models of diabetic retinopathy [13]. In essence, there is no animal model that 
perfectly reflects human pathology (as there is no animal model of human diabetic 
nephropathy), and the need for such models has been clearly identified (see www.
diamap.eu—5- microvascular complications). It must be emphasized that there is 
no diabetic animal that develops proliferative retinopathy comparable to humans. 
The reason for this observation is unclear, and short life span and differences in bio-
chemical and cell biological factors have been cited as underlying causes. Thus, the 
rationale to study pathogenetic aspects in diabetic animals that develop only pre-
clinical lesions is to identify mechanisms that are involved in the incipient changes 
in the diabetic retina such as pericyte loss and/or vasoregression for which human 
material is unavailable.

In chemically induced and spontaneous diabetic rats, pericyte dropout, acellu-
lar capillaries and basement membrane thickening consistently develop. Acellular 
capillaries become significantly more numerous after 6 months of diabetes, with 
considerable variability in different rat strains. As a consequence, treatment op-
tions studied for periods shorter than 6 months may have addressed mechanisms 
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unrelated to the underlying pathogenesis. Pericyte dropout when assessed as peri-
cyte “ghosts” succeeds also at 6 months of diabetes duration, but is identified earlier 
when quantitative retinal morphometry by image analysis is used [14]. Microaneu-
rysms occasionally develop in the diabetic rat retina, but after extended disease du-
ration (difficult to achieve in diabetic rats). No other lesions develop reproducibly. 
Diabetic mice of either type of diabetes develop similar lesions within comparable 
time frames as do rats, but the degree of cellular change is, to some extent, smaller, 
and gender effects on glycemia and retinopathy development may be stronger.

12.7  Mechanisms of Diabetic Microvascular Damage

The ability of a cell to cope with high ambient glucose is a crucial determinant to 
explain differential susceptibility of organs towards hyperglycemic damage. Vas-
cular endothelial cells do not show changes in glucose transport rates when ambi-
ent glucose is high, which can result in elevated intracellular glucose [15]. The 
biochemical consequences of this phenomenon have become known as the “uni-
fying hypothesis” about which excellent reviews have been published [16, 17]. 
For the purpose of this chapter, a brief summary is given here. High intracellular 
glucose leads to an increase in oxidative stress from different sources, including 
mitochrondrial overproduction of reactive oxygen species (ROS), enzyme medi-
ated cytoplasmatic ROS production, and receptor mediated ROS generation. As 
the 50 or so different cell types of the retina are per se variably equipped with 
glucose transporters responding to the ambient glucose levels, with receptors re-
sponding to reactive intermediates and advanced glycation endproducts (AGEs), 
and enzymes producing ROS in the cytoplasm, it is likely that not one single 
mechanism is involved. Hyperglycemia activates four major pathogenetic path-
ways which may affect vascular cells in the diabetic retina: a. increased formation 
of AGEs and overexpression of its receptor, called RAGE (receptor for AGEs), 
b. activation of protein kinase C isoforms, c. activation of the polyol pathway, 
and d. activation of the hexosamine pathway. These mechanisms are the result 
of a single upstream event, i.e. mitochondrial overproduction of reactive oxygen 
species. Although some evidence exists that the activation of the polyol pathway 
is also relevant to microvascular changes in diabetes, glucose in diabetic vascular 
cells may not be a substrate for aldose reductase, as the Km of aldose reductase 
for glucose is 100 mM, while the intracellular concentration of glucose endothe-
lial cells exposed to high glucose is in the nanomolar range [18]. In the retina of 
diabetic rodents, activation of the other pathways have been identified.

In general, AGEs form from glucose, glycolytic intermediates such as dicarbon-
yls, and from intermediates of free fatty acid oxidation. Extracellular AGEs form 
from glucose and have a slow formation characteristics, but are found in increased 
amounts in the extracellular matrix. Intracellular AGEs are rapidly formed from 
glycolytic intermediates such as methylglyoxal, and contributes to cell damage 
by three mechanisms: a. modification of protein function, b. alteration of cellular 
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function via receptor recognition, and c. by changes in matrix interactions. AGEs 
can leak from producing cells to the plasma or accumulate on long-lived matrix 
molecules [19]. They can interact with the AGE receptor RAGE on various cells 
which activates the transcription factor NFkB. In the diabetic retina, RAGE has 
been identified on glial cells [20]. RAGE expression is regulated by high glu-
cose in vitro and in vivo, involving methylglyoxal as a stimulator which increases 
NFkB and AP-1 binding to the RAGE promoter. AGEs like ROS can induce the 
overproduction of VEGF by retinal glia. AGEs can cooperate with the hexos-
amine pathway (see below) to modify transcriptional co-repressors changing tran-
scriptional activation of growth factors [21]. Thus, AGEs can mimick hypoxia 
in the diabetic retina. On the contrary, AGEs may interfere with transactivation 
of HIF-1 alpha which mediates hypoxia-stimulated VEGF production. Covalent 
modification of the transcriptional coactivator p300 by hyperglycemia through 
methylglyoxal is responsible for the decreased association with HIF-1 alpha lead-
ing to reduced VEGF transcription [22]. The net balance of pro- versus antian-
giogenic effects of AGEs in the diabetic retina may tip to the antiangiogenic site, 
since vasoregression dominates in the animal model in which these observations 
are made.

Several PKC isoforms are involved in cellular dysfunctions of the diabetic ret-
ina. Persistent PKC activation results from enhanced de-novo synthesis of diacyl-
glycerol from hyperglycemia-induced triose phosphate which is available because 
mitochondrial ROS overproduction inhibitor the glycolytic enzyme GAPDH. PKC 
activation can also result from RAGE activation via AGEs. The role of PKCß ac-
tivation affecting retinal blood flow and permeability has been established [23]. 
Specifically, VEGF activates PKC beta in the retina by membrane translocation 
and subsequent hyperpermeability, which can almost completely be blocked by 
ruboxistaurin. A novel association has been recently reported between pericyte loss 
and PKC δ[24]. PKC δ activation leads to increased expression of SHP-1, a protein 
tyrosine phosphatase affecting PDGF-ß receptor downstream signaling and pericyte 
apoptosis. PKC activation may also affect VEGF transcription which affects vacu-
lar permeability.

The fourth hyperglycemia-driven biochemical abnormality is the activation of 
the hexosamine pathway. Fructose-6-phosphate, diverted from glycolysis, is the 
substrate for fructose 6-phosphate amidotransferase (GFAT) and is converted into 
UDP-N-acetylglucosamine (GlucNac). Specific transferases utilize GlucNac for 
modification of serine and threonine residues. As mentioned, AGE modification of 
the transcriptional repressor mSin3A increases the recruitment of such a transferase 
resulting in the posttranslational modification of SP3, which results in a decreased 
binding to the glucose-sensitive GC box in the angiopoietin-2 (Ang-2) promoter 
[21]. The resulting overexpression of Ang-2 precedes pericyte loss in the diabet-
ic retina, and accelerates the formation of capillary dropout. Ang-2 has also been 
implicated in pericyte migration as an additional mechanism by which incipient 
pericyte loss in the diabetic retina can occur beyond apoptosis [25]. The hexosamin 
pathway was also reported to be relevant for TGF-ß1 and PAI-1 expression, how-
ever, of which the relevance in the diabetic retina has yet to be determined.
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Given the inability to prevent complications by only targeting one of the above 
described abnormalities, a unifying mechanisms was introduced representing a 
common denominator of the biochemical abnormalities, and a mechanism by 
which hyperglycemic memory could be explained. This mechanism conceptu-
ally involves the overproduction of superoxide by the mitochondrial electron-
transport chain. Intracellular excess glucose induces an abnormally high flux of 
electron donors into the mitochondrial electron transport chain. The resulting 
voltage gradient leaks superoxide because electron transfer is blocked at com-
plex III of the electron chain. In endothelial cells exposed to excess glucose in 
vitro, superoxide production and subsequent ROS formation is increased. ROS 
overproduction is blunted by collapse of the gradient through UCP-1 or super-
oxide degradation by dismutase activity. “Rho zero” cells lacking mitochondria 
fail to produce ROS suggesting that mitochondria are an important source for 
ROS overproduction in glucose exposed cells. Mitochondrial ROS overproduc-
tion causes DNA damage which activates the repair/protection enzyme system 
called poly-ADP ribose polymerase (PARP). PARP which normaly resides in 
the nucleus in its inactive form, translocates to the cytoplasm upon ROS activa-
tion causing polymers of ADP-ribose to form. These polymers inhibit GAPDH 
activity which leads to an increase in the glycolytic intermediates which are the 
substrates for the biochemical pathways and thus lead to an overactivation. In 
the diabetic retina, ROS overproduction, PARP activation, increased availability 
of methylglyoxal, activation of the PKC and the hexosamine pathway have been 
detected [18, 26]. Several of these changes are readily reversible upon glucose 
normalisation but cannot explain findings from preclinical and clinical studies 
showing a lasting effect of hyperglycemia despite complete euglycemic restora-
tion. For example, diabetic dogs developed similar degrees of retinopathy when 
treatment was changed from bad to good glycemic control. Clinically, patients 
on good glycemic control over 6.5 years in Diabetes Control and Complication 
Trial persisted to have much lower retinopathy progression during subsequent 
14 years of follow-up, although their glycemia had become identical to former 
control patients whose glycemia had been much worse during the initial 6.5 years 
[27]. This phenomenon termed “hyperglycemic memory” is found in patients 
with type 2 diabetes (“hyperglycemic legacy”) and only glycemic control, but 
not blood pressure control produces such memory in the retina [28]. One cause 
for a memory effect is the covalent attachment of some AGEs to long-lived mol-
ecules such as extracellular matrix components. Another cause is the induction 
of sustained gene expression by glucose-mediated mitochondrial overproduc-
tion involving activating methylation of histones associated with critical gene 
promoters [29]. One example is the activation of the monomethyltransferase 
Set7 which was shown to be induced by transient high glucose levels. Sixteen 
hours of high glucose exposure resulted in 6 days of NF-kB transactivation. The 
Set7 activation led to a transcriptional activation of the p65 subunit of NF-kB 
(lasting for days) which induced proinflammatory cytokine production both in 
endothelial cells in vitro and in diabetic tissues in vivo. The permanent activation 
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was inhibitable by superoxided dismutase and, importantly, by overexpression of 
glyoxalase-1 which is the critical enzyme to degrade methylglyoxal. Similarly, 
increased H4K3 methylation of the SOD2 gene causes downregulation of the 
enzyme activity, and failure to normalize the deficit upon euglycemic reentry 
suggests yet another potential role of epigenetic modifications, caused by ROS 
and AGEs in hyperglycemic memory. Other posttranslational modifications 
occurring in the diabetic setting comprise acylation, acetylation, prenylation and 
ubiquitination, as recently outlined [30].

The validity of the unifying hypothesis has been confirmed in rodents in two 
ways: parameters such as ROS, AGEs, and products of the hexosamine pathway 
have been found in the diabetic rat retina, and b. it was shown that both, catalytic 
antioxidants and metabolic signal blockers are effective in preventing retinal vaso-
regression. As outlined above, ROS lead to an inhibition of GAPDH activity, and an 
increased concentration of intermediates upstream the enzyme block. The resultant 
increased flux through metabolic pathways calls upon stage a strategy that shifts 
glycolytic intermediates such as fructose-6-phosphate and glyceraldehyde-3-phos-
phate from the hexosamine and the AGE pathway into alternative, less toxic path-
ways. Both metabolites are end-products of the non-oxidative part of the pentose-
phosphate shuttle of which transketolase is the rate-limiting enzyme. The cofactor 
of transketolase is thiamine, which can activate the enzyme by 25 %. By contrast, 
the lipid soluble derivative benfotiamine activates the enzyme by 250 % in endothe-
lial cells. Long-term treatment using benfotiamine in models of diabetic retinopathy 
largely prevented vasoregression suggesting that metabolic signal blockade is a use-
ful concept for the prevention of diabetic retinopathy [18].

Recently, a link was proposed between metabolism and physiological angiogen-
esis [31]. The concept implicated that with a reduction of glycolytic flux several 
important functions involved in the regular formation of retinal blood vessels were 
impaired, such as endothelial cell migration, tip cell competence and stalk cell pro-
liferation. Whether such changes are relevant for the early diabetic retina is unclear, 
because a. the findings have been obtained from newborn mice (p5) in which the 
retinal metabolic demand is different than in the adult retina, b. chronic hypergly-
cemia affects glycolysis of retinal cells quite variably since some cells can protect 
themselves from abnormal glucose exposure, while others cannot, c. different cell 
types modify the microenvironment (including glycolysis) via regulating glucose 
transporter activity, and d. the endophenotype of physiological angiogenesis is 
grossly different from diabetic retinopathy.

12.8  Diabetic Pericyte Loss

Pericyte loss is a common and universal finding in diabetic animal models. Ac-
cording to time course studies, pericyte loss in a STZ diabetic rat starts approxi-
mately 2 months after onset of hyperglycemia, and thus precedes the development 
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of vasoregression (i.e. consecutive loss of endothelial cells) by several months. 
The degree of pericyte dropout is equal in the entire retina, suggesting that the 
level of metabolic stress is linked to the level of pericyte dropout in the diabetic 
model [32]. The level of pericyte dropout varies between strains and species, rang-
ing between 15 and 50 % in diabetic rodents after 6 months duration. The cause of 
diabetic pericyte dropout remains still undetermined, although more mechanistic 
insight has been obtained during recent years. The biochemical injury involves 
primarily the capillary endothelium, but there is some evidence that microvascular 
pericytes are specifically damaged by hyperglycemia. Activation of pro-apoptotic 
signalling and apoptosis in pericytes has been observed in vivo, and some of the 
above outlined biochemical changes are harmful to pericytes when present in abun-
dance. For example, AGEs induce dose- and time dependent apoptosis in pericytes 
in vitro through activation of the transcription factor FOXO1, mediated in part 
by p38 and JNK MAP kinases [33]. Repetitive administration of AGEs to non-
diabetic animals induces a selective dropout of pericytes after a short period of time 
[34], and endogenous formation of AGEs which is found in diabetes, accumulate 
in pericytes as well, suggesting that pericytes hava clearing function [35]. Whether 
AGEs kill pericytes in situ has not been conclusively shown and the time course 
of AGE accumulation in pericytes is inconsistent with that of pericyte loss in dia-
betic animals, suggesting that AGES may not be entirely responsible for pericyte 
loss. Additionally, the effect of AGE inhibitors on pericyte dropout is modest at 
best. Alternatively, NF-κB activation and the increase of the extracellular matrix 
protein βIG-H3 can induce pericyte apoptosis, and more recently, it has been dem-
onstrated that hyperglycemia activates PKC-δ and p38 mitogen-activated protein 
kinase [MAPK] leading to pericyte apoptosis and vasoregression independently of 
NF-κB [24]. Thus, a number of mechanisms may exist which operate in parallel to 
induce pericyte apoptosis in the diabetic retina. From model calculations, however, 
it is evident that the degree of apoptotic pericytes in retinal digest specimens of 
diabetic rats is too low to explain the total number of pericytes lost after several 
months. Alternative mechanisms have therefore to be considered, and it was identi-
fied that pericyte loss can also be the result of an active process involving migra-
tion of pericytes away from the capillaries, driven by the angiopoietin-Tie system. 
Gain of function experiments in non-diabetic animals revealed the induction of 
pericyte dropout in the vicinity of Ang-2 overexpressing sites. When these animals 
were rendered diabetic, the formation of acellular capillaries was aggravated link-
ing pericyte dropout with vasoregression under specific conditions. Diabetes in 
mice with a partial Ang-2 deficit yielded the prevention of pericyte dropout and the 
reduction of acellular capillary formation [25]. In the retina, Ang-2 is expressed in 
three cell types, (i) in endothelial cells, (ii) in Müller cells, and (iii) in horizontal 
cells. In diabetes, chronic hyperglycemia increases glucose flux in microvascular 
endothelial cells and Müller cells, causing modification of the corepressor mSi-
n3A by the reactive intermediate methylglyoxal which results in the recruitment 
of the enzyme O-GlcNAc transferase to an mSin3A-Sp3 complex. Subsequent 
modification of Sp3 by O-linked N-acetlyglucosamine decreased its binding to a 
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glucose-responsive GC box in the Ang-2 promoter and the activation of Ang-2 
transcription [21]. These data are consistent with the hypothesis, i.e. that pericyte 
loss in the diabetic retina is actively induced by glial cells overexpressing Ang-2 in 
response to high glucose.

12.9  Permeability as a Function of Vascular Cells

An important aspect of progression of clinical diabetic retinopathy is the increasing-
ly leaky blood brain barrier. Despite major progress in methodologies, the available 
in vitro and in vivo model systems only reflects selected aspects of the human dis-
ease. A recent review by Klaasen, van Noorden and Schlingemann gives a precise 
insight into the state-of-the-art, the limitations and the relevance of molecular basis 
of the blood-retinal barrier for the diabetic retina [36]. Moreover, several chapters 
in this book provide novel insight into the interaction of cells which determine 
retinal blood retinal barrier (Chap. 6 by Bravi and Lambugnani and Chap. 7 by 
Phillipson, Christoffersson, Claesoon-Welsh & Welsh). As noted, the STZ-diabetic 
retina, although developing signs of early diabetic retinopathy, but not of diabetic 
macular edema (in particular as these animals do not have a macula). Signs of hy-
perpermeability in this model are often modest and diffuse, and extrapolation to 
the pericapillary or perimicroaneurysmatic leakage in DME is probably undue. The 
best in-vitro system to study the blood retina barrier should be composed of the cells 
which reflect the complexity of the neurovascular unit (NVU) in the human retina. 
No in vitro system exists that reflects all aspects of the NVU, so that the diabetic 
rodent retina is probably the best approximate, but the lack or paucity of data and 
the gaps in translatability may still be major and explain why some clinical trials in 
humans with DME failed in the past. Novel models have been generated such as the 
Akimba mouse which combines hyperglycemia from Akita parents and photorecep-
tor overexpression of VEGF from the Kimba parents, and their usefulness in closing 
this experimental gap will be demonstrated [37].

The mechanisms underlying the breakdown of the blood retinal barrier are iden-
tical to those discussed for vasoregression, but the cellular events are complex, 
because not only vascular cells (endothelial cells and pericytes) are involved, but 
also neuroglial cells. Conceptually, disruption of the blood retinal barrier function 
in diabetes invokes alterations of junctional proteins, proteins of the transcellular 
transport maschinery, and changes in the structure and composition of matrix pro-
teins. Hyperglycemia causes downregulation of endothelial tight junction proteins 
which represents a major mechanism in BRB breakdown. Additionally, junctional 
molecules are regulated in diabetes by a complex interplay of kinases and phospha-
tases, which, when removed from tight junctional complexes, result in increased 
paracellular permeability. Another level of complexity is added by the regulation 
of VE-cadherin and ß-catenin through hyperglycemia, ROS or shear stress, all of 
which can be found in the diabetic retina, which play an important role not only in 
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the regulation of adherens junctions, but also in intracellular signalling. Caveolin-1 
is a major determinant of a group of molecules involved in the transcellular, but 
also in the paracellular transport, as it determines the expression of tight junction 
proteins. These processes are regulated by hyperglycemia, and are possible targets 
of antipermeability strategies in vivo.

As mentioned, pericytes are selectively and progressively lost in diabetic reti-
nal capillaries. Their physiological role, in particular the contribution to the tight-
ness of the blood-retinal barrier, has been extensively described in a recent review 
by Armulik et al. [38]. Pericytes are critical in the formation and maintenance of 
this barrier which is based, among other factors, on the unusual high number of 
pericytes which cover the retinal capillaries, the high transendothelial electrical re-
sistance that pericytes produce and their ability to regulate endothelial junctions. 
More recently, pericytes were found to regulate transcytosis although the precise 
mechanisms and molecules involved are still not known. The pericyte deficient 
neurovascular unit showed convoluted interendothelial junctions, mislocalized glial 
water pores, increased endothelial vesicles, and upregulated adhesion molecules 
promoting leukocyte adherens to the activated endothelium. These abnormalities 
are largely reminiscent of changes that occur in the diabetic retina.

12.10  The Role of Müller Cells

Another cell of the NVU cooperates in the promotion of altered fluid handling, 
which is the retinal Müller cell. Müller cells are specialized glial cells which span 
the entire thickness of the neural retina. They represent a functional and struc-
tural interface between neurons and blood vessels, and they guarantee the proper 
handling of nutrients waste products, water, ions, and neurotransmitters. Thereby, 
they permit survival and function of multiple neuronal and vascular cells, and 
they regulate blood flow and barrier properties of small vessels [39]. Virtually all 
stimuli can activate Müller cells and Müller cell gliosis is a stereotypical response 
to a plethora of these stimuli. The upregulation of the cytoplasmic glial fibrillary 
acidic protein (GFAP) is a representative of gliosis, and observed from the early 
stages of DR on [40]. Although it has been suggested that the Müller cell gliosis 
in DR is a general change that occurs in response to pathogenic factors such as 
ischemia-hypoxia, oxidative stress or chronic inflammation [41], the time course 
of GFAP upregulation in vivo favours reactive oxygen species and hyperglycemia-
driven water and ion imbalance as the major trigger. Interestingly, Müller cells 
which become activated respond by the release of neurotrophic factors and may 
represent a response to injury to limit damage. However, with persisting stimuli, 
the same cells progressively interfere with regular tissue repair and thus promote 
neurodegeneration. Additional contribution to tissue damage can result from the 
persistence of ion and water dysbalance and impaired neurotransmitter removal. 
The overexpression of heat shock proteins in Müller cells of diabetic rats may thus 
represent an adaptive response to maintain homeostasis and to protect neurons, 
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but can also, if persistent, insult vascular cells and cause vasoregression [40, 42]. 
Similarly, the production of NO from Müller cells can be both, beneficial and 
harmfull. Müller cells constitutively express NO synthases and upregulate the ex-
pression of the inducible form of NO synthase in DR [43]. Low levels of NO are 
beneficial for neurons, platelet function and retinal perfusion, while high levels 
are neurotoxic [44, 45]. Thus, the same gliotic reaction may induce beneficial and 
detrimental effects, depending on the duration and/or amplitude of the trigger. Hy-
perglycemic NO overproduction also induces cytotoxic prostaglandins from Mül-
ler cells, as well the release of VEGF and bFGF, which are neuroprotective, but 
tend to damage when produced persistently.

Despite the concerted proangiogenic activity that is found in the diabetic rat and 
mouse retina, the absence of any proliferative retinopathy and the limited intracapil-
lary endothelial proliferative response is surprising and cannot be explained by the 
short life span of these animals, but should give reason to reconsider both the pro- 
as well as the less well characterized anti-angiogenic mechanisms that may exist. 
Müller cells stimulated by hyperglycemia produce proinflammatory cytokines such 
as interleukin1ß, interleukin 6, and tumor necrosis factor-α. These cytokines have 
been demonstrated to affect several of the structural and functional parameters, in-
cluding pericyte dropout, vasoregression, and leakage [41].

12.11  The Role of Microglia

Another cell component of the neurovascular unit is the microglia. These retina-
based cells are constituents of the innate immunity system, and respond to danger 
signals by upregulation of M1 cytokines. A subpopulation of microglial cells is acti-
vated early during diabetic retinopathy, and some of the inflammatory signal can be 
blunted by minocycline, an antibiotic with strong anti-inflammatory properties, and 
with a peptide that mimicks the tissue-protective properties of erythropoietin [46]. 
In a rat model of retinal degeneration, we recently indentified activated microglia 
as one of the mediators of vasoregression. CD-74 was identified as an activation 
marker of glial cells, and the CD-74 positive microglia was found on degenerating 
retinal capillaries [47, 48]. Depletion of activated microglia by clodronate coated 
liposomes alleviated vasoregression. Similar mechanisms have yet to be identified 
in diabetic models, but preliminary data suggest that both, hyperglycemia and reac-
tive alpha-oxoaldehydes activate retinal microglia (Hammes et al. unpublished).

12.12  Leukostasis, Endothelial Damage and Retinal 
Inflammation

Leukocytes interact and bind to adhesion molecules which are upregulated in the 
diabetic retinal vasculature such as ICAM-1 and VCAM, driven by PKC-NF-kB 
regulatory axis [49]. The major ligand/receptor pair mediating adhesive interactions 
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between leukocytes and retinal endothelial cells is the ß2-integrin-ICAM-1 system. 
A second pathway that promotes leukocyte-endothelial interaction is the enzyme 
6-N-acetyl glucosamine-transferase (core 2 GlcNac-T) in leukocytes which results 
in glycan modification on the leukocyte surface, promoting leukocyte rolling in-
teractions with endothelial selectins [50]. A third pathway involves the interaction 
of the receptor for AGEs RAGE and the ß2-integrin Mac-1 [51]. RAGE-mediated 
leukocyte recruitment in vivo is particularly important in diabetic mice. Conse-
quently, leukostasis may affect the retinal microvasculature mostly by two mecha-
nisms which can be interrelated, one being the occlusion of the microvascular bed, 
the other one being the direct endothelial cell injury by secretion of cytotoxic fac-
tors or by interaction of the Fas-Fas-L ligand receptor system. Apart from technical 
aspects confounding the results obtained when leukostasis is measured by the ex 
vivo technique, it has been shown that leukostasis is probably not causal for retinal 
vasoregression as it was shown that retinal capillary occlusion was not affected al-
though leukostasis was inhibited, and vice versa [26]. Leukostasis may thus not be 
essential for the development of vasoregression in the early diabetic retina.

12.13  Advanced Retinopathy

With progressing ischemia, the diabetic retina provides evidence first for intrareti-
nal, and then for preretinal neovascularization by sprouting angiogenesis. The pre-
dominant but not exclusive growth factor involved is vascular endothelial growth 
factor [52]. Properties of VEGF comply with pathological angiogenesis and in-
creased permeability. The strongest signal for VEGF regulation is hypoxia, but in 
the diabetic retina, glucose, glycolytic intermediates, ROS and AGEs can all con-
tribute to upregulation of VEGF. The signalling pathways of VEGF are outlined 
elsewhere in this book. VEGF may have mechanistic companions which can ex-
plain the observation that one third of patients with active proliferative diabetic 
retinopathy have excess vitreous levels of VEGF while two third have VEGF levels 
which are comparable to those with quiescent PDR but show active neovasculariza-
tion. One such candidate that can complement the neovascular potential of VEGF is 
erythropoietin [53]. Like VEGF, its transcription in the retina is hypoxia-driven, it is 
found in considerable amounts in the vitreous of patients with proliferative diabetic 
retinopathy, and its inhibition reduces experimental proliferative retinopathy in 
newborn mouse oxygen-induced retinopathy (OIR) models. Furthermore, patients 
who receive erythropoietin in larger doses are at higher risk to develop retinopathy 
when hypoxia is present in the retina.

Various other growth factors such as TNF-a, Ang-2, erythropoietin, GH/IGF-1, 
MCP-1, and SDF-1 have been identified in ocular fluids of patients with prolif-
erative diabetic retinopathy and diabetic macular edema, but none of them has a 
proven clinical role [54, 55]. Novel cytokines continue to be identified from the 
vitreous of PDR patients, with many of them showing a significant correlation with 
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VEGF, but with others that do not. These are considered candidates which may be 
developed for co-administration with anti-VEGF antibodies, or as alternatives when 
anti-VEGF therapy is ineffective.

