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What You Will Learn in This Chapter

In vertebrates, two specialized vascular systems facilitate effective fluid circulation: the
blood vessels and the lymphatic system. These two tubular networks are closely linked and
contribute to the homeostasis of the organism at cellular and tissue level. In this chapter
you will learn about cellular and molecular mechanisms of blood and lymphatic vascular
system formation. This chapter also illustrates conditions and disease states when the
mechanisms of blood and lymphatic vascular system formation are not properly working.

7.1 Cellular and Molecular Mechanisms of Blood Vascular
System Generation

7.1.1 Introduction

The essential components of the vascular system are the heart, blood, and blood vessels.
Functioning of the blood vascular system affects numerous physiological and pathological
processes. This system plays, e.g., an important role in the delivery of oxygen and nutrients
to the tissues, in hormone transport, in the removal of carbon dioxide and degradation
products, in blood coagulation, in warm regulation, and in immune function. In patho-
logical conditions, the vascular system contributes to tumor growth and dissemination of
cancer cells.

7.1.2 Vasculogenesis, Angiogenesis, and Arteriogenesis

The blood vessel system is generated during the embryonic development by processes
referred to as vasculogenesis and angiogenesis (B Fig. 7.1).

Vasculogenesis I ‘:.'3':. Angioblasts
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B Fig. 7.1 Generation of the blood vascular system during the embryonic development. Blood vascular
system is generated from precursor cells designated as angioblasts. Angioblasts together with blood cells
constitute blood islands and form a primary vascular plexus before the onset of heartbeat. Veins and
arteries are generated by expanding of the primitive vascular plexus in a process of angiogenesis,
involving vessel remodeling and maturation. (Figure modified, and reproduced with permission, from
Ref. [9] p. 32, Springer Verlag)
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Vasculogenesis represents the de novo assembly of blood vessels from endothelial pro-
genitor cells called angioblasts [1]. Angioblasts derive from mesoderm, and they share a
common origin with blood cells. The formation of angioblasts is induced by fibroblast
growth factors (FGFs). Although vasculogenesis is operative mainly during the embry-
onic development, it also contributes to blood vessel generation and remodeling during
postnatal life, especially in ischemic, malignant, and inflamed tissues, by involvement of
multipotent adult progenitor cells and other cell types [2].

Angiogenesis involves sprouting and subsequent stabilization of these sprouts by mural
cells - pericytes in medium-sized vessels and vascular smooth muscle cells (vSMCs) in
large vessels. Angiogenesis also encompasses vessel remodeling by collateral growth to a
more complex and sophisticated vascular network [3].

Arteriogenesis denotes formation of arteries during the embryonic development.
Endothelial progenitor cells may differentiate either into vein or arterial endothelial cells,
and this process is influenced, e.g., by proteins of the Notch family [4, 5], as well as ephrin
family members, specifically ephrinB2 and ephrinB4 [6-8].

7.1.3 Pro-angiogenic and Anti-angiogenic Factors Affecting
Blood Vessel Formation and Regression

During vasculogenesis, vascular endothelial growth factor VEGFE-A, together with its cog-
nate VEGF receptor 2 (VEGFR?2), fosters growth of endothelial cells and their survival [1,
10]. Further stimuli to this process provide cell adhesion molecules such as VE-cadherin
and PECAM-1 (CD-31), as well as transcription factors (e.g., ets-1) that participate in sub-
sequent events of endothelial cell differentiation, apoptosis, and angiogenesis [1]. However,
VEGF-A does not solely act on endothelial cells, but it also affects other cell types. For
example, VEGF-A acts as a chemoattractant on monocytes [11]. Other growth factors
affecting angiogenesis include placental growth factor (PIGF), a homolog of VEGF-A, and
angiopoietin 1 and angiopoietin 2 that bind to their receptor Tie-2. While angiopoietin 1 is
important for the recruitment of vSMCs and pericytes, angiopoietin 2 acts antagonistically
on angiopoietin 1 [12]. Basic fibroblast growth factor (bFGF) stimulates proliferation and
differentiation of numerous cell types that are necessary for blood vessel formation, and it
increases formation of vascular capillaries [13]. Platelet-derived growth factor (PDGF),
and especially its isoform BB, is expressed particularly strongly in tip cells of angiogenic
sprouts and in the endothelium of growing arteries, where it actively induces recruitment
of pericytes and vSMCs [14, 15]. Hypoxia-inducible factor-1a (HIF-1a), rapidly synthe-
sized under hypoxic condition, robustly increases synthesis of many pro-angiogenic fac-
tors, including VEGEF-A [16]. For maintaining the integrity of established blood vessels,
proper blood flow and thrombocytes are very important [17-20].

