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Understanding how the vascular systems are formed has significant clinical importance. General
mechanisms underlying vascular development have been extensively studied during the past
decades. However, the mechanisms regulating the development and function of the blood and
lymphatic vessels in specific organs are poorly understood.

The aim of this thesis was to investigate lymphatic vascular development in the
mesentery, which is a fold of peritoneum that attaches the intestine to the abdominal
wall, and contains arteries, veins, lymphatic vessels, nerves and lymph nodes. We found
that mesenteric lymphatic vessels were formed through lymphvasculogenesis - coalescence
of isolated lymphatic endothelial cell (LEC) clusters, rather than by lymphangiogenesis -
sprouting from the veins or pre-existing lymphatic vessels. The lymphvasculogenic process
was selectively sensitive to inhibition of the vascular endothelial growth factor receptor 3
(VEGFR3)/ phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) signaling pathway. Using
genetic lineage tracing, we uncovered that part of the mesenteric lymphatic vasculature
was derived from cKit lineage cells likely originating from the blood-forming hemogenic
endothelium of major arteries (Paper I). This is in contrast to the previously accepted dogma
that all mammalian lymphatic vessels are of venous endothelial origin. By characterizing a
mouse mutant lacking the non-venous-derived LEC progenitors we found that an alternative
venous source of LECs could however compensate to build a functional mesenteric lymphatic
vasculature (Paper IV). We further described in the developing mesentery that a transient loss of
venous integrity, characterized by the formation of inter-endothelial cell gaps, was accompanied
by extravasation of red blood cells, which were cleared by the developing lymphatic vessels.
By studying mice with defective platelet function, we revealed a previously unappreciated
role of platelets in maintaining the integrity of the remodeling embryonic blood vasculature
and thus preventing excessive blood-filling of lymphatic vessels (Paper III). We also studied
the mechanism of vessel maturation into functional lymphatic vessels, which involves smooth
muscle cell recruitment. Analysis of mice with LEC-specific deletion of Pdgfb, encoding the
platelet derived growth factor B (PDGFB), showed that LEC-autonomous PDGFB was required
for the recruitment of smooth muscles cells that in turn control lymphatic vessel size and function
(Paper II).
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S1P  Sphingosine-1-phosphate  
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TJ Tight junction 
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VEGF Vascular endothelial growth factor 
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Vascular endothelial growth factor receptor 
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Introduction 

Structure and function of the vascular system 
The vascular system is composed of the blood vasculature and the lymphatic 
vasculature. The blood vasculature delivers nutrients, metabolites, oxygen, 
carbon dioxide, hormones, and blood cells to almost all the tissues in the body, 
and it supplies paracrine factors to the adjacent perivascular tissues (Potente 
and Mäkinen, 2017). The lymphatic system is indispensable in maintenance 
of tissue fluid homeostasis, immune surveillance, and dietary fat absorption 
(Tammela and Alitalo, 2010).  
 
The blood vasculature is a closed system consisting of arteries, arterioles, 
veins, venules and the interconnecting capillaries. Histologically, most of the 
blood vessels have three distinct layers: tunica intima, tunica media, and tu-
nica adventitia (Figure 1). The tunica intima, facing the lumen, consists of the 
single endothelial cell (EC) layer, adjacent basement membrane (BM), fibro-
elastic connective tissues, and the internal elastic lamina. Smaller vessels in 
the tunica intima are covered by pericytes. The tunica media, the middle layer, 
comprises mainly smooth muscle cells (SMCs), collagen, and the external 
elastic lamina. The tunica adventitia contains fibro-elastic connective tissues, 
collagen, mast cells, macrophages, dendritic cells, autonomic nerves, lym-
phatic vessels and small vessels named vaso vasorum. (Majesky et al., 2011; 
Pugsley and Tabrizchi, 2000).  
 
There are two types of morphologically and functionally different arteries – 
elastic and muscular arteries. The elastic arteries like the aorta contain a great 
amount of elastic fibers and laminae interspersed with SMCs. Thus, these ar-
teries are adapted to the high conductance of blood, which in turn can reduce 
the pulsatile flow and pressure to ensure normal blood flow from the heart to 
the downstream organs. In contrast, the muscular arteries such as mesenteric 
arteries have discontinuous elastic fibers and a large number of SMCs, which 
facilitates the efficient blood transportation (Leloup et al., 2015). The blood 
passes the arteries into the network of arterioles that are the smallest arterial 
vessels and covered by the SMCs and pericytes. The main function of the ar-
terioles is to reduce the blood flow and protect the fragile blood capillaries 
(Figure 1).  
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The blood capillaries cover a large surface area and thus promote exchange of 
nutrients, solutes, and water between blood and the adjacent organs and tis-
sues. They are surrounded by BM and pericytes rather than SMCs. There are 
three different types of blood capillaries: continuous, fenestrated, and discon-
tinuous (Figure 1). The continuous capillaries are the most common capillaries 
and present in many organs such as heart and lung. These capillaries are much 
less permeable due to continuous endothelium and BM (Aird, 2007a; Pugsley 
and Tabrizchi, 2000). The fenestrated capillaries are mainly found in organs 
involved in filtration or secretion such as endocrine glands and the glomeruli 
of the kidney. BM of the fenestrated capillaries is continuous, whereas the 
endothelium contains small filtration pores (~70 nm in diameter). These pores 
allow solutes and water to pass but restrict protein passage (Aird, 2007; 
Pavelka and Roth, 2010; Pugsley and Tabrizchi, 2000). The discontinuous ca-
pillaries are predominant in the specialized organs such as the liver and bone 
marrow. Neither endothelium nor BM is continuous in the discontinuous ca-
pillaries. Moreover, there are bigger pores (100 – 200 nm in diameter) between 
the ECs allowing macromolecules and blood cells to pass through (Figure 1).  
 
The venous vasculature is composed of venules and veins (Figure 1). Like in 
the arterioles and arteries, there is a gradual increase of collagen and elastic 
fibers, and appearance of SMCs though to a lesser extent in the postcapillary 
venules and veins (Carroll, 2006). Of note, the postcapillary venules are the 
main sites of leukocyte transmigration during inflammation (Muller, 2011). 
Moreover, luminal valves can be found in medium and large veins, and they 
are critical in maintaining the unidirectional flow of blood (Figure 1). 
 
The lymphatic system is blind-ended and unidirectional (Aspelund et al., 
2016a). It includes lymphatic vessels, lymph nodes, and associated lymphoid 
organs. Lymphatic vessels contain three vessel compartments: lymphatic ca-
pillaries, pre-collecting, and collecting lymphatic vessels (Aspelund et al., 
2016a) (Figure 1). Lymphatic capillaries are blind-ended structures and lack 
a continuous BM and mural cells. There is a single layer of oak leaf-shaped 
lymphatic endothelial cells (LECs) showing discontinuous button-like inter-
cellular junctions, which facilitate uptake of interstitial fluid and entrance of 
immune cells into the lymphatic vessel lumen. Lymphatic capillaries connect 
to the extracellular matrix (ECM) through anchoring filaments to control 
valve-like opening of the vessels and maintain their structure under conditions 
of increased interstitial pressure (Alitalo, 2011; Schulte-Merker et al., 2011) 
(Figure 1). In addition to this paracellular route, LECs have recently been 
demonstrated to transport lymph via vesicle formation and transcytosis 
(Triacca et al., 2017). The pre-collecting vessels share characteristics with 
both lymphatic capillaries and collecting lymphatic vessels: oak leaf-shaped 
LECs, coverage of mural cells though sparse, and valves. The collecting lym-
phatic vessels are composed of a series of lymphangions, the functional and 
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structural unit separated by intraluminal valves (Figure 1). LECs in collecting 
lymphatic vessels form continuous zipper-like junctions, and they are covered 
by a continuous BM and mural cells. Valves lack SMCs and have two leaflets 
that either open or close in response to upstream and downstream pressure 
differences (Davis et al., 2011) (Figure 1). The aforementioned characteristics 
of the collecting lymphatic vessels ensure unidirectional flow of lymph and 
prevent leakage during lymph transportation (Aspelund et al., 2016a; Schulte-
Merker et al., 2011). The afferent lymphatic vessels transport lymph, blood-
derived naive lymphocytes with antigens and antigen-presenting dendritic 
cells (DCs) from the peripheral tissues to the lymph nodes (LNs). After leav-
ing the LNs, lymph returns to the venous circulation via the lymphvenous 
junctions of the subclavian and internal jugular veins (Aspelund et al., 2016a). 

 
ECs in different organs show distinct morphologies and functions, as afore-
mentioned, to complement the organotypic functions. Here I focus on ECs in 
a few representative vascular beds.  
 
Blood-brain barrier (BBB), composed of ECs, pericytes, and astrocytes, is the 
specialized microvasculature of the central nervous system (CNS). The mi-
crovasculature in the BBB is continuous. The ECs are connected to each other 
via tight junctions (TJs) that are intercellular adhesion complexes limiting the 
paracellular passage of molecules and ions (Daneman and Prat, 2015; Zihni et 
al., 2016). Moreover, transcytosis in these ECs is at an extremely low level, 
which minimizes the transcellular transportation. Collectively, the CNS ECs 
form a physical barrier to control cellular transportation (Aird, 2007). To 
maintain the CNS function, these ECs have developed a couple of unique 
transport properties including solute carrier and ATP-binding cassette trans-
porters (Abbott et al., 2010).   Additionally, they express much lower level of 
leukocyte adhesion molecules compare to the ECs in other organs and/or tis-
sues, which helps to minimize leukocyte adhesion and maintain the CNS im-
mune privilege (Aird, 2007; Ben-Zvi et al., 2014; Daneman and Prat, 2015; 
Nguyen et al., 2014). Taken together, the specific properties of CNS ECs en-
sure the formation of highly selective BBB that is essential for CNS homeo-
stasis.   
 
In the bone marrow, the blood vessels provide vascular niches to regulate the 
homeostasis of the hematopoietic stem and progenitor cells (HSPCs). It has 
been found that the more permeable sinusoid endothelium promotes HSPCs 
activation and proliferation, whereas the arterial vessels promote HSPC qui-
escence by maintaining low level or reactive oxygen species (ROS) (Itkin et 
al., 2016). Though the presence of the arterial vascular niche is still controver-
sial, a recent study demonstrated that the stem cell factor (SCF) is specifically 
produced by the arterial endothelial cells in the bone marrow (Acar et al., 
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2015; Xu et al., 2018). It suggests that the functional heterogeneity of the ECs 
even exists in the same organ.  
 
Indeed, ECs in the heart show different structural and molecular characteris-
tics, which leads to specific functions. For instance, endocardial ECs are larger 
and with many microvilli, which largely increase the surface area in the endo-
cardium. The endocardial ECs highly express von Willebrand factor (vWF) 
and endothelial nitric oxide synthase (eNOS). eNOS serves to modulate heart 
contraction, relaxation and rate, which are the major functions of endocardium 
(Aird, 2007b). The myocardial capillaries are continuous endothelium and in 
close contact with the cardiomyocytes (~ 1µm). The organization does not 
only ensure the efficient exchange of oxygen and nutrients, but reciprocal 
modulation between ECs and muscle cells (Aird, 2007b). ECs in the heart also 
contribute to the cardiac metabolism by transporting blood-borne fatty acid to 
the adjacent tissues via transporters and binding proteins that are exclusively 
expressed in heart ECs (Coppiello et al., 2015). It has been reported that para-
crine vascular endothelial growth factor B (VEGFB) and 3-hydroxy-isobutyr-
ate, an amino acid metabolite, regulate fatty acid transport through the cardiac 
ECs respectively (Hagberg et al., 2010; Jang et al., 2016). However, Alitalo 
and coworkers demonstrated that VEGFB plays no role in fatty acid transpor-
tation in heart (Kivela et al. 2014).  

LECs also show the organ-specific characteristics. Lacteals, the specialized 
lymphatic capillaries in the villi of intestine, can uptake the dietary fats and 
transport microbial antigens and antigen-presenting DCs (Kim et al., 2007b). 
Notably, the lymphatics in lacteal share the typical structures of lymphatic 
capillaries and collecting lymphatic vessels by showing a mix of continuous 
and discontinuous junctions, which are maintained by Notch ligand delta-like 
4 (Dll4) signaling (Bernier-Latmani et al., 2015). Recent advances have also 
uncovered the lymphatic or lymphatic-like vessels in the CNS system such as 
meningeal lymphatics and the Schlemm’s canal in the eye (Aspelund et al., 
2015; Louveau et al., 2015; Kizhatil et al., 2014; Park et al., 2014; Aspelund 
et al., 2014). The meningeal lymphatics, expressing the lymphatic capillary 
markers, are involved in draining cerebrospinal fluid, immune cells, and small 
molecules from the CNS to the deep cervical LNs (Aspelund et al., 2015; Lou-
veau et al., 2015), and the Schlemm’s canal, showing a mixture of both blood 
and lymphatic vascular phenotypes, is essential for aqueous humor drainage 
from the eye (Kizhatil et al., 2014; Park et al., 2014; Aspelund et al., 2014).  
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Figure 1. Structure of the blood vasculature and of the lymphatic vasculature. The 
blood vasculature is a closed system including arteries, arterioles, capillaries, ven-
ules, and veins. Both arteries and veins have three histologically different layers:  tu-
nica intima, tunica media, and tunica adventitia. They are covered by continuous 
BM and SMCs. There are three types of capillaries:  continuous, fenestrated, and 
discontinuous. The capillaries are covered by BM and pericytes. BM in continuous 
and fenestrated capillaries is continuous, whereas in the discontinuous capillaries is 
discontinuous. There are pores in the endothelium of both fenestrated and discontin-
uous capillaries, and the sizes of pores are around 70 nm and 100-200 nm in diame-
ter respectively. The lymphatic vasculature is comprised of lymphatic capillaries, 
pre-collecting lymphatics, and collecting lymphatics. In the lymphatic capillaries, 
LECs are of oak-leaf shape and show discontinous button-like junctions. BM is dis-
continuous in the lymphatic capillaries, and there is no SMC coverage. The anchor-
ing filaments maintain the structure and control the loose valve-like openings of ca-
pillary lymphatic vessel. Collecting lymphatic vessels are surrounded by BM and 
covered by SMCs, and contain bileaflet intraluminal valves. LECs in collecting lym-
phatic vessels contain zipper-like junctions. The lymphangions are the functional 
and structural units separated by the valves. Reprinted with permission (Potente 
and Mäkinen, 2017). 
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More recently, a new population of isolated perivascular cells surrounding the 
meningeal blood vessels has been identified  in zebrafish by three different 
groups (Bower et al., 2017a; van Lessen et al., 2017; Venero Galanternik et 
al., 2017). There is no consensus on the name of these cells so far, and they 
are named mural LECs (Bower et al., 2017a), brain LECs (van Lessen et al., 
2017), and zebrafish fluorescent granular perithelial cells (Venero Galanternik 
et al., 2017), respectively. These cells do not form lumenized vessels (Bower 
et al., 2017a; van Lessen et al., 2017; Venero Galanternik et al., 2017), but, 
like lymphatic vessels, they depend on VEGFC/vascular endothelial growth 
factor receptor 3 (VEGFR3) signaling for development (Bower et al., 2017a; 
van Lessen et al., 2017). They not only express lymphatic markers like 
LYVE1 and prospero homeobox 1 (PROX1), but also a perivascular macro-
phage marker – mannose receptor. They uptake and store macromolecules 
such as lipids and low-density lipoproteins from the meningeal blood vessels 
and regulate meningeal vascularization but not maintenance (Bower et al., 
2017a; van Lessen et al., 2017; Venero Galanternik et al., 2017).  
 
In brief, ECs adapt unique structural and molecular phenotypes in different 
vascular beds to meet the distinct functions across different organs and tissues. 
It is of great interest to delineate the molecular mechanisms regulating the EC 
heterogeneity. 

Development of the blood and lymphatic vasculatures 
The blood vasculature is formed to meet the increased demands of oxygen and 
nutrients during development. Two different mechanisms – vasculogenesis 
and angiogenesis, contribute to new blood vessel formation. In vasculogene-
sis, blood ECs (BECs) are differentiated from the mesoderm-derived endothe-
lial progenitors (angioblasts) and assembled to form the vascular lumen and 
then vascular network. In angiogenesis, new blood vessels grow from the 
preexisting vessels via expansion or remodeling (Herbert and Stainier, 2011). 
Shortly after the blood flow starts, a subpopulation of venous ECs become 
specified to LECs, which in turn form the whole lymphatic vasculature 
through proliferation and sprouting, and this process is named lymphangio-
genesis (Yang and Oliver, 2014). Notably, latest advances have revealed non-
venous origins of LECs and organotypic mechanisms of lymphatic vessel for-
mation, which will be discussed later.  

Vasculogenesis 
There are two waves of vasculogenesis in mice: extraembryonic and intraem-
bryonic (Figure 2a). The extraembryonic vasculogenesis starts in the yolk sac 



 17 

(Chong et al., 2011). The extra-embryonic mesoderm derived hematopoietic 
precursors and angioblasts assemble to form blood islands around E7, in 
which the hematopoietic precursors are surrounded by the angioblasts. The 
blood islands give rise to the primitive vascular network through coalescence. 
Additionally, dispersed angioblasts in the yolk sac are also shown to contrib-
ute to the vasculature formation (Drake and Fleming, 2000). Moreover, allan-
tois is an alternative site of extraembryonic vasculogenesis (Drake and Flem-
ing, 2000). Intraembryonic ECs differentiate from the angioblasts without 
concomitant differentiation of hematopoietic cells with the exception of a 
small region in the aorta (Risau and Flamme, 2003). Through coalescence or 
migration, the angioblasts form the first functional blood vasculatures includ-
ing endocardium, the dorsal aortea and the cardinal veins during the intraem-
bryonic vasculogenesis (Drake and Fleming, 2000).  
 
Molecular signals mediating vasculogenesis are mainly derived from the en-
doderm though there is evidence showing that endoderm is dispensable for 
angioblast differentiation in xenopus and chick (Marcelo et al., 2013; Vokes 
and Krieg, 2002). Indian hedgehog (IHH) derived from the visceral endoderm 
has been shown to be sufficient for both endothelial and hematopoietic speci-
fication via its downstream effector bone morphogenetic proteins (BMPs) 
(Astorga and Carlsson, 2007; Dyer et al., 2001). Genetic inactivation of Ihh 
leads to defective vasculogenesis in the yolk sac (Astorga and Carlsson, 2007). 
VEGF signaling is essential for endothelial lineage commitment. VEGFA is 
expressed in the endoderm, and VEGFR2, the receptor, is expressed in the 
mesodermal progenitors (Breier et al. 1995; Motoike et al. 2000). Loss of a 
single copy of Vegfa leads to compromised vasculature development and in 
turn lethality of the mouse embryos (Carmeliet et al., 1996; Ferrara et al., 
1996). Similarly, Vegfr2-deficient embryos have no organized blood vessels 
in the yolk sac due to EC differentiation defects (Shalaby et al., 1995). Inter-
estingly, Herzog and colleagues recently revealed that VEGFA is not required 
for angioblast specification or migration in zebrafish. Instead, they found that 
two hormones – Apelin and Elabela, which bind to and activate the Apelin 
receptor in the angioblasts, mediate migration of angioblasts to the midline in 
zebrafish (Helker et al., 2015). VEGFA also binds to semaphorin (SEMA) 
receptors neuropilin1 and 2 (NRP1 and NRP2), which are coreceptors for 
VEGFR2 (Soker et al., 1998). Nrp1 and 2 double-knockout mice show avas-
cular yolk sac, whereas the phenotypes in the single knockout mutants are less 
severe (Takashima et al., 2002). One of the key regulators of Vegfr2 expres-
sion is Cloche (Liao et al., 1997). Cloche mutant zebrafish show defects in 
both endothelial and hematopoietic differentiation (Liao et al., 1997). Cloche 
has recently been identified as the basic helix-loop-helix-Per-ARNT-Sim 
(bHLH-PAS) protein neuronal PAS domain-containing protein 4-like protein 
(NPAS4L) (Reischauer et al., 2016). However, NPAS4, which is the highest 
homologue of Npas4l in mice and can rescue the loss-of-function mutants of 
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Npas4l in zebrafish, is not essential for development, although it is transiently 
expressed during EC specification (Reischauer et al., 2016). Additionally, a 
group of transcription factors such as Gata proteins, members of the Krüppel-
like factors (KLFs), and the E26 transformation-specific (ETS) proteins, are 
required for endothelial differentiation (Ferguson et al., 2005). 
 
Arterial or venous fate is established in response to intrinsic and extrinsic sig-
nals. Expression of hairy- and enhancer of split-related with YRPW motif 
(HEY) basic helix-loop-helix transcription factors HEY1 and HEY2, which 
are induced by Notch signaling, promotes arterial specification; whereas the 
nuclear receptor COUP transcription factor 2 (COUP-TFII) suppresses the 
Notch signaling and induces venous differentiation (Herbert and Stainier, 
2011; You et al., 2005). Kohli et al recently demonstrated that arterial and 
venous progenitors are located in the distinct regions of the lateral plate mes-
oderm, which is mediated by VEGFA and Hedgehog concentrations (Kohli et 
al., 2013). In addition, Herzog and colleagues have showed that the angio-
blasts giving rise to common cardinal veins (CCVs) are distinct from the ones 
generating the lateral dorsal aortae (Helker et al., 2013). Surprisingly, they 
uncovered that the formation of CCVs is through lumen ensheathment and 
that EC proliferation within the growing CCVs depends on VEGFC derived 
from the red blood cells in the circulation (Helker et al., 2013). Furthermore, 
they showed that mesenchymal SEMA3D controls the migration of the EC 
sheets during CCV outgrowth through plexin signaling and the autocrine 
SEMA3D regulates actin network organization and junction formation to sta-
bilize the EC sheet (Hamm et al., 2016).  

Angiogenesis 
Angiogenesis is a multistep process involving sprouting, lumen formation, 
anastomosis and remodeling and maturation into functional vascular system, 
and each step is tightly regulated by distinct molecular mechanisms (Figure 
2b). 
 

VEGFA is one of the most important proangiogenic factors (Herbert and 
Stainier, 2011). Upon binding to VEGFA, VEGFR2 dimerization and tran-
sphosphorylation creates docking sites for intracellular signaling molecules 
(Koch and Claesson-Welsh, 2012). The VEGFR2 phosphorylation leads to 
activation of various downstream pathways including mitogen-activated pro-
tein kinases, phosphoinositide 3-kinases (PI3Ks), AKT, phospholipase Cg and 
small GTPases (Napione et al., 2012; Simons et al., 2016). This signaling net-
work modulates different aspects of angiogenesis including EC proliferation, 
filopodial extension, BM degradation and chemotaxis (Simons et al., 2016). 
VEGFA also binds to VEGFR1 with high affinity, but induces weak kinase 
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activity. Thus, VEGFR1 functions as a decoy receptor antagonizing proangi-
ogenic signaling (Hiratsuka et al., 2005). Moreover, soluble VEGFR1s, which 
sequester free VEGFA, can direct proper sprouting as a spatial cue (Chappell 
et al., 2009). Loss of Vegfr1 leads to aberrant angiogenesis and embryonic 
lethality in mice (Fong et al., 1999; Fong et al., 1995; Hiratsuka et al., 2005).  
 
 

 
Figure 2. Development of the blood and lymphatic vasculatures. a. Through two 
waves of vasculogenesis (intra- and extra- embryonic), the angioblasts differentiate 
into either arterial or venous ECs, and the newly formed BECs give rise to major 
blood vessels including cardinal vein and dorsal aorta in the embryo proper and 
primitive extra-embryonic vascular network respectively. b. Angiogenesis generates 
new vessels from the preexisting blood vessels via sprouting, branching, lumen for-
mation, anastomosis, and remodeling. Specified BECs named tip and stalk cells are 
involved in sprouting angiogenesis. c. Subpopulation of ECs in the cardinal vein ac-
quire LEC identity at around E9.5 in mice. These LECs bud off and assemble to 
form the lymph sacs at around E10.5 and E11.5 respectively. The lymphatic network 
arises from the lymph sac through LEC proliferation and sprouting. Reprinted with 
permission (Potente and Mäkinen, 2017). 