12.14  To be Considered

Many of the preclinical compounds which are developed to inhibit proliferative 
diabetic retinopathy are spin-offs from antiproliferative or tumor therapy. Most of 
these drugs have targets whose expression as never been studied in a human pro-
liferative diabetic retina, because the appropriate material is not available. There-
fore, the mouse OIR model serves a surrogate for proliferative diabetic retinopathy 
and mimicks essential steps of angiogenesis. The largest difference between this 
model and the human diabetic disease is defined by the large impact of irrevers-
ible glucose-mediated tissue damage of long-standing diabetes in contrast to the 
developmental angiogenesis of the newborn mouse. As the transcriptom and the 
make-up of the tissue scaffold in proliferative diabetic retinopathy is likely to be 
very different from all experimental models developed so far, preclinical data inter-
pretation should focus on the inconsistencies rather than the consistencies between 
the experimental model and the clinical pattern.
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Chapter 13
The Angiopoietin—Tie System: Common 
Signaling Pathways for Angiogenesis, Cancer, 
and Inflammation

Yvonne Reiss, Alexander Scholz and Karl H. Plate

13.1  Introduction

Angiogenesis involves the complex signaling between multiple angiogenic growth 
factors, and requires the coordinated interaction between endothelial and adjacent 
cells. Gene ablation studies in mice identified vascular endothelial growth factor 
(VEGF) as the principal molecule that drives endothelial cell sprouting and primary 
network formation [1–4] (see also Chap. 1). In contrast, angiopoietin/Tie signal-
ing is important at subsequent stages of vascular development through the control 
of vessel remodeling and maturation [5, 6]. Ang1 and Ang2 act as agonistic and 
antagonistic molecules on the tyrosine kinase with immunoglobulin (Ig) and epi-
dermal growth factor (EGF) homology domains (Tie2). Ang1 has the capability 
to activate Tie2, while Ang2 has been identified as a context-dependent inhibitory 
ligand [7–10]. Ang2 overexpression in transgenic mice leads to an embryonic lethal 
phenotype similar to Ang1 or Tie2 deletion [8, 9, 11, 12]. Those early genetic stud-
ies dating back to the 1990s implied that signaling through Tie2 is dependent on the 
balance of Ang1 and Ang2. In the quiescent vasculature in adults, Ang1 provides a 
basal signal through constitutive Tie2 phosphorylation to maintain endothelial cell 
integrity [13] (Fig. 13.1). In contrast, under pathological conditions, Ang2 coun-
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teracts these effects and leads to vessel destabilization, thereby allowing plasticity 
[14]. Hence, Ang2 is a gatekeeper of vessel growth versus regression and cooper-
ates with additional growth factors, such as VEGF [5, 15] (Fig. 13.1). Similar to 
their functions in vascular development, Ang1 and Ang2 exert adverse functions 
during pathological angiogenesis, e.g. in tumors. Constitutive Ang1 signaling pro-
motes the recruitment of pericytes and leads to vessel stabilization [5] (Fig. 13.1). 
On the contrary, Ang2 is highly upregulated at early stages of tumor progression to 
drive neovessel formation [14, 16, 17]. In addition to the vascular functions, angio-
poietins have also been implicated in the context of inflammation and the recruit-
ment of inflammatory cells [5, 6, 18–20] (Fig. 13.2). Due to these novel functions 
and to the specific expression in angiogenic, but not normal vessels, angiopoietins 
have evolved as a potential target for therapeutic intervention in combination with 
other angiogenic factors [21–24].

13.2  Angiopoietin/Tie Signaling During Development

During embryogenesis, the vascular system is the first organ system that develops 
through the assembly of endothelial/mesodermal precursor cells (angioblasts) by 
a process referred to as vasculogenesis [25, 26]. In this context, VEGF signaling 

Fig. 13.1  Angiopoietin functions in the vasculature. In the adult vasculature, angiopoietin-1 
(Ang1) contributes to the stabilization of pre-existing vessels by providing a basal signal that leads 
to constitutive Tie2 phosphorylation (quiescence). Under angiogenic conditions, Ang2 interferes 
with the Ang1-induced Tie2 phosphorylation. As a consequence, the vasculature is destabilized. 
In conjunction with vascular endothelial growth factor (VEGF), Ang2 induces vascular sprouting
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is crucial for the formation of a primary vascular plexus (E8.5) [27, 28] (see also 
Chap. 1). At later stages (E9.5–12.5), the embryonic vasculature expands by sprout-
ing angiogenesis and maturates through the recruitment of pericytes and smooth 
muscle cells (SMCs). This process is essentially governed by angiopoietin/Tie2 sig-
naling [5, 6, 27]. Angiopoietins are secreted growth factors that exert downstream 
signaling through the Tie2 receptor tyrosine kinase. Tie2 is predominantly expressed 
in endothelial cells. Consequently, deletion of the Tie2 gene leads to embryonic le-
thality around E10.5–12.5 due to cardiac defects and defective remodeling of the 
poorly organized primary vascular plexus [11, 12]. This primitive plexus contains 
fewer endothelial cells that display disrupted interactions with perivascular support 
cells. Further studies also identified irregular hematopoiesis in the Tie2-null ani-
mals [29]. The Tie2 homolog Tie1 receptor tyrosine kinase Tie1 is still considered 
orphan with no apparent ligand. Ang1 has been described to bind and cluster Tie1 
at cell–cell contacts only in the presence of Tie2 [30, 31]. Tie1 deficiency in mice 
leads to embryonic lethality between E13.5 and birth due to defects in endothelial 
cell integrity and the formation of pulmonary edema [12, 32]. In addition, deletion 
of Tie1 affects lymphangiogenesis [33, 34]. However, defects in the lymphatic vas-
culature were manifested prior to vascular alterations around E12.5. In addition, and 
in contrast to Tie2, Tie1 deficiency does not effect definitive hematopoiesis [35].

Fig. 13.2  Role of angiopoietins in the regulation of endothelial cell homeostasis. In the quiescent 
vasculature, paracrine Ang1 signaling leads to the translocation of Tie2 in endothelial cell junc-
tions. Tie2 signal transduction induces survival signals via the PI3K/AKT pathway, and allows 
vessel stabilization by preventing vascular endothelial (VE)-cadherin phosphorylation via the Src 
kinase and mammalian diaphanous ( mDia) [upper right panel]. In angiogenic endothelial cells, 
Ang2 is secreted from Weibel–Palade bodies and acts in an autocrine manner on Tie2, thereby 
interfering with the Ang1-induced vessel stabilization ( lower right panel). Furthermore, Ang2 
interferes with nuclear factor kappa B ( NF-kB) signaling via the adaptor protein ABIN-2, and thus 
promotes the upregulation of adhesion receptors (intercellular adhesion molecule-1 [ICAM-1], 
vascular cell adehsion molecule-1 [VCAM-1]) and the recruitment of immune cells
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Among the identified Tie receptor ligands, Ang1 was soon assigned as the acti-
vating binding partner due to the nearly identical embryonic lethal phenotypes of 
Ang1 and Tie2 mutant mice [7, 8, 11, 12]. Ang1-null embryos display defects in the 
endocard and die by E12.5 due to improper integrity of endothelial and perivascular 
support cells [8]. Ang2 has thereafter been identified as an Ang1 antagonist as spe-
cific expression of Ang2 in endothelial cells leads to an embryonic lethal phenotype 
that phenocopies Ang1 and Tie2-deficient mouse mutants [9]. The agonist-antag-
onist concept of Tie2 activation has been approved in vivo in a gain-of-function 
(GOF) mouse model [36]. However, context-dependent agonistic functions of Ang2 
have also been reported [10, 37, 38]. Notably, Ang2-deficiency (loss-of-function 
[LOF]) is compatible with life, depending on the genetic background, and leads to 
defects in some vascular beds and in the lymphatic vasculature [10].

13.3  Role of Angiopoietins in Adult Physiology

Among the four Angiopoietin ligands, Ang1 and Ang2 are characterized best, while 
Ang3 and Ang4 represent less well-studied orthologs in humans and mice [5, 6, 28]. 
Ang1 is expressed in numerous cell types, including perivascular cells (SMCs and 
pericytes), fibroblasts, osteoblasts, or tumor cells, and acts in a paracrine manner 
on Tie2 [5, 7, 16, 39]. In contrast, Ang-2 is predominantly expressed in endothe-
lial cells and only upregulated at sites of angiogenesis, i.e. during development or 
pathological angiogenesis [9, 10, 15, 16]. Ang2 exerts its functions on the Tie2 
receptor tyrosine kinase in an autocrine manner. Interestingly, Ang2 is not only 
regulated at the transcriptional level upon hypoxia or by cytokine activation but is 
also additionally stored in Weibel–Palade bodies (WPB) [5, 40]. Storage in this par-
ticular cellular compartment, which is special to endothelial cells, allows the rapid 
release of its contents (cytokines, growth factors, adhesion receptors). In addition, 
it elicits immediate responses to stress factors such as histamin, thrombin, etc., and 
provides a link to the inflammatory cascade [18–20, 40] (Fig. 13.2). Ang1 and Ang2 
show high sequence and structure homologies [5, 9, 41]. Angiopoietins consist of 
an amino-terminal (N) domain, a coiled-coil (C) domain, and a carboxy-terminal 
fibrinogen-homology (F) domain [41]. While the F domain is responsible for the 
interaction with the Tie2 receptor, the C-terminal and N-terminal domains are es-
sential for clustering of the ligand. Angiopoietins primarily exist as tetramers and 
higher order oligomers, and structural analysis revealed that at least one tetramer of 
Ang1 is necessary to activate endogenous Tie2 [41–43]. Interestingly, Ang2 occurs 
in the same higher-order multimers as Ang1 but fails to induce receptor activation 
[41, 42, 44]. Originally, it was identified that Ang1 and Ang2 bind to the same do-
mains of Tie2 with similar kinetics (first Ig-like domain and the EGF-like repeats) 
[45, 46]. However, more recent evidence suggests the second Ig domain as the pri-
mary angiopoietin binding site [42]. Hitherto, it is not entirely resolved how Ang1 
and Ang2 achieve the different agonistic versus antagonistic functions, although 
they form remarkably similar complexes with Tie2 [42, 46, 47]. Recent evidence 
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indicated that specific molecular surface structures are important for the interaction 
with Tie2 [47]. In particular, three critical residues within the angiopoietin fibrino-
gen domain are necessary to confer to the differential ligand activities [47].

Tie2 is expressed on vascular and lymphatic endothelial cells and is also present 
on circulating hematopoietic cells, including megakaryocytes and neutrophils [5, 
48]. Additionally, a subpopulation of tumor-infiltrating monocytes has been shown 
to express Tie2 [49–51]. Tie1 is specifically expressed in endothelial cells but does 
not directly bind to angiopoietins [5, 6]. Tie1 is abundantly expressed in the embry-
onic vasculature but its expression subsides with vessel maturation. In the adult, 
Tie1 is induced in malignant melanoma [6, 52] or in areas of disturbed flow in ath-
erogenic vascular niches [6, 53]. Tie1 and Tie2 form complexes at the endothelial 
cell surface, which are mainly mediated by electrostatic forces [54]. The association 
of Tie1 with Tie2 has an inhibitory effect on the receptor, which is independent on 
the Tie1 kinase domain. Interestingly, stimulation with Ang1, but not Ang2, was 
able to dissociate Tie1 from Tie2, leading to receptor phosphorylation [54]. Upon 
stimulation with Ang1, Tie2 not only dissociates from Tie1 but also induces recep-
tor translocation and assembly in distinct signaling complexes [31, 55]. In confluent 
resting endothelial cells, Ang1 induces the receptor translocation to cell–cell junc-
tions and mediates clustering of Tie2 in trans with neighboring endothelial cells. 
This shifts intracellular signals to increased Akt signaling and results in endothelial 
cell quiescence. In contrast, in mobile endothelial cells the interaction of matrix 
bound Ang1 to Tie2 mediates adhesion and induces a promigratory phenotype me-
diated by Erk and Dok-R signaling [31, 55]. Interestingly, Ang2 is additionally able 
to elicit signaling via integrins in Tie2-negative/silenced endothelial cells and thus 
differentially regulates angiogenesis versus destabilization, depending on the pres-
ence of endothelial Tie2 [56, 57].

The deployment of genetic mouse models (GOF/LOF) helped to further un-
derstand angiopoietin signaling in the adult. Ang1 signaling is thus dispensable in 
quiescent vessels in the adult but necessary to modulate vascular response after 
injury [58]. This finding challenges the concept of Ang1 acting as a survival fac-
tor [43]. Nonetheless, Ang1-mediated constitutive Tie2 phosphorylation leads to 
vessel stabilization in the adult vasculature [13, 36]. This signal is antagonized by 
Ang2 in vivo and thus leads to vessel destabilization [36, 59]. Detailed mechanistic 
insights on how endothelial cell stabilization versus destabilization are maintained 
by angiopoietin signaling are rare. Evidence for vascular stabilization and leakage 
resistance mediated by Ang1 was deducted from studies in GOF mice [60, 61]. 
Mice overexpressing Ang1 in the skin display more vessels with larger volume, 
indicative for sprouting [62]. In addition, these mice are leakage-resistant against 
permeability-inducing agents such as mustard oil or are unreponsive against VEGF-
induced permeability [60, 61]. Mechanistically, this effect has been pinpointed to 
the crosstalk between Ang1 and vascular endothelial (VE)-cadherin signaling via 
the small protein kinase Src [63, 64]. In detail, Ang1 stimulation of endothelial cells 
prevents VEGF-induced endothelial cell permeability by sequestering Src through 
mammalian diaphanous (mDia) [63, 64] (Fig. 13.2). Ang2 has been implicated to 
antagonize these functions in vivo (Fig. 13.2) [for details see also Chaps. 6 and 
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8]. Intradermal and tracheal permeability was largely attenuated in an Ang2 LOF 
model [65]. A further study demonstrated direct evidence for the involvement of 
Ang2 in vascular permeability in the skin of Ang2 GOF animals [66]. Hitherto, 
the permeability changes induced by Ang2 were demonstrated merely in peripheral 
vessels. The question arises whether specialized endothelial cells of the brain are 
similarly affected by Ang2 and whether the blood–brain barrier (BBB) easily opens 
upon challenge with Ang2. Until now, evidence in vivo is rare. However, one study 
evidenced that Ang2-mediated BBB impairment was antagonized by an Ang2 in-
hibitory antibody in a brain metastasis model [67].

13.4  Role of Angiopoietins in Tumors

Angiopoietin/Tie signaling has also been implicated to drive tumor progression [22, 
68]. Ang2 has been identified to be expressed early during tumor growth similar to 
the onset of VEGF expression [14, 16, 17]. Ang2 is not expressed in normal vessels 
and thus appears to be critical for tumor initiation (i.e. by vessel cooption) and tissue 
remodeling and has been shown to promote new vessel growth in concert with other 
growth factors [14, 16, 22]. Consequently, high Ang2 levels have been identified in 
the serum of patients with different neoplasias and Ang2 has thus also been impli-
cated as a biomarker for cancer and other pathologies that involve neovessel growth 
or vessel permeability [5, 24]. Numerous studies with genetically engineered tu-
mor cells expressing Ang1 or Ang2 provided evidence that both molecules act as 
agonists/antagonists to induce or inhibit Tie2 downstream signaling [5, 68, 69]. 
Although outcome on tumor growth upon Ang1 or Ang2 expression was sometimes 
controversial (see Reiss [68] for review), the net outcome on tumor angiogenesis 
was similar to findings during developmental angiogenesis, i.e. vessel stabilization 
mediated by Ang1 versus vessel destabilization mediated by Ang2 (Fig. 13.2) [5, 6]. 
Ang1 expression leads to an improved vasculature with more pericytes [5, 6, 68]. 
As a consequence, perfusion of the normally chaotic tumor vasculature is improved 
upon Ang1 expression, a process denominated as ‘vascular normalization’ [70–72]. 
In contrast, Ang2 expression leads to more, but smaller, vessels, which are devoid 
of mural cells [5, 6, 68]. This finding is indicative of an immature vascular pheno-
type, which results in improper perfusion. Our own investigations at the ultrastruc-
tural level in both mouse glioma and breast cancer models showed similar vascular 
changes, indicative of vascular stabilization versus destabilization phenotypes upon 
Ang1 and Ang2 expression [59, 73]. Moreover, studies in transgenic animals sup-
ported the finding obtained in angiopoietin-expressing tumor cell lines. Ang2 LOF 
identifed the rate-limiting role for Ang2 during the early phases of tumor growth, 
possibly also regulating the angiogenic switch [74]. Ang2 GOF in subcutanous tu-
mors (Lewis lung carcinoma) or in the Rip1Tag2 transgenic mouse model further 
supported the proangiogenic and destabilizing functions of Ang2 [75, 76].
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13.5  Angiopoietin Functions in the Recruitment 
of Inflammatory Cells

Aside from the vascular functions, angiopoietins have been implicated as gatekeep-
ers of immediate endothelial responses such as permeability, hemostasis (coagula-
tion), and inflammation [5, 20]. Along with other hemostasis-regulating proteins 
(e.g. von Willebrand factor [vWF], P-selectin, interleukin-8), Ang2 is stored in WPB 
[40]. Mediators contained in WPB can be deployed rapidly in response to signaling 
molecules and mechanical stress [5, 40]. Opposite to this, Ang1 prevents endothe-
lial cell activation and inflammation when overexpressed in the skin of transgenic 
mice [60]. Moreover, Ang1 was capable of counteracting VEGF-mediated skin per-
meability and inflammation when coexpressed with VEGF in transgenic mice [61]. 
Those initial genetic studies indicated that Ang1 is able to circumvent inflamma-
tory reactions by stabilization of the vasculature. In fact, Ang1 has been shown to 
interfere with nuclear factor kappa B (NFkB) signaling through recruitment of the 
adapter protein A20-binding inhibitor of NF-kB 2 (ABIN-2) [77]. Our own studies 
demonstrated that the absence of Ang2 delayed the onset of short-term inflammatory 
reactions in LOF mice, which was restored by administration of recombinant Ang2 
[18]. This implicated antagonistic roles of Ang1 and Ang2 in immediate vascular 
responses, including inflammation (Fig. 13.2) [19]. Mechanistically, the delayed on-
set of inflammatory responses was attributed to extended rolling and the defective 
leukocyte adhesion as evidenced by intravital fluorescence video microscopy [18]. 
Furthermore, by employing a GOF model, i.e. Ang2 expression in endothelial cells, 
we demonstrated that Ang2 on its own was effective in inducing the recruitment of 
innate immune cells and thus served as an instigator of inflammation (Fig. 13.2) 
[78, 79]. In these mice, short-term inflammation was augmented as a consquence 
of prolonged myeloid cell adhesion [78]. Similarly, Ang2 has been demonstrated to 
link vascular remodeling and inflammation in the model of Mycoplasma pulmonis-
induced airway inflammation in a Tie2-dependent manner [80]. Selective targeting 
of Ang2 was able to restore Tie2 phosphorylation and reduce disease severity [80].

The recruitment of immune cells from the blood is a key cellular response to tis-
sue damage and inflammation [81]. The immigration of immune cells from blood 
into tissues is a crucial process that not only applies during inflammatory condi-
tions but also in neoplastic diseases as an inflammatory microenvironment is exis-
tent in all tumors [82]. The link between inflammation and cancer was recognized 
by Virchow in the 19th century [83]. Immune cells are recruited to sites of tumor 
progression where they are able to exert anti- or protumorigenic functions with 
the latter also accounting for therapeutic resistance [82, 84–86]. The most frequent 
subsets of immune cells within the tumor microenvironment are tumor-associated 
macrophages (TAMs) and myeloid-derived suppressor cells [82, 84]. Importantly, 
growth factors or cytokines that are secreted by tumor-infiltrating immune cells 
activate key inflammatory transcription factors, e.g. NF-kB [82, 87]. Tumor-infil-
trating myeloid cells, also termed accessory cells, have been recognized as major 
contributors to tumor angiogenesis through the secretion of numerous cytokines or 
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their education by growth factors [86, 88, 89]. High numbers of TAMs have been 
associated with poor prognosis in numerous cancer entities [90]. They secrete a 
plethora of cytokines (among which are growth factors (e.g. VEGF), chemokines, 
and matrix metalloproteinases) that are able to drive angiogenesis in tumors [84, 
86]. A subpopulation of these cells expressing the Tie2 receptor tyrosine kinase 
(Tie2-expressing monocytes [TEM]) has been identified to be crucial for tumor 
progression [49, 50, 91]. Selective depletion of these TEMs in tumor-bearing mice 
inhibited tumor angiogenesis and growth, suggesting that they might regulate an-
giogenic processes in tumors by providing paracrine signals to newly formed blood 
vessels [49]. Our own studies identified that Ang2 was directly responsible for the 
recruitment of proangiogenic macrophages in subcutaneous tumors [75] and in set-
tings of inflammation [78]. Furthermore, Ang2 stimulation increased the inherent 
angiogenic properties of TEMs and led to the upregulation of genes associated with 
the M2-polarized phenotype of macrophages [75]. In addition, Ang2 transgene ex-
pression promoted the expansion of T regulatory cells and thus further contributed 
to immune suppression [92]. As such, the Ang2–TEM/TAM axis may represent a 
new dual target for antiangiogenic/anti-immunosuppressive cancer therapy.

13.6  Current Therapeutic Concepts

Antiangiogenic therapy has become a valuable clinical target since the approval 
of bevacizumab (Avastin®) in 2004 for the treatment of colorectal cancer [93] and 
thereafter for other cancer entities [72, 94]. However, efficacy of anti-VEGF ther-
apy is rather dismal due to escape mechanisms that involve the presence of proan-
giogenic innate immune cells or increased invasiveness [84]. Several tumor types, 
including glioblastoma, are not as responsive or have been shown to develop escape 
mechansims that lead to further tumor progression despite antiangiogenic therapy 
[95]. Unresponsiveness to antiangiogenic therapy has, in part, been attributed to the 
infiltration of tumor-associated macrophages that promote tumor growth by the se-
cretion of proangiogenic cytokines [96–98]. In this regard, novel therapeutic strate-
gies are being explored by pharmaceutical companies. Ang2 emerged as a valuable 
clinical target as it is solely upregulated under angiogenic conditions, where it is 
also coexpressed with VEGF [14, 16, 17]. As such, targeting the angiopoietin/Tie 
signaling pathway opens new avenues for therapeutic inhibition of tumor growth 
[22–24]. A peptibody targeting Ang1 and Ang2 (Trebananib®/AMG386) [99, 100] 
is currently being explored in a phase III clinical trial and has met the endpoint of 
improved progression-free survival [101, 102]. Numerous reagents targeting the 
angiopoietin/Tie pathway have been developed and were tested in preclinical or 
clinical models [23, 24, 99, 100, 103–108]. The new drug regimen appears very 
successful, particularly in combination treatment with drugs that target the VEGF/
VEGFR signaling pathway [23, 24]. The combination of VEGF- and angiopoietin-
targeting drugs appears to be superior to targeting either pathway alone [23, 24, 38, 
109–113].
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In this regard, it is of interest to note that VEGF blockade has been associated 
with increased invasiveness and even increased metastasis of the treated tumor. 
Mechanistically, this phenomenon has been linked to a hypoxia-mediated, c-Met-
dependent activation of VEGFR-2 [114]. Although this phenomenon is currently 
confined to preclinical models as confirmatory data from human cancer are largely 
missing, the potential risk of increased invasiveness/metastasis remains a major 
concern. In contrast to VEGF blocklade, inhibition of Ang2 has not been associated 
with increased metastasis in preclinical cancer models. Blockade of Ang2 resulted 
in decreased metastasis in a number of preclinical models [105, 106, 113, 115]. The 
reason why inhibition of one antiangiogenic agent (VEGF) potentially induces in-
vasion/metastasis whereas blocking of another (Ang2) blocks metastasis is not en-
tirely clear but may be related to the extent of therapy-induced hypoxia, as well as to 
decreased vascular permeability and increased vascular stability as a consequence 
of Ang2 blockade. Ang1 binding to the Tie2 tyrosine kinase leads to receptor phos-
phorylation and junctional stabilization in a RhoA kinase-dependent manner [63, 
64]. Vice versa, Ang2 is able to block Ang1-induced Tie2 phosphorylation and can 
reduce cell-matrix interactions, with the consequence of destabilizing vessels [8, 9, 
36]. Ang2 inhibitors may therefore counteract Ang2-induced vascular stabilization 
and thus diminish metastasis.

The dual blockade of VEGF and Ang2 affects numerous cellular compartments, 
i.e. vascular, perivascular (see Table 13.1), and immune cells (see below), which 
may explain additive therapeutic results. Myeloid cells have long been known to be 
responsible for mediating tumor refractoriness [84, 90, 97, 98]. They are associated 
with poor prognosis and thus their depletion has a beneficial outcome on survival 
[84, 90, 96]. Continuous expression of Ang2 in endothelial cells (Ang2 GOF mouse 
model) led to an increased number of tumor-associated myeloid cells that exhib-
ited a proangiogenic/M2 gene signature [75]. In addition, Ang2 GOF increased the 

Table 13.1  Targeting angiogenesis: the angiopoietin versus VEGF axis
VEGF/VEGFR axis Ang/Tie2 axis

Major ligands VEGF A–D, PlGF Ang1, Ang2, Ang4
Major TK receptors VEGFR 1–3 Tie2
Co-receptors Neuropilin Tie1, integrins
Vascular biology—proof of 
principle

[122], [123] [9], [60]

Tumor angiogenesis—proof 
of principle

[124] [99]

Major cellular functions EC proliferation, EC guid-
ance, EC migration, EC 
survival

Pericyte coverage, EC guid-
ance, vessel maturation, vessel 
normalization, recruitment of 
TAMs

First-in-class drug Bevacizumab (Avastin®) Trebananib (AMG386)
FDA approval/EU decision 2004/2005

Ang angiopoietin, EC endothelial cell, PlGF placental growth factor, TAMs tumor-associated mac-
rophages, TK tyrosine kinase, VEGF vascular endothelial growth factor, VEGFR vascular endo-
thelial growth factor receptor
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frequency of T regulatory cells, which have immunosuppressive capacities and are 
thus also able to negatively contribute to tumor progression [92]. In addition, high 
Ang2 levels have recently been associated with therapy resistance [113]. Clearly, 
these findings are in favor of dual targeting of angiopoietin and VEGF signaling 
pathways. Interestingly M2-polarized proangiogenic macrophages still reside after 
Ang2/VEGF combination therapy in a syngeneic glioblastoma model (own unpub-
lished observations). These results demand for additional targeting of the innate im-
mune cell compartment for example by using antibodies against colony-stimulating 
factor 1 receptor (CSF1R). Proof of principle with drugs targeting tumor-associated 
macrophages has been established in preclinical models [116, 117]. Moreover, im-
mune cell activation may be an additional option for enhancing efficacy of cancer 
therapies as an increased number of T lymphocytes/cytotoxic T cells following anti-
VEGF or anti-CSF1R therapy have been reported [98, 118]. New avenues targeting 
the immune system (activation) by the usage of checkpoint inhibitors are currently 
also being explored [119] and results from preclinical studies will show their efficacy 
and demonstrate whether they may be useful for future cancer therapies [120, 121].