The established blood vessels may also regress. Although such regression occurs phys-
iologically when the nascent vasculature consists of too many vessels, increased regression
of blood vessels may be a hallmark and contributory factor to many pathological condi-
tions. It can be induced, e.g., by anti-angiogenic factors secreted by cells of the connective
tissue or by immune cells. Thrombospondin 1, a large glycoprotein affecting adhesion,
and endostatin, a C-terminal fragment derived from type XVIII collagen, suppress prolif-
eration and survival of vascular cells [21, 22]. Angiostatin, another anti-angiogenic factor,
is a cleavage product of a coagulation protein plasmin [23]. Interferons may exert their
anti-angiogenic effects by diminishing bFGF levels [24, 25].
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7.1.4 Process of Angiogenesis Affects Numerous Physiological
and Pathological Processes

Numerous animal and human studies demonstrated that angiogenesis plays an important
role in wound healing and menstruation as well as in disease states, such as cardiovascular
disease, stroke, psoriasis, age-related blindness, and vasculitis, and the list of known condi-
tions where angiogenesis plays an important role has been constantly growing [2]. Augmented
angiogenesis occurs in the retina of diabetic patients [26], in the intestine of patients with
inflammatory bowel disease [27], in the bones and joints of patients with arthritis or synovi-
tis [28, 29], and in the lung of patients with pulmonary hypertension or asthma [30].
Furthermore, insufficient angiogenesis or vessel regression may also affect organ function.
Such condition may cause heart and brain ischemia due to an impairment in collateral blood
vessel growth, e.g., in diabetic patients [31, 32]. Collateral blood vessel growth is also impaired
in patients with atherosclerosis [33], and it decreases with age, as seen e.g., in older experi-
mental animals upon the exposure to limb ischemia [34] or arterial injury [35]. Reduced
angiogenesis also contributes to preeclampsia [36] and osteoporosis [37].

The elaboration of a technique of gene knockout, based on the use of embryonic stem
cells and gene inactivation via homologous recombination, has allowed to elucidate the
role of different genes in blood vessel formation. Remarkably, in many cases it was found
that functionality of blood vessels may be severely impeded by mutations in single genes.
For example, disruption of only one allele of VEGF-A led to embryonic lethality of mice
due to insufficient vascular development [38]. Likewise, inactivation of VEGFR2 was early
embryonic lethal due to defects in the vasculature [39]. Mice deficient for PDGF-B and
PDGFR-f continued to develop only until embryonic days E16-E19, at which time mas-
sive hemorrhage and edema occurred. In these animals, the lack of pericyte and vSMC
was observed already at the onset of angiogenic sprouting at around E10 [14, 40, 41]. In
addition, clinical studies revealed low expression levels of VEGF-A and neuropilin-1 (co-
receptor of VEGF-A and semaphorin) in patients with DiGeorge syndrome, characterized
by congenital heart problems and other symptoms [42]. Mutations in Tie-2 gene were
found to cause venous malformations [43], and mutations in Notch-3 gene resulted in the
hereditary arteriopathy and increased susceptibility to stroke [44].

Furthermore, angiogenesis has been shown to play a crucial role in tumor develop-
ment, supporting primary tumor growth, and later on fostering its metastatic spreading
[45]. Specifically, tumor vascularization was found very important for the initiation of
tumor growth beyond certain size, as advocated in a theory of “angiogenic switch” by
Judah Folkman [46]. In the initial avascular phase of tumor growth, when the tumor is
still small, normal levels of interstitial nutrients are sufficient for tumor survival. However,
such avascular phase ends after the tumor has reached a size of 1-2 mm. At that stage, the
hypoxia in the inner mass of the tumor induces production of HIF-1a that robustly stimu-
lates VEGEF-A secretion, leading to sprouting of existing vessels, thus supplying the tumor
with blood and nourishment (8 Fig. 7.2).

In addition to secretion of HIF-1a and VEGF-A, tumors have developed remarkable
ways to further stimulate their growth. For example, they release chemotactic cytokines,
thus attracting immune cells that secrete angiogenic factors, further facilitating tumor vas-
cularization. Furthermore, tumors not only utilize the existing blood vessel system for their
modification by angiogenesis, but they also generate new blood vessels by vasculogenesis or
use the mechanisms of “vascular mimicry” In the former process, tumor cells act as plu-
ripotent stem cells that are able to differentiate into endothelial cells and contribute to the
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B Fig. 7.2 Upon reaching a certain size, the hypoxic conditions within the tumor stimulate the
production of HIF-1a leading to subsequent VEGF-A release from tumor cells, thus fostering sprouting of
existing vessels. The generated blood vessels promote tumor growth

formation of new vessels. The latter process denotes the generation of microvascular chan-
nels by aggressive and deregulated tumor cells. All these mechanisms promote tumor vas-
cularization and subsequent tumor dissemination to distant locations [47].