 
In their seminal work, Betsholtz group characterized tip and stalk ECs during 
angiogenesis of retina, and showed that tip cells extend many filopodia exten-
sions to sense the adjacent microenvironment and migrate towards the specific 
cues and that stalk cells are much less motile and more proliferative (Gerhardt 
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et al., 2003). Notch signaling is required for specification of tip and stalk cells 
(Phng and Gerhardt, 2009; Roca and Adams, 2007). Tip cells express higher 
level of the transmembrane Notch ligand Dll4 that activates Notch signaling 
via NOTCH1 in the adjacent stalk cells, which leads to inhibition of tip cell 
fate acquisition by stalk cells and maintain the sprouting EC hierarchy (Hell-
ström et al., 2007; Leslie et al., 2007; Lobov et al., 2007; Siekmann and Law-
son, 2007; Suchting et al., 2007). Higher expression of Dll4 in tip cells is me-
diated by VEGFA- VEGFR2 signaling through MEF2 transcription factors 
(Sacilotto et al., 2016). Blocking the Notch signaling increases expression of 
tip cell-associated genes, which leads to abnormal tip cell formation and 
sprouting, increased EC proliferation, and vascular mispatterning (Hellström 
et al., 2007; Leslie et al., 2007; Lobov et al., 2007; Siekmann and Lawson, 
2007; Suchting et al., 2007). In zebrafish, constitutively active Notch express-
ing ECs are excluded from the tip cell positions of the sprouting vessels (Siek-
mann and Lawson, 2007). Dll4-Notch signaling suppresses the tip cells fate 
by modulating VEGFR signaling. Notch signaling inhibits VEGFR2 function 
and blocks VEGFR3 expression in the stalk cells (Lobov et al., 2007; Siek-
mann and Lawson, 2007; Suchting et al., 2007), yet Notch activation upregu-
lates expression of Vegfr1 to block tip cell specification (Funahashi et al., 
2010). Using genetic mosaic sprouting assay, Jakobsson and colleagues 
showed that ECs compete for the tip cell positions through dynamic changes 
of expression of Vegfr1 and Vegfr2 (Jakobsson et al., 2010). However, two 
latest studies in both fish and mice respectively showed that Dll4 is dispensa-
ble for maintenance of the tip cell position (Hasan et al., 2017; Pitulescu et al., 
2017). Unlike tip cells, stalk cells show lower level of Dll4 expression but 
highly express Jagged 1, a Notch ligand without induction of productive 
Notching signaling.  Jagged 1 functions as a negative regulator of Dll4-Notch 
signaling via antagonizing Dll4 binding, which leads to suppression of Notch 
signaling in tip cells (Benedito et al., 2009). Moreover, posttranslational mod-
ification functions as another layer of regulation of Notch signaling in the ECs 
specification during angiogenesis (Guarani et al., 2011; Moretti and Brou, 
2013). For instance, increased acetylation of Notch intracellular domain 
(NICD), which is released upon activation and translocates into nucleus to 
induce gene expression, leads to enhanced stability of NICD and consequently 
increased Notch signaling (Guarani et al., 2011).  
 
In addition, axonal guidance signals control EC directional migration and vas-
cular patterning as a consequence of neurovascular congruency (Andreone et 
al., 2015). Slit proteins particularly Slit2 bind to roundabout 1 and 2 receptors 
to elicit angiogenesis by promoting EC motility and polarity, and this is 
achieved by interacting with VEGFA through the scaffolding proteins Nck1 
and 2 and Rac1  (Dubrac et al., 2016; Rama et al., 2015). SEMA4D binds to 
PlexinB to activate RhoA GTPase signaling, which in turn induces actin cy-
toskeleton reorganization and consequently EC migration and tube formation 
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(Sakurai et al., 2012). SEMA3E-PlexinD1 signaling causes filopodia retrac-
tion in the tip cells and disassembly of focal adhesions, thus inhibiting angio-
genesis (Sakurai et al., 2010). Furthermore, Ephrin receptor (EPH)/ephrin sig-
naling such as EPHA2-EphrinA1 and EPHB4-EphrinB2, is known to regulate 
angiogenesis (Barquilla and Pasquale, 2015). EphrinB2 induces VEGF recep-
tor endocytosis and thus enhances the angiogenic signaling (Nakayama et al., 
2013; Sawamiphak et al., 2010; Wang et al., 2010b).  

 
Lumen formation involves EC apical-basal polarity establishment, redistribu-
tion of junctional proteins, and cellular shape change (Lammert and Axnick, 
2011). VE-cadherin (VE-cad) is required to establish the apical-basal polarity 
by localizing CD34-sialomucins to the EC contact sites, which defines the ap-
ical polarity and initiates EC separation (Strilić et al., 2009). CD34-sialo-
mucins also recruits F-actin and Moesin to the apical cell surface to promote 
lumen formation (Strilić et al., 2009; Wang et al., 2010a). RAS-interacting 
protein1 (RASIP1) has been shown to regulate endothelial polarity through 
modulating GTPase and CDC42/Rac signaling (Xu et al., 2011). Rasip1-defi-
cient embryos lack lumenized blood vessels due to abnormal intercellular 
junction distribution and failure to adhere to the extracellular matrix (Xu et 
al., 2011). In addition, cerebral cavernous malformation 1 (CCM1) coordi-
nates with VE-cad to regulate junctional localization of the polarity proteins 
and as a consequence control EC polarity establishment (Lampugnani et al., 
2010). The integrin-extracellular signaling also plays a critical role. Loss of 
b1 integrin results in decreased expression of partitioning defective 3 (PAR3), 
a key regulator of cell polarity in both epithelium and endothelium, and thus 
disrupted EC polarity and defective lumen formation (Zovein et al., 2010a). 
Junctional localization of PAR3 is essential for EC polarity establishment, and 
it is regulated by VE-cad and RASIP1 (Strilić et al., 2009; Wang et al., 2010a; 
Xu et al., 2011).  
 
Tip cells contact and fuse with other tip cells or the ECs of the functional 
vessels to add newly formed blood vessels to the pre-existing vascular net-
work during anastomosis. VE-cad is expressed in the tip of the filopodia from 
the sprouting ECs, and is required for contact formation (Almagro et al., 
2010). Macrophages have been showed to facilitate the process of anastomo-
sis, though they are dispensable for angiogenesis (Fantin et al., 2010; Geudens 
and Gerhardt, 2011). Newly formed connections proceed to vessel pruning, 
regression and remodeling to become functional and mature. ECs can sense 
the blood flow via distinct mechanosensors such as VE-cad, PECAM1, and 
PIEZO1 (Baratchi et al., 2017). The mechanotransduction of blood flow plays 
a critical role in the aforementioned processes. Shear stress promotes EC sur-
vival and vessel dilation through activation of KLF2 and related downstream 
signaling (Dekker et al., 2005). Blood flow difference leads to loss of EC sym-
metry. ECs experiencing low flow retract, then migrate and incorporate into 
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the high flow regions (Franco et al., 2015; Lenard et al., 2015). By fine-tuning 
expression of vasoactive genes, Dll4/Notch regulates blood flow and vessel 
regression, which is preceded by blood flow loss (Lobov et al., 2011). Two 
recent studies elegantly showed that the EC migration contributes to artery 
formation via CXCL12/CXCR4 signaling pathway (Pitulescu et al., 2017; Xu 
et al., 2014). Moreover, endoglin, the TGF-b co-receptor, has been shown to 
be required for flow-induced EC migration and vessel size determination (Jin 
et al., 2017; Sugden et al., 2017). Notably, endoglin and activin receptor-like 
kinase 1 mutations in humans causes hereditary hemorrhagic telangiectasia, 
in which patients show arteriovenous malformations (Pardali et al., 2010). In 
addition, oxygenation and nutrient delivery can downregulate VEGF signaling 
and thus induce EC apoptosis and vessel regression (Korn and Augustin, 
2015).  
 
Stabilization of the newly formed vessels requires BM deposition, mural cell 
(pericytes and SMCs) recruitment, and junction formation. BM matrix for-
mation is mediated by pericyte recruitment and EC-pericyte interaction (Strat-
man et al., 2009; Stratman et al., 2010). Pericytes cover the immature and 
small blood vessels such as capillaries, whereas SMCs are associated with 
major vessels including arteries and veins (Gaengel et al., 2009). EC-derived 
platelet-derived growth factor B (PDGFB) stimulates pericyte migration and 
proliferation via platelet-derived growth factor receptor b (PDGFRb) in the 
pericytes (Hellström et al.; Lindahl et al.). Of note, requirement of the 
PDGFB/PDGFRb signaling is context-dependent.  Loss of either Pdgfb or 
Pdgfrb causes significant reduction of pericyte recruitment in various vascular 
beds but liver (Hellström et al. 1999; Lindahl et al. 1997). Sphingosine-1-
phosphate receptor (S1PR) is responsible for redistribution of N-cadherin to 
the abluminal side to enhance the EC-pericyte interaction and thus blood ves-
sel stabilization (Paik et al., 2004). Additionally, heparin-binding epidermal 
growth factor signaling, stromal-derived factor 1-a /CXCR4, sonic hedgehog 
signaling, NOTCH3, and EPH-Ephrin are controlling pericyte recruitment to 
the ECs (Armulik et al., 2011). Failure of pericyte recruitment leads to various 
vascular dysfunctions, for example, leaky BBB (Armulik et al., 2010).  

Lymphangiogenesis 
Lymphangiogenesis includes LEC specification, LEC budding and migration, 
and lymph sac formation, from which most of lymphatics are arising through 
LEC proliferation and sprouting (Figure 2c). 
 
In mice, lymphatic vessel development starts at E9.5-E10 when a subset of 
ECs starts expressing the lymphatic markers in the anterior cardinal vein (CV), 
the intersomitic veins, and the superficial venous plexus, (Aspelund et al., 
2016b). The homeobox transcription factor PROX1 is the master regulator in 
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LEC fate induction and maintenance (Yang and Oliver, 2014). Prox1-defi-
cient mice are devoid of lymphatic vessels due to failure of LEC budding and 
sprouting (Wigle and Oliver, 1999; Yang et al., 2012). In vitro studies have 
demonstrated that overexpression of Prox1 can reprogram BECs into LEC 
phenotype by suppression of BEC-specific and induction of LEC-specific 
genes (Hong et al., 2002; Petrova et al., 2002). A recent study has revealed 
that PROX1 regulates key lymphatic genes epigenetically by modulating fatty 
acid β-oxidation (Wong et al., 2016). PROX1 also regulates the number of 
LEC progenitors in a dose-dependent manner via PROX1/VEGFR3 positive 
feedback loop (Srinivasan et al., 2014). In addition, the Prox1 dosage is im-
portant for lymphovenous valve formation (Srinivasan and Oliver, 2011). 
Moreover, PROX1 is required for maintenance of LEC identity. Conditional 
deletion of Prox1 at embryonic, postnatal, or adult stages leads to reversal of 
LEC fate towards BEC fate (Johnson et al., 2008). PROX1 expression in the 
venous ECs is regulated by SOX 18, which binds to the Prox1 promoter region 
(Francois et al., 2008). Sox18-/- embryos, on a C57BL/6 genetic background, 
show no Prox1 expression in BECs in cardinal vein at E10.5 and consequently 
lack lymphatic vessels (Francois et al., 2008). Conversely, overexpression of 
Sox18 in BECs induces expression of Prox1 and other LEC markers (Francois 
et al., 2008). Recently, it has been shown that SOX18 is required for normal 
expression of Mafba, a newly identified key regulator of lymphangiogenesis 
(Koltowska et al., 2015b). SOX18 activity is positively controlled by the ex-
tracellular signal regulated kinase (ERK) signaling, which is inhibited by the 
PI3K/AKT signaling pathway in endothelial cells (Deng et al., 2013; Ren et 
al., 2010). Of note, contrary to PROX1, SOX18 is not expressed in the LECs 
at later stages of embryonic development, indicating SOX18 is required for 
inducing but not maintaining Prox1 expression (Francois et al., 2011). Fur-
thermore, COUP-TFII promotes and maintains expression of PROX1 in the 
LECs during specification and differentiation, but not in the mature LECs 
(Srinivasan et al., 2010). It has also been found that COUP-TFII interacts with 
PROX1 as a co-regulator mediating lymphatic specific gene expression such 
as VEGFR3 and LYVE1 to maintain LEC identity (Lee et al., 2009; Sriniva-
san et al., 2010; Yamazaki et al., 2009). In addition, COUP-TFII promotes 
LEC fate acquisition via inhibition of Notch signaling pathway (Srinivasan et 
al., 2010), which functions as a negative regulator of LEC specification (Murt-
omäki et al., 2013).   
 
During development, LYVE1 is expressed in LEC progenitors before PROX1 
expression (Gordon et al., 2008; Wigle et al., 2002). However, LYVE1 gene-
targeted mice do not show abnormal lymphatic development and function, 
suggesting it is not essential for either lymphatic development or function 
(Gale et al., 2007). NOTCH1 is expressed in the endothelial cells located in 
the CV in the period of LEC differentiation from the CV endothelium (Murt-
omäki et al., 2013). Conditional knock out Notch1 in LEC progenitors leads 
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to increased number of PROX1+ venous endothelial cells, enlarged lymph 
sac, mild edema and blood-filled lymphatics in the embryonic skin (Murto-
mäki et al., 2013). In contrast, constitutive activation of NOTCH1 in PROX1+ 
endothelial cells causes loss of PROX1+ endothelial cells, abnormal thoracic 
duct, severe edema and blood-filled lymphatics (Murtomäki et al., 2013). Choi 
and colleagues demonstrated that laminar flow induces LEC sprouting by sup-
pression of NOTCH1 activity (Choi et al., 2017). However, other studies in 
zebrafish and neonatal mice have revealed that Notch signaling enhances lym-
phangiogenesis (Geudens et al., 2010; Niessen et al., 2011). Species and/or 
developmental stages and context-dependent Notch signaling may contribute 
to the discrepancy, and further studies are required.  
 
After exiting the veins, LECs migrate as streams of cells and assemble into 
the first lymphatic vessels called lymph sacs at E10.5-11.5 (Hägerling et al., 
2013; Yang et al., 2012). Lymph sac is composed of a single layer of LECs 
and serves as the major source of LECs during mid-gestation (Yang and Oli-
ver, 2014). The migrating LECs are interconnected via intercellular junctions 
(Yang et al., 2012). During this process, the expression of LEC markers 
changes. For instance, expression of Podoplanin (PDPN), a type-I transmem-
brane sialomucin-type O-glycoprotein, starts in the LEC progenitors only after 
they exit embryonic veins (Francois et al., 2012; Pan and Xia, 2015; Yang et 
al., 2012).  
 
The key regulator of LEC sprouting is the VEGFC/CCBE1/VEGFR3/NRP2 
pathway. VEGFC is expressed in smooth muscle cells and mesenchymal cells 
that are located adjacent to the region where the lymphatic vessels develop 
(Karkkainen et al., 2004). Inactivation of Vegfc in mice does not affect LEC 
fate acquisition, but arrests PROX1+ LEC migration from the veins and lymph 
sac formation (Karkkainen et al., 2004). In contrast, skin-specific overexpres-
sion of Vegfc in mice induces LEC proliferation, which in turn leads to hyper-
plasia of superficial lymphatic network in skin (Jeltsch, 1997; Veikkola et al., 
2001). Using different strategies, two groups independently identified tran-
scription factor Mafba as a downstream effector of VEGFC signaling pathway 
(Dieterich et al., 2015; Koltowska et al., 2015b). In zebrafish, VEGFC is re-
quired for LEC progenitor division and PROX1 expression (Koltowska et al., 
2015a). VEGFD is the other known activating ligand for VEGFR3. Overex-
pression of Vegfd in the dermis results in lymphatic hyperplasia without af-
fecting blood vessel in mice (Veikkola et al., 2001). It can also stimulate tumor 
lymphangiogenesis by activating VEGFR3 (Stacker et al., 2001). However, 
deletion of Vegfd has no effect on lymphatic vascular development in mice 
(Baldwin et al., 2005). Surprisingly, taking advantage of TALEN-mediated 
mutagenesis, Hogan and colleagues created a new strain of Vegfd mutant 
zebrafish and observed serious defects in facial lymphangiogenesis but normal 
trunk lymphatic vessel formation (Bower et al., 2017b). They further revealed 
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that VEGFC and VEGFD regulate lymphatic vessel development coopera-
tively, though VEGFC alone is efficient for trunk lymphatic vessel formation, 
suggesting the context-specific role of VEGFD in lymphangiogenesis (Bower 
et al., 2017b). Expression analysis of collagen and calcium-binding EGF-like 
domain 1 (CCBE1) revealed that it is expressed in the proximity of the 
PROX1+ LEC progenitors within the anterior cardinal vein at E9.5 in mice 
(Facucho-Oliveira et al., 2011). CCBE1 induces lymphangiogenesis by regu-
lating the proteolytic processing of VEGFC through interaction with the A 
disintegrin and metalloprotease with thrombospondin motifs 3 (ADAMTS3) 
to increase the amount of bioactive VEGFC (Bos et al., 2011; Bui et al., 2016; 
Jeltsch et al., 2014; Roukens et al., 2015). Ccbe1 deficiency in mice results in 
abnormal sprouting, followed by downregulation of Prox1 and loss of all lym-
phatic vessels (Hägerling et al., 2013). More recently, lethality and massive 
edema due to lack of lymphatic vessel development have been observed in 
Adamts3-/- embryos at E15 (Janssen et al., 2016).  
 
After LEC fate acquisition, VEGFR3 upregulation in LECs is accompanied 
with downregulation in BECs. Later, its expression is largely restricted to 
LECs except for the fenestrated blood vessels in endocrine organs and angio-
genic blood vessels (Kaipainen et al., 1995; Partanen et al., 2000). In vivo and 
in vitro studies have demonstrated that VEGFR3 is a direct target of PROX1 
(Mishima et al., 2007; Pan et al., 2009; Petrova et al., 2002; Srinivasan et al., 
2014; Yamazaki et al., 2009), while VEGFR3 is required for PROX1 expres-
sion and maintenance of LEC identity and the number of LEC progenitors 
(Srinivasan et al., 2014). Activation of VEGFR3 by VEGFC is important for 
LEC growth, migration, and survival (Mäkinen et al., 2001b). VEGFC stimu-
lation of LECs can cause heterodimer formation between VEGFR2 and 
VEGFR3, thus may induce distinct combinatorial signaling of these two re-
ceptors (Dixelius et al., 2003). A further study has doonstrated that the 
VEGFR2/VEGFR3 heterodimer is necessary for AKT activation, whereas the 
VEGFR3 homodimer is required for ERK activation in LECs upon VEGFC 
activation (Deng et al., 2015). Missense mutation in the tyrosine kinase do-
main in Chy mice results in hypoplasia of cutaneous lymphatic capillaries, 
lymphedema and chylous ascites due to the defects of lymphatic vasculature 
(Karkkainen et al., 2000; Karkkainen et al., 2001). Transgenic overexpression 
of VEGFR3-Ig fusion protein (VEGF-C/D trap) in mouse skin inhibits dermal 
lymphatic vascular formation, and leads to a regression of the fetal lymphatic 
vasculature, suggesting the essential role of VEGFR3 in maintenance of lym-
phatic vasculature (Mäkinen et al., 2001a). Interestingly, although activation 
of VEGFR3 by its soluble ligands is required to maintain the lymphatic capil-
laries in the first two weeks after birth, its activation becomes dispensable after 
two weeks, suggesting a stage-dependent molecular mechanism controlling 
lymphatic vessel maturation (Karpanen et al., 2006b). 
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VEGFR2, a receptor tyrosine kinase, is expressed in blood vessels, collecting 
lymphatic vessels, and lymphatic capillaries in the process of lymphangiogen-
esis (Nagy et al., 2002; Wirzenius et al., 2007). It is activated by VEGFA and 
VEGFC, and the viral VEGFE. In vitro studies demonstrated that VEGFR2 
signaling can promote LEC proliferation, migration, and tube formation, indi-
cating its critical role in lymphangiogenesis (Dellinger and Brekken, 2011; 
Hong et al., 2004; Veikkola et al., 2003). Ectopic expression of VegfeNZ7, a 
virus-encoded ligand that specifically binds to VEGFR2, in skin leads to hy-
perplastic lymphatic vessels by enhancing LEC proliferation in postnatal mice 
(Wirzenius et al., 2007). Nevertheless, selective activation of VEGFR2 does 
not affect lymphatic vessel sprouting (Wirzenius et al., 2007).  
 
NRP2 functions as a co-receptor for VEGFR3 in LECs. Upon VEGFC and 
VEGFD stimulation, it becomes internalized with VEGFR3 (Karpanen et al., 
2006a). It is involved in regulating LEC sprouting rather than LEC specifica-
tion (Xu et al., 2010). Nrp2-/- mice show abnormal development of small lym-
phatic vessels and capillaries (Yuan et al., 2002). The genetic interaction be-
tween NRP2 and VEGFR3 is critical for proper lymphatic vessel sprouting 
(Xu et al., 2010). Double heterozygous Nrp2+/-;Vegfr3+/- mice display reduced 
lymphatic vessel sprouting and branching in adult (Xu et al., 2010). It has been 
shown that COUP-TFII regulates lymphatic development by stimulating ex-
pression of NRP2 and modulating the VEGFR3/NRP2 signaling pathway (Lin 
et al., 2010). Recently, NRP2 has been demonstrated to mediate lymphatic 
vascular patterning by binding to SEMA3G through a receptor complex with 
PlexinD1, though no abnormal artery-lymph alignment was observed in the 
back skin of Nrp2-null mouse embryos (Liu et al., 2016).  
 
There are several factors regulating lymph sac formation. For example, poly-
cystin signaling has been shown to play a crucial role in LEC progenitor mi-
gration after budding off from the veins (Coxam et al., 2014; Outeda et al., 
2014). In Pkd1/Pkd2-deficient mouse embryos, LEC progenitors can bud off 
and migrate from the veins, but sprouting is decreased and progenitor migra-
tion is not directed compared to the wild type ones. In addition, components 
of the adrenomedullin signaling pathway such as adrenomedullin and its re-
ceptors CALCR1 and RAMP2 are important in controlling LEC proliferation 
and morphological integrity of the jugular lymphatic vessels, but not in early 
stages of LEC differentiation, budding and migration (Fritz-Six et al., 2008).  
Lack of the adrenomedullin signaling results in smaller lymph sacs and sub-
cutaneous edema in the embryos (Fritz-Six et al., 2008).  
 
After lymph sacs are formed, they maintain connections to the veins (Uhrin et 
al., 2010). LECs from the lymph sacs intercalate with the PROX1+ venous 
endothelial cells to form lymphovenous valves at the junctions between the 
lymph sac and the vein (Hägerling et al., 2013; Srinivasan and Oliver, 2011).  
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Lymphovenous valves prevent blood backflow into the lymphatic system 
(Hess et al., 2014). Recently, Geng et al. characterized lymphovenous valve 
morphogenesis during mouse embryogenesis and described the role of several 
previously known regulators of lymphatic (valve) development such as 
PROX1, FOXC2, CONNEXIN37 (CX37), and GATA2 in this process (Geng 
et al., 2016). GATA2 has been further shown to control the development and 
maintenance of both lymphovenous and lymphatic vessel valves via regulat-
ing expression of Prox1 and Foxc2 (Kazenwadel et al., 2015). Interestingly, 
mutations in Gata2 leads to primary lymphedema in human (Kazenwadel et 
al., 2012; Ostergaard et al., 2011).  
 
Cyclin-dependent kinase 5 (CDK5), a proline-directed serine/threonine ki-
nase, has been shown to play an important role in lymphatic development 
through regulating FOXC2 activity by phosphorylation (Liebl et al., 2015). 
Endothelial cell-specific knockout of Cdk5 caused defective lymphatic vessel 
development including lymphovenous and lymphatic valve formation (Liebl 
et al., 2015). More recently, it was reported that LEC-specific inactivation of 
Ephb4, leads to failed formation of lymphovenous valves and subcutaneous 
edema (Martin-Almedina et al., 2016). Interestingly, inactivating Ephb4 mu-
tations in humans lead to hydrops fetalis, which is characterized by excessive 
accumulation of fluid (Martin-Almedina et al., 2016). 
 
Platelets have also been proposed to play an essential role in ‘lymphovenous 
separation’, due to a blood-filled lymphatic vessel phenotype exhibited by 
several mouse mutants with defective platelet function (Welsh et al., 2016). 
The functions of platelets in this process will be discussed later.  
 