13.7  Concluding Remarks

Since the discovery of angiopoietins and their cognate Tie receptors, as well as the 
knowledge regarding their importance in shaping a functional vascular system, the 
angiopoietin/Tie system has emerged as multifaceted growth factor system with a 
newly defined link to the immune system. Angiopoietins have wide-ranging effects 
on the vasculature that include angiogenesis, vascular stabilization and permeabil-
ity, and the newly defined function in the recruitment of inflammatory cells. The 
finding that two biological pathways—angiogenesis and inflammation—which are 
switched on during pathological vessel growth are linked by a common signaling 
pathway presents a striking opportunity for the development of novel inhibition 
strategies for cancer treatment by blocking both neovessel formation and inflam-
matory cell recruitment. Indeed, new promising therapeutic avenues have been ex-
plored in recent years, as reviewed in this chapter. Results from ongoing preclinical 
and clinical studies will prove efficacy and suitablility for future cancer therapy.
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Chapter 14
Oxygen Signaling in Physiological and 
Pathological Angiogenesis

Anne-Theres Henze and Massimiliano Mazzone

14.1  Overview of Oxygen-Mediated Pathways

Due to its high reduction potential, oxygen enables organisms to generate large 
amounts of energy when serving as a terminal electron acceptor during aerobic 
respiration. Thus, the evolution from unicellular to more complex multicellu-
lar organisms with an increased energy demand has been tightly linked to the 
rise in atmospheric oxygen and implementation of oxygen as a final step in the 
electron transport chain in order to increase the efficiency in energy production 
[1]. However, as outlined in more detail below, the indispensability of oxygen is 
rather a double-edged sword. The role of oxygen in metabolic reactions of aero-
bic organisms has become detrimental but has also lead to a complete and deadly 
dependency.

Numerous pathophysiological conditions such as stroke, myocardial infarction, 
neurological disorder, ischemia, reperfusion of transplanted organs, chronic lung 
disease, and cancer have been linked to perturbed oxygen supply, doubtlessly at-
testing that oxygen homeostasis is indispensible for the mammalian system [2–7]. 
Inevitably connected to aerobic respiration is the production of reactive oxygen 
species (ROS) [8]. Cells are equipped with a defense system to scavenge these toxic 
byproducts; however, oxidative stress occurs whenever an imbalance between ROS 
production and the detoxification capacity of the cell has been reached. Under these 
circumstances, ROS cause sweeping damage to RNA, DNA and proteins, hence 
constricting cellular functions [9].
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Given the hazardous effects associated with unbalanced oxygen availability, it is 
easy to conceive that oxygen-dependent mechanisms have evolved to sense oxygen 
availability, and thus to assure a tight regulation of oxygen supply. On the whole-
body level, a vascular infrastructure enables fast distribution of oxygen bound to 
heme proteins over distances beyond the diffusion limit. Sensory structures such 
as the carotid body exert control functions to ensure a fast response to disturbed 
oxygen tensions, commonly resulting in pulmonary vasoconstriction and dilation 
of systemic vessels [10]. Within these sensory structures, chemoreceptor cells pos-
sess the ability to sense oxygen via oxygen-sensitive ion channels, allowing an 
acute response to modulations in oxygen tension [11]. A more chronic adaption to 
changes in the oxygen supply is accomplished by oxygen-regulated transcription 
factors [12]. One of the key transcription factors responsible for adaptive respons-
es to low oxygen pressure is the hypoxia-inducible transcription factor (HIF) [13] 
(Fig. 14.1a). Inseparably linked to HIFs and their pivotal role in oxygen homeosta-
sis are the prolyl hydroxylase domain proteins (PHDs), which regulate the turnover 
of HIFs and, strictly speaking, are actual oxygen sensors of the cell since their en-
zymatic function depends on the availability of oxygen [14, 15]. Factor-inhibiting 
HIF (FIH), likewise belonging to the iron- and 2-oxoglutarate-dependent enzymes, 
regulates the transcriptional activity of HIF, and thus represents another component 
of the oxygen-sensing machinery [16, 17] (Fig. 14.1b). There is a growing body of 
evidence for other oxygen-sensitive processes. Numerous iron- and 2-oxoglutarate-
dependent enzymes have been implicated in serving important functions in oxygen 
sensing [18]. Of note, JmjC domain-containing proteins, also belonging to the fam-
ily of iron- and 2-oxoglutarate-dependent enzymes and responsible for epigenetic 
modifications, have been associated with oxygen sensing and angiogenesis [19]. 
Mitochondria are also intertwined in oxygen sensing through inhibition of PHD 
function [20, 21]. However, how the mechanisms impact on PHD activity is contro-
versially discussed. It is believed that under moderate hypoxia, ROS generated from 
complex III of the electron transport chain inhibits PHD activity and consequen-
tially stabilizes HIF [21]. However, in a different scenario one might imagine that 
mitochondria diminish PHD activity via oxygen consumption, therefore indirectly 
decreasing PHD enzymatic function. Nonetheless, cells with a mutant cytochrome 
b, which produce ROS but do not consume oxygen, provide evidence for mitochon-
drial-mediated ROS production in HIF stabilization [21].

Thus, when considering the oxygen-related responses on the cellular level, it 
is interesting to note in this context that the vasculature itself does not only serve 
as a well-defined oxygen distribution network but is also highly responsive to dif-
ferences in oxygen tension itself. It has been reported that endothelial cells in the 
growing vasculature are functionally distinct and exhibit a specific molecular sig-
nature [22–25]. These findings are particularly interesting in light of the notion that 
a growing vessel is exposed to an oxygen gradient with the lowest oxygen level at 
the forefront of the growing sprout, generally known as the tip cells. In comparison 
to that, the neighboring stalk cell experiences higher oxygen levels, exemplifying 
how oxygen signaling contributes to determine the endothelial cell fate and thereby 
impacts on angiogenic processes. Mechanistically, initiation of the oxygen-sensing 
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Fig. 14.1  Domain structure for hypoxia-inducible factors ( HIFs), prolyl hydroxylase domain pro-
teins ( PHDs), and factor-inhibiting HIF ( FIH). a Schematic diagram of the HIF-1α, HIF-2α, and 
HIF-1β proteins and their functional domains. HIFs contain two Per-ARNT-Sim ( PAS) domains 
( PAS-A and PAS-B), which are required for heterodimerization and DNA binding. HIF-1α and 
HIF-2α have an N- and C-terminal transactivation domain ( N-TAD and C-TAD), which are linked 
by an inhibitory domain ( ID). Two prolyl hydroxylation sites ( prolines 402 and 564 in HIF-1α and 
prolines 405 and 531 in HIF-2α) are located within the oxygen-dependent degradation domain 
( ODD) and an asparaginyl hydroxylation site (asparagine 803 in HIF-1α and 847 in HIF-2α within 
the C-terminal transactivation domain. b Schematic diagram of PHD and FIH proteins and their 
functional domains. All hydroxylases contain a conserved catalytic dioxygenase domain at their 
C-terminal ends. PHD1 and PHD2 have a nuclear localization signal ( NLS) and PHD2 also con-
tains a nuclear export signal ( NES). Additionally, PHD2 has a zink-finger domain (ZnF)
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machinery encompasses a very complex and broad response; it is generally known 
that the HIF system alone already regulates the expression of over 100 target genes 
[26]. Multiple pro- and antiangiogenic players are induced, providing compelling 
evidence that hypoxia is one of the key environmental cues that trigger blood vessel 
growth under physiological and pathophysiological conditions [27]. Physiological 
angiogenesis is an accurately controlled process where pro- and antiangiogenic fac-
tors need to be strictly balanced to assure that the interaction between different cell 
types occurs in an orderly fashion. Once this equilibrium is disturbed, the exces-
sive production of specific angiogenic players will lead to abnormal vessel growth, 
with long-lasting consequences, as evinced by the chaotic structure of tumor vessels 
[28]. Gaining further mechanistic insights from physiological angiogenic processes 
such as embryonic development, reproduction, or wound healing might help to un-
cover to what extent these mechanisms are coopted and exploited under pathophysi-
ological conditions. Having outlined the general importance of mammalian oxygen 
sensing, in the following section we will proceed to provide a detailed description 
regarding the components of the oxygen-sensing machinery.

14.2  The Role of Hypoxia-Inducible Factors (HIFs) in 
Oxygen Signaling

In the last two decades a large number of studies have been centered on the HIF 
system and its implication in the role of oxygen in health and disease. This marked 
interest was captivated by the identification of the HIF in 1995 (Wang and contribu-
tors [29]), and the characterization of the PHDs as regulators of HIF stability (Ep-
stein and co-workers [15], and Bruick and McKnight [14]) at the beginning of the 
twenty-first century. Initially, mechanistic studies regarding the strong induction of 
erythropoietin under hypoxic conditions led to the discovery of an hypoxic respon-
sive element (HRE; 5ʹ-RCGTC-3ʹ) in the 3ʹ enhancer of the erythropoietin gene 
[30]. This consensus sequence is very well-conserved between different species, 
pointing towards the evolutionary importance of oxygen sensing. Subsequently, a 
protein binding to this specific DNA sequence could be identified as the HIF, regu-
lating the hypoxic-dependent erythropoietin expression [29]. HIF is composed of 
the hypoxia-inducible α-subunit (HIF-1α) and a constitutively expressed β-subunit 
(HIF-1β) [29]. HIF-1β was previously identified as a binding partner of the aryl 
hydrocarbon receptor, thus being referred to as aryl hydrocarbon nuclear translo-
cator (ARNT) [31]. Succeeding the cloning of HIF-1α, a closely related protein 
(HIF-2α), sharing 48 % of amino acid identity, was discovered in 1997 [32–35]. 
To date, it is generally accepted that there are three HIF-α proteins. HIF-1α and 
HIF-2α are positively associated with HIF target gene expression, whereas the in-
hibitory Per-ARNT-Sim (PAS) domain (IPAS), an HIF-3α isoform, is reported to 
serve as a negative regulator of HIF signaling [36, 37]. HIF-1α and β contain a 
basic helix-loop-helix (bHLH) and PAS domain in the N-terminal half of the protein 
[29]. These domains are important for its dimerization, and the downstream basic 
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region enables specific DNA binding to the HRE sequence [29, 38]. Subsequently, 
a C- and N-terminal transactivation domain could be located within the C-terminal 
half of the HIF-α subunit, specifying the transcriptional activity of HIF [39–41] 
(Fig. 14.1a). Of note, an important transcriptional regulation is accomplished by 
FIH-dependent asparaginyl hydroxylation within the C-terminal transactivation do-
main, sterically inhibiting the recruitment of transcriptional coactivators such as 
cyclic adenosine monophosphate (cAMP) response element-binding protein CBP/
p300 [17, 35, 42] (Fig. 14.2).

There are a number of post-translational regulations of the HIF protein, such 
as hydroxylation, phosphorylation, acetylation, and sumoylation [14, 15, 42–49]. 
Hydroxylation within the oxygen-dependent degradation domain (ODD) by PHDs 
is an important determinant of HIF protein stability. Hydroxyproline HIF is recog-
nized by the von Hippel Lindau protein (pVHL), which is part of an E3 ubiquitin 
ligase complex subsequently leading to ubiquitination and proteasomal degradation 
of HIF [50–52] (Fig. 14.2).

Fig. 14.2  Regulation of hypoxia-inducible factor ( HIF) degradation and transcriptional activity 
by prolyl hydroxylase domain proteins ( PHDs) and factor-inhibiting HIF ( FIH), respectively. In 
the presence of divalent iron ( Fe2+), 2-oxoglutarate, and oxygen, PHDs catalyze the hydroxylation 
of HIF at two prolyl residues, which leads to their recognition by the E3 ubiquitin ligase von Hip-
pel Lindau protein ( pVHL), and consequently to ubiquitination and proteasomal degradation of 
HIF. FIH hydroxylates HIF at an asparagine residue, which hinders the interaction between FIH 
and its coactivators CBP and p300, and thus leads to transcriptional inhibition. If oxygen levels 
drop, PHDs and FIH become partly inactive and HIF-α is stabilized, translocates to the nucleus 
where it heterodimerizes with nuclear HIF-1β heterodimer, and binds with its coactivators to the 
hypoxic responsive element ( HRE) of target genes, initiating target gene expression
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As aforementioned, HIF-1β messenger RNA (mRNA) and protein are constitu-
tively expressed; however, in contrast, the HIF-1α protein is very unstable and its 
availability strongly depends on the oxygen tension [53]. In this context, it should 
be noticed that the transcriptional processes regarding HIF-1α are not strictly regu-
lated by oxygen [54]. Importantly though, the rate of HIF turnover functions as 
an oxygen-dependent checkpoint. HIF is rapidly degraded under normoxic condi-
tions (t½ = 5 min) and accumulates when oxygen levels drop, since degradation via 
the proteasomal pathway is hampered [55]. This allows HIF to translocate to the 
nucleus, where it binds as a heterodimer consistent of HIF-1α and HIF-1β to the 
consensus sequence within the hypoxic response element of target genes [29, 31]. 
Recruitment of coactivators enables the initiation of the transcriptional complex, 
resulting in the expression of a number of target genes [56, 57] (Fig. 14.2)

Interestingly HIF-1α and HIF-2α possess overlapping and nonredundant func-
tions [58, 59]. Spatial-temporal differences in the expression exist [60]. Whereas 
HIF-1α is almost ubiquitously expressed, the abundance of HIF-2α is more restrict-
ed to specific cell types, among which are endothelial cells and the carotid body 
[35, 61, 62]. HIF-2α was also shown to already accumulate under higher oxygen 
tension, supporting the idea that each isoform might serve a specific function [60]. 
Since the availability of HIF protein is robustly interconnected with the oxygen 
tension, in the following section we will focus on the PHD-dependent regulation of 
HIF turnover.

14.3  The Function of Prolyl Hydroxylase Domain 
Proteins (PHDs) and Factor-Inhibiting HIF as 
Oxygen Sensors

Oxygen-dependent HIF regulation takes place at post-transcriptional level. One of 
the main factors involved in the turnover of HIF proteins are the PHDs (Fig. 14.1b). 
PHDs belong to a family of nonheme iron- and 2-oxoglutarate-dependent enzymes 
[14, 15, 51, 52]. The hydroxylation reaction encompasses oxygen and 2-oxoglu-
tarate as cosubstrates, and ferrous iron and ascorbate as cofactors. During the en-
zymatic reaction, one oxygen atom is utilized to form HIF hydroxyproline, while 
the other is required for the  decarboxylation of 2-oxoglutarate which results in the 
formation of succinate and CO2. Fe2+  is bound to the active site of the PHD protein, 
and oxidized during the enzymatic reaction. Ascorbate is needed to reduce the iron 
during the reaction cycles; however, the consumption does not occur stoichiometri-
cally, therefore leaving room for further investigation [63].

Hydroxylation occurs on Pro402 and Pro564 within the LXXLAP sequence of 
the ODD in human HIF-1α, and Pro405 and Pro530 in human HIF-2α [64, 65]. 
Corresponding to their relative proximity to N- and C-termini, these residues are 
denoted N-ODD or C-ODD, despite their location within the C-terminal halves 
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of the protein. There are three PHD proteins (PHD1–3), and hydroxylation activ-
ity on proline 564 is higher for all PHDs; notably, PHD3 is principally inactive at 
proline 402 [66, 67]. Interestingly, PHDs also differ in their selectivity of HIF-1α 
versus HIF-2α hydroxylation. While PHD2 exhibits a higher hydroxylation activity 
on HIF-1α than on HIF-2α, PHD1 and PHD3 preferentially hydroxylate HIF-2α 
in comparison to HIF-1α [66, 67]. Additionally, FIH was shown to more potently 
hydroxylate HIF-1, thus contributing to HIF-1- and HIF-2-specific functions [68].

PHD2 is known to be the main HIF regulator under normoxic conditions [69]. 
Nevertheless there is a growing body of evidence that, dependent on their avail-
ability, the relevance of the respective PHD protein might shift. Their functionality 
might be designated by cell-type specificity, HIF isoform availability, and environ-
mental cues. For instance, PHD2 and, more prominently, PHD3 are induced in an 
HIF-dependent manner in hypoxia. HIF binding to the HRE could be manifested 
for both proteins [70, 71]. Interestingly though, HIF-1α and HIF-2α differentially 
induce PHD2 and PHD3. Whereas HIF-1α induces both PHD2 and PHD3, HIF-2α 
only enhances PHD3 expression [72, 73].

It is noteworthy that PHDs themselves suppress HIF transcriptional activity, 
further adding to the complexity of the system [74, 75]. When associating with 
inhibitor of growth family, member 4, (ING4), a tumor suppressor gene, PHD2 was 
shown to impede HIF-dependent expression of angiogenic cytokines via transcrip-
tional repression [76]. Thus, in addition to the well-described oxygen-dependent 
control of HIF and PHDs, other mechanisms are involved in a regulatory function 
of the HIF response, among them, for instance, receptor-mediated pathways [77]. 
The knowledge regarding oxygen-independent HIF and PHD regulation will be 
briefly summarized in the following section.

14.4  Oxygen-Independent HIF and PHD Regulation

There is evidence that HIF target gene expression is enhanced by two well-char-
acterized signaling pathways, the PI3K-AKT-FRAP and Ras-MEK-MAPK cas-
cade [77–79]. First evidence of HIF-induced target gene expression through such 
a mechanism stems from studies on insulin and insulin-like growth factor (IGF)-1 
[80]. Subsequently, an increasing number of growth factors, cytokines, and circulat-
ing factors such as platelet-derived growth factor (PDGF), epidermal growth factor 
(EGF), fibroblast growth factor (FGF)-2, IGF-2, transforming growth factor (TGF)-
1β, hepatocyte growth factor (HGF), tumor necrosis factor (TNF)-α, interleukin 
(IL)-1β, angiotensin-2, and thrombin were found to enhance HIF1α-dependent tar-
get gene expression [81–87]. In addition, oncogenes (HER2/neu, Ras, v-Src) and 
mutations in the tumor suppressor PTEN modulate HIF activity [88–91]. Overall, 
integration of growth factor signaling occurs at the transcriptional as well as post-
transcriptional level. For instance, phosphorylation by mitogen-activated protein 
kinases (MAPK) enhances HIF transcriptional activity, possibly via derepression of 
the HIF inhibitory domain [45]. This phosphorylation might hamper recognitions 
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and subsequent binding of FIH, consequently enhancing HIF transcriptional ac-
tivation. On the post-transcriptional level, induction of the PI3K-AKT-FKBP12 
rapamycin-associated protein (FRAP)/mammalian target of rapamycin (mTOR) 
pathway by various cytokines enhances HIF mRNA translation [92]. Given the 
complexity of growth factor signaling, activation of a kinase cascade, and the sub-
sequent HIF response is profoundly dependent on the cellular context.

Nitric oxide (NO) is known to be a mediator of angiogenesis. Due to its impli-
cation in serving a prosurvival and proangiogenic function and its involvement in 
vasodilation [93], the impact of NO on the PHD/HIF signaling axis will be dis-
cussed. NO elicits opposing effects on HIF stability, depending on the oxygen state 
of the cell. Under normoxia, NO exhibits an inhibitory function on PHD activity, 
possibly by chelating Fe(II) consequently reducing HIF turnover [94]. Mechanisti-
cally, NO inactivates cytochrome c oxidase, impedes ROS production, and causes 
a redistribution of the available oxygen to the cytosol. However, since oxygen is 
not a limiting factor under normoxic conditions, this redistribution remains without 
consequences. However, under hypoxic conditions, these effects gain in importance 
and lead to activation of PHDs and concomitantly diminished HIF abundance [95]. 
However, HIF modulation by NO seems to be more complex as it has been shown 
that the specific experimental conditions critically influence the impact on the HIF 
signaling axis [96]. Finally, metabolites are also associated with an HIF modulatory 
function. HIF stability is enhanced by pyruvate, lactate, and oxalacetate, presum-
ably through inhibiting of PHD function [97–99].

The regulation of PHD1 and PHD3 protein stability is again linked to an hypoxic 
response. The RING finger proteins seven in absentia (Drosophila) homologs 1/2 
(SIAH 1/2) were shown to target PHD1 and, most efficiently, PHD3 for polyubiq-
uitination and proteasomal degradation, thereby accomplishing, at least to some 
extent, PHD1/3 protein destruction. Hypoxia induces SIAH 2 accumulation, most 
likely in an HIF-independent manner, and thus SIAH 2 controls hypoxic PHD3 
abundance in a negative feedback regulatory loop [100]. PHD2 protein destruction 
is positively regulated by FKBP38, a peptidyl prolyl cis/trans isomerase. Silencing 
of FKBP38 does not affect PHD2 mRNA but enhances its protein stability [101].

Having obtained a comprehensive understanding of oxygen sensing on a mo-
lecular level in the last two sections, we will zoom out and discuss in the next sec-
tion the functional relevance of these processes during physiological blood vessel 
remodeling.

14.5  Role of Oxygen Signaling on Physiological 
and Pathophysiological Angiogenesis

In a very simplified view, the establishment of a vascular system can be subdi-
vided into two processes, vasculogenesis, which refers to the de novo formation 
of blood vessels from endothelial precursor cells during embryonic development, 
and angiogenesis, which specifies the process of new blood vessel emergence from 
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pre-existing ones [102, 103]. In the embryo, angiogenesis occurs after the primary 
capillary plexus has been formed. In the adult, angiogenesis is a relatively scarce 
event, almost exclusively constrained to the ovarian cycle or remodeling processes 
after injury such as wound healing. A number of very well coordinated events guar-
antee the establishment of new blood vessels from an existing vascular network. 
This involves destabilization of vessels by loosening the attachment of pericytes, 
the subsequent digestion of the basement membrane as well as the extracellular 
matrix surrounding the blood vessels and its remodeling, and new matrix synthe-
sis. It further includes the ensuing activation of endothelial cell proliferation and 
migration stimulated by the newly formed matrix until endothelial cells arrest and 
form tube-like structures. They are successively covered by pericytes to ensure the 
establishment of a tight network, allowing an efficient blood flow. During this pro-
cess, endothelial cells are exposed to gradients of different pro- and antiangiogenic 
factors as well as gradients of oxygen levels [28].

Exemplified by vascular endothelial growth factor (VEGF), one of the most 
characterized angiogenic factors, it becomes apparent how oxygen sensing is in-
tertwined with the angiogenic process. VEGF abundance is regulated by oxygen 
tension, as low local oxygen abundance leads to an HIF-driven VEGF expression 
[104, 105].

This soluble factor exerts a number of different functions during angiogenesis. 
To name a few, it participates in the destabilization of vessels as it impairs the 
physical barrier formed by tight junctions between endothelial cells [106, 107]. 
Furthermore it contributes to endothelial proliferation and migration via binding to 
VEGF receptor-2 (VEGFR2) expressed at the forefront of the endothelial sprouts, 
the tip cells. As aforementioned, the cells that trail behind, the stalk cells, differ in 
their gene expression profile. The tip versus stalk cell phenotype is among others 
specified by VEGF-mediated activation of VEGFR2 that leads to upregulation of 
the Notch ligand Dll4 in tip cells and subsequently enhanced Notch signaling and 
downregulation of VEGFR2 in adjacent stalk cell [108] (Fig. 14.3). However, in 
addition to regulating the production of angiogenic factors, and thus subsequently 
triggering the activation of a specific signaling cascade, oxygen levels might also 
more directly influence the endothelial cell fate.

In this context, it is of interest that Dll4 is regulated in an HIF-dependent manner 
in response to hypoxia [109], and that Notch intracellular domain (NICD) activity 
is negatively controlled via FIH [110]. Moreover, FIH exhibits even higher affinity 
for Notch ICD than for HIF [111]. Hydroxylation of Notch ICD at specific aspara-
gine residues leads to negative regulation of its transcriptional activity. In addition, 
Notch ICD was shown to positively regulate HIF target gene expression, most like-
ly by competing with HIF for FIH hydroxylation [112]. Thus, the Notch–FIH–HIF 
signaling interplay might be an interesting determinant for the endothelial cell fate.

It has already been shown that reduced activity of the HIF prolyl hydroxylase 
PHD2 in endothelial cells evokes a quiescent, ‘phalanx’ phenotype that involves a 
closer alignment of cells and thus fosters a more mature and better-perfused vascu-
lar network [113]. Growing vessels are exposed to oxygen gradients, with higher 
oxygen concentrations at the side of the stalk cells and subsequently decreasing 
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oxygen levels towards the tip cells. However, the gradient of angiogenic factors 
is opposite to the oxygen distribution as outgrowth of vessel sprouts is triggered 
by proangiogenic growth factors such as VEGF produced by the hypoxic tissue. 
Tip cell selection occurs where cells are exposed to the highest concentration of 
proangiogenic factors and proliferating stalk cells elongate the sprout alongside in-
creasing VEGF and decreasing oxygen concentration. At the point where two vessel 
branches connect, PHD activity is, at least in part, inhibited due to oxygen depriva-
tion. This favors the switch from a motile tip cell phenotype to a quiescent phalanx 
phenotype (Fig. 14.3).

FIH was shown to exhibit lower affinity for oxygen than PHD2 [66, 114], thus 
being operational under lower oxygen concentration and inactive at nearly anoxic 

Fig. 14.3  Prolyl hydroxylase domain protein-2 ( PHD2) is an important determinant of the switch 
from a motile tip cell to a quiescent phalanx cell phenotype. Outgrowth of vessel sprouts is trig-
gered by proangiogenic growth factors such as vascular endothelial growth factor (VEGF). Cells 
exposed to the highest concentration of proangiogenic factors are selected to become a tip cell with 
filopodia invading their surroundings. Proliferating stalk cells that trail behind elongate the sprout. 
While the growing vessel strikes out alongside a gradient of increasing proangiogenic factors, it 
encounters decreasing concentrations of oxygen, which concomitantly inhibit PHD and factor-
inhibiting hypoxia-inducible factor ( FIH) activity ( 1 and 2). Two vessel sprouts connect via tip 
cell fusion in highly hypoxic/anoxic regions. Inactivation of PHD2 function by oxygen scarcity ( 3) 
favors the switch from a motile tip cell phenotype to a quiescent phalanx phenotype ( 4). Thus, per-
fusion is established and PHDs are reactivated ( 5); however, the absence of proangiogenic players 
(following tissue reoxygenation) guarantees a quiescent phenotype will be maintained
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conditions. Therefore, and with respect to the HIF–FIH–Notch interplay, it will be 
of particular interest for future studies to dissect the physiological relevance of FIH 
in endothelial cell types that experience severely hypoxic/anoxic conditions such as 
the migratory tip cells, and to further define whether the endothelial cell fate (tip vs. 
stalk cell) is interconnected with FIH functionality.