In agreement with the assumption that angiogenesis in tumors can be inhibited, and
this would keep them small and clinically not relevant, drugs targeting VEGF or VEGF
receptors have been developed. Avastin (bevacizumab), an antibody against VEGF-A, and
ramucirumab, an antibody against VEGFR2, as well as other VEGF pathway inhibitors
(including small molecule tyrosine kinase inhibitors sunitinib, sorafenib, and pazopanib),
are in clinical use in combination with immunotherapy or cytostatic drugs for treatment
of a variety of cancer types. However, latest findings argue that the effectiveness of the
current anti-angiogenic therapies focused on targeting VEGF in cancer might be limited
due to intrinsic tumor resistance or developed drug resistance [48]. Therefore researchers
are developing alternative ways of tumor inhibition that are based, e.g., on pharmacologi-
cal suppression of angiogenesis using metabolic targeting. As sprouting of endothelial
cells is utterly glycolysis-dependent [49], transient suppression of glycolysis, e.g., by inhib-
iting the glycolytic activator PFKFB3, seems to be promising for defeating pathological
angiogenesis without causing systemic effects [50, 51].

7.2 Cellular and Molecular Mechanisms of Lymphatic Vascular
System Generation

7.2.1 Introduction

Although the blood vascular system has been recognized for centuries, the lymphatic sys-
tem was initially described only in 1627. At that time Gaspare Aselli observed in dogs fed
with lipid-rich meal structures that he designates as the “lacteae venae,” i.e., milky veins.
The lymphatic system is composed of a vascular network of thin-walled capillaries and
larger lymphatic collecting vessels and the thoracic duct. In addition, the lymphatic sys-
tem also comprises lymphoid organs such as the lymph nodes, tonsils, Peyer’s patches, the
spleen, and the thymus, which all play an important role in the immune response.
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Lymphatic capillaries, in contrast to blood vessel capillaries, do not have a continuous
basement membrane, and this enables them to continuously receive interstitial fluid contain-
ing macromolecules, cells, and lipids. Larger collecting lymphatic vessels are covered by
vSMCs and supporting pericytes and have a basement membrane. In addition, they have
luminal valves, and this helps them to prevent backflow of the lymph [52, 53]. The lymphatic
system pervades almost the entire body, with the exception of some partially avascular struc-
tures such as the epidermis, cornea, nails, and hair [54]. Until recently, the central nervous
system was considered as an organ devoid of lymphatic vasculature. However, recent work
showed the presence of a lymphatic vessel network in the dura mater of the mouse brain [55].
The lymphatic system enters the blood circulation through the thoracic duct into the right
subclavian vein [53]. Lately, also other communication routes between the lymphatic and
venous systems — specifically in the axillary and subiliac regions — were reported [56].

7.2.2 Lymphangiogenesis and Factors and Conditions Affecting
Lymphatic Vessel Formation

Lymphangiogenesis, the generation of the lymphatic system, starts shortly after the vascu-
lar system has been formed by vasculogenesis and angiogenesis. In mice lymphangiogen-
esis begins in ~ E9.0-9.5 [54] and in human in the 6th to 7th embryonic week [57].

Two models of lymphangiogenesis were presented in the beginning of the twentieth
century. At around 1902 Florence Sabin injected ink into the skin of pig embryos, which
allowed her to visualize lymph sacs and lymph vessels. She concluded that lymphatics
originate from embryonic veins [58]. At Sabin’s times Huntington and McClure proposed
that mesenchymal cells are responsible for the generation of lymph sacs and lymphatic
vasculature [59]. Although contemporary studies using, e.g., a detailed “line tracing
approach” in mouse knockout models fully supported Sabin’s hypothesis [60], it was also
shown that mesenchymal cells to a certain extent contribute to the generation of lymph
sacs and lymphatic vasculature [61].

Discovery of specific markers of the lymphatic endothelium, e.g., Lyve-1 and podo-
planin [62, 63], as well as the extensive use of mouse knockout models in the last two to
three decades, enabled researchers to elucidate the mechanism of lymphangiogenesis. It
was shown that the development of the lymphatic system is governed by the polarized
expression of a master control gene of lymphatic development, the Prox1 gene [64].
Subsequent formation of lymph sacs is achieved via migration and sprouting of cells
derived from the cardinal vein, and this process is under the control of VEGF-C [65]. The
lymphatic system further develops “centrifugally” under the influence of angiopoietin-2,
ephrinB2, FOXC2, and podoplanin genes, as reviewed [57]. In addition, integrin-a9 is
responsible for the proper lymphatic valve morphogenesis [66].