LECs continue to proliferate and migrate from the lymph sacs into mesenchy-
mal tissue (Tammela and Alitalo, 2010). The resulting primitive lymphatic 
plexus gives rise to two different types of lymphatic vessels: collecting and 
capillary lymphatic vessels, in a step-wise manner (Schulte-Merker et al., 
2011). The lymphatic capillaries lack basement membrane or mural cell cov-
erage, while the collecting lymphatic vessel maturation includes valve for-
mation and mural cell recruitment accompanied by the downregulation  of 
LEC markers such as PROX1, LYVE1, and VEGFR3 in non-valve cells (Ba-
zigou and Mäkinen, 2013; Norrmén et al., 2009).  
 
A balanced Angiopoietin (ANG)/TIE signaling is required for lymphatic vas-
culature maturation, valve formation, and maintenance of vessel integrity 
(Tammela and Alitalo, 2010; Zheng et al., 2014). ANG2 is highly expressed 
in the LECs, whereas the expression of the receptors TIE2 and its homolog 
TIE1 is low (Norrmén et al., 2009). Tie1 mutant embryos show mispatterned 
lymph sac and edema from E12.5 (D'Amico et al., 2010). Knockout of Ang2 
in mice does not compromise the embryonic vasculature development (Gale 
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et al., 2002). Blocking the ANG2/TIE2 signaling using the ANG2 antibody 
impairs lymphatic vessel sprouting, LEC proliferation, valve formation, and 
SMC recruitment (Zheng et al., 2014). Moreover, ANG2 is also found to play 
a role in junctional transformation in the capillary lymphatics and maintenance 
of LEC junctions in collecting lymphatic vessels (Zheng et al., 2014). Inter-
estingly, replacing the Ang2 gene with cDNA of Ang1 can rescue the defective 
lymphatic phenotypes in Ang2-/- mice (Gale et al., 2002). Overexpression of 
Ang1, 2, 3, or 4 increases the number of sprouts from lymphatic vessels in 
adult mice (Kim et al., 2007a). During development, overexpression of Ang2 
promotes LEC proliferation and increases vessel caliber but not vessel density 
(Zheng et al., 2014). 
 
Mice with a mutation in the C-terminal PDZ domain of EphrinB2 show hy-
perplastic collecting lymphatic vessels that are devoid of valves, and failed 
remodeling of primary lymphatic capillary plexus into a mature vessel net-
work, suggesting the EphrinB2-depdendent reverse signaling is required for 
lymphatic remodeling and maturation (Mäkinen et al., 2005). In addition, 
combining specific antibody targeting and EphrinB2 mutant mice, Yan and 
colleagues demonstrated that EPHB4 forward signaling is indispensable for 
lymphatic valve formation (Zhang et al., 2015). Inducible deletion of Cnb1, 
the calcineurin regulatory subunit, results in abnormal formation of lymphatic 
valve region and valves themselves (Sabine et al., 2012). Furthermore, the gap 
junction proteins of the connexin family (CX26, CX37, CX43, and CX47) are 
required for lymphatic development (Kanady et al., 2011; Kanady et al., 2015; 
Munger et al., 2016). For instance, there are no lymphatic valve-forming cells 
in Cx37 knockout mice (Kanady et al., 2011; Sabine et al., 2012). Lymphatic-
specific loss of Cx43 in mice leads to chylothorax due to reduction of valve 
numbers, delayed lymphatic development, and aberrant leaflet morphology 
(Munger et al., 2017).  
 
Mechanotransduction induced by lymph flow also contributes to lymphatic 
valve formation through upregulating the expression of key transcription fac-
tors including PROX1, FOXC2, and GATA2 in the valve-forming cells (Ka-
zenwadel et al., 2015; Sabine et al., 2012; Sweet et al., 2015). Moreover, epi-
genetic modification is involved in regulating lymphvenous valve and lym-
phatic valve formation. Loss of histone-modifying enzyme histone deacety-
lase 3 (HDAC3) leads to aberrant development of both lymphvenous and 
lymphatic valves (Janardhan et al., 2017). Upon oscillatory shear stress, 
HDAC3 interacts with TAL1, GATA2, and ETS1/2 and is recruited to an in-
tragenic enhancer of Gata2. Sequentially, histone acetyltransferase Ep300 is 
recruited to HDAC3 to form an enhanceosome complex that enhances Gata2 
expression (Janardhan et al., 2017). 
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SMC recruitment and coverage to the collecting lymphatics is concomitant 
with the vessel remodeling and maturation. As discussed above, SMC recruit-
ment is preceded by matrix protein deposition in the BM and coincides with 
LYVE1 downregulation in the LECs (Lutter et al., 2012). Reelin, an extracel-
lular matrix glycoprotein, is produced by the LECs. In response to SMC con-
tact, it is secreted efficiently from the LECs in the collecting lymphatic vessels 
and thus mediates SMC recruitment (Lutter et al., 2012). Reelin-/- mice show 
decreased SMC coverage and sustained LYVE1 expression in the collecting 
vessels in mouse ear skin (Lutter et al., 2012). Of note, the mesenteric collect-
ing vessel maturation seems not to adapt the same mechanism, highlighting 
the organ-specific lymphatic development. Indeed, SMC recruitment in the 
mesenteric collecting vessels is negatively regulated by flow and fluid shear 
stress. Lack of lymph flow in the Clec1b-deficient neonates results in abnor-
mal SMC coverage (Sweet et al., 2015). SEMA3A is highly expressed in 
LECs, and its receptor NRP1 is expressed in both perivascular cells and valve 
LECs (Jurisic et al., 2012). Disruption of the SEMA3A/NRP1 signaling leads 
to defective lymphatic vessel function, abnormal lymphatic vessel morphol-
ogy, and aberrant SMC coverage in the valve areas (Bouvrée et al., 2012; Ju-
risic et al., 2012).  Nevertheless, the signal molecules regulating the initial 
SMC-LEC contact remain elusive. PDGFB, which is also expressed in the 
LECs, has been proposed to be involved in SMC recruitment to the collecting 
lymphatic vessels (Tammela et al., 2007). FOXC2, the forkhead transcription 
factor, is highly expressed in the lymphatic vessels during development and 
in the lymphatic valves in adulthood. It cooperates with VEGFR3 to regulate 
the lymphatic vascular patterning (Aspelund et al., 2016b). The collecting 
lymphatic vessels maintain high level expression of VEGFR3, PROX1 and 
LYVE1, and are highly branched without intraluminal valve formation in 
Foxc2-deficient mice (Norrmén et al., 2009). Foxc2-deficiency leads to aber-
rant SMC recruitment and coverage in the lymphatic capillaries, which has 
been proposed to be mediated by PDGFB upregulation due to loss of FOXC2 
suppression (Meinecke et al., 2012; Petrova et al., 2004; Tammela et al., 
2007). However, FOXC2 is also expressed in the SMC-covered collecting 
vessels (Dagenais et al., 2004). Moreover, the ectopic recruitment of SMCs is 
observed in ANG2 antibody treated embryos, but PDGFB was barely detected 
in lymphatic capillaries (Zheng et al., 2014). Altogether, differential SMC re-
cruitment to the collecting vessels and capillaries cannot be explained by 
FOXC2-mediated suppression of PDGFB signaling. Additionally, loss of 
Ang2 leads to disorganized lymphatic vessel network and sparse coverage of 
SMCs postnatally, and thus chylous ascites, lymphedema and hypoplastic 
lymphatic vasculature abnormal phenotypes (Gale et al., 2002; Shimoda et al., 
2007). Dellinger et al. further analyzed the Ang2-/- mice and revealed that these 
animals fail to establish the collecting lymphatic vessel phenotype and show 
abnormal recruitment of SMCs to the capillary lymphatics (Dellinger et al., 
2008). 
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Hemogenic endothelium (HE) 
In addition to giving rise to lymphatics, BEC can generate HE during hema-
topoiesis. There are two waves of hematopoiesis: primitive and definitive. HE 
is a subset of the specified ECs that can generate multiple-lineage hematopoi-
etic stem/progenitor cells during definitive hematopoiesis (Lacaud and Kous-
koff, 2017). The hemogenic ECs (HECs) expresses both endothelial and hem-
atopoietic cell markers such as VE-cad, PECAM1, cKIT, RUNX1 and 
GATA2 (Gritz and Hirschi, 2016). Emergence of these specialized ECs is spa-
tially and temporally restricted, and the corresponding progenies show distinct 
potentialities. In mice, for instance, HECs are found in the yolk sac at E8.25 
and are able to give rise to the erythromyeloid progenitors, which in turn give 
rise to definitive erythrocytes and other myeloid lineages (McGrath et al., 
2015). In the later stage, from E9 to E9.5, HECs appear in both yolk sac and 
para-aortic splanchnopleura tissues and produce both B and T progenitor cells 
(Yoshimoto et al., 2011; Yoshimoto et al., 2012). The endocardial cells in the 
heart also possess hemogenic activity and are involved in transient hemato-
poiesis (Nakano et al., 2013). HECs become specified at different sites such 
as the dorsal aorta of the aorta-gonad-mesonephros (AGM) region around 
E9.5, and produce the hematopoietic stem cells (HSCs) from E10 to E11.5 
(Chen et al., 2009; Gordon-Keylock et al., 2013; Li et al., 2012; Yokomizo et 
al., 2011; Zovein et al., 2010b). All the aforementioned hematopoietic 
stem/progenitor cells are produced through endothelial-to-hematopoietic tran-
sition (EHT), in which the HECs bud off from the vessel wall and form the 
clusters of round cells expressing both endothelial and hematopoietic markers 
(Klaus and Robin, 2017). Of note, not all the HECs are arterial. For example, 
the ECs in veins in yolk sac can also contribute to the formation of hemato-
poietic progenitors (Frame et al., 2015). Interestingly, similar cell clusters are 
also observed in the omphalomesenteric arteries, suggesting the presence of 
HECs as well, although they do not develop into HSCs (Rybtsov et al., 2014). 
Taken together, HE is heterogenous considering distinct locations, develop-
mental stages and progenies.  
 
Most of the studies of EHT have been focused on the AGM region so far.  
During EHT, the intra-aortic hematopoietic clusters (IAHCs) are formed and 
attached to the endothelium of the dorsal aorta, and these clusters have been 
showed to contain the HSC precursors that will mature into the HSCs one day 
later (Boisset et al., 2014). Unlike other vertebrates in which IAHCs are only 
found in the ventral side of the dorsal aorta, mice show the clusters in both 
ventral and dorsal sides (Taoudi and Medvinsky, 2007). Though cells of the 
ventral and dorsal IAHCs share the similar transcriptome and colony-forming 
hematopoietic activity, only the ones in the ventral side can generate HSCs 
(Baron et al., 2018; Taoudi and Medvinsky, 2007). 
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Both intrinsic and extrinsic factors regulate the EHT. Among them, RUNX1, 
a transcription factor, is the pivotal regulator of EHT and HSC formation. It is 
expressed in the hematopoietic cells and HECs (North et al., 1999; Yokomizo 
et al., 2001). Deletion of Runx1 results in failure of  HSC emergence in mice, 
but does not affect HE specification (Cai et al., 2000; Chen et al., 2009; 
Lancrin et al., 2009).  Another study further elucidated the function of RUNX1 
in this process and found that it plays a crucial role in the cellular transition 
from VE-cad+CD41+CD45- to VE-cad+CD41+CD45+ (Liakhovitskaia et al., 
2014). Additionally,  ectopic expression of Runx1 in the non-hemogenic ECs 
can induce blood cell formation, though specifically in the certain period dur-
ing development (Yzaguirre et al., 2018). RUNX1’s function in EHT is 
through suppression of the endothelial program and promotion of the hemato-
poietic program (Gritz and Hirschi, 2016). This can be achieved by its own 
and/or its downstream targets such as GFI1 and GFI1B (Lancrin et al., 2012; 
Thambyrajah et al., 2016). RUNX1 can inhibit expression of arterial genes 
like SOX17 in the HE forming cells to ensure the hematopoietic fate change 
(Lizama et al., 2015). In the Gfi1 and Gfi1B double knockout mice, there are 
neither IAHCs nor HSCs formed in the AGM region (Thambyrajah et al., 
2016).  Additionally, RUNX1 has been shown to activate expression of genes 
mediating cellular adhesion and migration in the HE to facilitate HSC budding 
off (Lie-A-Ling et al., 2014). The activity of RUNX1 during EHT requires the 
+23 enhancer that is bound by GATA2, ETS transcription factors, RUNX1, 
and stem cell leukemia factors, which in turn are indispensable for EHT and 
definitive hematopoiesis (Nottingham et al., 2007). 
 
In addition to RUNX1 and related transcriptional network that it is involved 
in, Notch signaling, Wnt/b-catenin signaling, HOX and SOX genes, epige-
netic regulation, and G-protein coupled receptors also contribute to EHT and 
HSC generation (Gritz and Hirschi, 2016). Moreover, blood flow plays an im-
portant role in hematopoietic development by regulating RUNX1 expression 
and nitric oxide production (Adamo et al., 2009; North et al., 2009). 

Origins of endothelial cells 
Arteries, veins, and lymphatics not only possess distinct anatomies, structures, 
and functions, but different molecular profiles. All these differences suggest 
their unique developmental paths. 

BEC origins 
As discussed above, mesoderm-derived precursors – angioblasts generate 
blood ECs in response to signals from the adjacent visceral endoderm. Histor-
ically, the first blood ECs were assumed to be homogenous before the onset 
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of blood flow, which will determine the vascular phenotype in the later devel-
opmental stage (Risau, 1997). However, a pioneering work from Anderson 
lab demonstrated that the arterial and venous fates were genetically deter-
mined prior to the blood flow (Wang et al., 1998). They showed that EphrinB2 
and its receptor EPHB4 specifically mark the arteries and veins respectively 
(Wang et al., 1998). Adams and colleagues further showed that complex 
Ephrin ligand-receptor interactions are involved in arterial-venous separation 
(Adams et al., 1999). Studies in both mice and zebrafish revealed that a subset 
of specified arterial and venous ECs progenitors coalesce to form primitive 
vascular plexus  and then separate from each other through migration to from 
dorsal aortae and CVs respectively, and that the predetermined angioblasts 
can only give rise to either arterial or venous ECs (Herbert et al., 2009; Lind-
skog et al., 2014; Red-Horse et al., 2010; Zhong et al., 2001). Additionally, 
Kohli et al used fate mapping and lineage tracing in zebrafish to uncover two 
distinct endothelial populations contributing to formation of dorsal aorta and 
CV differentially (Kohli et al., 2013).  
 
Even though the arterial and venous fate is predetermined during early devel-
opment, ECs show great plasticity of the phenotypes to adapt to changes of 
the environmental stimuli and/or of the physiological needs in different tissues 
and organs. In zebrafish, some arterial ECs can become venous EC during 
vascular remodeling by downregulating Notch signaling (Quillien et al., 
2014). Venous ECs can also generate arterial ECs. Xu and colleagues found 
that vein-derived endothelial tip cells migrate against the sprouting vascular 
front and contribute to the artery formation (Xu et al., 2014). Two more recent 
studies showed Notch signaling is involved in regulating this process in both 
mice and zebrafish (Hasan et al., 2017; Pitulescu et al., 2017). During heart 
development, coronary arteries were thought to from via assembly of endo-
thelial tubes from the proepicardium-derived progenitors. Taking advantage 
of clonal analysis, Red-horse et al. have showed that angiogenic sprouting 
from the sinus venosus leads to coronary artery formation (Red-Horse et al., 
2010). The sprouting venous ECs dedifferentiate into arterial and capillary 
ECs in the process of migration (Chen et al., 2014; Red-Horse et al., 2010). 
Single-cell RNA sequencing analysis revealed that the venous to arterial tran-
sition is through the pre-artery state in a gradual and simultaneous way (Su et 
al., 2018). Additional studies have uncovered the endocardial and proepicar-
dial cells as alternative origins of the coronary vessels (Katz et al., 2012; Tian 
et al., 2014; Wu et al., 2012; Zhang et al., 2016a). Interestingly, loss of sinus 
venosus-derived coronary vessels in Apelin or Elabela mutant mice can induce 
expansion of the endocardium-derived vasculature to compensate and normal-
ize the coronary vasculature and thus heart function (Sharma et al., 2017). This 
compensatory mechanism adds another layer of complexity of the phenotype 
switch. It is of great interest to understand physiological functions for the ves-
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sels from distinct origins. In addition to contribute to coronary arteries for-
mation, endocardium of the sinus venosus is a source of the liver vasculature 
(Zhang et al., 2016b). Moreover, ECs can give rise to hematopoietic cells 
through the intermediate hemogenic endothelium, as discussed above.  
 
In the adult, it has been proposed that bone marrow-derived endothelial pro-
genitor cells in the circulation can participate in neovascularization through 
transdifferentiating into endothelial cells (Yoder 2018). However, other stud-
ies have not been able to confirm these findings (Wagers et al., 2002; 
Ziegelhoeffer et al., 2004). Endothelial colony-forming cells, which are iso-
lated from the umbilical cord blood or peripheral blood, have been shown to 
be capable to form new blood vessels (Banno and Yoder 2017). Additionally, 
it has been recently reported that the resident endothelial progenitor/stem cells 
can be activated and proliferate to form new blood vessels in response to in-
jury (Wakabayashi et al., 2018; McDonald et al., 2018). 

LEC origins 
Discovery and characterization of the lymphatic vessel dated back to the 17th 
century (Chikly, 1997). However, the mechanisms of lymphatic vascular de-
velopment were not studied until the 20th century (Yang and Oliver, 2014). 
Sabin carried out ink injection studies in pigs and proposed a centrifugal 
model, in which lymphatic vasculature originated from embryonic veins and 
formed by sprouting (Sabin, 1902). An alternative centripetal model was pro-
posed by Huntington and McClure, which suggested that lymphatic vascula-
ture had a mesenchymal cell origin and was formed via fusion between the 
newly formed lymphatic network and the venous system in cats (Huntington 
and McClure, 1910). In 1930s, Van Der Jagt described the development of the 
anterior lymph-sacs showing both mesenchymal and venous origins in sea tur-
tles (Van der Jagt, 1932). Finally, in late 2000’s, Oliver and colleagues demon-
strated by lineage tracing that murine lymphatic vasculature is derived from 
the cardinal vein (Srinivasan et al., 2007), which supported Sabin’s model and 
firmly established the dogma on the sole venous origin of the mammalian 
lymphatic vasculature. Further studies in mouse embryo have demonstrated 
that the intersomitic veins and the superficial venous plexus could also give 
rise to lymphatic vessels (Hägerling et al., 2013; Yang et al., 2012). Moreover, 
lymphatic vasculature in Xenopus laevis and zebrafish has been shown to 
share the venous origin (Ny et al., 2005; Yaniv et al., 2006). However, the 
latest studies from our lab and others have shown non-venous origins of the 
lymphatics, which challenge the previously accepted dogma that all lymphat-
ics share the venous origin. It will be discussed later. 
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The role of platelets in angiogenesis and 
lymphangiogenesis 
Platelets are anucleate cells in the circulation, and they play a vital role in 
maintaining vascular homeostasis and thrombosis. In addition, their roles in 
angiogenesis are emerging. Upon platelet activation, various kinds of bioac-
tive molecules are released in microparticles and/or α-granules. These mole-
cules include growth factors such as VEGF, basic fibroblast growth factor 
(bFGF), PDGF, cytokines, and phospholipids like sphingosine-1-phosphate 
(S1P) that can induce angiogenesis (Walsh et al., 2015) and vascular stability 
through S1PR1 by counteracting VEGF function and mediating endothelial 
cell adhesion (Gaengel et al., 2012). For example, an in vitro study showed 
that platelets could promote endothelial cell tube formation (Synetos et al., 
1998). Brill et al. found that both platelets and their releasate could promote 
endothelial cell migration and thus angiogenesis in vitro and in vivo (Brill et 
al., 2004). Furthermore, the same group showed that microparticles from 
platelets also participates in the induction of angiogenesis through activities 
of VEGF, heparanase, and PDGF in different in vitro and in vivo models (Brill 
et al., 2005). VEGF and bFGF from platelets synergize to induce capillary 
sprouting, and release phospholipids that contribute to endothelial cell migra-
tion and proliferation (Rhee et al., 2004). Depletion of platelet or anti-platelet 
therapy inhibits neovascularization in the model of “retinopathy of prema-
turity” (Rhee et al., 2004). More interestingly, Wagner and colleagues re-
ported that platelets do not only stimulate angiogenesis but stabilize and pre-
vent hemorrhage from the sprouting blood vessels through platelet adhesion 
and secretion of distinct growth factors (Kisucka et al., 2006). A recent study 
revealed that failure of platelet aggregation on the vessel wall results in hem-
orrhage due to compromised vascular integrity during development (Lowe et 
al., 2015). It has been further proposed that secreted molecules from the acti-
vated platelets mediate mural cell recruitment to the endothelial cells to facil-
itate their maturation (Lowe et al., 2015). These findings highlight the involve-
ment of platelets in angiogenesis. However, it is generally thought that plate-
lets are not required for maintenance of blood vessel integrity during embry-
ogenesis. 
 
In contrast, platelets are essential for normal lymphatic vascular development 
during embryogenesis. This conclusion is based on characterisation of several 
mouse mutants with dysfunctional platelets that show blood-filled lymphatic 
vessels. It has been proposed that platelets are activated and aggregate at the 
lymphovenous junctions through interaction between CLEC1B and PDPN, 
which are expressed in platelets and LECs respectively (Hess et al., 2014; 
Welsh et al., 2016). The formation of platelet aggregation at the level of lym-
phovenous valves has been further proposed to maintain lymphovenous ho-
meostasis by preventing blood from entering the lymphatic system (Hess et 
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al., 2014; Welsh et al., 2016). The evidence supporting the above conclusions 
is discussed below. 
 
Loss of megakaryocytes/platelets in Meis1 mutant embryos results in blood-
filled lymphatic vessel phenotype (Carramolino et al., 2010). In addition, tar-
geted ablation of megakaryocytes/platelets using PF4-Cre line combined with 
R26R-LacZbpa-DTA line in mouse embryos could recapitulate the same phe-
notype as in the Meis1-deficient embryos (Carramolino et al., 2010). This 
study provided the direct evidence of the role of platelets in lymphatic vessel 
development. Interestingly, however, Nf-e2-/- mice that lack platelets do not 
show a similar blood-filled lymphatic vessel phenotype (Shivdasani et al., 
1995). It was argued that the platelet-like particles in Nf-e2 mutant mice could 
be sufficient to fulfill the related function (Bertozzi et al., 2010; Uhrin et al., 
2010). In Kindlin3-deficient mice, in which there is a failure of platelet aggre-
gation, blood-filled lymphatic vessel phenotype is also present (Uhrin et al., 
2010).  
 
PDPN is widely expressed in different types of cells including LECs, osteo-
blasts, kidney podocytes, fibroblastic reticular cells, and some tumor cells 
(Pan and Xia, 2015). PDPN is not only an early marker of LECs, but is crucial 
for inducing platelet aggregation on LECs (Kaneko et al., 2004; Kato et al., 
2003b). Pdpn-deficient mice have lymphatic vessel defects including de-
creased lymphatic transport, congenital lymphedema and dilation of lym-
phatic vessels (Schacht et al., 2003), and exhibit blood-filled lymphatic vessel 
phenotype (Uhrin et al., 2010). Employing the lymphatic-specific Pdpn 
knockout mice, Detmar and coworkers revealed that PDPN expression in the 
LECs is indispensable to prevent blood-filled lymphatic phenotype postna-
tally (Bianchi et al., 2017).  Loss of T-synthase, which is essential for the bi-
osynthesis of core1-derived O-glycans present in PDPN, also leads to blood-
filled lymphatic vessels (Fu et al., 2008).  
 
CLEC1B is a glycosylated type II transmembrane protein that is expressed in 
the subpopulation of myeloid cells, platelets, and megakaryocytes (Colonna 
et al., 2000; Senis et al., 2007; Suzuki-Inoue et al., 2006).  CLEC1B induces 
strong platelet activation via Src and Syk tyrosine kinases, and different adap-
tor and effector proteins such as Src homology 2 domain-containing leukocyte 
protein of 76 kDa (SLP76) to activate phospholipase Cγ2 (PLCγ2) (Watson et 
al., 2010). Blood-filled lymphatic vessels can be observed in mice with homo-
zygous deletion of Clec1b (Bertozzi et al., 2010; Finney et al., 2012; Osada et 
al., 2012). Also, Plcγ2-null mice show non-separation phenotype between 
blood and lymphatic vasculature (Ichise et al., 2009). So far PDPN is the only 
known endogenous ligand for CLEC1B (Suzuki-Inoue et al., 2007). The in-
teraction between CLEC1B and PDPN leads to reciprocal activation of re-
spective downstream signaling pathways (Watson et al., 2014). It has been 
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found that CLEC1B-PDPN interaction-induced activation of platelets, which 
results in release of BMP9 that inhibits LEC migration, proliferation, and tube 
formation, is required for blood-lymphatic vessel separation (Osada et al., 
2012).  
 