Evidence from genetic studies has formed the general opinion that HIF-1α and 
HIF-2α hold nonredundant functions in angiogenesis. Specific deletion of HIF-1 in 
endothelial cells results in a malfunctioning vascular network under hypoxic condi-
tions such as in tumors [115]. HIF-1 deficiency attenuated hypoxia-induced target 
gene expression, and this disturbed hypoxic response is not compensated by HIF-2α 
underlining their distinct roles. Functionally, the genetic loss of HIF-1α hampers en-
dothelial proliferation and migration, and interferes in an autocrine VEGF/VEGFR2 
loop since the expression of both is under the control of HIF-1α. While the HIF-1α 
isoform is ubiquitously expressed, HIF-2α expression is restricted to a subset of cell 
types, among which are endothelial cells. In particular, HIF-2α is highly expressed 
in endothelial cells during development, pointing towards a functional relevance 
in this cell type [32]. Endothelial-specific deletion of HIF-2α disrupts vessel func-
tionality, resulting in smaller and more hypoxic tumors, or impaired and aberrant 
revascularization of ischemic tissues. Mechanistically, loss of HIF-2α in endothelial 
cells impairs cell adhesion and thus impacts on vessel functionality [116].

In line with a role of this isoform in vessel integrity, in a different study HIF-
2α deletion in endothelial cells caused aberrant tumor vessel growth via reduced 
expression of ephrin A1 [117]. When considering HIF-2α as an important player in 
vessel normalization, remodeling, and maturation, it should also be pointed out that 
endothelial NO sunthase (eNOS), as well as the junctional protein vascular endo-
thelial (VE)-cadherin, are under the specific control of HIF-2α and not HIF-1α [118, 
119]. Interestingly, the metastatic spread of tumor cells seems to be differentially 
governed by HIF-1α and HIF-2α. While endothelial-specific deletion of HIF-1α 
diminishes lung metastasis, HIF-2α loss enhances the metastatic spread. This ef-
fect can be attributed to HIF isoform-specific regulation of NO homeostasis, with 
HIF-1α loss resulting in reduced NO release and HIF-2α deletion enhancing it. The 
contrasting HIF-1α/HIF-2α-dependent regulation of NO release results in opposite 
effects on endothelial tumor cell transmigration. An HIF-1α-deficient endothelium 
enhances, and an endothelium with disrupted HIF-2α expression inhibits, the trans-
migration of tumor cells [120].

As outlined above, genetic deletion of PHD2 results in tumor vessel normaliza-
tion, namely improved endothelial lining, barrier, and stability, carried out through 
an HIF-2α-driven response. These structural changes warrant a better vessel perfu-
sion and thus tumor oxygenation. As a consequence, tumor cell intravasation and 
metastasis are reduced [113]. To date, there are no reports for a causal link between 
endothelial-specific PHD1 and/or PHD3 deletion and vessel malfunction. Overall, 
inhibition of PHDs in endothelial cells promises a beneficial outcome for cancer 
treatment. In which way the oxygen-sensing machinery might be exploited for fu-
ture therapeutic approaches will be the focus of the following section.
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Given the fact that oxygen is the main substrate of aerobic organism, it follows 
that PHDs, and thus oxygen sensing, are closely intertwined with cellular metabolic 
responses [121–123]. In this respect, a lot of effort has recently been undertaken 
to understand in which way a metabolic switch can be a cause rather than a conse-
quence of a phenotypic change. A rather new observation suggests the involvement 
of endothelial cell metabolism in vessel sprouting [124]. In this study, the authors 
showed that the hypoxia-driven release of the proangiogenic factors VEGF and 
FGF2 trigger 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) 
-mediated glycolysis and favor the tip cell phenotype. Strikingly, PFKFB3 sig-
naling even predominates Notch signaling, as evinced by overexpression of both 
PFKFB3 and NICD in a mosaic-sprouting assay, resulting in a preferred tip cell 
positioning of these cells. Interestingly, PFKFB3 silencing or genetic deletion does 
not only impair the tip cell behavior but also affects the stalk cell function by evok-
ing a hypoproliferative stalk cell phenotype [124]. Thus, given the oxygen control 
of cellular metabolism, these findings uncover an additional control mechanism of 
vascular sprouting.

14.6  Oxygen-Sensing Pathways as Future Therapeutic 
Targets

Due to the interrelation between disturbed oxygen homeostasis and pathophysio-
logical conditions such as stroke or cancer, it stands to reason that oxygen signaling 
pathways are coopted to facilitate disease progression. Interfering in these signaling 
pathways holds the promise of new and beneficial treatment options. First, evidence 
for potentially improved curing prospects when targeting oxygen-sensing enzymes 
stems from drug-mediated inhibition of PHDs, which stimulates angiogenesis and 
generates a more mature vascular network [125, 126]. However, genetic studies 
allow a more profound understanding of how interfering in the function of one spe-
cific oxygen-sensing enzyme might alter disease progression.

Of utmost importance for cancer therapeutics are the findings that chemothera-
peutic treatments in combination with genetic deletion of PHD2 leads to a benefi-
cial outcome [127]—on the one hand, because tumor growth and metastasis are re-
duced and, on the other hand, as chemotherapeutic side effects on healthy organs are 
diminished (Fig. 14.4). Endothelial-specific PHD2 deletion alone was previously 
shown to normalize the tumor vasculature and reduce metastatic tumor cell spread, 
but without influencing the primary tumor growth [113]. Of note, the combinatory 
approach of disrupted PHD2 expression and the use of suboptimal doses of chemo-
therapeutics results in a self-reinforcing antitumor and antimetastatic effect, holding 
the promise for improved chemotherapeutic regimens. Normalization of the tortu-
ous tumor vasculature through inhibition of PHD2 function allows a better distribu-
tion of chemotherapeutics within the cancerous tissue, thus leading to more effec-
tive elimination of malignant cells. Importantly, the presence or absence of PHD2 
in cancer cells does not alter the response underlining the translational potential of 
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these findings as drug-mediated inhibition would likewise target different cell types 
at the same time [127]. Nevertheless, medication-mediated intervention on the FIH/
PHD/HIF axis warrants caution. One prerequisite is the development of specific 
inhibitors for the oxygen-sensing enzymes. FIH and the respective PHD isoforms 
have been shown to differentially regulate HIF-1α and HIF-2α (see Sect. 3). Given 
the nonoverlapping and even opposing functions of HIF-1α and HIF-2α in endothe-
lial cells under pathophysiological conditions (e.g. their isoform-specific regulation 
of metastatic tumor cell spread [120], inhibitors with unique selectivity need to be 
applied.

This might not only bypass unwanted side effects engendered by induction of 
unexpected HIF isoform-mediated functions but might also circumvent effects 
evoked by interference in HIF-independent PHD- or FIH-specific signaling path-
ways as there is increasing evidence for HIF-independent interaction partners of 
oxygen-sensing enzymes that might critically alter the response [128].

Fig. 14.4  Prolyl hydroxylase domain protein-2 ( PHD2) inhibition in combination with chemo-
therapy is beneficial for cancer treatment. Endothelial deletion of PHD2 normalizes chaotic tumor 
vessels, decreases tumor hypoxia ( brown areas), and inhibits metastatic tumor cell spread, but 
does not affect primary tumor growth (box with blue background). Suboptimal doses of chemo-
therapy do not inhibit primary tumor growth but result in cytotoxic side effects, which compromise 
organ functions (box with yellow background). A combinatory approach of suboptimal doses of 
chemotherapeutics and inhibition of PHD2 further diminishes metastatic tumor cell dissemination 
but also decreases primary tumor growth as better perfused vessels allow chemotherapeutics to 
reach their target cells and execute their functions. Importantly, PHD2 deletion protects healthy 
organs from adverse side effects (box with half blue, half yellow background) because of detoxify-
ing responses in normal cells
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However given the exceeding importance of oxygen signaling in angiogenic 
processes and their relevance in therapy induced responses, pharmacological ex-
ploitation of oxygen-sensing pathways might serve as a goldmine for future drug 
discovery.

It has been well-described that chemo- and radiotherapeutic treatment are linked 
to ROS production. This indirect mode of action might kill cancer cells in conjunc-
tion with the direct effect of chemo- or radiotherapy; adversely, ROS also jeopar-
dize the survival of healthy tissue [129–131]. By experiencing DNA damage, for-
merly intact cells might be endangered to undergo oncogenic transformation when 
exposed to ROS. In such a scenario, inhibition of PHD2 has been shown to be 
an asset in an HIF-1/2-driven detoxification program. ROS are assumed to inhibit 
PHD function via oxidation of iron (II), which is needed for the enzymatic function 
of the protein and which is bound in the active core of the protein. By inhibiting 
PHD function, cells are preadapted to these stress conditions, thus resulting in a 
beneficial outcome. Overall, one has to take into consideration that, in the studies 
performed to date, genetic deletion occurred before metastatic dissemination [113, 
127]. Thus, it will be of particular interest for future therapeutics whether a treat-
ment regimen will prove effectiveness on a well-established (metastatic) tumor.

In light of the new findings concerning the regulatory function of endothelial 
metabolism on vascular sprouting [124], this control mechanism might hold the 
promise of new antiangiogenic treatment options. Partial blockage of PFKFB3 with 
the small molecule 3-(3-pyridinyl)-1- (4-pyridinyl)-2-propen-1-one (3PO) inhibited 
pathological angiogenesis in ocular and inflammatory models [132].

Summarizing, exploring the function of oxygen-sensing enzymes in the vascula-
ture might hold promise for future drug discovery, thus giving hope for new break-
throughs in the treatment of diseases related to oxygen disturbances.
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Chapter 15
The Pulmonary Vasculature  
in Chronic Obstructive Lung Disease

Michael Seimetz and Norbert Weissmann

15.1  Chronic Obstructive Pulmonary Disease (COPD) 
and its Association with Pulmonary Hypertension 
(PH)

Chronic obstructive lung disease, or chronic obstructive pulmonary disease (COPD), 
a collective term for chronic bronchitis and pulmonary emphysema, is one of the 
major causes of death worldwide. The World Health Organization (WHO) predicts 
that by 2030, COPD will rank as the third greatest cause of death worldwide. It is 
characterized by progressive, poorly reversible airflow limitation associated with an 
abnormal chronic inflammatory response in the lung. COPD is also viewed as a sys-
temic disease, involving skeletal muscle wasting, diaphragmatic dysfunction, and 
systemic inflammation [1]. In industrialized countries, tobacco smoke (80–90 %) 
and air pollution are the major triggers for the development of COPD, whereas in 
developing countries, exposure to biomass smoke, especially during cooking, is 
most relevant [2].

On the one hand, COPD is viewed as a small airway disease, with destruction 
of the elastic architecture of the lung leading to enlargement of distal airspaces [3] 
associated with chronic inflammation of the airways [4, 5]. Influx of inflammatory 
cells, imbalance of proteases/antiproteases, increased oxidative stress with the con-
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comitant rise in the number of apoptotic cells, and decreased proliferation are likely 
important upstream events [4, 6, 7].

On the other hand, there is increasing evidence that COPD is also a vascular 
disease in which cigarette smoke may directly affect the pulmonary vasculature, 
leading to vascular remodeling, pulmonary hypertension (PH), and finally to cor 
pulmonale [8–10]. The mean pulmonary artery pressure (mPAP) in PH related to 
COPD usually ranges between 25 and 35 mmHg, with nearly normal cardiac output 
[11]. However, mPAPs higher than 40 mmHg are quite common in patients with 
severe COPD, especially after at least one previous incident of acute respiratory 
failure [11, 12]. Furthermore, the occurrence of PH in COPD is of prognostic rel-
evance because the presence of PH clearly increases mortality [13, 14].

The exact prevalence of PH in patients with mild or moderate COPD is not 
known because of the lack of extensive epidemiologic studies [2]. According to 
the current literature, 30–70 % of patients with mild or moderate COPD also suf-
fer from PH [15]. There are several reasons for the high variation in the rate of 
observed PH. The necessary right heart catheterization for detection of PH was/is 
not routinely used in patients with COPD. In addition, the respective studies used 
different definitions for the onset of PH and varied in study design (measuring at 
rest/exercise, severity of COPD/PH, methods to measure PH). Some studies have 
investigated PH in mild, moderate, or severe COPD, with frequencies of PH of ap-
proximately 16–44, 43–56, and 59–84 %, respectively [2, 16, 17].

PH is a common complication in advanced COPD [18] and can occur as a con-
sequence of the hypoxia associated with COPD. However, several publications 
showed that vascular alterations can occur before alveolar destruction is detect-
able [19–22], indicating that cor pulmonale and late-stage PH are not necessarily 
secondary to hypoxia in patients with COPD. For instance, in 2003 Santos and col-
leagues showed that pulmonary vascular remodeling can be seen in smokers who 
are not yet suffering from COPD [23].

Thus, although PH can occur prior to lung emphysema, its relevance for the 
pathogenesis of COPD is not yet fully understood. Against this background, in this 
chapter we summarize the current findings of vascular alterations and pathobiology 
in COPD.

15.2  PH as a Cause for Right Ventricular Failure in 
COPD

The progression of PH in COPD is usually slow and pulmonary artery mean pres-
sure (mPAP) can remain stable over periods of 3–12 years [24–26]. In a study fol-
lowing 93 patients during a mean period of 90 months, the average change in mPAP 
was only +0.5 mmHg/year, independent of the presence of initial PH (defined by 
mPAP > 20 mmHg) [26]. Another study investigating the development of PH in 
COPD over time (initial mPAP < 20 mmHg) showed that only 33/121 developed 
PH after 6.8 ± 2.9 years [27]. Nevertheless, approximately 30 % of patients with 
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severe COPD exhibited a remarkable worsening of mPAP during follow-up [26]; 
these patients were characterized by a progressive worsening of PaO2 and PaCO2 
(partial oxygen/carbon dioxide pressure) during the time course, and there was a 
significant correlation between the changes in PaO2 and mPAP [25, 26]. Typically, 
the development of right heart failure (RHF) in patients with chronic respiratory 
disease is accompanied with the preceding occurrence of PH. The severity of PH 
and the development of RHF correlate. PH increases the workload of the right ven-
tricle, leading to right ventricular enlargement (hypertrophy plus dilatation), which 
can result in right ventricular dysfunction. The RHF is usually accompanied by 
peripheral edema and can be observed in some COPD patients [28, 29]. Periph-
eral edema is frequently observed in advanced COPD patients and is considered 
to reflect RHF, but the possible occurrence of RHF in these patients may simply 
indicate the presence of secondary hyperaldosteronism induced by functional renal 
insufficiency [30].

The role of pressure overload in the development of RHF in these patients has 
also been debated. The comparison of COPD patients with and without clinical 
(edema) and hemodynamic signs of RHF led to the conclusion that RHF was prob-
ably due to causes other than PH [31]. In stable conditions, right ventricular con-
tractility, measured by the end-systolic pressure–volume relation, is near normal in 
COPD patients with PH, but has been found to be decreased during severe exacer-
bations with marked peripheral edema [31]. Hence, many patients with advanced 
COPD will never develop RHF. At least some patients experience sequences of 
RHF during exacerbations associated with a worsening of PH [32]. The level of 
mPAP is a good prognostic indicator in COPD [32, 33] and in other categories of 
chronic respiratory disease, such as idiopathic pulmonary fibrosis [33] (the higher 
the degree of PH the worse the prognosis). It has been shown that life expectancy 
is worse in patients with PH compared with patients without PH [32], and is par-
ticularly poor in patients with a severe degree of PH [33, 34]. The 5-year survival 
rate of COPD patients with PH (mPAP > 20 mmHg) is approximately 50 % [26, 33]. 
Long-term oxygen therapy (LTOT) significantly improves the survival of markedly 
hypoxemic COPD patients also suffering from PH. Accordingly, it can be expected 
that the prognosis of PH will improve with such a therapy in these patients. This 
hypothesis can be explained by the fact that mPAP is a good marker of both the 
duration and severity of alveolar hypoxia in these patients, assuming hypoxia is the 
causing factor for the PH [14].

15.3  Vascular Alterations

15.3.1  The Process of Remodeling

Vascular changes can occur in smokers without COPD, can precede the develop-
ment of emphysema in animal models, and can be seen in COPD patients. The 
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respective vessels, especially in end-stage COPD, have thickened walls or are even 
occluded as a result of remodeling. Vascular remodeling is characterized by thick-
ening of the arterial wall by which the vascular lumen and the internal diameter 
are reduced, leading to increased resistance and higher intravascular pressure. Of 
interest, although apparent in vessels of different sizes, muscular arteries and arteri-
oles (small vessels with a diameter < 500 µm) are predominantly affected [35, 36]. 
Pulmonary vascular remodeling has been observed at different degrees of disease 
severity. Indeed, this phenomenon could not only be seen in patients with mild and 
severe COPD but also in heavy smokers with normal lung function [37]. The major 
event is hyperplasia of the intima [35, 36], but the other vessel wall layers, the me-
dia and the adventitia, are also involved [38]. Intimal hyperplasia results from the 
proliferation of α-smooth muscle actin- and vimentin-positive cells (corresponding 
to smooth muscle cells [SMC] associated with elastic and collagen fiber deposition) 
[23]. Interestingly, some SMCs in the intima express vimentin but not desmin fila-
ments [23]. The presence of these filaments facilitates the discrimination between 
differentiated and nondifferentiated SMCs [39, 40]. “Accordingly, vimentin-posi-
tive, desmin-negative SMCs represent a subpopulation of less differentiated SMCs 
that may possess synthetic capacity and take part in an ongoing process of vascular 
remodeling” [9]. Although not fully understood, the occurrence of these not fully 
differentiated cells could be explained by (i) differentiation from resident precursor 
cells; (ii) attraction and differentiation of circulating bone-marrow-derived progeni-
tor cells; (iii) dedifferentiation of mature SMCs from the media which migrate to 
the intima [41]; and (iv) transdifferentiation of endothelial cells (ECs) to SMCs by 
endothelial-to-mesenchymal transition [42]. The underlying mechanisms are still 
not fully resolved and have to be deciphered in future. Interestingly, “bone-marrow-
derived progenitor vascular cells might exert a dual, opposite effect, contributing 
to vascular repair through differentiation into ECs or to vessel remodeling through 
differentiation into SMC”. [42].

The respective pathologic picture can be explained by remodeling and angiogen-
esis induced by inflammation that is related to chronic infection, hypoxia, repeated 
stretching of hyperinflated lungs, and toxicity of cigarette smoke [43, 44].

Chronic hypoxia at high altitudes can cause PH, but the associated PH is com-
pletely reversible a few weeks after return to sea level [11]. This finding may be 
explained by the observation that PH caused by high altitude primarily induces me-
dial hypertrophy. The involvement of all vessel layers in PH associated with COPD 
likely explains why PH in COPD is often not reversible by supplemental oxygen, 
neither acutely [45] nor chronically [46].

15.3.2  Mechanistic Insights into the Remodeling Process

Hypoxemia/hypoxia, chronic inflammation, oxidative and nitrosative stress, endo-
thelial dysfunction, apoptosis, and altered proliferation have all been suggested as 
factors in the pathogenesis of airway and vascular remodeling [6, 9, 47–50]. Classi-
cally, hypoxia has been considered to be the major pathogenic factor for the devel-
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opment of PH in COPD. However, recent studies have shown that pulmonary vas-
cular remodeling and endothelial dysfunction can occur in animal models of lung 
emphysema [19, 20], in patients with mild COPD not suffering from hypoxemia, 
and in smokers with normal lung function [23, 35, 51]. In addition, LTOT is not able 
to reverse PH in many COPD patients [52]. Nevertheless, there are many studies 
showing that hypoxia plays a role in COPD, at least in severe forms of the disease. 
Thus, mechanistic aspects related to hypoxia will be discussed. Furthermore, below 
we give an overview of the most relevant molecules and associated phenomena in 
the context of COPD and vascular remodeling/PH.

15.3.3  Hypoxia as a Causing Factor for Vascular Remodeling

In chronic respiratory diseases, PH is a result of increased vascular resistance (PVR), 
whereas cardiac output is often normal. The factors leading to the increase in PVR 
are manifold [28, 53] but hypoxia secondary to COPD is thought to be a predomi-
nant factor [28, 54, 55]. In terms of hypoxia, two mechanisms should be considered: 
acute hypoxia causing pulmonary vasoconstriction, and chronic hypoxia leading to 
structural vascular changes (remodeling) over time. Acute hypoxia induces a rise 
of PVR and mPAP which is part of hypoxic pulmonary vasoconstriction (HPV). 
Chronic alveolar hypoxia causes precapillary PH in healthy people living in high 
altitude, similar to that observed in COPD patients. Additionally, the morphological 
changes of the pulmonary vascular bed (remodeling) are comparable with those of 
COPD patients with PH (muscularization of pulmonary arterioles, intima thicken-
ing in muscular pulmonary arteries and arterioles) [56], although under hypoxic 
conditions the media is mainly involved in the remodeling.

With regard to hypoxia, it makes sense to distinguish between generalized hy-
poxia (e.g. seen in high altitude) due to the low partial pressure of oxygen, and 
localized, regional alveolar hypoxia [49]. Generalized hypoxia has both systemic 
and organ-specific effects [57, 58]. It results in peripheral vasodilation, general 
pulmonary vasoconstriction, and activation of a sympathico-adrenergic stress re-
sponse to increase cardiac output [59]. Moreover, activation of bone marrow and 
erythropoietin-stimulated red-cell production occurs. Increased cardiac output and 
polycythemia are adaptive responses to improve blood and oxygen delivery to the 
hypoxic tissues. In contrast, local alveolar hypoxia occurs by regional lack of alveo-
lar ventilation, e.g. caused by airway obstruction or even in pulmonary edema. HPV 
here adapts the local blood perfusion to the alveolar ventilation situation, preventing 
hypoxemia.

Hypoxia occurring within tumors is critical for tumorigenesis caused by the el-
evated demand for blood and nutrients of the rapidly growing cancer cells that are 
supplied by structurally abnormal tumor vessels. A similar impairment of the micro-
environment oxygenation can occur in the lung because of parenchyma destruction 
and compression or loss of small vessels. In tumors and in the damaged and remod-
eled lung, the systemic arterial blood partial pressure of oxygen is usually, normal 
whereas the tissue microenvironment can be hypoxic.
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Discovery of the oxygen-dependent transcription factor ‘hypoxia-inducible 
factor-1α’ (HIF-1α) [60] and subsequent discovery of the closely related HIF-2α 
was a breakthrough for the understanding of the molecular response of cells to 
hypoxia (Fig. 15.1, 15.2). HIF controls a variety of hypoxia-dependent genes that 
are involved in protection from hypoxia or pulmonary vascular remodeling, such 
as erythropoietin, glucose transporters, vascular endothelial growth factor (VEGF), 
endothelin-1 (ET-1) and nitric oxide (NO) synthases. HIF-1α and HIF-2α can also 
link hypoxia and inflammation [61–65]. It has been shown that within 24 h of hy-
poxia, inflammatory cells accumulate in the lungs, as measured by increased activ-
ity of myeloperoxidase. Subsequently, investigations at the molecular level showed 
that hypoxia-induced mitogenic factor (HIMF; also known as FIZZ1) is released by 
lung macrophages during stimulation with hypoxia. The proinflammatory and pro-
angiogenic effects of HIMF are mediated by VEGF and its receptor VEGFR2 [66]. 
HIMF is also able to recruit bone-marrow-derived mesenchymal cells to the lung 

Fig. 15.1  Selection of possible hypoxia-dependent mechanisms contributing to pulmonary vas-
cular remodeling in chronic obstructive pulmonary disease-pulmonary hypertension (COPD-PH). 
Cigarette smoke-induced airway obstruction and emphysema can result in hypoxia. Hypoxia, 
amongst others, activates hypoxia-inducible factor (HIF)-1α, which can trigger pathways asso-
ciated with inflammation, the recruitment of bone-marrow-derived cells, and alterations in pro-
liferation/apoptosis balance of vascular endothelial and smooth muscle cells (SMCs). Increased 
proliferation of SMCs causes narrowing of the vessels, resulting in pulmonary hypertension. All 
important acronyms of the molecules are explained in the text
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in mice [67]. Interestingly, hypoxia can also induce toll-like receptors (TLR) 2 and 
6 via HIF-1α [68], which in turn can activate nuclear factor-κB (NF-κB), another 
proinflammatory transcription factor [69, 70]. The excess of chemotactic factors 
such as VEGF, HIMF, leukotriene B4 (LTB4), and others induced by hypoxia in the 

Fig. 15.2  Hypoxia-induced ion channel-mediated increase in proliferation, contraction, and 
decrease of apoptosis of smooth muscle cells (SMCs) contributing to pulmonary vascular remodel-
ing. Kv and TASK-1 channels are downregulated and are less active after chronic hypoxia, leading 
to accumulation of K+  within the cell (mediating apoptosis resistance) and membrane potential 
depolarization of the SMCs. This depolarization causes opening of voltage-operated Ca2+  chan-
nels (VOCC), especially L-type channels, which mediate Ca2+  entry. Hypoxia-dependent reac-
tive oxygen species (ROS) regulation derived from nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidases and/or mitochondria is suggested to inhibit the K+ channels, although it is 
unclear whether an increase or decrease of ROS occurs in hypoxia. Transient receptor potential 
channel (TRPC)-mediated Ca2+  or Na+ influx (speculatively by gating K+ channels) was also 
shown to be essential for the intracellular Ca2+ increase in at least acute hypoxia. Ca2+  release 
from mitochondria and sarcoplasmic reticulum (SR) was shown to additionally increase Ca2+  
within the cell. Thus, mediated contraction and proliferation of the SMCs can contribute to vascu-
lar remodeling. Colored arrows depict either activation (green) or inhibition (red)
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lung can mobilize bone-marrow-derived cells (including mast cells, mesenchymal 
precursor cells, megakaryocytes, dendritic cells) and their chemotaxis to the lung. 
Consequently, hypoxic/hypoxemic inflammation is a systemic response [49].