During the embryonic development, the lymphatic system gets separated from the
blood vessel system, and until recently it was not clear how this process takes place [57]. The
“nonseparation phenotype” of the blood vessels and lymphatic system was firstly described
in a pivotal study of a group of Mark Kahn, who reanalyzed previously generated mice
deficient in SLP-76, Syk, or phospholipase-Cy2 genes [67]. The cause for this “nonsepara-
tion” has remained, however, enigmatic. At the Medical University of Vienna, we identified
the “nonseparation phenotype” upon the disruption of podoplanin gene in mice. We showed
that podoplanin and activated platelets, both present on sprouting lymph sacks (8 Fig. 7.3),
are critically responsible for the separation of the blood and lymphatic circulation during
the embryonic development [68, 69]. This “platelet hypothesis” was corroborated soon by
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O Fig. 7.3 Platelet aggregation driven by podoplanin is linked to separation of the lymph sacs from
cardinal veins. In the mouse, the lymphatic system starts to develop from the cardinal vein at around ~
E9.0-9.5. This process of lymphangiogenesis is initiated by polarized expression of Prox1 and Lyve-1 on
the cardinal vein and later on followed by formation of the lymphatic sac under the control of VEGF-

C. Pictures show the presence of platelet thrombi (labeled for integrin o, B, in red) on sprouting
podoplanin- a and Lyve-1- b positive cells, facilitating the developmental separation of lymphatic and
blood vessels, as previously reported [69]. Scale bars in panels equal 50 pm

other studies, as the “nonseparation phenotype” was found also upon disruption of the
homeodomain transcription factor Meis1 in mice completely lacking platelets [70]. Further
proof for the critical role of podoplanin and platelet aggregation/activation in the develop-
mental separation of blood and lymphatic system was provided by the group of Mark Kahn.
The authors showed that disruption of the CLEC-2, podoplanin’s receptor expressed mainly
on the platelets, induced in CLEC-2-deficient mice the “nonseparation phenotype,” thus
recognizing platelets as the cell type in which SLP-76 signaling is required to regulate lym-
phatic vascular development [71].

7.2.3 Proper Functioning of the Lymphatic System Affects
Numerous Physiological and Pathological Processes

The physiological role of the lymphatic system is to return proteins and fluids that have
seeped into the extracellular space from the blood vessels (extravasation) back into the blood
circulation. The lymphatic system functions as a conduit for lymphocytes and antigen-
presenting cells that are part of the lymph fluid [72]. In addition, this system enables the
absorption of triglycerides from the intestine [53]. Lymphatic system is also important for
obesity, inflammation, and regulation of salt storage during hypertension [73]. The failure of
the lymph transport leads to lymphedema — an accumulation of lymphatic fluid in the tissue,
a harmful, disabling, and occasionally life-threatening disease [74]. Lymphedemas can be
classified as primary and secondary.

Primary lymphedemas are caused by gene mutations. In patients with Milroy disease
characterized by the absence or reduction of lymphatic vessels seen at birth [75], muta-
tions in vascular endothelial growth factor receptor 3 (VEGFR3) have been identified
[76-78]. In persons with lymphedema-distichiasis syndrome characterized by distichiasis
(a double row of eyelashes) at birth, and bilateral lower limb lymphedema at puberty,
mutations in the transcription factor FOXC2 were found [79, 80]. In these patients, in spite
of the normal number of lymphatic vessels, their lymphatic draining is not functioning,
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O Fig.7.4 A46-year-old
woman after surgery and
radiation for uterine cancer.
Lymphedema in her left leg was
confirmed by the lymphoscinti-
gram, which shows marked
dermal backflow. (Figure
reproduced, with permission,
from Ref. [92], p. 14, Springer
Verlag. Photos courtesy Emily
lker)

probably because of the lack of the lymphatic valves and impaired coverage of lymphatic
capillaries with mural cells [81]. In human affected with hypotrichosis-lymphedema-tel-
angiectasia (a syndrome characterized by hair loss and underdeveloped eyebrows and
eyelashes, lymphedema, and dilated blood vessels on the skin), mutations in the transcrip-
tion factor SOX18 were detected [82, 83]. Another cause for primary lymphedemas can be
mutations in integrin-a9 gene detected in human fetuses with severe chylothorax [84].