Spleen tyrosine kinase (Syk) signaling pathway is crucial for adaptive immune 
responses, but it has also been shown to play a critical role in platelet function 
and lymphatic vascular development (Mócsai et al., 2010). Syk mediates gly-
coprotein VI (GPVI) and CLEC1B signaling in a immunoreceptor tyrosine-
based activation motif (ITAM)-dependent way, and outside-in signaling by 
integrin αIIbβ3 non-ITAM dependently in platelets (Hughes et al., 2015; 
Mócsai et al., 2010). Syk-deficient mouse embryos show subcutaneous hem-
orrhage and edema and blood filled lymphatic vessels (Abtahian et al., 2003; 
Cheng et al., 1996; Finney et al., 2012; Sebzda et al., 2006). Kahn and col-
leagues first proposed that the defective circulating endothelial cell progeni-
tors from the mutant animals contribute to the abnormal blood-lymphatic con-
nection (Sebzda et al., 2006). Later, Kiefer et al. ruled out the possibility of 
contribution of Syk-expressing circulating endothelial cells by fate mapping, 
and discovered that Syk+ myeloid cells instead regulate lymphangiogenesis 
by secretion of VEGFC. Deregulation of Syk+ myeloid cells in Syk-deficient 
embryos leads to lymphatic hyperplasia, which causes abnormal connections 
between veins and lymphatic vessels (Bohmer et al., 2010). Recently, loss of 
ITAM-dependent signaling has been shown to be mainly responsible for the 
blood-lymphatic connections (Hughes et al., 2015). Interestingly, mice defi-
cient of glycoprotein VI (GPVI), which shares the similar signaling pathway 
(Syk, Slp76, and PLCγ2) with CLEC1B, do not show the same phenotype 
(Kato et al., 2003a; Lockyer et al., 2006). This suggests a specific function of 
PDPN-CLEC1B signaling pathway in ‘lymphovenous separation’.  
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Aims of the thesis 

In addition to the common functions, the blood and lymphatic vasculatures in 
different organs possess organotypic functions, and the corresponding endo-
thelial cells show unique characteristics of cellular morphology and gene ex-
pression. Though the general mechanisms regulating vascular development 
have been well studied, organ-specific mechanisms of vessel formation re-
main elusive. In this thesis, we aimed to understand vascular development in 
a specific organ – the mesentery. The specific aims are listed below: 
 
I To investigate the origin(s) of the lymphatic vasculature in the mesen-

tery. 

II To study the mechanisms of mesenteric lymphatic vessel formation 
and remodeling, with the focus on smooth muscle cell recruitment. 

III To study the regulation of blood vessel integrity during developmental 
remodeling of the mesenteric vasculature. 
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Present investigations 

Paper I  
cKit lineage hemogenic endothelium-derived cells contribute to 
mesenteric lymphatic vessels (Stanczuk et al., 2015) 
 
All mammalian lymphatic vessels were previously thought to arise from the 
veins. However, the dogma was mainly based on the studies of development 
of the paired jugular lymph sacs at the junction of the internal jugular and 
subclavian veins. Considering that certain hereditary lymphatic-associated 
diseases only affect certain tissues or organs, we hypothesized that the mech-
anisms of lymphatic vascular development may show regional differences. 
We focused our investigation on the lymphatic vessel development in the mes-
entery.  
 
We first found that the vascular endothelial growth factor receptor 3 
(VEGFR3)/phosphatidylinositol-4,5-biphosphate 3-kinase (PI3K) signaling 
pathway was selectively required for the lymphatic vessel formation in the 
mesentery rather than for other organs such as the skin and diaphragm during 
development. Surprisingly, we observed the presence of isolated LEC clus-
ters, which emerged from E13, alongside the blood vessels, and their coales-
cence to lymphatic vessels by E14.5. This is contrast to the dogma in which 
the mesenteric lymphatic vessels form via sprouting from the mesenteric 
lymph sac. To characterise these LEC progenitors, we performed immunoflu-
orescence staining using various endothelial cell (blood and lymphatic) and 
hematopoietic cell markers, and found that these cells showed neither blood 
endothelial nor hematopoietic markers.  
 
Considering the fact that GFP perdurance can be used as a lineage readout, we 
employed Cldn5-GFP transgenic mice, in which vasculatures including 
lymph sacs are labelled by strong GFP fluorescence, to investigate the origin 
of the LECs. We did not detect GFP expression in PROX1+ cells that were in 
small clusters composed of one to two cells. This suggested that these progen-
itors were not derived by sprouting from the local blood vessels or from the 
mesenteric lymph sac. 
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Additionally, we performed genetic lineage tracing to study the cellular origin 
of the mesenteric LECs. In general, we combined inducible and constitutive 
Cre lines with the R26mTmG reporter, in which Cre recombinase expressing 
cells and their progenies replace membrane Tomato with membrane GFP ex-
pression. Accordingly, we could trace the progenies by GFP labelling. We 
first used endothelial specific Pdgfb-CreERT2;R26mTmG mice. Upon 4-hy-
droxytamoxifen (4-OHT) induction at E8-E9, we could see efficient GFP la-
belling in the mesenteric LEC clusters, but no or poor labelling in the mesen-
teric blood vessels. Through immunofluorescence staining and flow cytome-
try analysis, we found that both major arteries and cKit+ (hemogenic) endo-
thelial cells in the yolk sac were targeted in the E9.5 embryos upon 4-OHT 
treatment at E8-E8.5. This suggested that the mesenteric LEC progenitors are 
derived from arterial or hemogenic endothelium. To validate whether hemo-
genic endothelium gives rise to the mesenteric LECs, we employed cKit-
CreERT2;R26mTmG mouse line. 4-OHT treatment at E10 or E11 led to GFP 
labelling in the mesenteric LEC clusters at E13.5, suggesting that mesenteric 
LECs originate from cKit-lineage cells, which include hemogenic endothe-
lium. Moreover, we could not see any tracing in these LECs using Vav-
Cre;R26mTmG, a hematopoietic-specific Cre line. Taken together, our results 
suggest that cKit lineage hemogenic endothelium-derived progenitors provide 
a source of mesenteric LECs.  
 
In summary, we demonstrated that mesenteric lymphatic vessels are formed 
through lymphvasculogenesis rather than lymphangiogenesis, and the lymph-
vasculogenic process selectively requires VEGFR3/PI3K signalling. We also 
showed that cKit lineage hemogenic endothelium-derived progenitors contrib-
ute to the mesenteric lymphatic vessel formation, which is against the previ-
ously accepted dogma that all mammalian lymphatic vessels are of venous 
origin. 
 

Paper II 
Smooth muscle cell recruitment to lymphatic vessels requires PDGFB 
and impacts vessel size but not identity (Wang et al., 2017) 
 
It is well known that the collecting lymphatic vessels are covered by smooth 
muscle cells (SMCs). Nevertheless, the roles of SMCs in lymphatic morpho-
genesis, maturation and function are not fully understood. To this end, we in-
vestigated mechanisms regulating SMC recruitment and their roles in lym-
phatic development and function.  
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We first studied the expression of the platelet-derived growth factor B 
(PDGFB) and the its receptor – platelet-derived growth factor receptor b 
(PDGFRb) using two different mouse strains: Pdgfb-CreERT2-IRES-
egfp;R26-mTmG, in which PDGFB+ cells will show GFP upon tamoxifen in-
duction, and Pdgfrb-GFP. We found that PDGFB is exclusively expressed in 
the LECs of the collecting lymphatic vessels, and that PDGFRb in the SMCs 
surrounding the collecting lymphatics in the P21 mouse ear skin, suggesting 
the role of PDGFB signalling in SMC recruitment to the collecting lymphat-
ics. We then specifically deleted PDGFB in LECs or ECs using Prox1-
CreERT2; Pdgfbflox/flox; R26R-eYFP (PdgfbiLECKO) and Cdh(PAC)-CreERT2; 
Pdgfbflox/flox; R26R-eYFP (PdgfbiECKO) mice respectively. We observed loss of 
SMC coverage and dilation in the collecting lymphatic vessels but no effect 
on either capillary lymphatics or blood vessels, suggesting that SMC recruit-
ment requires LEC-derived PDGFB and that lymphatic hierarchy establish-
ment via lymphatic remodeling is SMC-independent. Moreover, we only saw 
larger LEC cells in the collecting lymphatics of the PdgfbiLECKO mice.  
 
We also analyzed SMC recruitment to the large collecting vessels in the 
PdgfbiLECKO mice during development. We saw significant reduction in SMC 
coverage in both mesenteric and popliteal collecting lymphatics, whereas ves-
sel dilation was observed only in the mesenteric collecting lymphatic vessels. 
Postnatally, LEC-derived PDGFB is necessary for SMC expansion and 
maintenance in the hind limb rather than in the mesentery. These data suggest 
the organ-specific crosstalk between collecting lymphatic LECs and SMCs. 
Furthermore, we examined the biological consequences upon loss of SMC 
coverage in the collecting lymphatics by tracer injection and high-frequency 
non-invasive imaging. We noted there were significant decrease of contrac-
tion sites and a lack of contraction in the collecting lymphatics. However, the 
clearance function was not affected.  
 
To understand whether PDGFB is sufficient for SMC recruitment, we ex-
pressed Pdgfb ectopically in lymphatic capillaries using Prox1-
CreERT2;R26hPDGFB+/+ mice. We did not detect any SMC coverage on the 
capillaries. Instead we noticed a modest but significant increase of SMC cov-
erage on the collecting vessels, suggesting that PDGFB alone is not sufficient 
for SMC recruitment. We reasoned that extracellular matrix (ECM) retention 
of PDGFB, which was shown to be critical in mural cell recruitment to the 
blood vessels, could play a role. To test this possibility, we employed 
Pdgfbret/ret mice lacking heparin sulphate-binding domain of PDGFB, and saw 
lower SMC coverage and dilation of collecting lymphatic vessels in ear skin. 
It thus confirmed the important role of ECM binding of PDGFB in SMC re-
cruitment. We also observed prominent differences in ECM deposition be-
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tween collecting and capillary vessels, which explains the discrepancy be-
tween collecting and capillary vessels regarding SMC recruitment and further 
supports the function of ECM. 
 
In conclusion, our work elucidates how both LEC-autonomous PDGFB and 
its interaction with ECM mediate SMC recruitment to the collecting lymphatic 
vessels rather than the capillary lymphatic vessels. 

Paper III 
Transient loss of venous integrity during developmental vascular 
remodeling leads to red blood cell extravasation and clearance by 
lymphatic vessels (Zhang et al., 2018) 
 
Maintenance of vascular integrity in homeostasis has been extensively stud-
ied. In contrast, little is known about how vascular integrity is maintained dur-
ing development. Here, we investigated this process in the developing mesen-
tery.  
 
We observed red blood cells (RBCs), both nucleated and enucleated, were in 
the extravascular space and associated with LEC clusters in the wild type E14 
mesenteries. We next assessed the frequency of extravascular RBCs along 
each blood vessel segment in mesenteries at different stages - E13, E13.5, E14, 
and E16. There were rare extravascular RBCs at E13-E13.5. But the frequency 
increased to 7.38±7.33% at E14, and more than 80% of the extravascular 
RBCs were interacting with membrane protrusions and/or cell bodies of the 
LECs in the LEC clusters. RBCs were found in the lumen of the developing 
lymphatic vessels at E15. However, RBCs were barely seen after E16, when 
the lymph flow initiates (Sweet et al., 2015). By genetic mosaic labelling of 
LECs, we investigated LEC-RBC interactions at high resolution. The direct 
contacts between LEC protrusions and RBCs were confirmed by structured 
illumination microscopy (SIM) imaging. Together, these data suggest that 
RBC extravasation is transient and that the developing mesenteric lymphatic 
vessels possess the clearance function. 
 
We reasoned RBC extravasation could be caused by the loss of vascular in-
tegrity, which has been shown in certain leaky tumours (Hashizumi et al., 
2000). We used Cldn5-GFP reporter mice to visualize the blood vasculatures 
in the developing mesenteries at E13-E13.5. Extensive vascular remodeling in 
both arteries and veins was observed. Furthermore, we saw fragmented base-
ment membrane (BM) and sparse mural cell coverage in the veins. In contrast, 
arteries were invested by even BM and abundant mural cells. Though the ar-
teries showed continuous intercellular junctions between adjacent ECs, yet the 
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veins showed disrupted junctions in the E14 mesenteries. Additionally, we 
found the intercellular gap structures in the veins. These gaps were 6-10 µm 
in diameter allowing both nucleated and enucleated RBCs to extravasate. The 
observations above suggest that, during vascular remodeling, there is a transi-
ent loss of venous integrity that correlates to RBC extravasation in the E14 
mesentery.  
 
Platelets are crucial in maintaining vascular integrity in primary homeostasis 
and vascular injuries. We therefore hypothesized that platelets may participate 
in vessel integrity maintenance during mesenteric vascular remodeling. By IF 
staining, we detected that platelets adhered to the venous endothelium and 
were present in the intercellular gaps but not found in the extravascular space. 
These platelets were spreading and extending protrusions, a reminiscence of 
platelet activation. Moreover, we did not detect platelet adherence to the blood 
vessels in E15 mesentery. We used Clec1b-/- mice, in which platelets show 
activation defects, to further validate the role of platelets. In the Clec1b defi-
cient E14 mesenteries and skins, there were excessive number of extravascular 
RBCs and platelets, which were found inside the lumenized lymphatic vessels, 
entrapped in the LEC clusters, or located in the interstitial space, suggesting 
that platelets play a critical role in maintaining the venous integrity and that 
failure of platelet activation leads to the blood-filled lymphatic phenotype in 
mesentery of the Clec1b-/- mice.  
 
Taken together, we described the loss of venous integrity during mesenteric 
vascular remodeling and concomitant RBC extravasation and clearance func-
tion of the developing mesenteric lymphatic vessels, revealed the essential 
role of platelets in maintaining the vascular integrity during development, and 
provided novel insights of the cause of the blood-filled lymphatic phenotype 
in the Clec1b mutant mice.  

Paper IV 
Alternative lymphatic endothelial progenitor cells compensate for the 
loss of non-venous-derived progenitors to form mesenteric lymphatic 
vessels (Manuscript) 
 
Our previous work has demonstrated that both venous and non-venous origin 
progenitors contribute to the formation of mesenteric lymphatic vasculature. 
The interactions between these two distinct pools of progenitors to form the 
functional lymphatic vasculature remain to be investigated.  
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We observed delayed emergence of the mesenteric LEC progenitors at E13.5 
and delayed vessel formation at E14 in Cldn5-GFP reporter mice in our pre-
vious study (Stanczuk et al., 2015). To understand the mesenteric lymphatic 
vessel development in these mice, we performed the time-course analysis. In 
the wild type embryos, the mesenteric LEC progenitors assembled into LEC 
clusters from E13 to E14; these clusters coalesced into a mesh-like lymphatic 
network at E15; the primitive vessel network was formed at E17; the func-
tional lymphatic vessels were formed at E18. In Cldn5-GFP embryos, we ob-
served LEC clusters were depleted at E15; thin and fragmented lymphatic ves-
sels re-emerged at E16; primitive lymphatic plexus was formed at E17; most 
of the vessel segments, running from the mesentery root to the intestine, 
showed either absence of lymphatic vessels or truncated lymphatic vessels in 
the E18 mesenteries, though mature collecting lymphatic vessels were formed 
along a few blood vessel segments. Notably, the dermal lymphatic develop-
ment including the thoracic and lumbar lymphatics, which are formed via ve-
nous sprouting and lymphvasculogenesis respectively, was not affected in 
Cldn5-GFP embryos. These data suggest an alternative origin of LECs that 
can compensate to build the mesenteric lymphatic vessels in response to loss 
of the non-venous origin progenitors.  
 
We saw a significant increase of venous sprouting in the E15-E16 Cldn5-GFP 
mesenteries, which was coincident with the depletion and re-emergence of the 
lymphatic vessels. We hypothesized that mesenteric venous endothelial cells 
could compensate to form new lymphatic vessels via sprouting lymphangio-
genesis. In fact, we could detect PROX1 expression in the venous sprouts in 
Cldn5-GFP mesenteries. Furthermore, lineage tracing analysis using Pdgfb-
CreER2; R26-tdTom; Cldn5-GFP mice, in which the mesenteric blood vascu-
latures rather than the lymphatic vessels are labelled by Tomato upon opti-
mized dosage of 4-hydroxytamoxifen administration at E10, demonstrated in-
creased number of Tomato+ LECs in the Cldn5-GFP mesenteries compared to 
the wild type mesenteries. These data indicate that the venous-derived LECs 
can compensate for the mesenteric lymphatic vessel regrowth in the Cldn5-
GFP embryos.  
 
We aimed to examine whether the mesenteric lymphatic vessels in the Cldn5-
GFP mice were functional. We first assessed the Mendelian ratio of the 
Cldn5-GFP animals. Cldn5-GFP embryos were observed in expected Mende-
lian ratio (50%), yet the ratios of the P1 neonates (35%) and P21 weaning-age 
mice (37%) were lower than expected. The decreased viability suggests de-
fective mesenteric lymphatic vessels, which leads to compromised dietary fats 
absorption and in turn increased perinatal lethality. We next analysed the mes-
enteric lymphatic vessels in the Cldn5-GFP P1 neonates, and found chyle 
leakage and dilated lymphatic vessels. Of note, there was no difference in size 
between the Cldn5-GFP animals and the wild type littermates. The detailed 
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analysis showed truncated lymphatic vessels along the vessel segments and 
lower smooth muscle cell coverage in different parts of the mesentery, which 
could lead to the aforementioned phenotypes in the Cldn5-GFP animals. Nev-
ertheless, the Cldn5-GFP mice and the wild type mice showed comparable 
mesenteric lymphatic vessels at later stages. Therefore, the vein-derived lym-
phatic vessels in the Cldn5-GFP mice are capable to fulfill the physiological 
function.  
 
In brief, we uncovered a compensatory mechanism that maintains the robust-
ness of mesenteric lymphatic vascular development in the mesentery in the 
Cldn5-GFP mice. 
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Outlook 

Organotypic functions of the vasculatures are well known, and endothelial cell 
heterogeneity has been revealed. However, organ-specific development of the 
vasculatures remains elusive. We aimed to answer this question by using the 
developing mesentery as our model system. The work in this thesis, as sum-
marized above, has made contributions to our understanding of the organo-
typic development of the vasculatures. Additionally, it has opened a number 
of new avenues to explore. 
 
We found that the cKit+ hemogenic endothelium-derived progenitors contrib-
ute to mesenteric lymphatic vessels through lymphvasculogenesis (Stanczuk 
et al., 2015). This is contrast to the previously accepted dogma that all mam-
malian lymphatic vessels arise from the veins via lymphangiogenesis (Yang 
and Oliver, 2014). Recent advances have provided additional evidence for the 
non-venous origin of the lymphatic vessels. Using lineage tracing, my col-
leagues revealed that lumbar lymphatic vessels are derived from non-Tie2-
lineage and thus non-venous progenitors, and these vessels are also formed 
via lymphvasculogenesis (Martinez-Corral et al., 2015). Similarly, non-Tie2-
lineage progenitors were shown to contribute to cardiac lymphatic vessel for-
mation (Klotz et al., 2015). Yaniv and co-workers demonstrated that LEC pro-
genitors arise from specialized angioblasts located in the posterior cardinal 
vein of zebrafish, which depends on Wnt5b signaling (Nicenboim et al., 
2015). Notably, two different pools of LEC progenitors were found to con-
tribute to the mesenteric lymphatic vessels in chick embryos (Mahadevan et 
al., 2014). To better understand the mesenteric lymphatic development, fur-
ther studies are required to address the following questions: where do the mes-
enteric lymphatic endothelial cell (LEC) progenitors come from? How do they 
reach the mesentery? What are the molecular mechanisms mediating their dif-
ferentiation into the mesenteric LECs? How are the mesenteric lymphatic ves-
sels formed? Because cKit is expressed in both (hemogenic) endothelial and 
hematopoietic cells (Solaimani Kartalaei et al., 2015), a hemogenic endothe-
lium-specific mouse model will be needed to verify the precise origin of the 
mesenteric LEC progenitors. Alternatively, single-cell RNA sequencing 
(scRNA-seq) can be employed to reconstruct the developmental trajectory of 
the mesenteric LECs and provide insight into the origin (Briggs et al., 2018; 
Farrell et al., 2018; Wagner et al., 2018). Furthermore, my colleagues are 
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working on transcriptomic profiling of the mesenteric progenitors to identify 
key molecules involved in mesenteric lymphatic vessel development.  
 
Recent studies have revealed a number of novel lymphatic vascular beds and 
lymphatic-like vessels such as meningeal lymphatics (Absinta et al., 2017; 
Aspelund et al., 2015; Louveau et al., 2015), and Schlemm’s canal (Kizhatil 
et al., 2014; Park et al., 2014; Aspelund et al., 2014), which possess distinct 
functions. Interestingly, isolated LEC clusters were observed to connect to 
each other through long filopodia during meningeal lymphatic development, 
which is similar to the lymphvasculogenesis in embryonic mesentery and skin 
(Antila et al., 2017; Martinez-Corral et al., 2015; Stanczuk et al., 2015). Thus, 
it is of great interest to investigate how the LEC heterogeneity in different 
vascular beds arises: the origin(s) of the organotypic LECs, and the intrinsic 
and extrinsic mechanisms regulating organ-specific lymphatic vessel devel-
opment. 
 
In addition to the novel origin of the mesenteric LEC progenitors, we discov-
ered an unexpected compensatory mechanism for regrowth of the mesenteric 
lymphatic vessels after depletion of the original hemogenic endothelium-de-
rived progenitors in Cldn5-GFP mice. This finding highlights endothelial cell 
plasticity in the mesentery. Interestingly, two sources of progenitors, in re-
sponse to distinct growth cues, contribute to the cardiac coronary vasculature 
formation during development (Sharma et al., 2017). Similar to our observa-
tions in the mesentery, stunted development of the sinus venosus-derived cor-
onary vasculature causes a compensatory expansion of the endocardium-de-
rived progenitors to form the functional cardiac vasculature in the adult 
(Sharma et al., 2017). However, it is still unclear whether the venous sprouting 
plays a role in normal mesenteric lymphatic development. We also would like 
to know the signal ‘sensor’ detecting the depletion of the mesenteric LEC pro-
genitors and the signal ‘trigger’ initiating the venous sprouting. Due to the 
importance of VEGFC in LEC progenitor migration from the veins 
(Vaahtomeri et al., 2017), it is possible that increased VEGFC availability 
and/or signaling, which can be caused by LEC depletion in the Cldn5-GFP 
mice, acts as the ‘sensor’ and the ‘trigger’. This requires further investigation 
to test.  
 
In the process of vascular morphogenesis, we observed intercellular gap for-
mation in the mesenteric veins that leads to transient loss of venous integrity 
and concomitant RBC extravasation, and uncovered previously unappreciated 
role of platelets in maintaining vessel integrity during development (Zhang et 
al., 2018). It was previously thought that loss of vessel integrity only happens 
under pathological conditions or upon injury (Dejana et al., 2009; Hashizume 
et al., 2000). Our finding is likely owing to the organotypic microenvironment. 
Indeed, there is ECM remodeling and redistribution of intercellular adhesions 
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in the mesenchyme, which leads to an asymmetric outgrowth in the mesentery 
during gut looping (Davis et al.; Kurpios et al., 2008). Notably, we also de-
tected RBCs in the extravascular space in the embryonic skin, but failed to 
detect similar gap structure in the dermal veins (Zhang et al., 2018). Platelets 
have been shown to participate in vascular remodeling through secreted chem-
okines (Koenen, R.R. and Weber, C. 2010). An interesting possibility is that 
platelet activation at the intercellular gaps may promote venous remodeling in 
addition to their role in maintaining vessel integrity. Indeed, activated platelet 
can produce S1P that is critical in stabilizing blood vasculature and promoting 
blood flow (Gaengel et al., 2012; Jung et al., 2012). S1P signaling has also 
been reported to mediate directional migration of LECs under fluid shear 
stress (Surya et al., 2016). Consequently, further studies are needed regarding 
the role of platelets in this process. Additionally, RBCs also store and generate 
S1P (Gazit et al., 2016).  Do the extravasated RBCs contribute to mesenteric 
lymphatic formation through providing chemical cues? Our results argue 
against this possibility by showing random localization of the extravasated 
RBCs and random protrusions from the LECs that are in the vicinity of these 
RBCs. Additionally, it has been recently shown that S1P derived from RBCs 
or platelets alone is dispensable for vascular development and maintenance of 
vessel integrity (Gazit et al., 2016).  
 