There are many cytokines mediating inflammation but, in the context of PH, 
special attention was given to HIF-1α-induced interleukin (IL)-6 because its mes-
senger RNA (mRNA), as well as protein levels, were upregulated by chronic hy-
poxia in mice. Although IL-6-deficient mice showed less inflammation under hy-
poxic conditions, chronic hypoxic pulmonary hypertension (CHPH) was, however, 
only marginally reduced [71]. In contrast, IL-6 overexpression, specifically in the 
lungs, showed enhanced muscularization of small pulmonary vessels and PH under 
normoxic conditions, indicating that IL-6 may contribute to vascular remodeling 
in lungs. Of interest, overexpression of IL-6 under hypoxia resulted in severe PH 
and vascular remodeling up to obliteration [72]. Taken together, IL-6 is upregulated 
after chronic hypoxia in mouse lungs, but does not seem to be essential for CHPH 
development. Moreover, the combination of excessive IL-6 and chronic hypoxia 
seems to change the mode of vascular remodeling towards angioproliferation [49]. 
Based on recent results, there are currently two theories put forth to explain this 
observation. The first is that IL-6 is able to exert its effects through modulation of 
‘bone morphogenetic protein receptor type 2’ (BMPR2) through a signal transducer 
and activator of transcription 3 (STAT3)-microRNA cluster 17/92 pathway [73]. 
BMPR2 is a member of the transforming growth factor (TGF)-β superfamily of 
growth factor receptors. It is expressed ubiquitously and is a member of many dif-
ferent signaling pathways, including pERK, JNK, Akt/PI3K [74, 75], pSmad1/5 
[76], and p-p38MAPK [77]. Mutations in the BMPR2 gene are shown to be linked 
to PH development [78], and, moreover, BMPR2 expression is reduced in the pul-
monary vasculature in primary PH patients [79]. The other prevailing theory is 
based on the observation that IL-6 can influence the balance between apoptosis and 
proliferation in pulmonary arterial SMCs (PASMC) and ECs (PAECs), leading to 
vascular remodeling. Overexpression of IL-6 induces the angioproliferative growth 
factor VEGF and intracellular extracellular signal-regulated kinase (ERK), result-
ing in increased proliferation. Simultaneously, IL-6 downregulates the growth in-
hibitor TGFβ and proapoptotic mitogen-activated protein kinases (MAPKs) [JNK1, 
p38MAPK], and upregulates the inhibitors of apoptosis Bcl-2 and survivin, leading 
to decreased apoptosis [72]. In conclusion, inflammatory cytokines, especially IL-
6, can trigger vascular remodeling by influencing signaling pathways which lead to 
more proliferation and less apoptosis of PASMCs and PAECs (Fig. 15.1).

Furthermore, HIF-1α can induce PASMC depolarization by reduction of K+  chan-
nel expression and activity that is associated with intracellular K+  accumulation, 
and increase intracellular Ca2+ concentration and pH by upregulating transient re-
ceptor potential channels (TRPC) and Na+/H+  exchanger [80–83], (Fig. 15.2). It has 
been shown that the currents of voltage-gated K+  channels (Kv) are decreased under 
chronic hypoxic conditions [84–86], most likely mediated by reactive oxygen spe-
cies (ROS) derived from mitochondria [87–91] and/or nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidases, such as NOX4 [92], and can be associated 
with an influx of calcium via TRPC [93]. With regard to ROS in mediating hypoxic 
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responses, there is current controversy as to whether they are up- or downregulated 
during hypoxia [94, 95].

Moreover, the voltage-independent two-pore-domain K+ channel, TWIK-related 
acid-sensitive K+ channel (TASK)-1 is also inhibited by hypoxia, leading to mem-
brane depolarization and calcium entry through L-type channels [96, 97]. Interest-
ingly, it was recently shown that the inhibition of TASK-1 is also mediated by an 
ET-1-dependent mechanism [98]. In addition to such channels, L-type Ca2+ chan-
nels are shown to be a major cellular Ca2+ entry pathway [99, 100], (Fig. 15.2).

All these ion alterations are associated with more contractile, apoptosis-resistant, 
proliferative, and migratory PASMCs under hypoxic conditions [80–83, 100]. The 
role of HIF-2α in this context is still not clear.

Another recently discovered key player for the development of hypoxia-induced 
but also nonhypoxia-induced PH, is Fhl1, a protein known to be involved in muscle 
development (Fig. 15.1). It could be demonstrated that HIF-1α, as well as HIF-2α, 
induced Fhl-1 expression not only in different animal models of PH but also in 
human patients with idiopathic pulmonary arterial (PA) hypertension [101]. The 
increase in Fhl-1 causes elevated proliferation and migration of PASMCs, contrib-
uting to vascular remodeling [101].

15.3.4  Hypoxia-Independent Mechanisms Leading  
to the Development of COPD and PH

Hypoxia has long been thought to be the primary driving force for the develop-
ment of PH in COPD supported by studies showing a close relationship between 
mPAP and/or pulmonary resistance and alveolar hypoxia [12, 102, 103]. However, 
evidence that the causal factors can be hypoxia-independent and more complex is 
severalfold. (i) It has been shown that oxygen therapy is not able to fully reverse PH 
in COPD [46, 52]. (ii) Histological investigation in lungs from COPD patients with 
PH revealed involvement of all vessel layers characterized by prominent intimal 
thickening, medial hypertrophy, and muscularization of small arterioles [36, 104], 
whereas hypoxia-induced vascular remodeling is mainly restricted to the vessel me-
dia. This finding is supported by the fact that these pulmonary vascular alterations 
also occurred in nonhypoxic patients with mild airflow obstruction and smokers 
without any parenchymal disorder, suggesting that vascular changes may be driven 
by mechanisms independent of hypoxia/hypoxemia [23]. (iii) Consistent with the 
findings described in humans, a recent study demonstrated that in mice chroni-
cally exposed to tobacco smoke, pulmonary vascular remodeling and PH preceded 
the development of emphysema, and these changes were independent of hypoxia; 
there was neither hypoxia in the smoking chamber nor hypoxemia in the mice [20]. 
In addition, this study showed that the expression of genes involved in important 
pathways associated with PH and COPD, such as apoptosis, proliferation, oxidative 
stress, extracellular matrix, and inflammation, followed a completely different pat-
tern compared with that observed in chronic hypoxia-induced vascular remodeling, 
indicating that the smoke- and hypoxia-driven mechanisms were different [20]. The 
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combination of cigarette smoke and hypoxia can have synergistic effects in terms of 
affecting the vasculature. Guinea pigs exposed to cigarette smoke and subsequently 
to hypoxia showed a stronger elevation of pulmonary artery pressure and a more 
pronounced remodeling in small vessels compared with exposure to only one of 
these stimuli [105].

Additional animal studies reported a direct effect of cigarette smoke on the pa-
renchyma and vasculature. Cigarette smoke can increase the expression of vasoac-
tive mediators in pulmonary arteries [106], affecting the gene expression in pulmo-
nary arteries [107]. The exposure of guinea pigs to chronic cigarette smoke induced 
emphysema, which was associated with a reduced lung capillary density [108]. It 
was reported that cigarette smoke extract (CSE) can induce ET-1 in pulmonary ar-
tery ECs [109] and reduce prostacyclin synthase expression [110]. Moreover, CSE 
is able to induce the production of superoxide in ECs, which in turn reacts with NO 
to peroxynitrite [111]. This radical can inactivate VEGFR2 signaling [112], which 
is important for EC maintenance and growth. Of interest, CSE-induced EC apop-
tosis via p53 [113] can be prevented by the phosphodiesterase (PDE)-5 inhibitor 
sildenafil [114], which leads to increased levels of cyclic guanosine monophosphate 
(cGMP), an important second messenger. This finding suggests that the cGMP path-
way is involved in this context and decreased after smoke exposure.

15.4  Impairment of the Endothelium: Endothelial 
Dysfunction

New advances regarding the pathogenesis of PH in COPD suggest that an endothe-
lium-derived vasoconstrictor-dilator imbalance caused by endothelial dysfunction 
associated with decreased expression or uncoupling of endothelial NO synthase 
(eNOS) could be a driving force for PH development (Fig. 15.3). In this context, 
expression of VEGF and serotonin transporters seem to be increased [37, 38, 115, 
116]. ECs are important for the regulation of vascular homeostasis [117]. They re-
duce the vascular tone [118] and regulate pulmonary vessel adaptation to increases 
in blood flow [119] and hypoxia [120, 121]. Endothelial dysfunction has been re-
ported in patients with end-stage COPD who had undergone lung transplantation 
[115], as well as in patients with mild-to-moderate COPD [37]. The endothelial 
function is influenced by the expression of vasoreactive mediators controlling vaso-
constriction (also proproliferative for SMCs) or vasodilation (also antiproliferative 
for SMCs). On the one hand, it has been shown that the vasoconstrictive protein 
ET-1 was increased in patients with primary and secondary PH, including COPD 
patients [122] and, on the other hand, vasodilative mediators such as eNOS [123, 
124] and prostacyclin synthase (PGI2-S) [110] were shown to be downregulated in 
pulmonary arteries of patients with severe COPD. CSE and/or acrolein (a potent 
αβ-unsaturated aldehyde contained in cigarette smoke) can decrease the expression 
of PGI2-S in human pulmonary artery ECs (HPAECs) [110], supporting the hy-
pothesis that its downregulation in COPD patients arises directly from the cigarette 
smoke ingredients. After exposure to cigarette smoke for 8 months, mice developed 
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emphysema and PH, as well as concomitant downregulation of eNOS in lungs and 
vessels, supporting the observation in humans [20]. Of interest, eNOS-deficient 
mice developed emphysema and PH upon exposure to cigarette smoke, whereas 
inducible NO synthase (iNOS)-deficient mice did not [20].

15.5  Inflammatory Cells

Systemic inflammation is a known phenomenon in COPD [125, 126]. Thus, 
inflammation could also contribute to the pathogenesis of PH in patients with 
COPD. In fact, the degree of pulmonary vascular remodeling correlates with the 
amount of inflammatory cells seen in small airways [14, 51]. Compared with 
nonsmokers, COPD patients show increased numbers of inflammatory cells 

Fig. 15.3  Endothelial dysfunction as a causing factor for the development of vascular remod-
eling. Cigarette smoke and inflammatory mediators can cause endothelial dysfunction which is 
triggered by a a disbalance of vasodilative and vasoconstrictive molecules towards an excess of 
vasoconstrictors, and b damage/dysregulation of EC signaling. Additionally, vascular progeni-
tor cells (VPCs) are attracted to the damaged endothelium. Such VPCs can either contribute to 
repair by differentiation into ECs or to remodeling by differentiation into SMCs. Furthermore, an 
endothelial-to-mesenchymal transition (EMT) may occur, resulting in an SMC phenotype. Vaso-
constriction and altered endothelial cell signaling are stimuli for smooth muscle cells (SMCs) to 
proliferate, resulting in vascular remodeling, increased pulmonary artery pressure and, finally, 
pulmonary hypertension
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invading the adventitia of pulmonary muscular arteries [127]. These cells pre-
dominantly consist of activated T lymphocytes, especially CD8+ T cells [115, 
127], which are increased in the arterial adventitia of smokers with normal lung 
function. The ratio of CD4+/CD8+ is reduced compared with nonsmokers, and 
is comparable to the situation in patients with mild-to-moderate COPD [127]. 
The correlation of IL-6 (an inflammatory mediator) expression and elevations 
in mPAP supports a possible role of inflammation in the pathogenesis of PH (in 
COPD) [128].

15.6  Oxidative and Nitrosative Stress and the Influence 
in Vascular (Patho-)Physiology

Evidences for oxidative stress in COPD patients are numerous [7, 129]. Oxida-
tive stress is the result of an imbalance between oxidants and antioxidants in 
favor of oxidants. Cigarette smoke itself contains high concentrations of ROS 
[130]. Elevated concentrations of H2O2 and 8-isoprostane (oxidative stress mark-
ers) can be found in exhaled breath condensate of smokers and ex-smokers, as 
well as during exacerbations [131–133]. ROS can negatively influence the func-
tion of antiproteases, such as α1-antitrypsin and SLPI. This negative influence 
leads to a protease/antiprotease imbalance accelerating the degradation of elastin 
in the lung parenchyma, resulting in emphysema [134]. In addition, ROS play 
an important role in the vasculature. Traditionally, macrophages have been con-
sidered as the major ROS source, even in vessel walls [135]. However, several 
studies showed that all vascular cells (endothelial, smooth muscle, adventitial 
cells) produce ROS in different amounts, depending on the stimuli to modulate 
cellular function [136].

ROS, for example produced by macrophages, are normally involved in the elimi-
nation of pathogens and as such are critical to the organism. ROS and reactive 
nitrogen species (RNS) are able to cause protein modification and DNA damage 
[137]. Indeed, NO, generated by NO synthases, reacts with superoxide (O2•–) to 
form the potent oxidant peroxynitrite (ONOO) [138]. This peroxynitrite can react 
with tyrosine residues from proteins to form nitrotyrosine, shown to be increased in 
COPD patients [47, 48]. In the vasculature, ROS play an important physiological 
role, participating as second messengers in endothelial function, in smooth muscle 
and EC growth and survival, and in the process of remodeling of the vessel wall 
[139]. Under pathophysiological conditions, these responses are uncontrolled and 
imbalanced, respectively [140–142]. The main vascular ROS is the superoxide an-
ion, which can inactivate NO, as mentioned above, by generating peroxynitrite. 
Since NO is an important vasodilator, the reaction with ROS influences the vascular 
tone [143, 144]. Superoxide can be converted to H2O2 by superoxide dismutase 
(SOD), which is a more stable ROS. The depletion of H2O2 is carried out by catalase 
and glutathione peroxidase producing H2O. Hydrogen peroxide and other peroxides 
regulate growth-related signaling in vascular SMCs and inflammatory responses in 
vascular lesions [141, 145]. ROS can activate several vascular signaling cascades, 
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such as ERKs and MAPKs, which are important in cell growth, proliferation, apop-
tosis, and differentiation. Furthermore, receptor and nonreceptor tyrosine kinases 
(shown to be involved in cardiovascular remodeling and damage), and protein tyro-
sine phosphatases and transcription factors such as NF-κB and AP-1, which induce 
vascular inflammation [146, 147], are affected by ROS. Several studies reported 
the role of ROS in growth processes contributing to vascular remodeling and in-
jury. Angiotensin II can lead to NADPH oxidase-generated superoxide production, 
mediated by the angiotensin type I (ATI) receptor, which is converted to H2O2 by 
SOD acting as a second messenger that results in hypertrophy or hyperplasia of 
vascular SMCs [148, 149]. This angiotensin II-induced reaction can be inhibited 
by the flavoprotein inhibitor diphenyleneiodonium (DPI) [148], catalase [149], and 
knockdown of p22phox [150], supporting the involvement of NADPH oxidases in 
the vasculature.

ROS are also able to promote vascular remodeling by increasing deposition of 
extracellular matrix proteins. Collagen and elastic fibers can be degraded by pro-
teinases, especially matrix metalloproteinases (MMPs). These MMPs are secreted 
by macrophages and vascular SMCs in an inactive form [151]. ROS, for example 
peroxynitrite, activate MMP2 and 9 in human SMCs, leading to degradation of 
the basement membrane and elastin [152]. Use of a hypertension model of aldo-
sterone-induced systemic oxidative stress revealed that ET-1-associated processes 
lead to vascular remodeling [153]. Redox-sensitive inflammatory processes can 
also contribute to vascular remodeling. Expression of the inflammation-related 
intracellular adhesion molecule-1 (ICAM-1) is elevated in the aorta from aldo-
sterone-treated rats [153]. Furthermore, Liu et al. [154] reported that angiotensin 
II-induced oxidative stress caused tissue hypertrophy which was associated with 
increased ICAM-1 expression. Of interest, NADPH oxidases were involved in 
this context, producing ROS [154]. It is of note that not only the vascular but also 
the phagocytic NADPH oxidase is involved in superoxide production in cardio-
vascular diseases because monocytes and lymphocytes can infiltrate cardiovascu-
lar tissues [135].

Taken together, elevated occurrence of superoxide, H2O2, and reduced NO bio-
availability by reaction with superoxide forming peroxynitrite can contribute funda-
mentally to vascular remodeling and emphysema development.

15.7  Recent Advances in Molecular Mechanisms of 
COPD Associated with Vascular Remodeling/PH

15.7.1  Inducible Nitric Oxide Synthase as a Key Player 
for the Development of Cigarette Smoke-Induced 
PH and Emphysema

A recent study identified the major NO source in the context of smoke-induced em-
physema and PH in mice [20]. Cigarette smoke led to an upregulation of the iNOS 
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mRNA and protein expression, predominantly in small pulmonary vessels, and was 
associated with increased NO generation. Interestingly, eNOS was downregulated 
when the disease was established, in mice as well as in COPD patients. It is most 
probable that the vasodilative NO effect did not appear because of the simultaneous 
abundance of ROS from both external (cigarette smoke) and internal sources. This 
study suggested that the subsequent formation of peroxynitrite, most probably in-
creased in this context, had proapoptotic effects (as well as antiproliferative effects) 
on alveolar epithelial cells type II (AECII) and ECs, promoting emphysema devel-
opment, vessel loss, and vascular remodeling. Moreover, the level of nitrotyrosine 
was increased in those mice as well as in smokers without COPD and patients with 
severe COPD. It is likely that the downregulation of eNOS was associated with 
uncoupling of this enzyme, leading to the switch of NO to superoxide production, 
which increased the oxidative stress. Mice deficient in iNOS but not eNOS were 
protected from vascular remodeling, PH, and emphysema. Treatment with an iNOS 
inhibitor (L-NIL) could not only prevent disease development but also promote 
lung regeneration in mice previously exposed to cigarette smoke for 8 months.

Moreover, it has been shown that the development of PH was mediated by iNOS-
carrying bone-marrow-derived cells, whereas emphysema development was depen-
dent on iNOS in nonbone-marrow-derived cells [20] (Fig. 15.4). This phenomenon 
shows that PH and emphysema can develop independently of each other, and could 
also explain the discrepancy that not all COPD patients also suffer from PH, if such 
results are transferable to the human situation.

Quite recently, it could be demonstrated in mice and guinea pigs that stimula-
tion of the soluble guanylate cyclase (sGC) could not only prevent the cigarette 
smoke-induced development of vascular remodeling but also emphysema [155]. 
The sGC is an enzyme that uses iNOS-generated NO to produce cGMP from gua-
nosine triphosphate (GTP). cGMP acts as a second messenger, amongst others me-
diating vasodilation, which can decrease the vascular pressure. The combination of 
the iNOS-related findings [20] with this study demonstrates the important role of 
the NO–sGC–cGMP axis for the physiology and pathophysiology of the pulmonary 
vasculature. It has already been suggested that dysregulation of this axis contrib-
utes to pulmonary diseases and PH [156–158]. In line with previous findings [20], 
prevention from vascular remodeling was associated with prevention from emphy-
sema, although causality was not investigated in these studies.

15.7.2  Reactive Oxygen Species as a Trigger for Vascular 
Remodeling

Although cigarette smoke itself produces ROS, causing oxidative stress, the ad-
ditional internal ROS sources produced by the organism are still not fully resolved. 
Depending on the circumstances, several sources such as NADPH oxidases, mito-
chondria, xanthine oxidase, cyclooxygenases, lipooxygenases, and uncoupled eNOS 
come into consideration. As mentioned before, uncoupled eNOS can contribute to 
oxidative stress in terms of COPD [159–163]. Based on experimental and clinical 
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studies, NADPH oxidases are suggested to be the predominant superoxide-produc-
ing enzymes in the context of oxidative stress in cardiovascular diseases [164]. 
The classical NADPH oxidase is expressed in phagocytes; it produces O2•– as a 
defense mechanism against bacterial infections [135]. The intrinsic enzyme consists 

Fig. 15.4  Identification of inducible nitric oxide synthase (iNOS) as an essential factor for the 
development of cigarette smoke-induced emphysema and pulmonary hypertension (PH) in mice. 
Cigarette smoke-mediated upregulation of iNOS leads to excessive NO production. The forma-
tion of peroxynitrite, resulting from the reaction of NO with superoxide, was suggested to medi-
ate emphysema and PH development. Superoxide can derive from cigarette smoke itself and/or 
from uncoupled endothelial NOS (eNOS), nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidases, xanthine oxidases, cyclo- and lipooxidases, and mitochondria. Of interest, iNOS gener-
ated by nonbone-marrow-derived cells (NBMDC), possibly vascular cells, leads to lung destruc-
tion, resulting in emphysema, whereas elevated iNOS expression in bone-marrow-derived cells 
(BMDC) causes vascular remodeling. Treatment with the specific iNOS inhibitor L-NIL prevents 
or even reverses pathological alterations
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of membrane-bound catalytic subunits that produce the ROS and cytosolic subunits 
which regulate the function of the enzyme. In phagocytes gp91phox (= NOX2; ‘phox’ 
= phagocytic oxidase) is associated with p22phox, being essential for its function 
[165], and both are located in the membrane. They form a complex with the cyto-
solic subunits p40phox, p47phox, and p67phox, as well as the G-protein Rac2 [166]. All 
these subunits, as well as the other membrane-bound enzymes NOX1, NOX4, and 
NOX5, and homologs to p47phox (NOXO1) and p67phox (NOXA1), are expressed 
in vascular cells. NOX5 seems to be active without any regulatory subunit. NOX4 
is constitutively active, is associated with p22phox, and its function appears to be 
independent of regulatory subunits, in contrast to NOX1 and NOX2, which need to 
be activated [167]. The activity of NOX1 is predominantly regulated by NOXO1 
and NOXA1 [168]. Activation by p47phox and p67phox is also possible but is less ef-
fective than involvement of NOXO1 and NOXA1 [168, 169]. In the case of NOX2, 
p47phox is phosphorylated upon cell stimulation, followed by complex formation 
with the other cytosolic subunits, mediating migration to the membrane-bound sub-
unit. Electrons are then transferred from the substrate NADPH to O2, resulting in 
superoxide (O2•–) production [170].

    In addition to inflammatory processes often related to immune defense or ciga-
rette smoking, NADPH oxidases can be stimulated by many factors in cardiopulmo-
nary vascular diseases. Vasoactive agonists such as angiotensin II, ET-1, and tumor 
necrosis factor-α (TNFα) can regulate NADPH oxidases in vascular cells [153, 154, 
171]. Even genetic factors might be involved in NADPH oxidase-dependent super-
oxide production. For instance, polymorphisms in the promoter region of the gene 
encoding p22phox have been identified. Such polymorphisms can increase the activ-
ity of the promoter in vascular SMCs [172], which were shown to be associated 
with essential hypertension [173] and decreased NO bioavailability [174].

In terms of remodeling, ROS can influence several intracellular signaling cas-
cades, e.g. activation of ERKs and MAPKs, which affect cell growth and differen-
tiation; protein tyrosine phosphatases and transcription factors, for instance NF-
κB and AP-1, inducing proinflammatory genes associated with hypertension and 
atherosclerosis; and receptor and nonreceptor tyrosine kinases, which have been 
shown to be involved in cardiovascular remodeling and vascular damage [146].

Because of the fact that monocytes and lymphocytes are able to infiltrate cardio-
vascular tissues and pulmonary vessels, it is important to note that in cardiovascular 
diseases, such as COPD, not only vascular NADPH oxidase can contribute to ROS 
formation, and hence to vascular remodeling, but phagocytic oxidase can also con-
tribute [175].

15.7.3  Neprilysin Downregulation Provokes Pulmonary Vascular 
Remodeling

A recent study demonstrated that neprilysin (neutral endopeptidase [NEP]) might be 
an important factor for the susceptibility of humans to pulmonary vascular remodel-
ing in response to smoke inhalation and hypoxia [176] (Fig. 15.5). NEP is a trans-
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membrane zinc peptidase that is widely expressed, including in PASMCs, PAECs, 
and fibroblasts [177]. Its activity and expression is decreased by cigarette smoke 
[178], hypoxia [179, 180], and ROS [181]; it is particularly important in vascular 
SMCs in terms of remodeling [176]. A genetic depletion of NEP in mice resulted 
in increased severity of PH associated with stronger proliferation of PASMCs com-
pared with wild-type mice. This finding suggests a protective role of NEP against 
PH, partly by suppressing proliferation and migration of PASMCs [180].

    Interestingly, Wick et al. [176] showed that NEP expression was decreased in 
lungs from COPD patients with PH and non-COPD PH patients, especially in the 

Fig. 15.5  Scheme of proposed neprolysin (NEP)-dependent mechanisms leading to vascular 
remodeling. Extracellular stimuli, such as hypoxia and cigarette smoke, activate pathways in vas-
cular cells, causing downregulation of NEP expression and/or activity which was seen in patients 
with COPD associated with pulmonary hypertension (PH). Stimuli can have direct negative effects 
on NEP, and also indirectly by 1) increasing reactive oxygen species (ROS) and platelet-derived 
growth factor (PDGF); and 2) activation of other pathways, in part receptor-mediated. NEP down-
regulation leads to elevated proliferation, migration, inflammation, angiogenesis, and vasocon-
striction mediated, amongst others, by depicted molecules, causing vascular remodeling. The ROS 
effect on NEP can be inhibited by the superoxide dismutase (SOD) mimetic tiron. Colored boxes 
indicate involvement in the respective pathway; red arrows represent inhibition/downregulation; 
green arrows represent activation/upregulation. ET-1 endothelin-1, FGF-2 fibroblast growth fac-
tor, AT-II angiotension-II, PASMC pulmonary artery smooth muscle cells, EC endothelial cells, 
FB fibroblasts
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distal vasculature where prominent remodeling occurs. NEP is involved in many 
peptidase-dependent (e.g. degradation of vasoactive neuropeptides) and -indepen-
dent (e.g. interaction of signaling molecules with NEP’s intracellular cytosolic 
subunit) signaling pathways [182, 183], but its endopeptidase activity-dependent 
pathways influencing vascular remodeling are not yet well understood. Wick et al. 
postulated that increased proliferation/migration of dedifferentiated SMCs or myo-
fibroblasts may promote pulmonary vascular remodeling and PH if NEP is less ac-
tive or downregulated, perhaps mediated by platelet-derived growth factor (PDGF) 
whose expression is inversely correlated to NEP. Recent data from Karoor et al. 
support this assumption. They showed that PDGF receptor (PDGFR) signaling was 
constitutively active in NEP−/− cells and lungs; this effect could be attenuated by the 
endothelin A (ETA) receptor antagonist ambrisentan [184]. Additionally, a loss of 
NEP could have inflammatory, angiogenic, and vasoconstrictive effects on vascular 
cells. The anti-inflammatory action of NEP could be explained by NEP-dependent 
degradation of the proinflammatory substrates substance P and bradikinin. The de-
crease in NEP after cigarette smoke and hypoxia may also enhance the angiogenic 
effect of fibroblast growth factor (FGF)-2 [182], as well as the proproliferative and 
vasoconstrictive properties of ET-1 [185] and bombesin-like peptides [186], all be-
ing substrates of NEP.

Recently, it was demonstrated in PASMCs that FGF-2 and ET-1 synergize with 
PDGF in increasing phosphorylation of Src kinase (amongst others activating PDG-
FR) and PDGFR, which promoted migration and proliferation of the cells [184]. 
The phosphatase PTEN (phosphatase and tensin homolog) also plays an important 
role in vascular biology. The loss of PTEN results in PH [187]. It is inactivated 
by phosphorylation (mediated by Src and PDGFR) and downregulated in NEP-
deficient PASMCs. This downregulation could be rescued by NEP overexpression 
in NEP null cells or by downregulation of Src or PDGFR by small interfering RNA 
(siRNA). These observations suggest that NEP-dependent mechanisms protect 
against the inactivation of PTEN [184]. Moreover, NEP can be inactivated by ROS, 
as shown by decreased activity in the presence of H2O2 and improved NEP activity 
when an antioxidant, the SOD mimetic tiron, was present [176].