Secondary lymphedemas represent worldwide most cases of lymphatic dysfunction,
and they are instigated by some kind of external damage to the lymphatic vasculature.
Secondary lymphedema can be caused by infections (e.g., filariasis), surgery, or radio-
therapy. Filariasis itself is the most common secondary lymphedema affecting more than
100 million people, especially in tropical areas [85]. Filariasis is the result of a parasitic
infection by mosquito-borne parasitic worms (Wuchereria bancrofti or Brugia malayi)
which are located in the lymphatic system, where an inflammatory response stimulates
the production of VEGF-A, VEGF-C, and VEGF-D. It often causes hyperplasia, obstruc-
tion, and extensive damage to the lymphatic vessel, finally leading to a chronic lymph-
edema of the lower limbs or genitals, which leads to permanent disability [86-88].

In the industrial world, secondary lymphedemas are primarily initiated by lymph
node dissection or radiation therapy [88]. Impaired lymphatic transport causing edemas
occurs in 15-20% of cases after breast cancer surgery [89], but it may be caused also by
surgery and radiation of other cancer types (8 Fig. 7.4). Regrettably, treatment of lymph-
edema is still mainly restricted to conservative therapies such as compression garments,
massage, manual drainage, liposuction, and modifications of the diet (primarily focused
on minimizing the consumption of long-chain fatty acids) [88, 90, 91].
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A study in mice showed that delivery of VEGF-C/VEGEF-D via adenovirus stimulates
regeneration of collecting lymphatic vessels, including the formation of intraluminal
valves, after the excision of lymph nodes and the adjacent collecting lymphatic vessels
[93]. These results suggested that VEGF-C/VEGE-D delivery might provide a basis for
therapy of lymphedema, especially in cases of injury and restoration of primary lymph-
edemas but also in other conditions [94-96]. At present, a phase I multicenter clinical
study in patients with early breast cancer-related upper extremity lymphedema is currently
in progress. It should assess the safety and efficacy of using a VEGF-C adenoviral vector in
combination with vascularized lymph node transplantation [97].

Lymphangiogenesis also plays an important role under pathological conditions in can-
cer. Kaposi sarcomas in AIDS patients, as well as angiosarcomas, express both lymphatic
and blood vascular endothelial markers [62]. Lymphangiogenesis also facilitates primary
tumor growth and cancer cell dissemination, and the presence of cancer cells in the tumor-
adjacent “sentinel” lymph node has been shown to correlate with survival of patients [98,
99]. Recently, by directly injecting cancer cells into the lymphatic vessels of mice and fol-
lowing up their migration into the lymph nodes, researchers demonstrated that blood ves-
sels of the lymph nodes, designated as “high endothelial venules,” serve as an exit route for
rapid systemic dissemination of cancer cells [100]. Currently it remains to be determined
if such form of tumor cell spreading also occurs in human cancer patients.

— Take-Home Message

== Blood vessel formation is controlled by a complex interplay of pro-angiogenic and
anti-angiogenic factors. Vasculogenesis represents the de novo assembly of blood
vessels by endothelial progenitor cells. Angiogenesis involves sprouting and
subsequent stabilization of these sprouts by pericytes in medium-sized and
vSMCs in large vessels. Arteriogenesis denotes formation of arteries.

= The status of blood vessels affects many conditions, including cardiovascular
disease, diabetes, stroke, age-related blindness, psoriasis, osteoporosis, as well
as wound healing and menstruation. Angiogenesis also contributes to primary
tumor formation and metastasizing.

= The lymphatic system starts to develop shortly after the vascular system has
been formed by vasculogenesis and angiogenesis, and this process is referred
to as “lymphangiogenesis.”

== The physiological role of the lymphatic system is to return proteins and fluids
that have seeped into the extracellular space from the blood vessels (extrava-
sation) back into the blood circulation. The lymphatic system functions as a
conduit for lymphocytes and antigen-presenting cells that are part of the
lymph fluid. In addition, this system enables the absorption of triglycerides
from the intestine. The lymphatic system is also important for obesity, inflam-
mation, and regulation of salt storage during hypertension. In pathological
conditions, it also contributes to dissemination of cancer cells.

= Primary lymphedemas are caused by genetic mutations. Secondary lymphedemas
represent worldwide most cases of lymphatic dysfunction and include, e.g.,
filariasis as well as lymphedemas caused by lymph node dissection or radiation
therapy. Treatment of lymphedema is still mainly restricted to conservative
therapies such as manual emptying, massage, compression garments, liposuction,
and diet modification, and new treatment strategies are being developed.
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