Additionally, we demonstrated that failure to maintain the venous integrity 
contributes to the blood-filled lymphatics in the mesentery of Clec1b-deficient 
mice. Thus, it is important to consider defective blood vessel integrity as a 
cause of the blood-filled lymphatic anomality. 
 
Lastly, we investigated maturation of the mesenteric lymphatic vessels focus-
ing on SMC recruitment. Our study revealed that LEC-autonomous PDGFB 
is necessary for SMC recruitment that in turn regulates vessel size and func-
tion in the mesentery (Wang et al., 2017). It will be of interest to dissect how 
reciprocal interactions between LECs and SMCs control vessel size and func-
tion.  
 
Collectively, our research on the organ-specific vascular development in the 
mesentery not only deepens understanding of the endothelial cell heterogene-
ity and plasticity, but provides insights into the cause of organotypic vascula-
ture-related diseases.  
 
 



 48 

Acknowledgements 

The work presented in the thesis was supported by funding to Senior Lecturer 
Taija Mäkinen from the European Research Council, Knut and Alice Wallen-
berg Foundation, the Swedish Research Council and the Kjell and Märta Bei-
jer Foundation. Thanks to the funding agencies for the generous support. 
 
This thesis represents not only work of mine, but a collective effort made by 
many individuals, to whom I owe immense gratitude. First and foremost, I 
wish to thank my supervisor, Dr. Taija Mäkinen. She introduced me to the 
exciting field of vascular biology and has been guiding me step by step, from 
experimental design to data interpretation, with great knowledge, critical 
thinking, and superior vision of science. Additionally, her relentless pursuit of 
great science always impresses me and keeps me motivated. I can proudly say 
I am lucky to be able to learn from the best. Thank you so much, Taija, for 
such an invaluable opportunity!  
 
I am also fortunate to have a co-supervisor Dr. Marie Jeansson. She has al-
ways been supportive and encouraging to me along my study. Although we 
do not discuss my work that often, our small chats in the corridor and kitchen 
never fail to be cheering. I really appreciate the positive thinking that you 
share with me.  
 
The thesis, the product after a few years assembly, needs the final quality con-
trol before it brings a Ph.D. I thus would like to acknowledge my opponent 
Prof. Wiebke Herzog and the committee members: Drs. Jonas Fuxe, Anna-
Karin Olsson, and Johan Holmberg. Thank you all for spending your time 
on scrutinizing my thesis and joining my dissertation. I am looking forward to 
the discussions with you. 
 
Science is a teamwork, so I doubt I would reach this point without support 
from my great colleagues: Inés, Lukas, Maria, Henrik, Maike, Andrea, So-
fie Wagenius, Yan, Nina, Simon, Dimitrios, Magda, Sofie Lunell 
Sergerqvist, Milena, and Noura. It has been a great privilege to work along 
with all of you. Particularly, I wish to thank the following people. Inés was 
biking across the town many times to help me check different apartments until 
she found a satisfying place. Therefore, I needed not to worry about where I 
could settle down before I arrived in Uppsala, in which it is notoriously hard 



 49 

to find appropriate accommodations. Gracias, Inés! She and Lukas were 
showing me around and taught me experimental skills in the first days after I 
joined the lab. Big thanks to Lukas for the opportunity to work on the seminal 
work of the progenitor project. Maria did not only help me to set up flow 
cytometry and qPCR experiments, but offered a great amount of insightful 
discussions, from which I have learned pretty much. She is also super warm-
hearted, and always ready to help people. Simon, a master of almost every-
thing, is more than a fantastic colleague, an awesome friend as well. I have 
been enjoying discussing with him about my work, his work, and anything 
interesting. He is full of sharp minds and extensive knowledge. What an ex-
cellent scientist is he! More importantly, he has a golden heart. Vielen danke, 
Sir! Henrik, Sofie Wagenius and Sofie Lunell Sergerqvist have been dili-
gently taking care of our lab and the animal work. It has been such a huge 
relief that I could focus on the research. Tusen tack! It’s really nice to have 
someone speaking my mother tongue in the lab. Yan, you are an amazing 
listener and a considerate person. 谢谢！ 
 
Lots of help and inputs are also from the vascular biology community and the 
IGP department. I am indebted most to the laboratories of Betsholtz and 
Claesson-Welsh. There are tons of extremely kind people who are always 
happy to share their ideas, expertise, and reagents. I am pretty grateful to 
Marco, Leonor, Khayrun, Alberto, Konstantin, Michael, Colin, Koji, 
Chiara, Ross, Anja, Miguel, Xiujuan, Oriol, Eric, Tor, Yi, Naoki, and 
Narendera, for all the kind help and friendship. It has been a great fortune to 
work with you. Without any doubt, both Professors Christer Betsholtz and 
Lena Claesson-Welsh have been role models for the next generation of sci-
entists. Also, thanks to friends in the department, Ali, Matko, Alba, Diego, 
Anne, Eric, Dijana, Yuan, Hua, Tove, for the great time we have had. I thank 
Christina and Helene for taking care of lots of administration work and for lots 
of encouragement.   
 
Many thanks to our collaborators, especially Dr. Lars Jakobsson and Yixin 
from Karolinska Institute. I am really thankful for the opportunity to contrib-
ute to their beautiful work, from which I started to know Yixin and have be-
come friends with him.  
 
I owe equally much to my dear friends outside of the laboratory. They are 
Marco, Shola, and Thibaud. Marco, you praised me a lot in your thesis. I 
am truly humbled, because I know I am far from that good. Instead, I do think 
you deserve those words. As a friend, you are kind, thoughtful and generous. 
As a student, you are dedicated, passionate, skilled, and modest. The quality 
of your work is undeniably good. Moreover, you are the person who loves life 
pretty much. You have a good taste of a great many things like food, drink, 
and music. You always entertain your friend with nice food and wine, and live 



 50 

music, which I cannot appreciate more. Don’t forget, my favorite Mojito is 
from Mr. Marco! Shola is an English gentleman full of potential. He is the 
fountain of ideas and fun in our circle. Whenever there is trouble, he can al-
ways figure it out using his brilliant mind. He is a genuine chef who has magic 
hands to cook. He is passionate to learn new things. I am still amazed how he 
could manage to speak fluent Swedish in just one year. Thibaud is the big 
brother of us, a spirit full of kindness, compassion, charm, poetry, art, humor, 
and wisdom. He has been missed a lot since he left for France. These beautiful 
minds have been the best company ever, and their presence can always light 
me up. I will never forget the delicious food and joy from our cooking club - 
Cuisine du monde. I will never forget all kinds of discussions when we were 
running along the Fyris River. I will never forget our great time in France. My 
dear friends, it is a blessing to have friends like you! I look forward to the full 
reunion in the near future.  
 
Last but not least, I wish to thank my beloved family and the little Swallow 
wholeheartedly for their unconditional love and support. I need to express my 
gratitude in Chinese now. 
 
感谢爸妈的养育，哥哥和嫂子、姐姐和姐夫的支持与鼓励，姑姑、姑
父及表哥表姐的关心。 也衷心感谢燕子的理解和支持。你们的爱和支
持是我不断前行的最大动力，无以为报。在此我把我的博士论文献给
您们。 



 51 

References 

Abbott, N. J., Patabendige, A. A. K., Dolman, D. E. M., Yusof, S. R. and Begley, D. 
J. (2010). Structure and function of the blood–brain barrier. Neurobiology of Dis-
ease 37, 13–25. 

Absinta, M., Ha, S.-K., Nair, G., Sati, P., Luciano, N. J., Palisoc, M., Louveau, A., 
Zaghloul, K. A., Pittaluga, S., Kipnis, J., et al. (2017). Human and nonhuman 
primate meninges harbor lymphatic vessels that can be visualized noninvasively 
by MRI. eLife 6, 780. 

Abtahian, F., Guerriero, A., Sebzda, E., Lu, M.-M., Zhou, R., Mócsai, A., Myers, E. 
E., Bin Huang, Jackson, D. G., Ferrari, V. A., et al. (2003). Regulation of Blood 
and Lymphatic Vascular Separation by Signaling Proteins SLP-76 and Syk. Sci-
ence 299, 247–251. 

Acar, M., Kocherlakota, K. S., Murphy, M. M., Peyer, J. G., Oguro, H., Inra, C. N., 
Jaiyeola, C., Zhao, Z., Luby-Phelps, K. and Morrison, S. J. (2015). Deep imaging 
of bone marrow shows non-dividing stem cells are mainly perisinusoidal. Nature 
526, 126–130. 

Adamo, L., Naveiras, O., Wenzel, P. L., McKinney-Freeman, S., Mack, P. J., Gracia-
Sancho, J., Suchy-Dicey, A., Yoshimoto, M., Lensch, M. W., Yoder, M. C., et al. 
(2009). Biomechanical forces promote embryonic haematopoiesis. Nature 459, 
1131–1135. 

Adams, R. H., Wilkinson, G. A., Weiss, C., Diella, F., Gale, N. W., Deutsch, U., 
Risau, W. and Klein, R. (1999). Roles of ephrinB ligands and EphB receptors in 
cardiovascular development: demarcation of arterial/venous domains, vascular 
morphogenesis, and sprouting angiogenesis. Genes Dev. 13, 295–306. 

Aird, W. C. (2007a). Phenotypic Heterogeneity of the Endothelium: I. Structure, 
Function, and Mechanisms. Circulation Research 100, 158–173. 

Aird, W. C. (2007b). Phenotypic Heterogeneity of the Endothelium: II. Representative 
vascular beds. Circulation Research 100, 174–190. 

Alitalo, K. (2011). The lymphatic vasculature in disease. Nat Med 17, 1371–1380. 
Almagro, S., Durmort, C., Chervin-Pétinot, A., Heyraud, S., Dubois, M., Lambert, O., 

Maillefaud, C., Hewat, E., Schaal, J. P., Huber, P., et al. (2010). The motor protein 
myosin-X transports VE-cadherin along filopodia to allow the formation of early 
endothelial cell-cell contacts. Molecular and Cellular Biology 30, 1703–1717. 

Andreone, B. J., Lacoste, B. and Gu, C. (2015). Neuronal and Vascular Interactions. 
Annu Rev Neurosci 38: 25-46 

Antila, S., Karaman, S., Nurmi, H., Airavaara, M., Voutilainen, M. H., Mathivet, T., 
Chilov, D., Li, Z., Koppinen, T., Park, J.-H., et al. (2017). Development and plas-
ticity of meningeal lymphatic vessels. J Exp Med 214, 3645–3667. 

Armulik, A., Genové, G. and Betsholtz, C. (2011). Pericytes: Developmental, Physi-
ological, and Pathological Perspectives, Problems, and Promises. Developmental 
Cell 21, 193–215. 



 52 

Armulik, A., Genové, G., Mäe, M., Nisancioglu, M. H., Wallgard, E., Niaudet, C., 
He, L., Norlin, J., Lindblom, P., Strittmatter, K., et al. (2010). Pericytes regulate 
the blood–brain barrier. Nature 468, 557–561. 

Aspelund, A., Tammela, T., Antila, S., Nurmi, H., Leppänen, V.M., Zarkada, G., 
Stanczuk, L., Francois, M., Mäkinen, T., et al. (2014). The Schlemm’s canal is a 
VEGF-C/VEGFR-3–responsive lymphatic-like vessel. J. Clin. Invest. 124, 3975–
3986. 

Aspelund, A., Antila, S., Proulx, S. T., Karlsen, T. V., Karaman, S., Detmar, M., Wiig, 
H. and Alitalo, K. (2015). A dural lymphatic vascular system that drains brain 
interstitial fluid and macromolecules. J Exp Med 212, 991–999. 

Aspelund, A., Robciuc, M. R., Karaman, S., Mäkinen, T. and Alitalo, K. (2016). Lym-
phatic System in Cardiovascular Medicine. Circulation Research 118, 515–530. 

Astorga, J. and Carlsson, P. (2007). Hedgehog induction of murine vasculogenesis is 
mediated by Foxf1 and Bmp4. Development 134, 3753–3761. 

Baldwin, M. E., Halford, M. M., Roufail, S., Williams, R. A., Hibbs, M. L., Grail, D., 
Kubo, H., Stacker, S. A. and Achen, M. G. (2005). Vascular endothelial growth 
factor D is dispensable for development of the lymphatic system. Molecular and 
Cellular Biology 25, 2441–2449. 

Banno, K., and Yoder, M.C. (2017). Tissue regeneration using endothelial colony-
forming cells: promising cells for vascular repair. Pediatr Res 83, 283–290. 

Baratchi, S., Khoshmanesh, K., Woodman, O. L., Potocnik, S., Peter, K. and McIn-
tyre, P. (2017). Molecular Sensors of Blood Flow in Endothelial Cells. Trends 
Mol Med 23, 850–868. 

Baron, C. S., Kester, L., Klaus, A., Boisset, J.-C., Thambyrajah, R., Yvernogeau, L., 
Kouskoff, V., Lacaud, G., van Oudenaarden, A. and Robin, C. (2018). Single-cell 
transcriptomics reveal the dynamic of haematopoietic stem cell production in the 
aorta. Nature Communications 9, 2517. 

Barquilla, A. and Pasquale, E. B. (2015). Eph Receptors and Ephrins: Therapeutic 
Opportunities. Annu Rev Pharmacol Toxicol  55, 465–487. 

Bazigou, E. and Mäkinen, T. (2013). Flow control in our vessels: vascular valves 
make sure there is no way back. Cell. Mol. Life Sci. 70, 1055–1066. 

Ben-Zvi, A., Lacoste, B., Kur, E., Andreone, B. J., Mayshar, Y., Yan, H. and Gu, C. 
(2014). Mfsd2a is critical for the formation and function of the blood–brain bar-
rier. Nature 509, 507–511. 

Benedito, R., Roca, C., Sörensen, I., Adams, S., Gossler, A., Fruttiger, M. and Adams, 
R. H. (2009). The Notch Ligands Dll4 and Jagged1 Have Opposing Effects on 
Angiogenesis. Cell 137, 1124–1135. 

Bernier-Latmani, J., Cisarovsky, C., Demir, C. S., Bruand, M., Jaquet, M., Davanture, 
S., Ragusa, S., Siegert, S., Dormond, O., Benedito, R., et al. (2015). DLL4 pro-
motes continuous adult intestinal lacteal regeneration and dietary fat transport. J. 
Clin. Invest. 125, 4572–4586. 

Bertozzi, C. C., Schmaier, A. A., Mericko, P., Hess, P. R., Zou, Z., Chen, M., Chen, 
C. Y., Xu, B., Lu, M. M., Zhou, D., et al. (2010). Platelets regulate lymphatic 
vascular development through CLEC-2-SLP-76 signaling. Blood 116, 661–670. 

Bianchi, R., Russo, E., Bachmann, S. B., Proulx, S. T., Sesartic, M., Smaadahl, N., 
Watson, S. P., Buckley, C. D., Halin, C. and Detmar, M. (2017). Postnatal Dele-
tion of Podoplanin in Lymphatic Endothelium Results in Blood Filling of the 
Lymphatic System and Impairs Dendritic Cell Migration to Lymph Nodes. Arte-
riosclerosis, Thrombosis, and Vascular Biology 37, 108–117. 

Bohmer, R., Neuhaus, B., BUhren, S., Zhang, D., Stehling, M., BOck, B. and Kiefer, 
F. (2010). Regulation of Developmental Lymphangiogenesis by Syk+ Leuko-
cytes. Developmental Cell 18, 437–449. 



 53 

Boisset, J.-C., Clapes, T., Klaus, A., Papazian, N., Onderwater, J., Mommaas-
Kienhuis, M., Cupedo, T. and Robin, C. (2014). Progressive maturation towards 
hematopoietic stem cells in the mouse embryo aorta. Blood 125, blood–2014–07–
588954–469. 

Bos, F. L., Caunt, M., Peterson-Maduro, J., Planas-Paz, L., Kowalski, J., Karpanen, 
T., van Impel, A., Tong, R., Ernst, J. A., Korving, J., et al. (2011). CCBE1 is 
essential for mammalian lymphatic vascular development and enhances the lym-
phangiogenic effect of vascular endothelial growth factor-C in vivo. Circulation 
Research 109, 486–491. 

Bouvrée, K., Brunet, I., del Toro, R., Gordon, E., Prahst, C., Cristofaro, B., Mathivet, 
T., Xu, Y., Soueid, J., Fortuna, V., et al. (2012). Semaphorin3A, Neuropilin-1, 
and PlexinA1 Are Required for Lymphatic Valve FormationNovelty and Signifi-
cance. Circulation Research 111, 437–445. 

Bower, N. I., Koltowska, K., Pichol-Thievend, C., Virshup, I., Paterson, S., La-
gendijk, A. K., Wang, W., Lindsey, B. W., Bent, S. J., Baek, S., et al. (2017a). 
Mural lymphatic endothelial cells regulate meningeal angiogenesis in the 
zebrafish. Nature Neuroscience 20, 774–783. 

Bower, N. I., Vogrin, A. J., Le Guen, L., Chen, H., Stacker, S. A., Achen, M. G. and 
Hogan, B. M. (2017b). Vegfd modulates both angiogenesis and lymphangiogen-
esis during zebrafish embryonic development. Development 144, 507–518. 

Breier, G., Clauss, M., Dynamics, W. R. D.1995 Coordinate expression of vascular 
endothelial growth factor receptor-1 (fit-1) and its ligand suggests a paracrine 
regulation of murine vascular development. Dev. Dyn. 204(3), 228-39 

Briggs, J. A., Weinreb, C., Wagner, D. E., Megason, S., Peshkin, L., Kirschner, M. 
W. and Klein, A. M. (2018). The dynamics of gene expression in vertebrate em-
bryogenesis at single-cell resolution. Science 360, 5780. 

Brill, A., Dashevsky, O., Rivo, J., Gozal, Y. and Varon, D. (2005). Platelet-derived 
microparticles induce angiogenesis and stimulate post-ischemic revasculariza-
tion. Cardiovascular Research 67, 30–38. 

Brill, A., Elinav, H. and Varon, D. (2004). Differential role of platelet granular medi-
ators in angiogenesis. Cardiovascular Research 63, 226–235. 

Bui, H. M., Enis, D., Robciuc, M. R., Nurmi, H. J., Cohen, J., Chen, M., Yang, Y., 
Dhillon, V., Johnson, K., Zhang, H., et al. (2016). Proteolytic activation defines 
distinct lymphangiogenic mechanisms for VEGFC and VEGFD. J. Clin. Invest. 
126, 2167–2180. 

Cai, Z., de Bruijn, M., Ma, X., Dortland, B., Luteijn, T., Downing, J. R. and Dzierzak, 
E. (2000). Haploinsufficiency of AML1 Affects the Temporal and Spatial Gener-
ation of Hematopoietic Stem Cells in the Mouse Embryo. Immunity 13, 423–431. 

Carmeliet, P., Ferreira, V., Breier, G., Pollefeyt, S., Kieckens, L., Gertsenstein, M., 
Fahrig, M., Vandenhoeck, A., Harpal, K., Eberhardt, C., et al. (1996). Abnormal 
blood vessel development and lethality in embryos lacking a single VEGF allele. 
Nature 380, 435–439. 

Carramolino, L., Fuentes, J., García-Andrés, C., Azcoitia, V., Riethmacher, D. and 
Torres, M. (2010). Platelets play an essential role in separating the blood and 
lymphatic vasculatures during embryonic angiogenesis. Circulation Research 
106, 1197–1201. 

Carroll, R. G. (2006). Elsevier's Integrated Physiology E-Book. 
Chappell, J. C., Taylor, S. M., Ferrara, N. and Bautch, V. L. (2009). Local Guidance 

of Emerging Vessel Sprouts Requires Soluble Flt-1. Developmental Cell 17, 377–
386. 

 



 54 

Chen, H. I., Sharma, B., Akerberg, B. N., Numi, H. J., Kivelä, R., Saharinen, P., 
Aghajanian, H., McKay, A. S., Bogard, P. E., Chang, A. H., et al. (2014). The 
sinus venosus contributes to coronary vasculature through VEGFC-stimulated an-
giogenesis. Development 141, dev.113639–4512. 

Chen, M. J., Yokomizo, T., Zeigler, B. M., Dzierzak, E. and Speck, N. A. (2009). 
Runx1 is required for the endothelial to haematopoietic cell transition but not 
thereafter. Nature 457, 887–891. 

Cheng, A.M., Rowley, B., Pao, W., Hayday, A., Bolen, J.B. and Pawson, T. (1996). 
Syk tyrosine kinase required for mouse viability and B-cell development. Nature 
379, 657–657. 

Chikly, B. (1997). WHO DISCOVERED THE LYMPHATIC SYSTEM? Lymphol-
ogy 30, 186–193. 

Choi, D., Park, E., Jung, E., Seong, Y. J., Yoo, J., Lee, E., Hong, M., Lee, S., Ishida, 
H., Burford, J., et al. (2017). Laminar flow downregulates Notch activity to pro-
mote lymphatic sprouting. J. Clin. Invest. 127, 1225–1240. 

Chong, D. C., Koo, Y., Xu, K., Fu, S. and Cleaver, O. (2011). Stepwise arteriovenous 
fate acquisition during mammalian vasculogenesis. Dev. Dyn. 240, 2153–2165. 

Colonna, M., Samaridis, J. and Angman, L. (2000). Molecular characterization of two 
novel C-type lectin-like receptors, one of which is selectively expressed in human 
dendritic cells. European Journal of Immunology 30, 697–704. 

Coppiello, G., Collantes, M., Sirerol-Piquer, M. S., Vandenwijngaert, S., Schoors, S., 
Swinnen, M., Vandersmissen, I., Herijgers, P., Topal, B., van Loon, J., et al. (2015). 
Meox2/Tcf15 Heterodimers Program the Heart Capillary Endothelium for Cardiac 
Fatty Acid Uptake. Circulation 131, CIRCULATIONAHA.114.013721–826. 

Coxam, B., Sabine, A., Bower, N. I., Smith, K. A., Pichol-Thievend, C., Skoczylas, 
R., Astin, J. W., Frampton, E., Jaquet, M., Crosier, P. S., et al. (2014). Pkd1 Reg-
ulates Lymphatic Vascular Morphogenesis during Development. CellReports 7, 
1–38. 

D'Amico, G., Korhonen, E. A., Waltari, M., Saharinen, P., Laakkonen, P. and Alitalo, 
K. (2010). Loss of Endothelial Tie1 Receptor Impairs Lymphatic Vessel Devel-
opment-Brief Report. Arteriosclerosis, Thrombosis, and Vascular Biology 30, 
207–209. 

Dagenais, S. L., Hartsough, R. L., Erickson, R. P., Witte, M. H., Butler, M. G. and 
Glover, T. W. (2004). Foxc2 is expressed in developing lymphatic vessels and 
other tissues associated with lymphedema–distichiasis syndrome. Gene Expres-
sion Patterns 4, 611–619. 

Daneman, R. and Prat, A. (2015). The blood-brain barrier. Cold Spring Harbor Per-
spectives in Biology 7, a020412. 

Davis, M. J., Rahbar, E., Gashev, A. A., Zawieja, D. C. and James E Moore, J. (2011). 
Determinants of valve gating in collecting lymphatic vessels from rat mesentery. 
American Journal of Physiology-Heart and Circulatory Physiology 301, H48–H60. 

Davis, N. M., Kurpios, N. A., Sun, X., Martin, J. F., Cell, C. T. D.2007 Gut looping 
is initiated by left–right asymmetric changes in the architecture of the dorsal mes-
entery. 

Dejana, E., Tournier-Lasserve, E. and Weinstein, B. M. (2009). The Control of Vas-
cular Integrity by Endothelial Cell Junctions: Molecular Basis and Pathological 
Implications. Developmental Cell 16, 209–221. 