Of interest, early studies suggest that inhibition of NEP could be beneficial for 
the treatment of PH [188, 189]. This proposal is based on the fact that NEP can 
inactivate atrial/brain natriuretic peptides (ANP/BNP), which promote vasodilation 
by increasing cGMP mediated via natriuretic peptide receptor-A (NPR-A) [190]. 
cGMP-dependent protein kinase (PKG), cGMP binding PDEs, and cyclic nucleo-
tide-gated ion channels bind cGMP, in which PKG seems to be the main mediator 
of cGMP signals [191–193]. Binding of ANP/BNP-induced cGMP activates PKG, 
leading to the catalytic transfer of phosphate from ATP to target proteins. These 
phosphorylated proteins translate the extracellular stimuli into specific biological 
outputs [194], such as vasodilation.

It has been shown that NEP antagonists, alone and in combination with angioten-
sin-converting enzyme (ACE) and endothelin-converting enzyme (ECE) inhibitors, 
were able to improve cardiac function, decrease systemic blood pressure, and limit 
cardiac hypertrophy [195–198]. Nevertheless, side effects were observed if single 
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NEP inhibitors or dual inhibitors (NEP/ACE or NEP/ECE) were used. Nowadays, 
even triple vasopeptidase inhibitors (NEP/ACE/ECE) are under investigation, with 
promising preliminary results showing fewer side effects; in particular, the increase 
in ET-1 can be reversed by simultaneous application of an ECE inhibitor [196]. 
These combination therapies and the different mechanisms of NEP, ACE, and ECE 
inhibition have been extensively reviewed by Daull et al. [196].

However, recent observations support the possibility that NEP could be protec-
tive against PH [176, 180, 199]. One explanation for the discrepancy between the 
beneficial cardiac effects and harmful pulmonary effects of NEP inhibition is the 
well-known phenomenon that the pulmonary and systemic circulations usually 
respond to hypoxia (a major stimulus for PH) in opposite ways: pulmonary ves-
sels contract to redirect blood flow to better oxygenated areas of the lung, whereas 
systemic vessels dilate to increase the flow of oxygenated blood to areas of tissue 
hypoxia or ischemia [180].

In conclusion, in terms of the lung, it is suggested to increase NEP to treat PH, 
whereas cardiac NEP inhibition could be used for treatment of hypertrophy and im-
provement of cardiac function. This dichotomy clearly demonstrates that a possible 
treatment must be dependent not only on the target itself but also on the localization 
of the target. These data should be kept in mind when considering NEP-related drug 
therapies.

15.8  Conclusions

The mechanisms of COPD and PH in COPD are still far from being fully under-
stood. Studies primarily from the last decade have shown that vascular remodeling 
and PH can occur in COPD, not only in severe cases but also in mild-to-moderate 
forms of the disease, or even in smokers without airflow limitations. Investigations 
of the molecular mechanisms of COPD and the occurrence of pulmonary vascu-
lar remodeling established that COPD associated with PH and pulmonary vascular 
remodeling is a complicated multifactorial disease involving hypoxia-related and 
hypoxia-unrelated mechanisms, inflammation, and endothelial dysfunction. Recent 
advances have changed the long-standing view of the pathobiology of COPD. In the 
past, vascular alterations (vascular remodeling and PH) have been seen to be sec-
ondary events occurring after destruction of the parenchyma, predominantly caused 
by hypoxia/hypoxemia. However, recent studies have demonstrated that such vas-
cular abnormalities can be early events in COPD, preceding airflow limitations and 
emphysema, and can be independent of hypoxia. It has been shown, at least in mice, 
that PH and lung emphysema triggered by tobacco smoke can occur independently, 
and suggest that vascular molecular alterations can be a trigger for lung emphysema 
development.

Further elucidation of the contribution of pulmonary vascular changes to COPD 
development may help to identify new therapeutic concepts for this disease.
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Chapter 16
Nitric Oxide Synthesis in Vascular Physiology 
and Pathophysiology

Huige Li, Ning Xia and Ulrich Förstermann

16.1  Introduction

Nitric oxide (NO), the smallest signaling molecule known, is produced by three 
isoforms of NO synthase (NOS; EC 1.14.13.39): neuronal NOS (nNOS; NOS I), 
inducible NOS (iNOS; NOS II), and endothelial NOS (eNOS; NOS III). All NOS 
isoforms utilize L-arginine and molecular oxygen as substrates, and reduced nicotin-
amide adenine dinucleotide phosphate (NADPH) as a co-substrate. Flavin adenine 
dinucleotide (FAD), flavin mononucleotide (FMN), and (6R-)5, 6, 7, 8-tetrahydro-
L-biopterin (BH4) are co-factors of all NOS isozymes [22].

nNOS is constitutively expressed in central and peripheral neurons, as well as 
some other cell types. Its functions include synaptic plasticity in the central ner-
vous system, central regulation of blood pressure, and vasodilatation via peripheral 
nitrergic nerves. Nitrergic nerves are of particular importance in the relaxation of 
corpus cavernosum and penile erection.

iNOS is usually not expressed in cells under physiological conditions. Its expres-
sion can be induced in many cell types by lipopolysaccharide, cytokines, or other 
agents. Once expressed, iNOS is constantly active and not regulated by intracellular 
Ca2 + concentrations. When induced in macrophages, iNOS produces large amounts 
of NO, which represent a major cytotoxic principle of those cells on microbes, in-
tracellular pathogens, and parasitic microorganisms. On the other hand, iNOS has 
been shown to contribute to a number of diseases, including inflammatory diseases 
and septic shock.
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eNOS is mostly expressed in endothelial cells. It keeps blood vessels dilated, 
controls blood pressure, and has numerous other vasoprotective and antiatheroscle-
rotic effects [22].

NO formed by NOS enzymes can act on a number of target enzymes and pro-
teins. The most important physiological signaling pathway stimulated by NO is 
the activation of soluble guanylyl cyclase and the generation of cyclic guanosine 
monophosphate (cGMP).

16.2  Nitric Oxide Synthase (NOS) Enzymes in the 
Vasculature

16.2.1  Endothelial NOS (eNOS)

Under physiological conditions, vascular NO is mainly produced by eNOS. This en-
zyme is constitutively expressed in the endothelium and is activated by shear stress 
of the flowing blood or by agonists such as bradykinin, acetylcholine, and vascular 
endothelial growth factor (VEGF) (Fig. 16.1). Molecular mechanisms underlying 
eNOS activation include elevation of intracellular Ca2 + concentration, post-transla-
tional modification of the eNOS enzyme (i.e. phosphorylation and deacetylation), 
and protein–protein interaction [20].

NO produced by eNOS can diffuse from endothelial cells into the underlying 
smooth muscle cells (SMCs), and can induce vasodilation by stimulating NO-
sensitive guanylyl cyclase. Endothelial NO can also diffuse into the blood and 
inhibit platelet aggregation and adhesion (Fig. 16.1). In addition to these antihy-
pertensive and antithrombotic actions, eNOS-derived NO also possesses multiple 

Fig. 16.1  Antihypertensive, antithrombotic, and antiatherosclerotic effects of endothelial nitric 
oxide synthase ( eNOS). The eNOS enzyme in endothelial cells ( ECs) can be activated by shear 
stress or agonists such as bradykinin ( BK) and vascular endothelial growth factor ( VEGF). Endo-
thelial NO diffuses into the blood and inhibits platelet aggregation and adhesion, as well as leu-
kocyte adhesion to the vascular endothelium and leukocyte migration into the vascular wall. NO 
diffused into smooth muscle cells ( SMC) induces vasodilation and prevents SMC proliferation
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antiatherosclerotic properties, including prevention of leukocyte adhesion to the 
vascular endothelium and leukocyte migration into the vascular wall, inhibition of 
low-density lipoprotein (LDL) oxidation, and inhibition of vascular SMC prolifera-
tion [49, 51]. Genetic depletion of eNOS exacerbates diet-induced atherosclerosis 
in the apolipoprotein E-knockout (ApoE-KO) mouse model. The blood pressure of 
eNOS knockout mice is approximately 30 % higher than that of wild-type animals 
[58]. Recent studies suggest that eNOS is also involved in mitochondrial biogen-
esis, anti-aging effects, and extension of lifespan in mammals [11, 65].

16.2.2  Inducible NOS (iNOS)

iNOS is normally absent in the vasculature. However, under conditions of inflam-
mation, sepsis, or oxidative stress, iNOS expression can be induced in the endothe-
lium, the media, and/or the adventitia of blood vessels [25, 69].

In contrast to the regulated production of NO by eNOS, iNOS may generate 
large amounts of NO over long periods of time if substrate and co-factors are not 
limited. This excessive NO production by iNOS leads to vascular dysfunction, evi-
dent as impairment of both vasoconstriction and endothelium-dependent vasorelax-
ation. Several mechanisms have been proposed by which iNOS impairs contractile 
responses [105], including continuous activation of the soluble guanylyl cyclase 
[25], abnormal vascular calcium regulation [10], and oxidative modification of cat-
echolamines [88]. In parallel, the endothelium-dependent, NO-mediated vasodila-
tion response (e.g. to acetylcholine or bradykinin) is impaired by iNOS. This may 
be the result of reduced NO production from eNOS [25, 40] or enhanced inactiva-
tion of eNOS-derived NO by superoxide [100]. Tetrahydrobiopterin (BH4) is an 
essential co-factor for NO production by NOS enzymes. iNOS expressed in the en-
dothelium competes with eNOS for BH4 and reduces NO production from eNOS by 
limiting BH4 availability for eNOS [25]. The continuous generation of NO by iNOS 
induced in the vascular wall can impair the signal transduction cascade that links 
activation of endothelial receptors to the calcium–calmodulin-dependent activation 
of eNOS [40]. Moreover, the reduction of endothelium-dependent relaxation may 
be mediated in part by reduced reactivity of SMCs to NO [17]. The consequence 
of such dysregulations (impaired vasomotor reactivity to both vasoconstrictor and 
vasodilator agonists) can be seen, for example, in septic shock. Septic shock is 
characterized by massive arteriolar vasodilatation, hypotension, and microvascular 
damage largely mediated by iNOS. Inappropriate vasodilation, abnormal regulation 
of blood flow to organs, myocardial suppression, and interference with cellular res-
piration all contribute to hypotension and mortality in septic shock [22, 58].

The induction of iNOS in the vasculature is also associated with enhanced 
formation of peroxynitrite [59, 100, 106], a key pathogenic mechanism in con-
ditions such as septic shock, stroke, myocardial infarction, chronic heart failure, 
diabetes, and atherosclerosis [57, 66]. iNOS is present in human atherosclerosis 
plaque. Genetic deletion of iNOS reduces atherosclerosis in ApoE-KO mice [43]. 
iNOS also contributes to tissue damage after cerebral ischemia. Inhibition of iNOS 
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by selective pharmacologic inhibitors [34], or gene deletion of iNOS [33], reduces 
brain damage.

16.2.3  Neuronal NOS (nNOS)

nNOS plays an important role in blood vessels independently of its effects in the 
central nervous system [61]. nNOS is expressed in perivascular nerve fibers as well 
as in the vascular wall [84, 96]. Using the selective nNOS inhibitor S-methyl-L-
thiocitrulline (SMTC), it has been found that nNOS inhibition leads to a dose-de-
pendent reduction in basal forearm blood flow in human subjects [86]. Importantly, 
the acetylcholine- [86] and flow-induced [85] vasodilation, effects that are mediated 
by eNOS, is not affected by SMTC. A similar situation has been observed in human 
coronary circulation, where SMTC causes a significant reduction in basal coronary 
blood flow without any effect on increases in flow evoked by intracoronary sub-
stance P [85]. In addition, nNOS may play a role in the regulation of mental stress-
induced vasodilatation [86] and in the cutaneous blood flow increase in response to 
whole-body heat stress [39].

In addition to these human studies, animal experiments suggest an atheroprotec-
tive role of nNOS in the vasculature. Gene deletion of nNOS in ApoE-KO mice ac-
celerates atherosclerotic plaque formation in the aortic root and descending thoracic 
aorta [45, 80]. An increase in mortality has also been observed nNOS/ApoE double 
knockout mice after 24 weeks of Western-type diet [45]. These results are compat-
ible with earlier studies showing accelerated neointimal formation and constrictive 
vascular remodeling in nNOS-KO mice in a carotid artery ligation model [64, 96].

16.3  Molecular Mechanisms of eNOS Uncoupling

Under physiological conditions, eNOS produces NO, which represents a key el-
ement in the vasoprotective function of the endothelium [22, 51, 52]. However, 
under pathological conditions associated with oxidative stress, eNOS may become 
dysfunctional [21, 53, 54]. Oxidative stress contributes markedly to endothelial 
dysfunction, primarily due to rapid oxidative inactivation of NO by excess super-
oxide. In a second step, the persisting oxidative stress renders eNOS uncoupled (i.e. 
uncoupling of O2 reduction from NO synthesis), such that it no longer produces NO 
but superoxide.

Numerous mechanisms have been proposed to play a role in eNOS uncoupling 
[22, 51]. Among these, depletion of BH4, an essential co-factor for the eNOS en-
zyme, is likely to be a major cause for eNOS uncoupling and endothelial dysfunc-
tion. Superoxide can modestly, and peroxynitrite strongly, oxidize BH4, leading to 
BH4 deficiency [48]. ApoE-KO mice show increased oxidative degradation of BH4 
and eNOS uncoupling in cardiovascular tissues [1, 103, 104]. Evidence for BH4 
deficiency and eNOS uncoupling has been obtained in patients with endothelial 
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dysfunction resulting from hypercholesterolemia [93] or diabetes mellitus [28], and 
in chronic smokers [97].

Another important cause of eNOS uncoupling is a deficiency of L-arginine due 
to upregulation of arginase expression/activity. In humans and mammals, there are 
two isoforms of arginases: arginase I (Arg-I) and arginase II (Arg-II), which are 
encoded by two separate genes [109]. Both Arg-I and Arg-II have been found in the 
vasculature, with a dependency on species and cell type [70]. Studies performed with 
vascular endothelial cells suggest that these two isoforms share similar functions, 
i.e. metabolizing L-arginine to urea and L-ornithine, whereby an upregulation of 
Arg-I and/or Arg-II limits L-arginine bioavailability for NO production, leading 
to endothelial dysfunction [109]. Selective endothelial overexpression of Arg-II 
induces endothelial dysfunction and hypertension and enhances atherosclerosis 
in mice [99]. Aging is associated with upregulation of Arg-II, enhanced vascular 
arginase activity, and eNOS uncoupling [41, 111]. The uncoupling of eNOS under 
conditions of aging can be reversed by arginase inhibitors [41] or by genetic dele-
tion of Arg-II [111]. The expression/activity of vascular arginases is enhanced by a 
variety of stimuli [70], including angiotensin II [87] or high glucose [76], thrombin 
[62], and oxidized LDL [79].

Uncoupling of eNOS is a crucial mechanism contributing significantly to endo-
thelial dysfunction and atherogenesis. It not only reduces NO production but also 
potentiates the pre-existing oxidative stress. The overproduction of reactive oxy-
gen species (ROS) [e.g. superoxide and subsequently peroxynitrite] by uncoupled 
eNOS in turn enhances oxidation of BH4 and upregulation of arginase expression/
activity [8], creating a vicious circle.

16.4  Uncoupling of eNOS in Diabetes Mellitus

The production of eNOS-derived NO is reduced in diabetes and insulin resistance. 
The implicated mechanisms include inhibition of eNOS activity by post-transla-
tional modification (i.e. enhancement of protein kinase C [PKC]-mediated phos-
phorylation of eNOS at threonine 495 [94], reduction in phosphorylation of eNOS 
at serine 1177 [15], and increase in O-linked N-acetylglucosamine modification 
of eNOS [15]) and eNOS uncoupling due to deficiency of BH4 or L-arginine [50].

16.4.1  BH4 Deficiency in Diabetes

In the rat model of streptozotocin-induced type 1 diabetes mellitus, eNOS is un-
coupled in blood vessels [29]. The major cause for this eNOS uncoupling is BH4 
oxidation due to PKC-mediated activation and upregulation of NADPH oxidase 
[29]. Indeed, BH4 oxidation and BH4 deficiency is evident in streptozotocin-treated 
mice [2], as well as in streptozotocin-treated diabetic spontaneously hypertensive 
rats [19].
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Diabetes-induced ROS may cause proteasomal degradation of guanosine 
5ʹ-triphosphate cyclohydrolase-1 (GCH1), a rate-limiting enzyme in the synthesis 
of BH4 [108], which may subsequently lead to BH4 deficiency [81, 101, 108]. In 
addition, S-glutathionylation may represent another important trigger of eNOS un-
coupling in the setting of type 1 diabetes [81].

In spontaneously diabetic db/db mice, an animal model of type 2 diabetes that 
lacks the leptin receptor, the acetylcholine-induced relaxation of isolated small mes-
enteric arteries is reduced. Although the absolute vascular BH4 level is unchanged, 
a relative BH4 deficiency is evident due to enhanced BH4 oxidation and a low 
BH4:BH2 ratio [67]. Endothelial dysfunction can be improved by acute ex vivo in-
cubation with BH4 or with sepiapterin, a stable precursor of BH4 [68]. Fructose-fed 
rats show insulin resistance with endogenous hyperinsulinemia. Aortic BH4 con-
tents of fructose-fed rats are decreased, whereas the levels of BH2 are increased. 
Impaired endothelial function can be reversed by ex vivo preincubation of aortic 
strips with BH4 [90] or by oral BH4 supplementation [91]. These results indicate 
that BH4 deficiency represents a major cause for endothelial dysfunction in type 2 
diabetes or insulin resistance (Fig. 16.2).

16.4.2  L-Arginine Deficiency in Diabetes

The reduced NO production from eNOS under conditions of diabetes may also 
be caused by L-arginine deficiency due to induction of arginases. High glucose 
upregulates Arg-I in (bovine and murine) endothelial cells by stimulating the RhoA-
ROCK pathway [76, 110], whereas persistent insulin stimulation (mimicking the 
hyperinsulinemia condition) in human endothelial cells upregulates the expres-
sion and activity of Arg-II via a signaling cascade involving SHP2 phosphoryla-
tion and p38 mitogen-activated protein kinase (MAPK) activation [23]. Increased 
arginase expression/activity decreases L-arginine bioavailability for eNOS on the 
one hand, and on the other, L-arginine depletion may also lead to eNOS uncoupling 
(Fig. 16.2).

In aortas from streptozotocin-induced diabetic rats [76] or mice [75, 110], Arg-I 
expression is enhanced, which is associated with endothelial dysfunction. Aortic 
Arg-II expression is either barely detectable (rats) or not changed by streptozotocin-
induced diabetes (mice). Diabetes-induced coronary vascular dysfunction involves 
increased arginase activity, with a major involvement of Arg-I [75, 76]. Enhanced 
arginase activity in the aorta or coronary artery of streptozotocin-induced diabetic 
animals is believed to induce eNOS uncoupling [75, 76]. Diabetic Arg-I+/−Arg-II−/− 
mice exhibit less arginase activity/expression and less endothelial dysfunction than 
diabetic wild-type or Arg-I+/+Arg-II−/− mice, indicating that Arg-I is likely to be the 
primary arginase isoform involved in type 1 diabetes-induced vascular dysfunction 
[75]. In contrast, Arg-II seems to be the primary arginase isoform upregulated in 
corpus cavernosum tissue of streptozotocin-treated mice, and Arg-II deletion im-
proves corpora cavernosal relaxation in type 1 diabetes [95].
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In type 2 diabetic Goto-Kakizaki rats, coronary artery microvascular 
dysfunction is associated with increased Arg-II expression. Arginase inhibition 
restores coronary microvascular function in type 2 diabetic rats by a mechanism 
related to increased utilization of arginine by NOS and increased NO bioavail-
ability [24].

In patients with type 2 diabetes mellitus, plasma arginase activity is elevated 
[37]. An upregulation of Arg-I in coronary arterioles of patients with (type 1 or 
type 2) diabetes mellitus has been shown to contribute to reduced NO production 
and consequently diminished vasodilation [4]. Arginase inhibition markedly im-
proves endothelium-dependent vasodilatation in the forearm of patients with type 2 
diabetes and coronary artery disease, whereas it does not affect endothelial function 
in healthy controls [89]. This observation indicates a functional role of arginase 
contributing to endothelial dysfunction in patients with diabetes.

Fig. 16.2  Uncoupling of endothelial NOS ( eNOS) in cardiovascular disease. Cardiovascular risk 
factors such as hypertension, hypercholesterolemia, or diabetes mellitus lead to superoxide pro-
duction by eNOS (‘eNOS uncoupling’) through two major mechanisms-deficiency of the co-factor 
tetrahydrobiopterin ( BH4) or the substrate L-arginine. Nicotinamide adenine dinucleotide phos-
phate ( NADPH) oxidase-derived superoxide ( O2●−) may react with nitric oxide ( NO), resulting 
in peroxynitrite ( ONOO−). ONOO− oxidizes BH4 to dihydrobiopterin ( BH2). BH4 deficiency can 
be exacerbated by downregulation of GTP cyclohydrolase-1 ( GCH1, the rate-limiting enzyme for 
BH4 de novo biosynthesis) or dihydrofolate reductase ( DHFR, the enzyme required for BH4 regen-
eration from BH2). L-arginine deficiency is caused by upregulation of arginase expression and/or 
activity. Uncoupled eNOS produces reactive oxygen species (e.g. superoxide and subsequently 
peroxynitrite), which in turn oxidize BH4 and increase arginase expression and activity, creating 
a vicious circle.
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16.5  Uncoupling of eNOS in Hypertension

Endothelial dysfunction and eNOS uncoupling has been demonstrated in dif-
ferent types of hypertension, including animal models of genetic hypertension 
(spontaneously hypertensive rats, SHR), angiotensin II-induced hypertension, and 
deoxycorticosterone acetate (DOCA)-salt hypertension (summarized in Li and 
Forstermann [50]).

16.5.1  BH4 Deficiency in Hypertension

BH4 deficiency has been shown to be a major mechanism for eNOS uncoupling in 
DOCA-salt hypertension. NADPH oxidase-mediated oxidation of BH4 is evident 
in the aorta of DOCA-salt hypertensive mice as BH4 oxidation and BH4 deficiency 
are absent in mice lacking p47phox, a critical component of the NADPH oxidase 
enzyme complex. Oral BH4 treatment reverses eNOS uncoupling and prevents 
hypertension development in DOCA-salt mice [47]. Consistently, endothelium-
specific overexpression of GCH1 attenuates blood pressure progression in this 
model of salt-sensitive, low-renin hypertension [16]. In contrast, administration 
of sepiapterin is not effective in recoupling eNOS in DOCA-salt hypertension. 
Because of downregulation of endothelial sepiapterin reductase, sepiapterin cannot 
be converted to BH4 [112].

In spontaneously hypertensive rats, the expression of vascular NADPH oxidase 
components is enhanced [50]. BH4 content is decreased and eNOS in an uncoupled 
state in SHR aorta [56]. Suppression of NADPH oxidase with gp91ds-tat decreases 
ROS production in SHR to the level of control Wistar-Kyoto rats (WKY) [113]. 
Pharmacological reversal of eNOS uncoupling by midostaurin [56] or resveratrol 
[5] results in a reduction in blood pressure in spontaneously hypertensive rats.

Angiotensin II-induced hypertension is also associated with eNOS uncoupling 
[63]. Angiotensin II activates vascular PKC, which leads to enhanced expression 
[63] and activity [6] of vascular NADPH oxidase (Fig. 16.2). Indeed, NADPH 
oxidases play a crucial role in angiotensin II-induced hypertension. Angiotensin 
II-induced elevation in blood pressure and production of superoxide are signifi-
cantly blunted in mice deficient of the NADPH oxidase components Nox1 [60] or 
p47phox [46], and are potentiated in mice with Nox1 overexpression [13].

BH4 deficiency represents a major cause for angiotensin II-induced eNOS 
uncoupling. Angiotensin II reduces the expression of GCH1 and thus BH4 de novo 
synthesis [82], as well as that of dihydrofolate reductase (DHFR) [7], which cata-
lyzes the regeneration of BH4 from its oxidized form, BH2. Oral supplementation 
with BH4 restores NO/cGMP signaling in small arteries, and attenuates angiotensin 
II-induced hypertension in rats [36].
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16.5.2  L-Arginine Deficiency in Hypertension

In addition to BH4 deficiency, the endothelial dysfunction in hypertension may be 
partially attributable to reduced NO production by eNOS because of L-arginine 
deficiency. Upregulation of arginase expression/activity in blood vessels has 
been observed in spontaneously hypertensive rats [12], mineralocorticoid-salt 
hypertensive rats [74], and Dahl rats with salt-induced hypertension [35]. The mech-
anisms underlying the upregulation of arginase in hypertension are not completely 
understood. Angiotensin II has been shown to increase endothelial arginase activ-
ity/expression through AT1 receptors and subsequent activation of RhoA/ROCK/
p38 MAPK pathways, leading to endothelial dysfunction [87]. Upregulation of 
arginase expression/activity is of functional relevance to blood pressure develop-
ment. Selective endothelial overexpression of Arg-II induces endothelial dysfunc-
tion and hypertension in mice [99]. Treatment with arginase inhibitors improves 
vascular function and lowers blood pressure in spontaneously hypertensive rats [3].

In patients with hypertension, reflex cutaneous vasodilatation is augmented by 
arginase inhibitors via skin microdialysis catheters [30]. Antihypertensive treatment 
with the angiotensin-converting enzyme (ACE) inhibitor lisinopril reduced erythro-
cyte arginase activity in patients with arterial hypertension [42].

16.6  Uncoupling of eNOS in Atherosclerosis

In 1995, it was shown for the first time that LDL enhances superoxide production 
from eNOS [72]. Thereafter, evidence for eNOS uncoupling has been obtained in 
hypercholesterolemic mice [48] and patients [93].

16.6.1  BH4 Deficiency in Atheorsclerosis

Hypercholesterolemic ApoE-KO mice show increased oxidative degradation of 
BH4 [1], leading to eNOS uncoupling [1, 103, 104]. Supplementation with BH4 
restores endothelial dysfunction in hypercholesterolemic patients [93]. BH4 defi-
ciency due to oxidative stress is likely to be a major cause for eNOS uncoupling 
under these conditions. Diet-induced hypercholesterolemia in rabbits is associated 
with enhanced NADPH oxidase activity and reduced superoxide dismutase (SOD) 
activity in the vasculature [98]. Oxidized LDL enhances endothelial superoxide 
production by stimulating NADPH oxidase [27, 92]. Native LDL and oxidized LDL 
may also activate endothelial xanthine oxidase [92].
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It should be noted that eNOS uncoupling is not an all-or-none phenomenon. 
Rather, uncoupled eNOS molecules and coupled eNOS proteins may exist in the 
same cell at the same time [50, 53]. Because of relative BH4 deficiency, part of 
the eNOS molecules become uncoupled, while others may still remain coupled. In 
the hypercholesterolemic ApoE-KO mice, for instance, both superoxide and NO 
production by eNOS are detectable [71]. Moreover, the damaging effects of su-
peroxide produced by uncoupled eNOS do not overwhelm the protective role of 
eNOS-derived NO, at least in this mouse model of atherosclerosis [71]. For this 
reason, genetic deletion of eNOS [9, 44, 71] or pharmacological inhibition [38] of 
both the coupled and uncoupled eNOS, accelerates atherosclerosis development in 
ApoE-KO mice.