Dekker, R. J., van Thienen, J. V., Rohlena, J., de Jager, S. C., Elderkamp, Y. W., 
Seppen, J., de Vries, C. J. M., Biessen, E. A. L., van Berkel, T. J. C., Pannekoek, 
H., et al. (2005). Endothelial KLF2 links local arterial shear stress levels to the 
expression of vascular tone-regulating genes. The American Journal of Pathology 
167, 609–618. 



 55 

Dellinger, M. T. and Brekken, R. A. (2011). Phosphorylation of Akt and ERK1/2 Is 
Required for VEGF-A/VEGFR2-Induced Proliferation and Migration of Lym-
phatic Endothelium. PLoS ONE 6, e28947. 

Dellinger, M. T., Meadows, S. M., Wynne, K., Cleaver, O. and Brekken, R. A. (2013). 
Vascular Endothelial Growth Factor Receptor-2 Promotes the Development of 
the Lymphatic Vasculature. PLoS ONE 8, e74686. 

Dellinger, M., Hunter, R., Bernas, M., Gale, N., Yancopoulos, G., Erickson, R. and 
Witte, M. (2008). Defective remodeling and maturation of the lymphatic vascu-
lature in Angiopoietin-2 deficient mice. Developmental Biology 319, 309–320. 

Deng, Y., Atri, D., Eichmann, A. and Simons, M. (2013). Endothelial ERK signaling 
controls lymphatic fate specification. J. Clin. Invest. 123, 1202–1215. 

Deng, Y., Zhang, X. and Simons, M. (2015). Molecular Controls of Lymphatic 
VEGFR3 SignalingSignificance. Arteriosclerosis, Thrombosis, and Vascular Bi-
ology 35, 421–429. 

Dieterich, L. C., Klein, S., Mathelier, A., Sliwa-Primorac, A., Ma, Q., Hong, Y. K., 
Shin, J. W., Hamada, M., Lizio, M., Itoh, M., et al. (2015). DeepCAGE Tran-
scriptomics Reveal an Important Role of the Transcription Factor MAFB in the 
Lymphatic Endothelium. CellReports 13, 1493–1504. 

Dixelius, J., Mäkinen, T., Wirzenius, M., Karkkainen, M. J., Wernstedt, C., Alitalo, 
K. and Claesson-Welsh, L. (2003). Ligand-induced vascular endothelial growth 
factor receptor-3 (VEGFR-3) heterodimerization with VEGFR-2 in primary lym-
phatic endothelial cells regulates tyrosine phosphorylation sites. J. Biol. Chem. 
278, 40973–40979. 

Drake, C. J. and Fleming, P. A. (2000). Vasculogenesis in the day 6.5 to 9.5 mouse 
embryo. Blood 95, 1671–1679. 

Dubrac, A., Genet, G., Ola, R., Zhang, F., Pibouin-Fragner, L., Han, J., Zhang, J., 
Thomas, J.-L., Chédotal, A., Schwartz, M. A., et al. (2016). Targeting NCK-Me-
diated endothelial cell front-rear polarity inhibits neovascularization. Circulation 
133, 409–421. 

Dyer, M. A., Farrington, S. M., Mohn, D., Munday, J. R. and Baron, M. H. (2001). 
Indian hedgehog activates hematopoiesis and vasculogenesis and can respecify 
prospective neurectodermal cell fate in the mouse embryo. Development 128, 
1717–1730. 

Facucho-Oliveira, J., Bento, M. and Belo, J.-A. (2011). Ccbe1 expression marks the 
cardiac and lymphatic progenitor lineages during early stages of mouse develop-
ment. The International Journal of Developmental Biology 55, 1007–1014. 

Fantin, A., Vieira, J. M., Gestri, G., Denti, L., Schwarz, Q., Prykhozhij, S., Peri, F., 
Wilson, S. W. and Ruhrberg, C. (2010). Tissue macrophages act as cellular chap-
erones for vascular anastomosis downstream of VEGF-mediated endothelial tip 
cell induction. Blood 116, blood–2009–12–257832–840. 

Farrell, J. A., Wang, Y., Riesenfeld, S. J., Shekhar, K., Regev, A. and Schier, A. F. 
(2018). Single-cell reconstruction of developmental trajectories during zebrafish 
embryogenesis. Science 360, eaar3131. 

Ferguson, J. E., Kelley, R. W. and Patterson, C. (2005). Mechanisms of Endothelial 
Differentiation in Embryonic Vasculogenesis. Arteriosclerosis, Thrombosis, and 
Vascular Biology 25, 2246–2254. 

Ferrara, N., Carver-Moore, K., Chen, H., Dowd, M., Lu, L., O'Shea, K. S., Powell-
Braxton, L., Hillan, K. J. and Moore, M. W. (1996). Heterozygous embryonic 
lethality induced by targeted inactivation of the VEGF gene. Nature 380, 439–
442. 

Finney, B. A., Schweighoffer, E., Navarro-Núñez, L., Bénézech, C., Barone, F., 
Hughes, C. E., Langan, S. A., Lowe, K. L., Pollitt, A. Y., Mourão-Sá, D., et al. 



 56 

(2012). CLEC-2 and Syk in the megakaryocytic/platelet lineage are essential for 
development. Blood 119, 1747–1756. 

Fong, G. H., Zhang, L., Bryce, D. M. and Peng, J. (1999). Increased hemangioblast 
commitment, not vascular disorganization, is the primary defect in flt-1 knock-
out mice. Development 126, 3015–3025. 

Fong, G.-H., Rossant, J., Gertsenstein, M. and Breitman, M. L. (1995). Role of the 
Flt-1 receptor tyrosine kinase in regulating the assembly of vascular endothelium. 
Nature 376, 66–70. 

Frame, J. M., Fegan, K. H., Conway, S. J., McGrath, K. E. and Palis, J. (2015). De-
finitive Hematopoiesis in the Yolk Sac Emerges from Wnt-Responsive Hemo-
genic Endothelium Independently of Circulation and Arterial Identity. STEM 
CELLS 34, 431–444. 

Franco, C. A., Jones, M. L., Bernabeu, M. O., Geudens, I., Mathivet, T., Rosa, A., 
Lopes, F. M., Lima, A. P., Ragab, A., Collins, R. T., et al. (2015). Dynamic en-
dothelial cell rearrangements drive developmental vessel regression. PLoS Biol 
13, e1002125. 

Francois, M., Caprini, A., Hosking, B., Orsenigo, F., Wilhelm, D., Browne, C., 
Paavonen, K., Karnezis, T., Shayan, R., Downes, M., et al. (2008). Sox18 induces 
development of the lymphatic vasculature in mice. Nature 456, 643–647. 

Francois, M., Harvey, N. L. and Hogan, B. M. (2011). The Transcriptional Control of 
Lymphatic Vascular Development. Physiology 26, 146–155. 

Francois, M., Short, K., Secker, G. A., Combes, A., Schwarz, Q., Davidson, T.-L., 
Smyth, I., Hong, Y. K., Harvey, N. L. and Koopman, P. (2012). Segmental terri-
tories along the cardinal veins generate lymph sacs via a ballooning mechanism 
during embryonic lymphangiogenesis in mice. Developmental Biology 364, 89–
98. 

Fritz-Six, K. L., Dunworth, W. P., Li, M. and Caron, K. M. (2008). Adrenomedullin 
signaling is necessary for murine lymphatic vascular development. J. Clin. Invest. 
118, 40–50. 

Fu, J., Gerhardt, H., McDaniel, J. M., Xia, B., Liu, X., Ivanciu, L., Ny, A., Hermans, 
K., Silasi-Mansat, R., McGee, S., et al. (2008). Endothelial cell O-glycan defi-
ciency causes blood/lymphatic misconnections and consequent fatty liver disease 
in mice. J. Clin. Invest. 118, 3725–3737. 

Funahashi, Y., Shawber, C. J., Vorontchikhina, M., Sharma, A., Outtz, H. H. and 
Kitajewski, J. (2010). Notch regulates the angiogenic response via induction of 
VEGFR-1. j angiogenesis res 2, 3. 

Gaengel, K., Genové, G., Armulik, A. and Betsholtz, C. (2009). Endothelial-Mural 
Cell Signaling in Vascular Development and Angiogenesis. Arteriosclerosis, 
Thrombosis, and Vascular Biology 29, 630–638. 

Gaengel, K., Niaudet, C., Hagikura, K., Laviña, B., Siemsen, B. L., Muhl, L., Hof-
mann, J. J., Ebarasi, L., Nyström, S., Rymo, S., et al. (2012). The sphingosine-1-
phosphate receptor S1PR1 restricts sprouting angiogenesis by regulating the in-
terplay between VE-cadherin and VEGFR2. Developmental Cell 23, 587–599. 

Gale, N. W., Prevo, R., Espinosa, J., Ferguson, D. J., Dominguez, M. G., Yancopou-
los, G. D., Thurston, G. and Jackson, D. G. (2007). Normal lymphatic develop-
ment and function in mice deficient for the lymphatic hyaluronan receptor LYVE-
1. Molecular and Cellular Biology 27, 595–604. 

Gale, N. W., Thurston, G., Hackett, S. F., Renard, R., Wang, Q., McClain, J., Martin, 
C., Witte, C., Witte, M. H., Jackson, D., et al. (2002). Angiopoietin-2 Is Required 
for Postnatal Angiogenesis and Lymphatic Patterning, and Only the Latter Role 
Is Rescued by Angiopoietin-1. Developmental Cell 3, 411–423. 



 57 

Gazit, S. L., Mariko, B., Thérond, P., Decouture, B., Xiong, Y., Couty, L., Bonnin, 
P., Baudrie, V., Le Gall, S. M., Dizier, B., et al. (2016). Platelet and Erythrocyte 
Sources of S1P Are Redundant for Vascular Development and Homeostasis, but 
Both Rendered Essential After Plasma S1P Depletion in Anaphylactic Shock. 
Circulation Research 119, e110–26. 

Geng, X., Cha, B., Mahamud, M. R., Lim, K.-C., Silasi-Mansat, R., Uddin, M. K. M., 
Miura, N., Xia, L., Simon, A. M., Engel, J. D., et al. (2016). Multiple mouse mod-
els of primary lymphedema exhibit distinct defects in lymphovenous valve devel-
opment. Developmental Biology 409, 218–233. 

Gerhardt, H., Golding, M., Fruttiger, M., Ruhrberg, C., Lundkvist, A., Abramsson, 
A., Jeltsch, M., Mitchell, C., Alitalo, K., Shima, D., et al. (2003). VEGF guides 
angiogenic sprouting utilizing endothelial tip cell filopodia. J Cell Biol 161, 
1163–1177. 

Geudens, I. and Gerhardt, H. (2011). Coordinating cell behaviour during blood vessel 
formation. Development 138, dev.062323–4583. 

Geudens, I., Herpers, R., Hermans, K., Segura, I., Ruiz de Almodovar, C., Bussmann, 
J., De Smet, F., Vandevelde, W., Hogan, B. M., Siekmann, A., et al. (2010). Role 
of delta-like-4/Notch in the formation and wiring of the lymphatic network in 
zebrafish. Arteriosclerosis, Thrombosis, and Vascular Biology 30, 1695–1702. 

Gordon, E. J., Gale, N. W. and Harvey, N. L. (2008). Expression of the hyaluronan 
receptor LYVE-1 is not restricted to the lymphatic vasculature; LYVE-1 is also 
expressed on embryonic blood vessels. Dev. Dyn. 237, 1901–1909. 

Gordon-Keylock, S., Sobiesiak, M., Rybtsov, S., Moore, K. and Medvinsky, A. 
(2013). Mouse extra-embryonic arterial vessels harbor precursors capable of ma-
turing into definitive HSCs. Blood 122, blood–2012–12–470971–2345. 

Gritz, E. and Hirschi, K. K. (2016). Specification and function of hemogenic endo-
thelium during embryogenesis. Cell. Mol. Life Sci. 73, 1547–1567. 

Guarani, V., Deflorian, G., Franco, C. A., Krüger, M., Phng, L.-K., Bentley, K., Tous-
saint, L., Dequiedt, F., Mostoslavsky, R., Schmidt, M. H. H., et al. (2011). Acet-
ylation-dependent regulation of endothelial Notch signalling by the SIRT1 
deacetylase. Nature 473, 234–238. 

Hagberg, C. E., Falkevall, A., Wang, X., Larsson, E., Huusko, J., Nilsson, I., van Me-
eteren, L. A., Samen, E., Lu, L., Vanwildemeersch, M., et al. (2010). Vascular 
endothelial growth factor B controls endothelial fatty acid uptake. Nature 464, 
917–921. 

Hamm, M. J., Kirchmaier, B. C. and Herzog, W. (2016). Sema3d controls collective 
endothelial cell migration by distinct mechanisms via Nrp1 and PlxnD1. J Cell 
Biol 215, jcb.201603100–430. 

Hasan, S. S., Tsaryk, R., Lange, M., Wisniewski, L., Moore, J. C., Lawson, N. D., 
Wojciechowska, K., Schnittler, H. and Siekmann, A. F. (2017). Endothelial Notch 
signalling limits angiogenesis via control of artery formation. Nature Cell Biology 
19, 928–940. 

Hashizume, H., Baluk, P., Morikawa, S., McLean, J. W., Thurston, G., Roberge, S., 
Jain, R. K. and McDonald, D. M. (2000). Openings between defective endothelial 
cells explain tumor vessel leakiness. The American Journal of Pathology 156, 
1363–1380. 

Hägerling, R., Pollmann, C., Andreas, M., Schmidt, C., Nurmi, H., Adams, R. H., 
Alitalo, K., Andresen, V., Schulte-Merker, S. and Kiefer, F. (2013). A novel mul-
tistep mechanism for initial lymphangiogenesis in mouse embryos based on ul-
tramicroscopy. The EMBO Journal 32, 629–644. 

Helker, C. S. M., Schuermann, A., Karpanen, T., Zeuschner, D., Belting, H. G., Af-
folter, M., Schulte-Merker, S. and Herzog, W. (2013). The zebrafish common 



 58 

cardinal veins develop by a novel mechanism: lumen ensheathment. Development 
140, 2776–2786. 

Helker, C. S., Schuermann, A., Pollmann, C., Chng, S. C., Kiefer, F., Reversade, B. 
and Herzog, W. (2015). The hormonal peptide Elabela guides angioblasts to the 
midline during vasculogenesis. eLife 4, 2653. 

Hellström, M., Lindahl, P., Abramsson, A., Development, C. B.1999 Role of PDGF-
B and PDGFR-beta in recruitment of vascular smooth muscle cells and pericytes 
during embryonic blood vessel formation in the mouse. Development 126, 3047-
55 

Hellström, M., Phng, L.-K., Hofmann, J. J., Wallgard, E., Coultas, L., Lindblom, P., 
Alva, J., Nilsson, A.-K., Karlsson, L., Gaiano, N., et al. (2007). Dll4 signalling 
through Notch1 regulates formation of tip cells during angiogenesis. Nature 445, 
776–780. 

Herbert, S. P. and Stainier, D. Y. R. (2011). Molecular control of endothelial cell be-
haviour during blood vessel morphogenesis. Nature Reviews Molecular Cell Bi-
ology 12, 551–564. 

Herbert, S. P., Huisken, J., Kim, T. N., Feldman, M. E., Houseman, B. T., Wang, R. 
A., Shokat, K. M. and Stainier, D. Y. R. (2009). Arterial-Venous Segregation by 
Selective Cell Sprouting: An Alternative Mode of Blood Vessel Formation. Sci-
ence 326, 294–298. 

Hess, P. R., Rawnsley, D. R., Jakus, Z., Yang, Y., Sweet, D. T., Fu, J., Herzog, B., 
Lu, M., Nieswandt, B., Oliver, G., et al. (2014). Platelets mediate lymphovenous 
hemostasis to maintain blood-lymphatic separation throughout life. J. Clin. In-
vest. 124, 273–284. 

Hiratsuka, S., Nakao, K., Nakamura, K., Katsuki, M., Maru, Y. and Shibuya, M. 
(2005). Membrane fixation of vascular endothelial growth factor receptor 1 lig-
and-binding domain is important for vasculogenesis and angiogenesis in mice. 
Molecular and Cellular Biology 25, 346–354. 

Hong, Y. K., Harvey, N., Noh, Y. H., Schacht, V., Hirakawa, S., Detmar, M. and 
Oliver, G. (2002). Prox1 is a master control gene in the program specifying lym-
phatic endothelial cell fate. Dev. Dyn. 225, 351–357. 

Hong, Y. K., LANGE-ASSCHENFELDT, B., Velasco, P., Hirakawa, S., KUNST-
FELD, R., Brown, L. F., BOHLEN, P., SENGER, D. R. and Detmar, M. (2004). 
VEGF-A promotes tissue repair-associated lymphatic vessel formation via 
VEGFR-2 and the alpha1beta1 and alpha2beta1 integrins. FASEB J. 18, 1111–
1113. 

Hughes, C. E., Finney, B. A., Koentgen, F., Lowe, K. L. and Watson, S. P. (2015). 
The N-terminal SH2 domain of Syk is required for (hem)ITAM, but not integrin, 
signaling in mouse platelets. Blood 125, 144–154. 

Huntington, G. S. and McClure, C. F. W. (1910). The anatomy and development of 
the jugular lymph sacs in the domestic cat (Felis domestica). Dev. Dyn. 10, 177–
312. 

Ichise, H., Ichise, T., Ohtani, O. and Yoshida, N. (2009). Phospholipase Cγ2 is nec-
essary for separation of blood and lymphatic vasculature in mice. Development 
136, 191–195. 

Itkin, T., Gur-Cohen, S., Spencer, J. A., Schajnovitz, A., Ramasamy, S. K., Kusumbe, 
A. P., Ledergor, G., Jung, Y., Milo, I., Poulos, M. G., et al. (2016). Distinct bone 
marrow blood vessels differentially regulate haematopoiesis. Nature 532, 323–
328. 

Jakobsson, L., Franco, C. A., Bentley, K., Collins, R. T., Ponsioen, B., Aspalter, I. M., 
Rosewell, I., Busse, M., Thurston, G., Medvinsky, A., et al. (2010). Endothelial 



 59 

cells dynamically compete for the tip cell position during angiogenic sprouting. 
Nature Cell Biology 12, 943–953. 

Janardhan, H. P., Milstone, Z. J., Shin, M., Lawson, N. D., Keaney, J. F. and Trivedi, 
C. M. (2017). Hdac3 regulates lymphovenous and lymphatic valve formation. J. 
Clin. Invest. 127, 4193–4206. 

Jang, C., Oh, S. F., Wada, S., Rowe, G. C., Liu, L., Chan, M. C., Rhee, J., Hoshino, 
A., Kim, B., Ibrahim, A., et al. (2016). A branched-chain amino acid metabolite 
drives vascular fatty acid transport and causes insulin resistance. Nat Med 22, 
421–426. 

Janssen, L., Dupont, L., Bekhouche, M., Noel, A., Leduc, C., Voz, M., Peers, B., 
Cataldo, D., Apte, S. S., Dubail, J., et al. (2016). ADAMTS3 activity is mandatory 
for embryonic lymphangiogenesis and regulates placental angiogenesis. Angio-
genesis 19, 53–65. 

Jeltsch, M. (1997). Hyperplasia of Lymphatic Vessels in VEGF-C Transgenic Mice. 
Science 276, 1423–1425. 

Jeltsch, M., Jha, S. K., Tvorogov, D., Anisimov, A., Leppänen, V.-M., Holopainen, 
T., Kivelä, R., Ortega, S., Karpanen, T. and Alitalo, K. (2014). CCBE1 enhances 
lymphangiogenesis via A disintegrin and metalloprotease with thrombospondin 
motifs-3-mediated vascular endothelial growth factor-C activation. Circulation 
129, 1962–1971. 

Jin, Y., Muhl, L., Burmakin, M., Wang, Y., Duchez, A.-C., Betsholtz, C., Arthur, H. 
M. and Jakobsson, L. (2017). Endoglin prevents vascular malformation by regu-
lating flow-induced cell migration and specification through VEGFR2 signalling. 
Nature Cell Biology 19, 639–652. 

Johnson, N. C., Dillard, M. E., Baluk, P., McDonald, D. M., Harvey, N. L., Frase, S. 
L. and Oliver, G. (2008). Lymphatic endothelial cell identity is reversible and its 
maintenance requires Prox1 activity. Genes Dev. 22, 3282–3291. 

Jung, B., Obinata, H., Galvani, S., Mendelson, K., Ding, B.-S., Skoura, A., Kinzel, 
B., Brinkmann, V., Rafii, S., Evans, T., et al. (2012). Flow-Regulated Endothelial 
S1P Receptor-1 Signaling Sustains Vascular Development. Developmental Cell 
23, 600–610. 

Jurisic, G., Hajjami, H. M.-E., Karaman, S., Ochsenbein, A. M., Alitalo, A., Siddiqui, 
S. S., Pereira, C. O., Petrova, T. V. and Detmar, M. (2012). An Unexpected Role 
of Semaphorin3A–Neuropilin-1 Signaling in Lymphatic Vessel Maturation and 
Valve FormationNovelty and Significance. Circulation Research 111, 426–436. 

Kaipainen, A., Korhonen, J., Mustonen, T., van Hinsbergh, V. W., Fang, G. H., 
Dumont, D., Breitman, M. and Alitalo, K. (1995). Expression of the fms-like ty-
rosine kinase 4 gene becomes restricted to lymphatic endothelium during devel-
opment. Proceedings of the National Academy of Sciences of the United States of 
America 92, 3566–3570. 

Kanady, J. D., Dellinger, M. T., Munger, S. J. and Witte, M. H. (2011). Connexin37 
and Connexin43 deficiencies in mice disrupt lymphatic valve development and 
result in lymphatic disorders including lymphedema and …. Developmental …. 

Kaneko, M., Kato, Y., Kunita, A., Fujita, N., Tsuruo, T. and Osawa, M. (2004). Func-
tional sialylated O-glycan to platelet aggregation on Aggrus (T1al-
pha/Podoplanin) molecules expressed in Chinese hamster ovary cells. J. Biol. 
Chem. 279, 38838–38843. 

Karkkainen, M. J., Ferrell, R. E., Lawrence, E. C., Kimak, M. A., Levinson, K. L., 
McTigue, M. A., Alitalo, K. and Finegold, D. N. (2000). Missense mutations in-
terfere with VEGFR-3 signalling in primary lymphoedema. Nat Genet 25, 153–
159. 



 60 

Karkkainen, M. J., Haiko, P., Sainio, K., Partanen, J., Taipale, J., Petrova, T. V., 
Jeltsch, M., Jackson, D. G., Talikka, M., Rauvala, H., et al. (2004). Vascular en-
dothelial growth factor C is required for sprouting of the first lymphatic vessels 
from embryonic veins. Nat Immunol 5, 74–80. 

Karkkainen, M. J., Saaristo, A., Jussila, L., Karila, K. A., Lawrence, E. C., Pajusola, 
K., Bueler, H., Eichmann, A., Kauppinen, R., Kettunen, M. I., et al. (2001). A 
model for gene therapy of human hereditary lymphedema. Proceedings of the 
National Academy of Sciences of the United States of America 98, 12677–12682. 

Karpanen, T., Heckman, C. A., Keskitalo, S., Jeltsch, M., Ollila, H., Neufeld, G., 
Tamagnone, L. and Alitalo, K. (2006a). Functional interaction of VEGF-C and 
VEGF-D with neuropilin receptors. FASEB J. 20, 1462–1472. 

Karpanen, T., Wirzenius, M., Mäkinen, T., Veikkola, T., Haisma, H. J., Achen, M. 
G., Stacker, S. A., Pytowski, B., Ylä-Herttuala, S. and Alitalo, K. (2006b). Lym-
phangiogenic Growth Factor Responsiveness Is Modulated by Postnatal Lym-
phatic Vessel Maturation. The American Journal of Pathology 169, 708–718. 

Kato, K., Kanaji, T., Russell, S., Kunicki, T. J., Furihata, K., Kanaji, S., Marchese, P., 
Reininger, A., Ruggeri, Z. M. and Ware, J. (2003a). The contribution of glyco-
protein VI to stable platelet adhesion and thrombus formation illustrated by tar-
geted gene deletion. Blood 102, 1701–1707. 