16.6.2  L-Arginine Deficiency in Atherosclerosis

In addition to BH4 deficiency, upregulation of arginase expression and/or activ-
ity has been shown to contribute to reduced endothelial NO production in experi-
mental models of atherosclerosis, including the ApoE-KO mice (Arg-II) [18, 78] 
and in hyperlipidemic rabbits (Arg-I and Arg-II) [26]. The aortic arginase activity 
in ApoE-KO mice is significantly reduced after the removal of the endothelium, 
suggesting an important contribution from endothelial cells [78]. The functional 
relevance of arginase upregulation in atherosclerosis has been shown in ApoE-KO 
mice. Selective endothelial overexpression of Arg-II induces endothelial dysfunc-
tion and enhances atherosclerosis in mice [99]. Chronic treatment with an arginase 
inhibitor for 4 or 8 weeks reduces aortic plaque burden in ApoE-KO mice [78].

The RhoA/ROCK pathway seems to play a central role in the upregulation of 
arginase expression and activity under conditions of atherosclerosis (Fig. 16.2). 
Thrombin enhances the activity of Arg-II in human umbilical vein endothelial cells 
(HUVECs; Arg-I is not detectable in these cells) without changing the protein level 
of the enzyme [62]. This effect is associated with an upregulation of RhoA and is 
preventable by statins or ROCK inhibitors [62]. Oxidized LDL not only stimulates 
arginase enzymatic activity (after 5 min) but also enhances Arg-II protein levels 
(after 12 h) [79]. The activation of Arg-II by oxidized LDL is mediated by the lec-
tin-like oxidized LDL (LOX-1) receptor and subsequent RhoA/ROCK-dependent 
microtubule depolymerization, leading to a dissociation of Arg-II from the mito-
chondria to the cytosol where it limits NO synthesis by eNOS [77]. In bovine aortic 
endothelial cells, oxidative species (such as peroxynitrite and hydrogen peroxide) 
increase Arg-I expression and activity through PKC-dependent activation of the 
RhoA-ROCK pathway [8].

In humans with hypercholesterolemia, the reduced skin blood flow responses are 
associated with enhanced expression and activity of Arg-I and Arg-II [31]. Statin 
treatment has no effect of the expression levels of the arginase enzymes but restores 
the functional vasodilator properties by inhibiting arginase activity [31].
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16.7  Pharmacological Prevention of eNOS Uncoupling

Because of eNOS uncoupling under conditions of cardiovascular disease, pharma-
cological upregulation of eNOS expression alone will not be beneficial because this 
would lead to enhanced ROS production by the uncoupled eNOS. In fact, many 
cardiovascular diseases are associated with compensatory upregulation of eNOS 
expression; however, the compensation is futile, or even harmful, because the eNOS 
is in an uncoupled state [51, 55].

Therefore, it is essential to prevent eNOS uncoupling, or reverse an existing 
eNOS uncoupling, for the treatment of cardiovascular disease. Fortunately, eNOS 
uncoupling is a reversible event. With the growing understanding of molecular 
mechanisms underlying eNOS uncoupling, numerous pharmacological strategies 
to prevent eNOS uncoupling have been successfully tested in animal models. These 
include the ACE inhibitors, AT1 receptor blockers (ARBs), 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) reductase inhibitors (statins), the third-gener-
ation β-blocker nebivolol, the organic nitrate pentaerythritol tetranitrate (PETN), 
the plant polyphenolic phytoalexin resveratrol, and some small-molecular-weight 
eNOS transcription enhancers (for details see our recent review articles [50, 53, 
54]). These compounds prevent BH4 oxidation by inhibiting NADPH oxidase 
expression/activity. Some drugs additionally improve BH4 regeneration from 
BH2 by upregulating DHFR (e.g. ARBs and PETN), or enhance eNOS enzymatic 
activity (e.g. ARBs, statins, nebivolol, resveratrol) [50, 53]. Statins [31, 62, 76, 77] 
and ACE inhibitors [42] also improve eNOS functionality by inhibiting arginase 
activity. The improvement of NO bioavailability represents part of the pleiotropic 
effects of these drugs that contribute to their therapeutic benefit.

The long-term use of L-arginine is questionable. A randomized, double-blinded, 
placebo-controlled study in patients with acute myocardial infarction demonstrated 
that 6 months of oral L-arginine supplementation (3 g three times daily on top of 
standard post-infarction therapy) does not have any benefits on vascular stiffness 
or left ventricular rejection fraction, but increases mortality [83]. In another clinical 
study, patients with peripheral artery disease receiving L-arginine supplementation 
(3 g/day for 6 months) show decreased NO production and shortened walking dis-
tance [102]. Too much L-arginine may cause harmful effects due to production of 
other undesired metabolites from L-arginine [14], and chronic L-arginine intake can 
induce arginase expression/activity, thereby inducing vascular dysfunction [75]. In 
cultured human endothelial cells, acute L-arginine treatment enhances endothelial 
NO, whereas chronic L-arginine supplementation (0.5 mmol/L for 7 days) causes 
Arg-II upregulation, eNOS uncoupling, and endothelial senescence [107]. There-
fore, the impact of chronic L-arginine supplementation does not seem beneficial; it 
is rather detrimental and should not be recommended in the clinical setting [109].

In contrast, promising results have been achieved with arginase inhibitors, 
although only limited data from clinical studies are currently available. Small-scale 
‘proof-of-concept’ clinical studies have shown that local administration of arginase 
inhibitors improves vascular function in aged humans [32], as well as in patients 
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with coronary artery disease and type 2 diabetes [89], heart failure [73], and hyper-
tension [30]. Larger clinical studies with systemic arginase inhibition are clearly 
warranted [70].

16.8  Conclusions

Under conditions of cardiovascular disease, endothelial dysfunction is a result of re-
duced bioavailability of endothelial NO. The main underlying mechanism is eNOS 
uncoupling because of a deficiency of the co-factor BH4 and/or the substrate L-
arginine. Some drugs currently in clinical use (e.g. ACE inhibitors, ARBs, statins, 
nebivolol, and PETN) have the potential to prevent eNOS uncoupling under ex-
perimental conditions by elevating BH4 content. Arginase inhibitors improve eNOS 
functionality by enhancing L-arginine bioavailability for eNOS, and may have the 
potential to be used as a novel therapy.

In addition, eNOS expression and activity are also regulated by VEGF. The sig-
nal transduction pathways downstream of the VEGF receptor-2 are addressed in 
Chap. 8 of this book.

References

1. Alp NJ, Mcateer MA, Khoo J, et al. Increased endothelial tetrahydrobiopterin synthesis by 
targeted transgenic GTP-cyclohydrolase I overexpression reduces endothelial dysfunction and 
atherosclerosis in ApoE-knockout mice. Arterioscler Thromb Vasc Biol. 2004;24:445–50.

2. Alp NJ, Mussa S, Khoo J, et al. Tetrahydrobiopterin-dependent preservation of nitric oxide-
mediated endothelial function in diabetes by targeted transgenic GTP-cyclohydrolase I overex-
pression. J Clin Invest. 2003;112:725–35.

3. Bagnost T, Berthelot A, Bouhaddi M, et al. Treatment with the arginase inhibitor N(omega)-
hydroxy-nor-L-arginine improves vascular function and lowers blood pressure in adult sponta-
neously hypertensive rat. J Hypertens. 2008;26:1110–8.

4. Beleznai T, Feher A, Spielvogel D, et al. Arginase 1 contributes to diminished coronary arterio-
lar dilation in patients with diabetes. Am J Physiol Heart Circ Physiol. 2011;300:H777–H83.

5. Bhatt SR, Lokhandwala MF, Banday AA. Resveratrol prevents endothelial nitric oxide syn-
thase uncoupling and attenuates development of hypertension in spontaneously hypertensive 
rats. Eur J Pharmacol. 2011;667:258–64.

6. Brandes RP, Kreuzer J. Vascular NADPH oxidases: molecular mechanisms of activation. Car-
diovasc Res. 2005;65:16–27.

7. Chalupsky K, Cai H. Endothelial dihydrofolate reductase: critical for nitric oxide bioavailabil-
ity and role in angiotensin II uncoupling of endothelial nitric oxide synthase. Proc Natl Acad 
Sci U S A. 2005;102:9056–61.

8. Chandra S, Romero MJ, Shatanawi A, et al. Oxidative species increase arginase activity in 
endothelial cells through the RhoA/Rho kinase pathway. Br J Pharmacol. 2012;165:506–19.

9. Chen J, Kuhlencordt PJ, Astern J, et al. Hypertension does not account for the accelerated ath-
erosclerosis and development of aneurysms in male apolipoprotein e/endothelial nitric oxide 
synthase double knockout mice. Circulation. 2001;104:2391–4.



16 Nitric Oxide Synthesis in Vascular Physiology and Pathophysiology 393

10. Chen SJ, Li SY, Shih CC, et al. NO contributes to abnormal vascular calcium regulation and 
reactivity induced by peritonitis-associated septic shock in rats. Shock. 2010;33:473–8.

11. Csiszar A, Labinskyy N, Pinto JT, et al. Resveratrol induces mitochondrial biogenesis in 
endothelial cells. Am J Physiol Heart Circ Physiol. 2009;297:H13–H20.

12. Demougeot C, Prigent-Tessier A, Bagnost T, et al. Time course of vascular arginase 
expression and activity in spontaneously hypertensive rats. Life Sci. 2007;80:1128–34.

13. Dikalova A, Clempus R, Lassegue B, et al. Nox1 overexpression potentiates angiotensin 
II-induced hypertension and vascular smooth muscle hypertrophy in transgenic mice. 
Circulation. 2005;112:2668–76.

14. Dioguardi FS. To give or not to give? Lessons from the arginine paradox. J Nutrigenet 
Nutrigenomics. 2011;4:90–8.

15. Du XL, Edelstein D, Dimmeler S, et al. Hyperglycemia inhibits endothelial nitric 
oxide synthase activity by posttranslational modification at the Akt site. J Clin Invest. 
2001;108:1341–8.

16. Du YH, Guan YY, Alp NJ, et al. Endothelium-specific GTP cyclohydrolase I overexpression 
attenuates blood pressure progression in salt-sensitive low-renin hypertension. Circulation. 
2008;117:1045–54.

17. Eguchi D, Dʼuscio LV, Wambi C, et al. Inhibitory effect of recombinant iNOS gene 
expression on vasomotor function of canine basilar artery. Am J Physiol Heart Circ Physiol. 
2002;283:H2560–H6.

18. Erdely A, Kepka-Lenhart D, Salmen-Muniz R, et al. Arginase activities and global arginine 
bioavailability in wild-type and ApoE-deficient mice: responses to high fat and high 
cholesterol diets. PLoS One. 2010;5:e15253.

19. Faria AM, Papadimitriou A, Silva KC, et al. Uncoupling endothelial nitric oxide synthase 
is ameliorated by green tea in experimental diabetes by re-establishing tetrahydrobiopterin 
levels. Diabetes. 2012;61:1838–47.

20. Fleming I. Molecular mechanisms underlying the activation of eNOS. Pflugers Arch. 
2010;459:793–806.

21. Forstermann U, Munzel T. Endothelial nitric oxide synthase in vascular disease: from marvel 
to menace. Circulation. 2006;113:1708–14.

22. Forstermann U, Sessa WC. Nitric oxide synthases: regulation and function. Eur Heart J. 
2012;33:829–37, 837a-837d.

23. Giri H, Muthuramu I, Dhar M, et al. Protein tyrosine phosphatase SHP2 mediates chronic 
insulin-induced endothelial inflammation. Arterioscler Thromb Vasc Biol. 2012;32:1943–50.

24. Gronros J, Jung C, Lundberg JO, et al. Arginase inhibition restores in vivo coronary 
microvascular function in type 2 diabetic rats. Am J Physiol Heart Circ Physiol. 
2011;300:H1174–H81.

25. Gunnett CA, Lund DD, Mcdowell AK, et al. Mechanisms of inducible nitric oxide synthase-
mediated vascular dysfunction. Arterioscler Thromb Vasc Biol. 2005;25:1617–22.

26. Hayashi T, Esaki T, Sumi D, et al. Modulating role of estradiol on arginase II expression 
in hyperlipidemic rabbits as an atheroprotective mechanism. Proc Natl Acad Sci U S A. 
2006;103:10485–90.

27. Heinloth A, Heermeier K, Raff U, et al. Stimulation of NADPH oxidase by oxidized low-
density lipoprotein induces proliferation of human vascular endothelial cells. J Am Soc 
Nephrol. 2000;11:1819–25.

28. Heitzer T, Krohn K, Albers S, et al. Tetrahydrobiopterin improves endothelium-dependent 
vasodilation by increasing nitric oxide activity in patients with type II diabetes mellitus. 
Diabetologia. 2000;43:1435–8.

29. Hink U, Li H, Mollnau H, et al. Mechanisms underlying endothelial dysfunction in diabetes 
mellitus. Circ Res. 2001;88:E14–E22.

30. Holowatz LA, Kenney WL. Up-regulation of arginase activity contributes to attenuated 
reflex cutaneous vasodilatation in hypertensive humans. J Physiol. 2007;581:863–72.



H. Li et al.394

31. Holowatz LA, Santhanam L, Webb A, et al. Oral atorvastatin therapy restores cutaneous 
microvascular function by decreasing arginase activity in hypercholesterolaemic humans. J 
Physiol. 2011;589:2093–103.

32. Holowatz LA, Thompson CS, Kenney WL. L-Arginine supplementation or arginase inhibition 
augments reflex cutaneous vasodilatation in aged human skin. J Physiol. 2006;574:573–81.

33. Iadecola C, Zhang F, Casey R, et al. Delayed reduction of ischemic brain injury and 
neurological deficits in mice lacking the inducible nitric oxide synthase gene. J Neurosci. 
1997;17:9157–64.

34. Iadecola C, Zhang F, Xu X. Inhibition of inducible nitric oxide synthase ameliorates cerebral 
ischemic damage. Am J Physiol. 1995;268:R286–R92.

35. Johnson FK, Johnson RA, Peyton KJ, et al. Arginase inhibition restores arteriolar endothelial 
function in Dahl rats with salt-induced hypertension. Am J Physiol Regul Integr Comp 
Physiol. 2005;288:R1057–R62.

36. Kang KT, Sullivan JC, Spradley FT, et al. Antihypertensive therapy increases 
tetrahydrobiopterin levels and NO/cGMP signaling in small arteries of angiotensin II-infused 
hypertensive rats. Am J Physiol Heart Circ Physiol. 2011;300:H718–H24.

37. Kashyap SR, Lara A, Zhang R, et al. Insulin reduces plasma arginase activity in type 2 
diabetic patients. Diabetes Care. 2008;31:134–9.

38. Kauser K, Cunha V D, Fitch R, et al. Role of endogenous nitric oxide in progression of 
atherosclerosis in apolipoprotein E-deficient mice. Am J Physiol Heart Circ Physiol. 
2000;278:H1679–H85.

39. Kellogg DL Jr, Zhao JL, Wu Y. Neuronal nitric oxide synthase control mechanisms in the 
cutaneous vasculature of humans in vivo. J Physiol. 2008;586:847–57.

40. Kessler P, Bauersachs J, Busse R, et al. Inhibition of inducible nitric oxide synthase restores 
endothelium-dependent relaxations in proinflammatory mediator-induced blood vessels. 
Arterioscler Thromb Vasc Biol. 1997;17:1746–55.

41. Kim JH, Bugaj LJ, Oh YJ, et al. Arginase inhibition restores NOS coupling and reverses 
endothelial dysfunction and vascular stiffness in old rats. J Appl Physiol. 2009;(1985) 
107:1249–57.

42. Kosenko E, Tikhonova L, Suslikov A, et al. Impacts of lisinopril and lisinopril plus 
simvastatin on erythrocyte and plasma arginase, nitrite, and nitrate in hypertensive patients. 
J Clin Pharmacol. 2012;52:102–9.

43. Kuhlencordt PJ, Chen J, Han F, et al. Genetic deficiency of inducible nitric oxide synthase 
reduces atherosclerosis and lowers plasma lipid peroxides in apolipoprotein E-knockout 
mice. Circulation. 2001;103:3099–104.

44. Kuhlencordt PJ, Gyurko R, Han F, et al. Accelerated atherosclerosis, aortic aneurysm 
formation, and ischemic heart disease in apolipoprotein E/endothelial nitric oxide synthase 
double-knockout mice. Circulation. 2001;104:448–54.

45. Kuhlencordt PJ, Hotten S, Schodel J, et al. Atheroprotective effects of neuronal nitric oxide 
synthase in apolipoprotein e knockout mice. Arterioscler Thromb Vasc Biol. 2006;26: 
1539–44.

46. Landmesser U, Cai H, Dikalov S, et al. Role of p47(phox) in vascular oxidative stress and 
hypertension caused by angiotensin II. Hypertension. 2002;40:511–5.

47. Landmesser U, Dikalov S, Price SR, et al. Oxidation of tetrahydrobiopterin leads to uncoupling 
of endothelial cell nitric oxide synthase in hypertension. J Clin Invest. 2003;111:1201–9.

48. Laursen JB, Somers M, Kurz S, et al. Endothelial regulation of vasomotion in apoE-
deficient mice: implications for interactions between peroxynitrite and tetrahydrobiopterin. 
Circulation. 2001;103:1282–8.

49. Li H, Forstermann U. Nitric oxide in the pathogenesis of vascular disease. J Pathol. 
2000;190:244–54.

50. Li H, Forstermann U. Pharmacological Prevention of eNOS Uncoupling. Curr Pharm Des. 
2014;20:3595–606.

51. Li H, Forstermann U. Prevention of atherosclerosis by interference with the vascular nitric 
oxide system. Curr Pharm Des. 2009;15:3133–45.



16 Nitric Oxide Synthesis in Vascular Physiology and Pathophysiology 395

52. Li H, Forstermann U. Structure-activity relationship of staurosporine analogs in regulating 
expression of endothelial nitric-oxide synthase gene. Mol Pharmacol. 2000;57:427–35.

53. Li H, Forstermann U. Uncoupling of endothelial NO synthase in atherosclerosis and vascular 
disease. Curr Opin Pharmacol. 2013;13:161–7.

54. Li H, Horke S, Forstermann U. Oxidative stress in vascular disease and its pharmacological 
prevention. Trends Pharmacol Sci. 2013;34:313–9.

55. Li H, Wallerath T, Munzel T, et al. Regulation of endothelial-type NO synthase expression in 
pathophysiology and in response to drugs. Nitric Oxide. 2002;7:149–64.

56. Li H, Witte K, August M, et al. Reversal of endothelial nitric oxide synthase uncoupling 
and up-regulation of endothelial nitric oxide synthase expression lowers blood pressure in 
hypertensive rats. J Am Coll Cardiol. 2006;47:2536–44.

57. Liaudet L, Rosenblatt-Velin N, Pacher P. Role of peroxynitrite in the cardiovascular 
dysfunction of septic shock. Curr Vasc Pharmacol. 2013;11:196–207.

58. Liu VW, Huang PL. Cardiovascular roles of nitric oxide: a review of insights from nitric 
oxide synthase gene disrupted mice. Cardiovasc Res. 2008;77:19–29.

59. Marfella R, Filippo C D, Esposito K, et al. Absence of inducible nitric oxide synthase reduces 
myocardial damage during ischemia reperfusion in streptozotocin-induced hyperglycemic 
mice. Diabetes. 2004;53:454–62.

60. Matsuno K, Yamada H, Iwata K, et al. Nox1 is involved in angiotensin II-mediated 
hypertension: a study in Nox1-deficient mice. Circulation. 2005;112:2677–85.

61. Melikian N, Seddon MD, Casadei B, et al. Neuronal nitric oxide synthase and human vascular 
regulation. Trends Cardiovasc Med. 2009;19:256–62.

62. Ming XF, Barandier C, Viswambharan H, et al. Thrombin stimulates human endothelial 
arginase enzymatic activity via RhoA/ROCK pathway: implications for atherosclerotic 
endothelial dysfunction. Circulation. 2004;110:3708–14.

63. Mollnau H, Wendt M, Szocs K, et al. Effects of angiotensin II infusion on the expression and 
function of NAD(P)H oxidase and components of nitric oxide/cGMP signaling. Circ Res. 
2002;90:E58–E65.

64. Morishita T, Tsutsui M, Shimokawa H, et al. Vasculoprotective roles of neuronal nitric oxide 
synthase. FASEB J. 2002;16:1994–6.

65. Nisoli E, Tonello C, Cardile A, et al. Calorie restriction promotes mitochondrial biogenesis 
by inducing the expression of eNOS. Science. 2005;310:314–7.

66. Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in health and disease. 
Physiol Rev. 2007;87:315–424.

67. Pannirselvam M, Simon V, Verma S, et al. Chronic oral supplementation with sepiapterin 
prevents endothelial dysfunction and oxidative stress in small mesenteric arteries from 
diabetic (db/db) mice. Br J Pharmacol. 2003;140:701–6.

68. Pannirselvam M, Verma S, Anderson TJ, et al. Cellular basis of endothelial dysfunction in 
small mesenteric arteries from spontaneously diabetic (db/db -/-) mice: role of decreased 
tetrahydrobiopterin bioavailability. Br J Pharmacol. 2002;136:255–63.

69. Pautz A, Art J, Hahn S, et al. Regulation of the expression of inducible nitric oxide synthase. 
Nitric Oxide. 2010;23:75–93.

70. Pernow J, Jung C. Arginase as a potential target in the treatment of cardiovascular disease: 
reversal of arginine steal? Cardiovasc Res. 2013;98:334–43.

71. Ponnuswamy P, Schrottle A, Ostermeier E, et al. eNOS protects from atherosclerosis despite 
relevant superoxide production by the enzyme in apoE mice. PLoS One. 2012;7:e30193.

72. Pritchard KA Jr, Groszek L, Smalley DM, et al. Native low-density lipoprotein increases 
endothelial cell nitric oxide synthase generation of superoxide anion. Circ Res. 1995;77: 
510–8.

73. Quitter F, Figulla HR, Ferrari M, et al. Increased arginase levels in heart failure represent a 
therapeutic target to rescue microvascular perfusion. Clin Hemorheol Microcirc. 2013;54: 
75–85.

74. Rodriguez S, Richert L, Berthelot A. Increased arginase activity in aorta of mineralocorticoid-
salt hypertensive rats. Clin Exp Hypertens. 2000;22:75–85.



H. Li et al.396

75. Romero MJ, Iddings JA, Platt DH, et al. Diabetes-induced vascular dysfunction involves 
arginase I. Am J Physiol Heart Circ Physiol. 2012;302:H159–H66.

76. Romero MJ, Platt DH, Tawfik HE, et al. Diabetes-induced coronary vascular dysfunction 
involves increased arginase activity. Circ Res. 2008;102:95–102.

77. Ryoo S, Bhunia A, Chang F, et al. OxLDL-dependent activation of arginase II is dependent 
on the LOX-1 receptor and downstream RhoA signaling. Atherosclerosis. 2011;214:279–87.

78. Ryoo S, Gupta G, Benjo A, et al. Endothelial arginase II: a novel target for the treatment of 
atherosclerosis. Circ Res. 2008;102:923–32.

79. Ryoo S, Lemmon CA, Soucy KG, et al. Oxidized low-density lipoprotein-dependent 
endothelial arginase II activation contributes to impaired nitric oxide signaling. Circ Res. 
2006;99:951–60.

80. Schodel J, Padmapriya P, Marx A, et al. Expression of neuronal nitric oxide synthase splice 
variants in atherosclerotic plaques of apoE knockout mice. Atherosclerosis. 2009;206:383–9.

81. Schuhmacher S, Oelze M, Bollmann F, et al. Vascular dysfunction in experimental diabetes 
is improved by pentaerithrityl tetranitrate but not isosorbide-5-mononitrate therapy. Diabetes. 
2011;60:2608–16.

82. Schuhmacher S, Wenzel P, Schulz E, et al. Pentaerythritol tetranitrate improves angiotensin 
II-induced vascular dysfunction via induction of heme oxygenase-1. Hypertension. 
2010;55:897–904.

83. Schulman SP, Becker LC, Kass DA, et al. L-arginine therapy in acute myocardial infarction: 
the Vascular Interaction With Age in Myocardial Infarction (VINTAGE MI) randomized 
clinical trial. JAMA. 2006;295:58–64.

84. Schwarz PM, Kleinert H, Forstermann U. Potential functional significance of brain-type and 
muscle-type nitric oxide synthase I expressed in adventitia and media of rat aorta. Arterioscler 
Thromb Vasc Biol. 1999;19:2584–90.

85. Seddon M, Melikian N, Dworakowski R, et al. Effects of neuronal nitric oxide synthase on 
human coronary artery diameter and blood flow in vivo. Circulation. 2009;119:2656–62.

86. Seddon MD, Chowienczyk PJ, Brett SE, et al. Neuronal nitric oxide synthase regulates basal 
microvascular tone in humans in vivo. Circulation. 2008;117:1991–6.

87. Shatanawi A, Romero MJ, Iddings JA, et al. Angiotensin II-induced vascular endothelial 
dysfunction through RhoA/Rho kinase/p38 mitogen-activated protein kinase/arginase 
pathway. Am J Physiol Cell Physiol. 2011;300:C1181–C92.

88. Shelkovnikov S, Gonick HC. Peroxynitrite but not nitric oxide donors destroys epinephrine: 
HPLC measurement and rat aorta contractility. Life Sci. 2004;75:2765–73.

89. Shemyakin A, Kovamees O, Rafnsson A, et al. Arginase inhibition improves endothelial 
function in patients with coronary artery disease and type 2 diabetes mellitus. Circulation. 
2012;126:2943–50.

90. Shinozaki K, Kashiwagi A, Nishio Y, et al. Abnormal biopterin metabolism is a major cause 
of impaired endothelium-dependent relaxation through nitric oxide/O2- imbalance in insulin-
resistant rat aorta. Diabetes. 1999;48:2437–45.

91. Shinozaki K, Nishio Y, Okamura T, et al. Oral administration of tetrahydrobiopterin prevents 
endothelial dysfunction and vascular oxidative stress in the aortas of insulin-resistant rats. 
Circ Res. 2000;87:566–73.

92. Stepp DW, Ou J, Ackerman AW, et al. Native LDL and minimally oxidized LDL differentially 
regulate superoxide anion in vascular endothelium in situ. Am J Physiol Heart Circ Physiol. 
2002;283:H750–H9.

93. Stroes E, Kastelein J, Cosentino F, et al. Tetrahydrobiopterin restores endothelial function in 
hypercholesterolemia. J Clin Invest. 1997;99:41–6.

94. Taguchi K, Kobayashi T, Matsumoto T, et al. Dysfunction of endothelium-dependent 
relaxation to insulin via PKC-mediated GRK2/Akt activation in aortas of ob/ob mice. Am J 
Physiol Heart Circ Physiol. 2011;301:H571–H83.

95. Toque HA, Tostes RC, Yao L, et al. Arginase II deletion increases corpora cavernosa 
relaxation in diabetic mice. J Sex Med. 2011;8:722–33.

96. Tsutsui M. Neuronal nitric oxide synthase as a novel anti-atherogenic factor. J Atheroscler 
Thromb. 2004;11:41–8.



16 Nitric Oxide Synthesis in Vascular Physiology and Pathophysiology 397

 97. Ueda S, Matsuoka H, Miyazaki H, et al. Tetrahydrobiopterin restores endothelial function 
in long-term smokers. J Am Coll Cardiol. 2000;35:71–5.

 98. Umeji K, Umemoto S, Itoh S, et al. Comparative effects of pitavastatin and probucol 
on oxidative stress, Cu/Zn superoxide dismutase, PPAR-gamma, and aortic stiffness in 
hypercholesterolemia. Am J Physiol Heart Circ Physiol. 2006;291:H2522–H32.

 99. Vaisman BL, Andrews KL, Khong SM, et al. Selective endothelial overexpression of 
arginase II induces endothelial dysfunction and hypertension and enhances atherosclerosis 
in mice. PLoS One. 2012;7:e39487.

100. Virdis A, Colucci R, Fornai M, et al. Cyclooxygenase-2 inhibition improves vascular 
endothelial dysfunction in a rat model of endotoxic shock: role of inducible nitric-oxide 
synthase and oxidative stress. J Pharmacol Exp Ther. 2005;312:945–53.

101. Wenzel P, Daiber A, Oelze M, et al. Mechanisms underlying recoupling of eNOS by 
HMG-CoA reductase inhibition in a rat model of streptozotocin-induced diabetes mellitus. 
Atherosclerosis. 2008;198:65–76.

102. Wilson AM, Harada R, Nair N, et al. L-arginine supplementation in peripheral arterial 
disease: no benefit and possible harm. Circulation. 2007;116:188–95.

103. Wohlfart P, Xu H, Endlich A, et al. Antiatherosclerotic effects of small-molecular-weight 
compounds enhancing endothelial nitric-oxide synthase (eNOS) expression and preventing 
eNOS uncoupling. J Pharmacol Exp Ther. 2008;325:370–9.

104. Xia N, Daiber A, Habermeier A, et al. Resveratrol reverses endothelial nitric-oxide synthase 
uncoupling in apolipoprotein E knockout mice. J Pharmacol Exp Ther. 2010;335:149–54.

105. Xia N, Pautz A, Wollscheid U, et al. Artichoke, cynarin and cyanidin downregulate the 
expression of inducible nitric oxide synthase in human coronary smooth muscle cells. 
Molecules. 2014;19:3654–68.

106. Xia Y, Zweier JL. Superoxide and peroxynitrite generation from inducible nitric oxide 
synthase in macrophages. Proc Natl Acad Sci U S A. 1997;94:6954–8.

107. Xiong Y, Fru MF, Yu Y, et al. Long term exposure to L-arginine accelerates endothelial cell 
senescence through arginase-II and S6K1 signaling. Aging. 2014;6:369–79.

108. Xu J, Wu Y, Song P, et al. Proteasome-dependent degradation of guanosine 5ʹ-triphosphate 
cyclohydrolase I causes tetrahydrobiopterin deficiency in diabetes mellitus. Circulation. 
2007;116:944–53.

109. Yang Z, Ming XF. Arginase: the emerging therapeutic target for vascular oxidative stress 
and inflammation. Front Immunol. 2013;4:149.

110. Yao L, Chandra S, Toque HA, et al. Prevention of diabetes-induced arginase activation and 
vascular dysfunction by Rho kinase (ROCK) knockout. Cardiovasc Res. 2013;97:509–19.

111. Yepuri G, Velagapudi S, Xiong Y, et al. Positive crosstalk between arginase-II and S6K1 in 
vascular endothelial inflammation and aging. Aging Cell. 2012;11:1005–16.

112. Youn JY, Wang T, Blair J, et al. Endothelium-specific sepiapterin reductase deficiency in 
DOCA-salt hypertension. Am J Physiol Heart Circ Physiol. 2012;302:H2243–H9.

113. Zhou X, Bohlen HG, Miller SJ, et al. NAD(P)H oxidase-derived peroxide mediates elevated 
basal and impaired flow-induced NO production in SHR mesenteric arteries in vivo. Am J 
Physiol Heart Circ Physiol. 2008;295:H1008–H16.



399

Index

A
Angioblasts 4, 5, 48, 49, 51, 101, 166, 314

intraembryonic 5
lateral 49, 51

Angiogenesis 4–6, 13, 100, 199, 221, 244, 
262

developmental 278, 279
intussusceptive 8, 9
Notch in 20, 21
pathological 263, 316
pathophysiological 336–340
physiological 263
pivotal role in 8
regulation of 78, 79
sprouting 5, 11, 15, 22
tumor 22, 26, 28, 29, 172, 173, 220, 263, 

274, 279, 280, 318, 319
targetting 28, 29

Angiogenesis:sprouting 
signaling for 12, 13

VEGF 12, 13
VEGFR2 12, 13

Angiopoietin 155, 315, 317, 320, 322
ligands 316

Arterial-venous specification 24
molecular regulation of 53, 54

Atherosclerosis 9, 219, 222, 366, 383
L-arginine deficiency in 390
model of 390

Axon guidance cues 
canonical 281, 282

C
Cell-to-cell junction 137, 140–144
Chronic obstructive pulmonary disease 

(COPD) 351, 352, 354, 364
pathobiology in 352, 353

Coagulation factor signaling 237, 246
epithelial 245
regulatory mechanisms of 242
role for 246

Cor pulmonale 352

D
Delta-like ligand 4 (Dll4) 13, 18, 20–22, 24, 

27, 29, 58, 282
haploinsufficiency of 23
regulation of 24

Developmental angiogenesis 15, 78, 101, 
103, 106, 237, 245, 264, 267, 271, 
272, 318

Diabetes 213, 281, 293, 295, 299, 302, 304, 
309

E
ECM-based therapy 176
EET receptor 215
Eeutral endopeptidase (NEP) 366–368

mechanisms of 369
Embryonic development 4, 10, 12, 24, 58, 

100, 165, 267, 332, 336
Endothelial cell (EC) 4, 14, 27, 50, 67, 70, 

104, 144, 155
microvascular 66
migration 168
models of 141
remodeling of 52

Endothelial dysfunction 213, 219, 269, 354, 
360, 369, 384–386, 388, 389, 392

Endothelium 15, 77, 80, 153
arterial 25
formation of 5
hemogenic 4
lymphatic 268

© Springer Science+Business Media New York 2015
M. HH. Schmidt, S. Liebner (eds.), Endothelial Signaling in Development
and Disease, DOI 10.1007/978-1-4939-2907-8



400 Index

tumor 172, 175
vascular 236

eNOS uncoupling 386, 388, 390
molecular mechanisms of 384, 385
pharmacological prevention of 391, 392

Ephrins 6, 269, 271, 273, 283
Extracellular matrix (ECM) 3, 67, 84, 161, 

363
components of 98
deposition of 85
interaction with 70, 71, 93

F
Factor Inhibiting HIF (FIH) 16, 330

as oxygen sensors 334, 335
Fibroblast growth factor (FGF) 13, 14, 93
Fibroblast growth factor-2 (FGF-2) 93, 94, 

97, 99, 101–103
Fibrosis 69, 77, 82–84

pulmonary 353

H
Hemostasis 161, 233, 234, 236, 319
Hypertension 214, 219, 363, 366, 388, 389

pulmonary 352
Hypoxia 15, 16, 30, 217, 316, 332, 337, 355, 

359, 360, 366, 367, 369

I
Inducible NO synthase (iNOS) 16, 17, 

363–365, 381, 383, 384
Inflammation 16, 80, 197, 214, 319

endothelial 238
macrophage 246
retinal 307
vascular 221

L
L-arginase 385
Leukocytes 80, 196, 198, 200

blood 188
Lymphangiogenesis 5, 12, 48, 106, 263, 265, 

272, 315

M
Molecular complexes 146, 155
Multifunctional proteins 161, 164, 170

N
Netrins 6, 259, 261, 265, 274, 282
Nitric oxide (NO) 190

synthase 192
Notch 6, 22–24

in angiogenesis 20, 21

receptors 19
signaling 24, 28, 72
signaling pathway 17, 18, 20

O
Oxidative stress 300, 306, 351, 359, 363, 364

intracellular 222
Oxygen sensing 330, 332

pulmonary 217, 342

P
PAR \t See protease-activated receptor 

(PAR) 246
Pathological angiogenesis 28, 30, 73, 77, 166, 

237, 263, 279, 283, 308, 314, 316
Pathophysiological angiogenesis 336–340
Pericytes (PC) 6, 66–68, 70, 71, 81

heterogeneity of 68, 69
Permeability 6, 140

vascular 8, 15, 73, 79, 81, 82
regulation of 81, 82

Peroxynitrite 360, 362–364, 384, 387
in vitro 213

Physiological angiogenesis 137, 172, 263, 
303, 332

endophenotype of 303
Platelet-derived growth factor (PDGF) 8, 66, 

67, 368
Polyunsaturated fatty acids (PUFA) 210
Prolyl hydroxylase domain proteins 

(PHDs) 330–332, 334
Protease Activated Receptors (PAR) 236–239, 

244, 245
signaling 244
signaling in innate immunity 246
signaling in malignancy 245, 246

Protein C 236, 239
Pulmonary hypertension (PH) 352, 365

R
Reactive oxygen species (ROS) 155, 192, 

193, 198, 300, 329, 387

S
Semaphorins 6, 274, 275, 277, 281
Signal transduction 12, 94, 96, 273, 383

regulation of 97
Slits 265, 267, 268, 274, 281
Sprouting 5–8
Sprouting \t See also Angiogenesis 11
Stalk cell 6, 7, 11, 13, 15, 20, 21, 26

phenotype 337, 340
proliferative 23



401Index

T
Tetrahydrobiopterin (BH4) 383, 387
Thrombin 140, 234, 236, 238, 243, 385, 390
Thrombosis 161, 236

cancer-associated 245
development of 234

Tip cell 6, 7, 11, 20, 23, 330, 338
endothelial 266, 267, 275
phenotype 21, 340

Tissue factor (TF) 234
Transforming growth factor (TGFβ) 100
Transforming growth factor β (TGFβ) 72, 

75–77
Tumour vascularisation 107, 172

additional modes of 173

V
Vascular development 7, 8, 11, 15, 20, 51, 55, 

99, 236, 239, 240, 265, 272, 313
aspect of 12
embryonic 241
receptor in 276

Vascular disease 137, 246, 297, 352
Vascular endothelial growth factor 

(VEGF) 5–7, 11, 12, 23

Vascular endothelial growth factor A 
(VEGFA) 51, 188, 190–192, 195, 
196, 199

Vascular pathology 150
retinal 296–298

Vascular permeability 8, 15, 16, 73, 140, 155, 
189, 194, 200

in vivo 193, 194
regulation of 81, 82, 190, 191

Vascular reactivity 216
Vascular remodeling 9, 20, 219, 244

postnatal 245
Vascular stability 77, 78, 267, 321
Vasculogenesis 4, 5, 9, 11, 48, 52, 55, 57, 

100, 101
molecular cues during 51

VE-cadherin 7, 11, 16, 137, 138, 140, 141, 
144–146, 191, 194, 196, 315, 339

VEGF receptors (VEGFRs) 12, 14, 21
Vessel normalization 30, 79, 339

Z
Zebrafish 7, 11, 22, 24, 29, 49, 51–54, 56, 

148, 276
embryo 48


	Foreword
	Contents
	About the Editors
	Contributors
	Part I
	Development and Differentiation of the Vascular System
	Chapter-1
	VEGF and Notch Signaling in angiogenesis
	1.1 Overview of Vascular Morphogenesis
	1.1.1 Sprouting
	1.1.2 Intussusceptive Angiogenesis
	1.1.3 Shear Stress
	1.1.4 EPCs
	1.1.5 Embryoid Bodies

	1.2 Signaling Pathways Governing Blood Vessel Formation
	1.2.1 Molecular Structure of VEGFs and VEGFRs
	1.2.2 Signaling for Angiogenesis: VEGF and VEGFR2
	1.2.3 Angiogenic Modifiers: VEGFR1, VEGF-B and PIGF
	1.2.4 Fibroblast Growth Factor (FGF)
	1.2.5 Ang/Tie Signaling
	1.2.6 Hypoxia-inducible Factor (HIF)
	1.2.7 NO Signaling
	1.2.8 The Notch Signaling Pathway

	1.3 Blood-vessel Formation at the Molecular and Cellular Level
	1.3.1 Notch in Angiogenesis
	1.3.2 Negative Regulators of Notch Signaling in ECs
	1.3.3 Notch and Cellular Signaling in ECs
	1.3.4 Arterial Specification: Notch Meets Wnt

	1.4 VEGF and Notch: the Interplay
	1.4.1 The Physiological Interplay: EC Sprouting
	1.4.2 Pathological Interplay: Tumor Angiogenesis
	1.4.3 Targeting Tumor Angiogenesis

	1.5 Concluding Remarks
	References


	Chapter-2
	2.1  Zebrafish Vasculogenesis and Arteriovenous Specification 
	2.2  Molecular Cues During Vasculogenesis 
	2.3  Molecular Regulation of Arterial-Venous Specification 
	2.3.1  EphrinB2/Eph Receptor B4 
	2.3.2  Vascular Endothelial Growth Factor and Sonic Hedgehog 
	2.3.3  Notch and Hey2 
	2.3.4  SoxF Family Members 
	2.3.5  Fox and ETS 

	2.4  Summary 
	References

	Chapter-3
	Pericytes in Vascular Development and Function
	3.1 Introduction
	3.2 Cell Biology of Pericytes
	3.2.1 Cell Morphology
	3.2.2 Heterogeneity of Pericytes
	3.2.3 Cell Adhesion to Endothelial Cells
	3.2.4 Interaction with the Extracellular Matrix

	3.3 Cell Development
	3.3.1 Cell Lineage
	3.3.2 Differentiation
	3.3.3 Vascular Recruitment
	Signaling Axis: PDGF-B/PDGFRβ
	Transforming Growth Factor-β
	Other Pathways


	3.4 Regulation of Vascular Function
	3.4.1 Regulation of Angiogenesis
	3.4.2 Regulation of Blood Flow
	3.4.3 Regulation of Leukocyte Trafficking
	3.4.4 Regulation of Vascular Permeability
	3.4.5 Regulation of Injury/Disease
	3.4.6 Regulation of Tissue-Specific Properties
	Hepatic Stellate Cells
	Thymus Pericytes
	Renal Pericytes


	3.5 Summary
	References


	Chapter-4
	Fibroblast Growth Factor Signaling in Vascular Development
	4.1 Overview of the Fibroblast Growth Factor (FGF) Family
	4.2 The Family of FGF Receptors (FGFRs)
	4.3 Alternative Splicing Yields Structurally and Functionally Diverse FGFRs
	4.4 Three Major Pathways are Involved in Canonical FGF/FGFR Signal Transduction
	4.5 Negative Regulation of FGFR1 Signaling
	4.6 FGF Co-Receptors and Extracellular Matrix Components Contribute to FGF-Dependent Signal Transduction
	4.7 Current Knowledge About FGFs and Their Receptors in Vascular Development is Limited
	4.8 The Vascular System is Built Through Vasculogenesis and Angiogenesis
	4.9 FGF is an Important Inducer of Angioblasts during Vasculogenesis
	4.10 Developmental Angiogenesis is a Multistep Process Producing Stereotypical Vascular Patterns
	4.11 The Role of FGF in Vessel Destabilization and Matrix Remodeling
	4.12 FGFs in Angiogenic Sprout Formation and Function
	4.13 Function of FGFs in Proliferation and Migration of Endothelial Cells
	4.14 Function of FGFs in Capillary Branching and Vessel Maturation
	4.15 FGFs and Lymphangiogenesis
	4.16 Crosstalk between FGF and Vascular Endothelial Growth Factor Signaling during Vascular Development
	4.17 Summary
	References


	Chapter-5
	Development and Differentiation of the Lymphatic Vascular System
	5.1 Introduction
	5.2 Lymphatic Basics
	5.3 Developmental Lymphangiogenesis
	5.3.1 Lymphatic Network Formation
	5.3.2 Establishment of Lymphatic Endothelial Cell Identity
	5.3.3 Lymphangiogenic Sprouting and Migration
	5.3.4 Extracellular Signaling Pathways in Lymphangiogenesis
	5.3.5 Intracellular Signaling Pathways in Lymphangiogenesis
	5.3.6 Platelets and Lymphatics: More Complex than Initially Thought

	5.4 Lymphatic Vessel Maturation
	5.4.1 Maturation of Lymphatic Capillaries
	5.4.2 Formation of Collecting Lymphatic Vessels

	5.5 Conclusions
	References




	Part II
	Homeostasis of the Vascular System
	Chapter-6
	Junctional Signaling in Endothelial Cells
	6.1 The Architecture of Endothelial Cell-to-Cell Junctions: Focus on Adherens Junctions
	6.2 Local Signaling at Adherens Junctions: In Control of Vascular Structure and Permeability
	6.2.1 β-Catenin: The Canonical Cytoplasmic Partner of Vascular Endothelial (VE)-Cadherin
	6.2.2 Other Cytoplasmic Associates of VE-Cadherin with a Crucial Role in Endothelial Physiology: Rap1 and the Cerebral Cavernous Malformations (CCMs)
	6.2.3 Phosphorylation and Ubiquitination of VE-Cadherin and the Regulation of Vascular Permeability
	6.2.4 VE-Cadherin can be Associated with, and Modulate the Activity of, Angiogenic Receptors

	6.3 Adherens Junctions and Nuclear Signaling: Mediators and Targets in the Establishment of Barrier Properties and Differentiated Phenotype of the Endothelium
	6.3.1 Nuclear β-Catenin: How Adherens Junctions Could Control It?
	6.3.2 Nuclear β-Catenin in Endothelial Cells
	6.3.3 Adherens Junctions and Transcriptional Regulation of Permeability: The Case of Claudin-5 and Claudin-3
	6.3.4 Adherens Junctions and Endothelial Differentiation: The Case of Endothelial-Mesenchymal Transition

	6.4 Endothelial Adherens Junctions In Vivo: Learning from Vascular Dysfunctions in Animal Models and Human Pathologies
	6.4.1 Animal Models
	6.4.2 Human Pathologies
	6.4.3 Targeting Endothelial Adherens Junctions for Therapy: Pharmacological Tools to Stabilize/Destabilize Adherens Junctions

	6.5 Conclusions
	References


	Chapter-7
	More than a Scaffold: Extracellular Matrix in Vascular Signaling
	7.1 Extracellular Matrix (ECM): Ligands and Receptors
	7.1.1 ECM Proteins
	Proteoglycans
	Structural ECM Proteins
	Matricellular Proteins and Matrikines

	7.1.2 ECM Receptors
	Integrins
	Other ECM Receptors


	7.2 ECM and Blood Vessel Growth
	7.2.1 Introduction
	7.2.2 Resting Vasculature
	7.2.3 Endothelial Cell (EC) Activation
	7.2.4 Tip/Stalk Cell Selection
	7.2.5 EC Invasion and Migration
	7.2.6 EC Proliferation and Tube Formation
	7.2.7 Vessel Stabilization and Maturation

	7.3 ECM and Tumor Vascularization
	7.3.1 Introduction
	7.3.2 Tumor Angiogenesis
	7.3.3 Additional Modes of Tumor Vascularization
	Endothelial Progenitor Cells
	Tumor-Derived Endothelium and Vasculogenic Mimicry


	7.4 Conclusions and Perspectives
	References


	Chapter-8
	Vascular Endothelial Growth Factor-A-Induced Vascular Permeability and Leukocyte Extravasation
	8.1 Introduction
	8.2 Mechanisms of Increased Vascular Permeability
	8.3 Vascular Endothelial Growth Factor Receptor-2 Signal Transduction in the Regulation of Vascular Permeability
	8.4 VEGFA-Induced Vascular Permeability In Vivo
	8.5 Modulation of VEGFA-Induced Vascular Permeability by Other Factors
	8.6 VEGFA and Leukocyte Extravasation
	8.7 VEGFA-Induced Vascular Permeability and Disease
	8.7.1 Vascular Permeability in Tumors
	8.7.2 Vascular Permeability in Retinal Disease

	8.8 Conclusions
	References


	Chapter-9
	Cytochrome P450-Derived Lipid Mediators and Vascular Responses
	9.1 The Cytochrome P450 (CYP)/Soluble Epoxide Hydrolase Axis
	9.2 Regulation of CYP Expression and Activity
	9.3 The Soluble Epoxide Hydrolase
	9.4 How do Lipid Epoxides Initiate Cellular Signaling?
	9.5 CYP and Cardiovascular Function
	9.5.1 Vascular Reactivity
	9.5.2 Pulmonary Circulation
	9.5.3 Hypertension and Atherosclerosis

	9.6 Angiogenesis and Cancer
	References


	Chapter-10
	The Role of Coagulation Factor Signaling in Angiogenesis and Vascular Remodeling
	10.1 The Coagulation System
	10.2 Activation of Protease-Activated Receptors (PARs) by Coagulation Proteases
	10.3 Coagulation Factor and PAR1 Deficiency in Genetic Mouse Models Results in Arrested Vascular Development
	10.4 Regulatory Mechanisms of Coagulation Factor Signaling
	10.5 PAR Signaling Regulates Expression of Angiogenic Factors and Vascular Function
	10.5.1 Cellular Effects of PAR1 Signaling on Angiogenesis
	10.5.2 Cellular Effects of PAR2 Signaling on Angiogenesis
	10.5.3 Cellular Effects of PAR Signaling on Vascular Function

	10.6 Roles of PARs in Physiologic and Pathologic Processes
	10.6.1 PAR Signaling in Wound Healing and Remodeling
	10.6.2 PAR Signaling in Malignancy
	10.6.3 PAR Signaling in Innate Immunity

	10.7 Perspective
	References




	Part III
	Pathophysiology of the Vascular System
	Chapter-11
	Axon Guidance Factors in Developmental and Pathological Angiogenesis
	11.1 Introduction
	11.2 Netrins
	11.2.1 Introduction
	11.2.2 Netrins and Netrin Receptors in the Vascular System

	11.3 Slits and Robo Receptors
	11.3.1 Introduction
	11.3.2 Slits and Robo Receptors in the Vascular System

	11.4 Ephrins and Eph Receptors
	11.4.1 Introduction
	11.4.2 Eph Receptors and Ephrins in Vascular Development
	11.4.3 Ephrins and Eph Receptors in Tumor Angiogenesis

	11.5 Semaphorins and Their Receptors
	11.5.1 Introduction
	11.5.2 Class 3 Semaphorins in the Developing Vascular System
	11.5.3 Role of Class 6 Semaphorins in the Vascular System
	11.5.4 Semaphorins and Their Receptors in Pathological Angiogenesis

	11.6 Conclusions
	References


	Chapter-12
	The Vasculature in the Diseased Eye
	12.1 Introduction
	12.2 A Brief Epidemiology of Diabetic Retinopathy
	12.3 Risk Factors for Diabetic Retinopathy—the Impact of Glucose Revisited
	12.4 Retinopathy as a Risk Indicator for Cardiovascular Disease
	12.5 Retinal Vascular Pathology in Diabetes
	12.6 Animal Models—do they Reflect Clinical Retinopathy?
	12.7 Mechanisms of Diabetic Microvascular Damage
	12.8 Diabetic Pericyte Loss
	12.9 Permeability as a Function of Vascular Cells
	12.10 The Role of Müller Cells
	12.11 The Role of Microglia
	12.12 Leukostasis, Endothelial Damage and Retinal Inflammation
	12.13 Advanced Retinopathy
	12.14 To be Considered
	References


	Chapter-13
	The Angiopoietin—Tie System: Common Signaling Pathways for Angiogenesis, Cancer, and Inflammation
	13.1 Introduction
	13.2 Angiopoietin/Tie Signaling During Development
	13.3 Role of Angiopoietins in Adult Physiology
	13.4 Role of Angiopoietins in Tumors
	13.5 Angiopoietin Functions in the Recruitment of Inflammatory Cells
	13.6 Current Therapeutic Concepts
	13.7 Concluding Remarks
	References


	Chapter-14
	Oxygen Signaling in Physiological and Pathological Angiogenesis
	14.1 Overview of Oxygen-Mediated Pathways
	14.2 The Role of Hypoxia-Inducible Factors (HIFs) in Oxygen Signaling
	14.3 The Function of Prolyl Hydroxylase Domain Proteins (PHDs) and Factor-Inhibiting HIF as Oxygen Sensors
	14.4 Oxygen-Independent HIF and PHD Regulation
	14.5 Role of Oxygen Signaling on Physiological and Pathophysiological Angiogenesis
	14.6 Oxygen-Sensing Pathways as Future Therapeutic Targets
	References


	Chapter-15
	The Pulmonary Vasculature in Chronic Obstructive Lung Disease
	15.1 Chronic Obstructive Pulmonary Disease (COPD) and its Association with Pulmonary Hypertension (PH)
	15.2 PH as a Cause for Right Ventricular Failure in COPD
	15.3 Vascular Alterations
	15.3.1 The Process of Remodeling
	15.3.2 Mechanistic Insights into the Remodeling Process
	15.3.3 Hypoxia as a Causing Factor for Vascular Remodeling
	15.3.4 Hypoxia-Independent Mechanisms Leading to the Development of COPD and PH

	15.4 Impairment of the Endothelium: Endothelial Dysfunction
	15.5 Inflammatory Cells
	15.6 Oxidative and Nitrosative Stress and the Influence in Vascular (Patho-)Physiology
	15.7 Recent Advances in Molecular Mechanisms of COPD Associated with Vascular Remodeling/PH
	15.7.1 Inducible Nitric Oxide Synthase as a Key Playerfor the Development of Cigarette Smoke-Induced PH and Emphysema
	15.7.2 Reactive Oxygen Species as a Trigger for Vascular Remodeling
	15.7.3 Neprilysin Downregulation Provokes Pulmonary Vascular Remodeling

	15.8 Conclusions
	References


	Chapter-16
	Nitric Oxide Synthesis in Vascular Physiology and Pathophysiology
	16.1 Introduction
	16.2 Nitric Oxide Synthase (NOS) Enzymes in the Vasculature
	16.2.1 Endothelial NOS (eNOS)
	16.2.2 Inducible NOS (iNOS)
	16.2.3 Neuronal NOS (nNOS)

	16.3 Molecular Mechanisms of eNOS Uncoupling
	16.4 Uncoupling of eNOS in Diabetes Mellitus
	16.4.1 BH4 Deficiency in Diabetes
	16.4.2 L-Arginine Deficiency in Diabetes

	16.5 Uncoupling of eNOS in Hypertension
	16.5.1 BH4 Deficiency in Hypertension
	16.5.2 L-Arginine Deficiency in Hypertension

	16.6 Uncoupling of eNOS in Atherosclerosis
	16.6.1 BH4 Deficiency in Atheorsclerosis
	16.6.2 L-Arginine Deficiency in Atherosclerosis

	16.7 Pharmacological Prevention of eNOS Uncoupling
	16.8 Conclusions
	References




	Index