Kato, Y., Fujita, N., Kunita, A., Sato, S., Kaneko, M., Osawa, M. and Tsuruo, T. 
(2003b). Molecular identification of Aggrus/T1alpha as a platelet aggregation-
inducing factor expressed in colorectal tumors. J. Biol. Chem. 278, 51599–51605. 

Katz, T. C., Singh, M. K., Degenhardt, K., Rivera-Feliciano, J., Johnson, R. L., Ep-
stein, J. A. and Tabin, C. J. (2012). Distinct Compartments of the Proepicardial 
Organ Give Rise to Coronary Vascular Endothelial Cells. Developmental Cell 22, 
639–650. 

Kazenwadel, J., Betterman, K. L., Chong, C.-E., Stokes, P. H., Lee, Y. K., Secker, G. 
A., Agalarov, Y., Demir, C. S., Lawrence, D. M., Sutton, D. L., et al. (2015). 
GATA2 is required for lymphatic vessel valve development and maintenance. J. 
Clin. Invest. 125, 2979–2994. 

Kazenwadel, J., Secker, G. A., Liu, Y. J., Rosenfeld, J. A., Wildin, R. S., Cuellar-
Rodriguez, J., Hsu, A. P., Dyack, S., Fernandez, C. V., Chong, C.-E., et al. (2012). 
Loss-of-function germline GATA2 mutations in patients with MDS/AML or 
MonoMAC syndrome and primary lymphedema reveal a key role for GATA2 in 
the lymphatic vasculature. Blood 119, 1283–1291. 

Kim, K. E., Cho, C.-H., Kim, H.-Z., Baluk, P., McDonald, D. M. and Koh, G. Y. 
(2007a). In vivo actions of angiopoietins on quiescent and remodeling blood and 
lymphatic vessels in mouse airways and skin. Arteriosclerosis, Thrombosis, and 
Vascular Biology 27, 564–570. 

Kim, K. E., Sung, H. K. and Koh, G. Y. (2007b). Lymphatic development in mouse 
small intestine. Dev. Dyn. 236, 2020–2025. 

Kisucka, J., Butterfield, C. E., Duda, D. G., Eichenberger, S. C., Saffaripour, S., Ware, 
J., Ruggeri, Z. M., Jain, R. K., Folkman, J. and Wagner, D. D. (2006). Platelets 
and platelet adhesion support angiogenesis while preventing excessive hemor-
rhage. Proceedings of the National Academy of Sciences of the United States of 
America 103, 855–860. 

Kivela, R., Bry, M., Robciuc, M.R., Räsänen, M., Taavitsainen, M., Silvola, J.M., 
Saraste, A., Hulmi, J.J., Anisimov, A., Mäyränpää, M.I., et al. (2014). VEGF-B-
induced vascular growth leads to metabolic reprogramming and ischemia re-
sistance in the heart. EMBO Mol. Med. 6 307-321 

Kizhatil, K., Ryan, M., Marchant, J. K., Henrich, S. and John, S. W. M. (2014). 
Schlemm's canal is a unique vessel with a combination of blood vascular and 



 61 

lymphatic phenotypes that forms by a novel developmental process. PLoS Biol 
12, e1001912. 

Klaus, A. and Robin, C. (2017). Embryonic hematopoiesis under microscopic obser-
vation. Developmental Biology 428, 318–327. 

Klotz, L., Norman, S., Vieira, J. M., Masters, M., Rohling, M., Dubé, K. N., Bollini, 
S., Matsuzaki, F., Carr, C. A. and Riley, P. R. (2015). Cardiac lymphatics are 
heterogeneous in origin and respond to injury. Nature 522, 62–67. 

Koenen, R. R. and Weber, C. (2010). Platelet-Derived Chemokines in Vascular Re-
modeling and Atherosclerosis. Semin Thromb Hemost 36, 163–169. 

Kohli, V., Schumacher, J. A., Desai, S. P., Rehn, K. and Sumanas, S. (2013). Arterial 
and Venous Progenitors of the Major Axial Vessels Originate at Distinct Loca-
tions. Developmental Cell 25, 196–206. 

Koltowska, K., Lagendijk, A. K., Pichol-Thievend, C., Fischer, J. C., Francois, M., 
Ober, E. A., Yap, A. S. and Hogan, B. M. (2015a). Vegfc Regulates Bipotential 
Precursor Division and Prox1 Expression to Promote Lymphatic Identity in 
Zebrafish. CellReports 13, 1828–1841. 

Koltowska, K., Paterson, S., Bower, N. I., Baillie, G. J., Lagendijk, A. K., Astin, J. 
W., Chen, H., Francois, M., Crosier, P. S., Taft, R. J., et al. (2015b). mafba is a 
downstream transcriptional effector of Vegfc signaling essential for embryonic 
lymphangiogenesis in zebrafish. Genes Dev. 29, 1618–1630. 

Korn, C. and Augustin, H. G. (2015). Mechanisms of Vessel Pruning and Regression. 
Developmental Cell 34, 5–17. 

Kurpios, N. A., Ibañes, M., Davis, N. M., Lui, W., Katz, T., Martin, J. F., Izpisúa 
Belmonte, J. C. and Tabin, C. J. (2008). The direction of gut looping is established 
by changes in the extracellular matrix and in cell:cell adhesion. Proceedings of 
the National Academy of Sciences of the United States of America 105, 8499–
8506. 

Lacaud, G. and Kouskoff, V. (2017). Hemangioblast, hemogenic endothelium, and 
primitive versus definitive hematopoiesis. Experimental Hematology 49, 19–24. 

Lammert, E. and Axnick, J. (2011). Vascular Lumen Formation. Cold Spring Harb 
Perspect Med 2, a006619–a006619. 

Lampugnani, M. G., Orsenigo, F., Rudini, N., Maddaluno, L., Boulday, G., Chapon, 
F. and Dejana, E. (2010). CCM1 regulates vascular-lumen organization by induc-
ing endothelial polarity. Journal of Cell Science 123, 1073–1080. 

Lancrin, C., Mazan, M., Stefanska, M., Patel, R., Lichtinger, M., Costa, G., Vargel, 
Ö., Wilson, N. K., Möröy, T., Bonifer, C., et al. (2012). GFI1 and GFI1B control 
the loss of endothelial identity of hemogenic endothelium during hematopoietic 
commitment. Blood 120, 314–322. 

Lancrin, C., Sroczynska, P., Stephenson, C., Allen, T., Kouskoff, V. and Lacaud, G. 
(2009). The haemangioblast generates haematopoietic cells through a haemo-
genic endothelium stage. Nature 457, 892–895. 

Lee, S., Kang, J., Yoo, J., Ganesan, S. K., Cook, S. C., Aguilar, B., Ramu, S., Lee, J. 
and Hong, Y. K. (2009). Prox1 physically and functionally interacts with COUP-
TFII to specify lymphatic endothelial cell fate. Blood 113, 1856–1859. 

Leloup, A. J. A., Van Hove, C. E., Heykers, A., Schrijvers, D. M., De Meyer, G. R. 
Y. and Fransen, P. (2015). Elastic and Muscular Arteries Differ in Structure, Ba-
sal NO Production and Voltage-Gated Ca2+-Channels. Front. Physiol. 6, 674. 

Lenard, A., Daetwyler, S., Betz, C., Ellertsdottir, E., Belting, H.-G., Huisken, J. and 
Affolter, M. (2015). Endothelial Cell Self-fusion during Vascular Pruning. PLoS 
Biol 13, e1002126–25. 



 62 

Leslie, J. D., Ariza-McNaughton, L., Bermange, A. L., McAdow, R., Johnson, S. L. 
and Lewis, J. (2007). Endothelial signalling by the Notch ligand Delta-like 4 re-
stricts angiogenesis. Development 134, 839–844. 

Li, Z., Lan, Y., He, W., Chen, D., Wang, J., Zhou, F., Wang, Y., Sun, H., Chen, X., 
Xu, C., et al. (2012). Mouse Embryonic Head as a Site for Hematopoietic Stem 
Cell Development. Stem Cell 11, 663–675. 

Liakhovitskaia, A., Rybtsov, S., Smith, T., Batsivari, A., Rybtsova, N., Rode, C., de 
Bruijn, M., Buchholz, F., Gordon-Keylock, S., Zhao, S., et al. (2014). Runx1 is 
required for progression of CD41+ embryonic precursors into HSCs but not prior 
to this. Development 141, 3319–3323. 

Liao, W., Bisgrove, B. W., Sawyer, H., Hug, B., Bell, B., Peters, K., Grunwald, D. J. 
and Stainier, D. Y. (1997). The zebrafish gene cloche acts upstream of a flk-1 
homologue to regulate endothelial cell differentiation. Development 124, 381–
389. 

Lie-A-Ling, M., Marinopoulou, E., Li, Y., Patel, R., Stefanska, M., Bonifer, C., Mil-
ler, C., Kouskoff, V. and Lacaud, G. (2014). RUNX1 positively regulates a cell 
adhesion and migration program in murine hemogenic endothelium prior to blood 
emergence. Blood 124, blood–2014–04–572958–e20. 

Liebl, J., Zhang, S., Moser, M., Agalarov, Y., Demir, C. S., Hager, B., Bibb, J. A., 
Adams, R. H., Kiefer, F., Miura, N., et al. (2015). Cdk5 controls lymphatic vessel 
development and function by phosphorylation of Foxc2. Nature Communications 
6, 7274. 

Lin, F.-J., Chen, X., Qin, J., Hong, Y. K., Tsai, M.-J. and Tsai, S. Y. (2010). Direct 
transcriptional regulation of neuropilin-2 by COUP-TFII modulates multiple 
steps in murine lymphatic vessel development. J. Clin. Invest. 120, 1694–1707. 

Lindahl, P., Johansson, B. R., Science, P. L.1997 Pericyte loss and microaneurysm 
formation in PDGF-B-deficient mice. Science 277(5323), 242-5 

Lindskog, H., Kim, Y. H., Jelin, E. B., Kong, Y., Guevara-Gallardo, S., Kim, T. N. 
and Wang, R. A. (2014). Molecular identification of venous progenitors in the 
dorsal aorta reveals an aortic origin for the cardinal vein in mammals. Develop-
ment 141, 1120–1128. 

Liu, X., Uemura, A., Fukushima, Y., Yoshida, Y. and Hirashima, M. (2016). Sema-
phorin 3G Provides a Repulsive Guidance Cue to Lymphatic Endothelial Cells 
via Neuropilin-2/PlexinD1. Cell Reports 17, 2299–2311. 

Lizama, C. O., Hawkins, J. S., Schmitt, C. E., Bos, F. L., Zape, J. P., Cautivo, K. M., 
Pinto, H. B., Rhyner, A. M., Yu, H., Donohoe, M. E., et al. (2015). Repression of 
arterial genes in hemogenic endothelium is sufficient for haematopoietic fate ac-
quisition. Nature Communications 6, 7739. 

Lobov, I. B., Cheung, E., Wudali, R., Cao, J., Halasz, G., Wei, Y., Economides, A., 
Lin, H. C., Papadopoulos, N., Yancopoulos, G. D., et al. (2011). The Dll4/Notch 
pathway controls postangiogenic blood vessel remodeling and regression by mod-
ulating vasoconstriction and blood flow. Blood 117, 6728–6737. 

Lobov, I. B., Renard, R. A., Papadopoulos, N., Gale, N. W., Thurston, G., Yancopou-
los, G. D. and Wiegand, S. J. (2007). Delta-like ligand 4 (Dll4) is induced by 
VEGF as a negative regulator of angiogenic sprouting. Proceedings of the Na-
tional Academy of Sciences of the United States of America 104, 3219–3224. 

Lockyer, S., Okuyama, K., Begum, S., Le, S., Sun, B., Watanabe, T., Matsumoto, Y., 
Yoshitake, M., Kambayashi, J. and Tandon, N. N. (2006). GPVI-deficient mice 
lack collagen responses and are protected against experimentally induced pulmo-
nary thromboembolism. Thrombosis Research 118, 371–380. 

Louveau, A., Smirnov, I., Keyes, T. J., Eccles, J. D., Rouhani, S. J., Peske, J. D., 
Derecki, N. C., Castle, D., Mandell, J. W., Lee, K. S., et al. (2015). Structural and 



 63 

functional features of central nervous system lymphatic vessels. Nature 523, 337–
341. 

Lowe, K. L., Finney, B. A., Deppermann, C., Hägerling, R., Gazit, S. L., Frampton, 
J., Buckley, C., Camerer, E., Nieswandt, B., Kiefer, F., et al. (2015). Podoplanin 
and CLEC-2 drive cerebrovascular patterning and integrity during development. 
Blood 125, 3769–3777. 

Lutter, S., Xie, S., Tatin, F. and Mäkinen, T. (2012). Smooth muscle–endothelial cell 
communication activates Reelin signaling and regulates lymphatic vessel for-
mation. J Cell Biol 197, 837–849. 

Mahadevan, A., Welsh, I. C., Sivakumar, A., Gludish, D. W., Shilvock, A. R., Noden, 
D. M., Huss, D., Lansford, R. and Kurpios, N. A. (2014). The Left-Right Pitx2 
Pathway Drives Organ-Specific Arterial and Lymphatic Development in the In-
testine. Developmental Cell 31, 690–706. 

Majesky, M. W., Dong, X. R., Hoglund, V., Mahoney, W. M. and Daum, G. (2011). 
The adventitia: a dynamic interface containing resident progenitor cells. Arterio-
sclerosis, Thrombosis, and Vascular Biology 31, 1530–1539. 

Marcelo, K. L., Goldie, L. C. and Hirschi, K. K. (2013). Regulation of Endothelial 
Cell Differentiation and Specification. Circulation Research 112, 1272–1287. 

Martin-Almedina, S., Martinez-Corral, I., Holdhus, R., Vicente, A., Fotiou, E., Lin, 
S., Petersen, K., Simpson, M. A., Hoischen, A., Gilissen, C., et al. (2016). EPHB4 
kinase–inactivating mutations cause autosomal dominant lymphatic-related hy-
drops fetalis. The Journal of Clinical Investigation 126, 3080–3088. 

Martinez-Corral, I., Ulvmar, M. H., Stanczuk, L., Tatin, F., Kizhatil, K., John, S. W. 
M., Alitalo, K., Ortega, S. and Mäkinen, T. (2015). Nonvenous origin of dermal 
lymphatic vasculature. Circulation Research 116, 1649–1654. 

Mäkinen, T., Adams, R. H., Bailey, J., Lu, Q., Ziemiecki, A., Alitalo, K., Klein, R. 
and Wilkinson, G. A. (2005). PDZ interaction site in ephrinB2 is required for the 
remodeling of lymphatic vasculature. Genes Dev. 19, 397–410. 

Mäkinen, T., Jussila, L., Veikkola, T., Karpanen, T., Kettunen, M. I., Pulkkanen, K. 
J., Kauppinen, R., Jackson, D. G., Kubo, H., Nishikawa, S.-I., et al. (2001a). In-
hibition of lymphangiogenesis with resulting lymphedema in transgenic mice ex-
pressing soluble VEGF receptor-3. Nat Med 7, 199–205. 

Mäkinen, T., Veikkola, T. and Mustjoki, S. (2001b). Isolated lymphatic endothelial 
cells transduce growth, survival and migratory signals via the VEGF-C/D recep-
tor VEGFR-3. The EMBO 20, 4762-73 

McDonald, A.I., Shirali, A.S., Aragón, R., Ma, F., Hernandez, G., Vaughn, D.A., 
Mack, J.J., Lim, T.Y., Sunshine, H., Zhao, P., et al. (2018). Endothelial regener-
ation of large vessels is a biphasic process driven by local cells with distinct pro-
liferative capacities. Cell Stem Cell 23(2), 210–225. 

McGrath, K. E., Frame, J. M., Fegan, K. H., Bowen, J. R., Conway, S. J., Catherman, 
S. C., Kingsley, P. D., Koniski, A. D. and Palis, J. (2015). Distinct Sources of 
Hematopoietic Progenitors Emerge before HSCs and Provide Functional Blood 
Cells in the Mammalian Embryo. CellReports 11, 1892–1904. 

Meinecke, A.-K., Nagy, N., Lago, G. D., Kirmse, S., Klose, R., Schrödter, K., Zim-
mermann, A., Helfrich, I., Rundqvist, H., Theegarten, D., et al. (2012). Aberrant 
mural cell recruitment to lymphatic vessels and impaired lymphatic drainage in a 
murine model of pulmonary fibrosis. Blood 119, 5931–5942. 

Mishima, K., Watabe, T., Saito, A., Yoshimatsu, Y., Imaizumi, N., Masui, S., 
Hirashima, M., Morisada, T., Oike, Y., Araie, M., et al. (2007). Prox1 induces 
lymphatic endothelial differentiation via integrin alpha9 and other signaling cas-
cades. Mol. Biol. Cell 18, 1421–1429. 



 64 

Moretti, J. and Brou, C. (2013). Ubiquitinations in the Notch Signaling Pathway. In-
ternational Journal of Molecular Sciences 2013, Vol. 14, Pages 6359-6381 14, 
6359–6381. 

Motoike, T., Loughna, S., Perens, E., Roman, B. L., genesis, W. L.2000 Universal 
GFP reporter for the study of vascular development. Wiley Online Library 

Mócsai, A., Ruland, J. and Tybulewicz, V. L. J. (2010). The SYK tyrosine kinase: a 
crucial player in diverse biological functions. Nat Rev Immunol 10, 387–402. 

Muller, W. A. (2011). Mechanisms of Leukocyte Transendothelial Migration. Annu 
Rev Pathol  6, 323–344. 

Munger, S. J., Davis, M. J. and Simon, A. M. (2017). Defective lymphatic valve de-
velopment and chylothorax in mice with a lymphatic-specific deletion of Con-
nexin43. Developmental Biology 421, 204–218. 

Murtomäki, A., Uh, M. K., Choi, Y. K., Kitajewski, C., Borisenko, V., Kitajewski, J. 
and Shawber, C. J. (2013). Notch1 functions as a negative regulator of lymphatic 
endothelial cell differentiation in the venous endothelium. Development 140, 
2365–2376. 

Nagy, J. A., Vasile, E., Feng, D., Sundberg, C., Brown, L. F., Detmar, M. J., Lawitts, 
J. A., Benjamin, L., Tan, X., Manseau, E. J., et al. (2002). Vascular Permeability 
Factor/Vascular Endothelial Growth Factor Induces Lymphangiogenesis as well 
as Angiogenesis. Journal of Experimental Medicine 196, 1497–1506. 

Nakano, H., Liu, X., Arshi, A., Nakashima, Y., Ben van Handel, Sasidharan, R., Har-
mon, A. W., Shin, J.-H., Schwartz, R. J., Conway, S. J., et al. (2013). Haemogenic 
endocardium contributes to transient definitive haematopoiesis. Nature Commu-
nications 4, 1564. 

Nakayama, M., Nakayama, A., van Lessen, M., Yamamoto, H., Hoffmann, S., 
Drexler, H. C. A., Itoh, N., Hirose, T., Breier, G., Vestweber, D., et al. (2013). 
Spatial regulation of VEGF receptor endocytosis in angiogenesis. Nature Cell Bi-
ology 15, 249–260. 

Napione, L., Pavan, S., Veglio, A., Picco, A., Boffetta, G., Celani, A., Seano, G., 
Primo, L., Gamba, A. and Bussolino, F. (2012). Unraveling the influence of en-
dothelial cell density on VEGF-A signaling. Blood 119, blood–2011–11–
390666–5607. 

Nguyen, L. N., Ma, D., Shui, G., Wong, P., Cazenave-Gassiot, A., Zhang, X., Wenk, 
M. R., Goh, E. L. K. and Silver, D. L. (2014). Mfsd2a is a transporter for the 
essential omega-3 fatty acid docosahexaenoic acid. Nature 509, 503–506. 

Nicenboim, J., Malkinson, G., Lupo, T., Asaf, L., Sela, Y., Mayseless, O., Gibbs-Bar, 
L., Senderovich, N., Hashimshony, T., Shin, M., et al. (2015). Lymphatic vessels 
arise from specialized angioblasts within a venous niche. Nature 522, 56–61. 

Niessen, K., Zhang, G., Ridgway, J. B., Chen, H., Kolumam, G., Siebel, C. W. and 
Yan, M. (2011). The Notch1-Dll4 signaling pathway regulates mouse postnatal 
lymphatic development. Blood 118, 1989–1997. 

Norrmén, C., Ivanov, K. I., Cheng, J., Zangger, N., Delorenzi, M., Jaquet, M., Miura, 
N., Puolakkainen, P., Horsley, V., Hu, J., et al. (2009). FOXC2 controls formation 
and maturation of lymphatic collecting vessels through cooperation with 
NFATc1. J Cell Biol 185, 439–457. 

North, T. E., Goessling, W., Peeters, M., Li, P., Ceol, C., Lord, A. M., Weber, G. J., 
Harris, J., Cutting, C. C., Huang, P., et al. (2009). Hematopoietic Stem Cell De-
velopment Is Dependent on Blood Flow. Cell 137, 736–748. 

North, T., Gu, T. L., Stacy, T., Wang, Q., Howard, L., Binder, M., Marin-Padilla, M. 
and Speck, N. A. (1999). Cbfa2 is required for the formation of intra-aortic hem-
atopoietic clusters. Development 126, 2563–2575. 



 65 

Nottingham, W. T., Jarratt, A., Burgess, M., Speck, C. L., Cheng, J.-F., Prabhakar, S., 
Rubin, E. M., Li, P.-S., Sloane-Stanley, J., Kong-a-San, J., et al. (2007). Runx1-
mediated hematopoietic stem-cell emergence is controlled by a Gata/Ets/SCL-
regulated enhancer. Blood 110, 4188–4197. 

Ny, A., Koch, M., Schneider, M., Neven, E., Tong, R. T., Maity, S., Fischer, C., 
Plaisance, S., Lambrechts, D., Héligon, C., et al. (2005). A genetic Xenopus laevis 
tadpole model to study lymphangiogenesis. Nat Med 11, 998–1004. 

Ohl, L., Mohaupt, M., Czeloth, N., Hintzen, G., Kiafard, Z., Zwirner, J., Blankenstein, 
T., Henning, G. and Förster, R. (2004). CCR7 Governs Skin Dendritic Cell Mi-
gration under Inflammatory and Steady-State Conditions. Immunity 21, 279–288. 

Osada, M., Inoue, O., Ding, G., Shirai, T., Ichise, H., Hirayama, K., Takano, K., 
Yatomi, Y., Hirashima, M., Fujii, H., et al. (2012). Platelet Activation Receptor 
CLEC-2 Regulates Blood/Lymphatic Vessel Separation by Inhibiting Prolifera-
tion, Migration, and Tube Formation of Lymphatic Endothelial Cells. Journal of 
Biological Chemistry 287, 22241–22252. 

Ostergaard, P., Simpson, M. A., Connell, F. C., Steward, C. G., Brice, G., Woollard, 
W. J., Dafou, D., Kilo, T., Smithson, S., Lunt, P., et al. (2011). Mutations in 
GATA2 cause primary lymphedema associated with a predisposition to acute my-
eloid leukemia (Emberger syndrome). Nat Genet 43, 929–931. 

Outeda, P., Huso, D. L., Fisher, S. A., Halushka, M. K., Kim, H., Qian, F., Germino, 
G. G. and Watnick, T. (2014). Polycystin Signaling Is Required for Directed En-
dothelial Cell Migration and Lymphatic Development. CellReports 7, 1–32. 

Paik, J.-H., Skoura, A., Chae, S.-S., Cowan, A. E., Han, D. K., Proia, R. L. and Hla, 
T. (2004). Sphingosine 1-phosphate receptor regulation of N-cadherin mediates 
vascular stabilization. Genes Dev. 18, 2392–2403. 

Pan, M.-R., Chang, T.-M., Chang, H.-C., Su, J.-L., Wang, H.-W. and Hung, W.-C. 
(2009). Sumoylation of Prox1 controls its ability to induce VEGFR3 expression 
and lymphatic phenotypes in endothelial cells. Journal of Cell Science 122, 3358–
3364. 

Pan, Y. and Xia, L. (2015). Emerging roles of podoplanin in vascular development 
and homeostasis. Front. Med. 9, 421–430. 

Pardali, E., Goumans, M.-J. and Dijke, ten, P. (2010). Signaling by members of the 
TGF-β family in vascular morphogenesis and disease. Trends in Cell Biology 20, 
556–567. 

Park, D.-Y., Lee, J., Park, I., Choi, D., Lee, S., Song, S., Hwang, Y., Hong, K. Y., 
Nakaoka, Y., Mäkinen, T., et al. (2014). Lymphatic regulator PROX1 determines 
Schlemm's canal integrity and identity. J. Clin. Invest. 124, 3960–3974. 

Partanen, T. A., Arola, J., Saaristo, A., Jussila, L., Ora, A., Miettinen, M., Stacker, S. 
A., Achen, M. G. and Alitalo, K. (2000). VEGF-C and VEGF-D expression in 
neuroendocrine cells and their receptor, VEGFR-3, in fenestrated blood vessels 
in human tissues. FASEB J. 14, 2087–2096. 

Pavelka, M. and Roth, J. (2010). Fenestrated Capillary. In Functional Ultrastructure, 
pp. 258–259. Vienna: Springer, Vienna. 

Petrova, T. V., Karpanen, T., Norrmén, C., Mellor, R., Tamakoshi, T., Finegold, D., 
Ferrell, R., Kerjaschki, D., Mortimer, P., Ylä-Herttuala, S., et al. (2004). Defec-
tive valves and abnormal mural cell recruitment underlie lymphatic vascular fail-
ure in lymphedema distichiasis. Nat Med 10, 974–981. 

Petrova, T. V., Mäkinen, T., Mäkelä, T. P., Saarela, J., Virtanen, I., Ferrell, R. E., 
Finegold, D. N., Kerjaschki, D., Ylä-Herttuala, S. and Alitalo, K. (2002). Lym-
phatic endothelial reprogramming of vascular endothelial cells by the Prox-1 
homeobox transcription factor. The EMBO Journal 21, 4593–4599. 



 66 

Phng, L. K. and Gerhardt, H. (2009). Angiogenesis: A Team Effort Coordinated by 
Notch. Developmental Cell 16, 196–208. 

Pipili Synetos, E., Papadimitriou, E. and Maragoudakis, M. E. (1998). Evidence that 
platelets promote tube formation by endothelial cells on matrigel. British Journal 
of Pharmacology 125, 1252–1257. 

Pitulescu, M. E., Schmidt, I., Giaimo, B. D., Antoine, T., Berkenfeld, F., Ferrante, F., 
Park, H., Ehling, M., Biljes, D., Rocha, S. F., et al. (2017). Dll4 and Notch sig-
nalling couples sprouting angiogenesis and artery formation. Nature Cell Biology 
2, a006502. 

Potente, M. and Mäkinen, T. (2017). Vascular heterogeneity and specialization in de-
velopment and disease. Nat Rev Mol Cell Bio 18, 477–494. 

Pugsley, M. K. and Tabrizchi, R. (2000). The vascular system. An overview of struc-
ture and function. J Pharmacol Toxicol Methods 44, 333–340. 

Quillien, A., Moore, J. C., Shin, M., Siekmann, A. F., Smith, T., Pan, L., Moens, C. 
B., Parsons, M. J. and Lawson, N. D. (2014). Distinct Notch signaling outputs 
pattern the developing arterial system. Development 141, dev.099986–1552. 

Rama, N., Dubrac, A., Mathivet, T., Chárthaigh, R.-A. N., Genet, G., Cristofaro, B., 
Pibouin-Fragner, L., Le Ma, Eichmann, A. and Chédotal, A. (2015). Slit2 signal-
ing through Robo1 and Robo2 is required for retinal neovascularization. Nat Med 
21, 483–491. 

Red-Horse, K., Ueno, H., Weissman, I. L. and Krasnow, M. A. (2010). Coronary ar-
teries form by developmental reprogramming of venous cells. Nature 464, 549–
553. 

Reischauer, S., Stone, O. A., Villasenor, A., Chi, N., Jin, S.-W., Martin, M., Lee, M. 
T., Fukuda, N., Marass, M., Witty, A., et al. (2016). Cloche is a bHLH-PAS tran-
scription factor that drives haemato-vascular specification. Nature 535, 294–298. 

Ren, B., Deng, Y., Mukhopadhyay, A., Lanahan, A. A., Zhuang, Z. W., Moodie, K. 
L., Mulligan-Kehoe, M. J., Byzova, T. V., Peterson, R. T. and Simons, M. (2010). 
ERK1/2-Akt1 crosstalk regulates arteriogenesis in mice and zebrafish. J. Clin. 
Invest. 120, 1217–1228. 

Rhee, J.-S., Black, M., Schubert, U., 1, S. F., 2, E. M., 3, H.-P. H. and Preissner, K. 
T. (2004). The functional role of blood platelet components in angiogenesis. 
Thromb Haemost 92, 394–402. 

Risau, W. (1997). Mechanisms of angiogenesis. Nature 386, 671–674. 
Risau, W. and Flamme, I. (2003). Vasculogenesis. Annu Rev Cell Dev Biol 11, 73–

91. 
Roca, C. and Adams, R. H. (2007). Regulation of vascular morphogenesis by Notch 

signaling. Genes Dev. 21, 2511–2524. 
Roukens, M. G., Peterson-Maduro, J., Padberg, Y., Jeltsch, M., Leppänen, V.-M., 

Bos, F. L., Alitalo, K., Schulte-Merker, S. and Schulte, D. (2015). Functional Dis-
section of the CCBE1 Protein: A Crucial Requirement for the Collagen Repeat 
Domain. Circulation Research 116, 1660–1669. 

Rybtsov, S., Batsivari, A., Bilotkach, K., Paruzina, D., Senserrich, J., Nerushev, O. 
and Medvinsky, A. (2014). Tracing the Origin of the HSC Hierarchy Reveals an 
SCF-Dependent, IL-3-Independent CD43− Embryonic Precursor. Stem Cell Re-
ports 3, 489–501. 

Sabin, F. R. (1902). On the origin of the lymphatic system from the veins and the 
development of the lymph hearts and thoracic duct in the pig. Dev. Dyn. 1, 367–
389. 



 67 

Sabine, A., Agalarov, Y., Maby-El Hajjami, H., Jaquet, M., Hägerling, R., Pollmann, 
C., Bebber, D., Pfenniger, A., Miura, N., Dormond, O., et al. (2012). Mecha-
notransduction, PROX1, and FOXC2 Cooperate to Control Connexin37 and Cal-
cineurin during Lymphatic-Valve Formation. Developmental Cell 22, 430–445. 

Sacilotto, N., Chouliaras, K. M., Nikitenko, L. L., Lu, Y. W., Fritzsche, M., Wallace, 
M. D., Nornes, S., García-Moreno, F., Payne, S., Bridges, E., et al. (2016). MEF2 
transcription factors are key regulators of sprouting angiogenesis. Genes Dev. 30, 
2297–2309. 

Sakurai, A., Doci, C. and Gutkind, J. S. (2012). Semaphorin signaling in angiogenesis, 
lymphangiogenesis and cancer. Cell Research 22, 23–32. 

Sakurai, A., Gavard, J., Annas-Linhares, Y., Basile, J. R., Amornphimoltham, P., 
Palmby, T. R., Yagi, H., Zhang, F., Randazzo, P. A., Li, X., et al. (2010). Sema-
phorin 3E initiates antiangiogenic signaling through plexin D1 by regulating Arf6 
and R-Ras. Molecular and Cellular Biology 30, 3086–3098. 

Sawamiphak, S., Seidel, S., Essmann, C. L., Wilkinson, G. A., Pitulescu, M. E., 
Acker, T. and Acker-Palmer, A. (2010). Ephrin-B2 regulates VEGFR2 function 
in developmental and tumour angiogenesis. Nature 465, 487–491. 

Schacht, V., Ramirez, M. I. and Hong, Y. K. (2003). T1α/podoplanin deficiency dis-
rupts normal lymphatic vasculature formation and causes lymphedema. The 
EMBO …. 

Schulte-Merker, S., Sabine, A. and Petrova, T. V. (2011). Lymphatic vascular mor-
phogenesis in development, physiology, and disease. J Cell Biol 193, 607–618. 

Sebzda, E., Hibbard, C., Sweeney, S., Abtahian, F., Bezman, N., Clemens, G., Maltz-
man, J. S., Cheng, L., Liu, F., Turner, M., et al. (2006). Syk and Slp-76 mutant 
mice reveal a cell-autonomous hematopoietic cell contribution to vascular devel-
opment. Developmental Cell 11, 349–361. 

Senis, Y. A., Tomlinson, M. G., García, Á., Dumon, S., Heath, V. L., Herbert, J., 
Cobbold, S. P., Spalton, J. C., Ayman, S., Antrobus, R., et al. (2007). A compre-
hensive proteomics and genomics analysis reveals novel transmembrane proteins 
in human platelets and mouse megakaryocytes including G6b-B, a novel immu-
noreceptor tyrosine-based inhibitory motif protein. Mol Cell Proteomics 6, 548–
564. 

Shalaby, F., Rossant, J., Yamaguchi, T. P., Gertsenstein, M., Wu, X.-F., Breitman, M. 
L. and Schuh, A. C. (1995). Failure of blood-island formation and vasculogenesis 
in Flk-1-deficient mice. Nature 376, 62–66. 

Sharma, B., Ho, L., Ford, G. H., Chen, H. I., Goldstone, A. B., Woo, Y. J., Quer-
termous, T., Reversade, B. and Red-Horse, K. (2017). Alternative Progenitor 
Cells Compensate to Rebuild the Coronary Vasculature in Elabela - and Apj -
Deficient Hearts. Developmental Cell. 45,655-666 

Shimoda, H., Bernas, M. J., Witte, M. H., Gale, N. W., Yancopoulos, G. D. and Kato, 
S. (2007). Abnormal recruitment of periendothelial cells to lymphatic capillaries 
in digestive organs of angiopoietin-2-deficient mice. Cell Tissue Res. 328, 329–
337. 

Shivdasani, R. A., Rosenblatt, M. F., Zucker-Franklin, D., Jackson, C. W., Hunt, P., 
Saris, C. J. M. and Orkin, S. H. (1995). Transcription factor NF-E2 is required for 
platelet formation independent of the actions of thrombopoeitin/MGDF in 
megakaryocyte development. Cell 81, 695–704. 

Siekmann, A. F. and Lawson, N. D. (2007). Notch signalling limits angiogenic cell 
behaviour in developing zebrafish arteries. Nature 445, 781–784. 

Simons, M., Gordon, E. and Claesson-Welsh, L. (2016). Mechanisms and regulation 
of endothelial VEGF receptor signalling. Nat Rev Mol Cell Biol 17, 611–625. 



 68 

Soker, S., Takashima, S., Miao, H. Q., Neufeld, G. and Klagsbrun, M. (1998). Neu-
ropilin-1 Is Expressed by Endothelial and Tumor Cells as an Isoform-Specific 
Receptor for Vascular Endothelial Growth Factor. Cell 92, 735–745. 

Solaimani Kartalaei, P., Yamada-Inagawa, T., Vink, C. S., de Pater, E., van der Lin-
den, R., Marks-Bluth, J., van der Sloot, A., van den Hout, M., Yokomizo, T., van 
Schaick-Solernó, M. L., et al. (2015). Whole-transcriptome analysis of endothe-
lial to hematopoietic stem cell transition reveals a requirement for Gpr56 in HSC 
generation. J Exp Med 212, 93–106. 

Srinivasan, R. S. and Oliver, G. (2011). Prox1 dosage controls the number of lym-
phatic endothelial cell progenitors and the formation of the lymphovenous valves. 
Genes Dev. 25, 2187–2197. 

Srinivasan, R. S., Dillard, M. E., Lagutin, O. V., Lin, F.-J., Tsai, S., Tsai, M.-J., 
Samokhvalov, I. M. and Oliver, G. (2007). Lineage tracing demonstrates the ve-
nous origin of the mammalian lymphatic vasculature. Genes Dev. 21, 2422–2432. 

Srinivasan, R. S., Escobedo, N., Yang, Y., Interiano, A., Dillard, M. E., Finkelstein, 
D., Mukatira, S., Gil, H. J., Nurmi, H., Alitalo, K., et al. (2014). The Prox1-Vegfr3 
feedback loop maintains the identity and the number of lymphatic endothelial cell 
progenitors. Genes Dev. 28, 2175–2187. 

Srinivasan, R. S., Geng, X., Yang, Y., Wang, Y., Mukatira, S., Studer, M., Porto, M. 
P. R., Lagutin, O. and Oliver, G. (2010). The nuclear hormone receptor Coup-
TFII is required for the initiation and early maintenance of Prox1 expression in 
lymphatic endothelial cells. Genes Dev. 24, 696–707. 

Stacker, S. A., Caesar, C., Baldwin, M. E., Thornton, G. E., Williams, R. A., Prevo, 
R., Jackson, D. G., Nishikawa, S.-I., Kubo, H. and Achen, M. G. (2001). VEGF-
D promotes the metastatic spread of tumor cells via the lymphatics. Nat Med 7, 
186–191. 

Stanczuk, L., Martinez-Corral, I., Ulvmar, M. H., Zhang, Y., Laviña, B., Fruttiger, 
M., Adams, R. H., Saur, D., Betsholtz, C., Ortega, S., et al. (2015). cKit Lineage 
Hemogenic Endothelium-Derived Cells Contribute to Mesenteric Lymphatic 
Vessels. CellReports 10, 1708–1721. 

Stratman, A. N., Malotte, K. M., Mahan, R. D., Davis, M. J. and Davis, G. E. (2009). 
Pericyte recruitment during vasculogenic tube assembly stimulates endothelial 
basement membrane matrix formation. Blood 114, 5091–5101. 

Stratman, A. N., Schwindt, A. E., Malotte, K. M. and Davis, G. E. (2010). Endothelial-
derived PDGF-BB and HB-EGF coordinately regulate pericyte recruitment dur-
ing vasculogenic tube assembly and stabilization. Blood 116, blood–2010–05–
286872–4730. 

Strilić, B., Kučera, T., Eglinger, J., Hughes, M. R., McNagny, K. M., Tsukita, S., 
Dejana, E., Ferrara, N. and Lammert, E. (2009). The Molecular Basis of Vascular 
Lumen Formation in the Developing Mouse Aorta. Developmental Cell 17, 505–
515. 

Su, T., Stanley, G., Sinha, R., D’Amato, G., Das, S., Rhee, S., Chang, A. H., Poduri, 
A., Raftrey, B., Dinh, T. T., et al. (2018). Single-cell analysis of early progenitor 
cells that build coronary arteries. Nature 26, 1268. 

Suchting, S., Freitas, C., le Noble, F., Benedito, R., Bréant, C., Duarte, A. and Eich-
mann, A. (2007). The Notch ligand Delta-like 4 negatively regulates endothelial 
tip cell formation and vessel branching. Proceedings of the National Academy of 
Sciences of the United States of America 104, 3225–3230. 

Sugden, W. W., Meissner, R., Aegerter-Wilmsen, T., Tsaryk, R., Leonard, E. V., 
Bussmann, J., Hamm, M. J., Herzog, W., Jin, Y., Jakobsson, L., et al. (2017). 
Endoglin controls blood vessel diameter through endothelial cell shape changes 
in response to haemodynamic cues. Nature Cell Biology 19, 653–665. 



 69 

Surya, V. N., Michalaki, E., Huang, E. Y., Fuller, G. G. and Dunn, A. R. (2016). 
Sphingosine 1-phosphate receptor 1 regulates the directional migration of lym-
phatic endothelial cells in response to fluid shear stress. Journal of The Royal 
Society Interface 13, 20160823. 

Suzuki-Inoue, K., Fuller, G. L. J., García, Á., Eble, J. A., Pöhlmann, S., Inoue, O., 
Gartner, T. K., Hughan, S. C., Pearce, A. C., Laing, G. D., et al. (2006). A novel 
Syk-dependent mechanism of platelet activation by the C-type lectin receptor 
CLEC-2. Blood 107, 542–549. 

Suzuki-Inoue, K., Kato, Y., Inoue, O., Kaneko, M. K., Mishima, K., Yatomi, Y., 
Yamazaki, Y., Narimatsu, H. and Ozaki, Y. (2007). Involvement of the snake 
toxin receptor CLEC-2, in podoplanin-mediated platelet activation, by cancer 
cells. J. Biol. Chem. 282, 25993–26001. 

Sweet, D. T., Jiménez, J. M., Chang, J., Hess, P. R., Mericko-Ishizuka, P., Fu, J., Xia, 
L., Davies, P. F. and Kahn, M. L. (2015). Lymph flow regulates collecting lym-
phatic vessel maturation in vivo. J. Clin. Invest. 125, 2995–3007. 

Takashima, S., Kitakaze, M., Asakura, M., Asanuma, H., Sanada, S., Tashiro, F., 
Niwa, H., Miyazaki, J.-I., Hirota, S., Kitamura, Y., et al. (2002). Targeting of both 
mouse neuropilin-1 and neuropilin-2 genes severely impairs developmental yolk 
sac and embryonic angiogenesis. Proceedings of the National Academy of Sci-
ences of the United States of America 99, 3657–3662. 

Tal, O., Lim, H. Y., Gurevich, I., Milo, I., Shipony, Z., Ng, L. G., Angeli, V. and 
Shakhar, G. (2011). DC mobilization from the skin requires docking to immobi-
lized CCL21 on lymphatic endothelium and intralymphatic crawling. Journal of 
Experimental Medicine 208, 2141–2153. 

Tammela, T. and Alitalo, K. (2010). Lymphangiogenesis: Molecular mechanisms and 
future promise. Cell 140, 460–476. 

Tammela, T., Saaristo, A., Holopainen, T., Lyytikkä, J., Kotronen, A., Pitkonen, M., 
Abo-Ramadan, U., Ylä-Herttuala, S., Petrova, T. V. and Alitalo, K. (2007). Ther-
apeutic differentiation and maturation of lymphatic vessels after lymph node dis-
section and transplantation. Nat Med 13, 1458–1466. 

Taoudi, S. and Medvinsky, A. (2007). Functional identification of the hematopoietic 
stem cell niche in the ventral domain of the embryonic dorsal aorta. Proceedings 
of the National Academy of Sciences of the United States of America 104, 9399–
9403. 

Thambyrajah, R., Mazan, M., Patel, R., Moignard, V., Stefanska, M., Marinopoulou, 
E., Li, Y., Lancrin, C., Clapes, T., Möröy, T., et al. (2016). GFI1 proteins orches-
trate the emergence of haematopoietic stem cells through recruitment of LSD1. 
Nature Cell Biology 18, 21–32. 

Tian, X., Hu, T., Zhang, H., He, L., Huang, X., Liu, Q., Yu, W., He, L., Yang, Z., 
Yan, Y., et al. (2014). De novo formation of a distinct coronary vascular popula-
tion in neonatal heart. Science 345, 90–94. 

Triacca, V., Güç, E., Kilarski, W. W., Pisano, M. and Swartz, M. A. (2017). Trans-
cellular Pathways in Lymphatic Endothelial Cells Regulate Changes in Solute 
Transport by Fluid Stress. Circulation Research 120, 1440–1452. 

Uhrin, P., Zaujec, J., Breuss, J. M., Olcaydu, D., Chrenek, P., Stockinger, H., 
Fuertbauer, E., Moser, M., Haiko, P., Fässler, R., et al. (2010). Novel function for 
blood platelets and podoplanin in developmental separation of blood and lym-
phatic circulation. Blood 115, 3997–4005. 

Vaahtomeri, K., Karaman, S., Mäkinen, T. and Alitalo, K. (2017). Lymphangiogene-
sis guidance by paracrine and pericellular factors. Genes Dev. 31, 1615–1634. 



 70 

Van der Jagt, E. R. (1932). Memoirs: The Origin and Development of the Anterior 
Lymph-Sacs in the Sea-Turtle (Thalassochelys caretta). Journal of Cell Science 
s2-75, 151–163. 

van Lessen, M., Shibata-Germanos, S., van Impel, A., Hawkins, T. A., Rihel, J. and 
Schulte-Merker, S. (2017). Intracellular uptake of macromolecules by brain lym-
phatic endothelial cells during zebrafish embryonic development. eLife 6, 12651. 

Veikkola, T., Jussila, L., Mäkinen, T., Karpanen, T., Jeltsch, M., Petrova, T. V., Kubo, 
H., Thurston, G., McDonald, D. M., Achen, M. G., et al. (2001). Signalling via 
vascular endothelial growth factor receptor-3 is sufficient for lymphangiogenesis 
in transgenic mice. The EMBO Journal 20, 1223–1231. 

Veikkola, T., Lohela, M., IKENBERG, K., Mäkinen, T., KORFF, T., Saaristo, A., 
PETROVA, T., Jeltsch, M., Augustin, H. G. and Alitalo, K. (2003). Intrinsic ver-
sus microenvironmental regulation of lymphatic endothelial cell phenotype and 
function. FASEB J. 17, 2006–2013. 

Venero Galanternik, M., Castranova, D., Gore, A. V., Blewett, N. H., Jung, H. M., 
Stratman, A. N., Kirby, M. R., Iben, J., Miller, M. F., Kawakami, K., et al. (2017). 
A novel perivascular cell population in the zebrafish brain. eLife 6, 45. 

Vokes, S. A. and Krieg, P. A. (2002). Endoderm is required for vascular endothelial 
tube formation, but not for angioblast specification. Development 129, 775–785. 

Wagers, A.J., Sherwood, R.I., Christensen, J.L., and Weissman, I.L. (2002). Little 
evidence for developmental plasticity of adult hematopoietic stem cells. Science 
297, 2256-2259. 

Wagner, D. E., Weinreb, C., Collins, Z. M., Briggs, J. A., Megason, S. G. and Klein, 
A. M. (2018). Single-cell mapping of gene expression landscapes and lineage in 
the zebrafish embryo. Science 360, 981–987. 

Wakabayashi, T., Naito, H., Suehiro, J.I., Lin, Y., Kawaji, H., Iba, T., Kouno, T., 
Ishikawa-Kato, S., Furuno, M., Takara, K., et al., (2018). CD157 marks tissue-
resident endothelial stem cells with homeostatic and regenerative properties. Cell 
Stem Cell 22(3), 384-397. 

Walsh, T. G., Metharom, P. and Berndt, M. C. (2015). The functional role of platelets 
in the regulation of angiogenesis. Platelets 26, 199–211. 

Wang, H. U., Chen, Z.-F. and Anderson, D. J. (1998). Molecular Distinction and An-
giogenic Interaction between Embryonic Arteries and Veins Revealed by ephrin-
B2 and Its Receptor Eph-B4. Cell 93, 741–753. 

Wang, Y., Jin, Y., Mäe, M. A., Zhang, Y., Ortsäter, H., Betsholtz, C., Mäkinen, T. 
and Jakobsson, L. (2017). Smooth muscle cell recruitment to lymphatic vessels 
requires PDGFB and impacts vessel size but not identity. Development 144, 
dev.147967–3601. 

Wang, Y., Kaiser, M. S., Larson, J. D., Nasevicius, A., Clark, K. J., Wadman, S. A., 
Roberg-Perez, S. E., Ekker, S. C., Hackett, P. B., McGrail, M., et al. (2010a). 
Moesin1 and Ve-cadherin are required in endothelial cells during in vivo tubu-
logenesis. Development 137, 3119–3128. 

Wang, Y., Nakayama, M., Pitulescu, M. E., Schmidt, T. S., Bochenek, M. L., Sa-
kakibara, A., Adams, S., Davy, A., Deutsch, U., Lüthi, U., et al. (2010b). Ephrin-
B2 controls VEGF-induced angiogenesis and lymphangiogenesis. Nature 465, 
483–486. 

Watson, S. P., HERBERT, J. M. J. and Pollitt, A. Y. (2010). GPVI and CLEC-2 in 
hemostasis and vascular integrity. J Thromb Haemost 8, 1456–1467. 

Watson, S. P., Lowe, K. and Finney, B. A. (2014). Platelets in lymph vessel develop-
ment and integrity. Adv Anat Embryol Cell Biol 214, 93–105. 



 71 

Welsh, J. D., Kahn, M. L. and Sweet, D. T. (2016). Lymphovenous hemostasis and 
the role of platelets in regulating lymphatic flow and lymphatic vessel maturation. 
Blood 128, 1169–1173. 

Wigle, J. T. and Oliver, G. (1999). Prox1 Function Is Required for the Development 
of the Murine Lymphatic System. Cell 98, 769–778. 

Wigle, J. T., Harvey, N., Detmar, M. and Lagutina, I. (2002). An essential role for 
Prox1 in the induction of the lymphatic endothelial cell phenotype. The EMBO 
…. 

Wirzenius, M., Tammela, T., Uutela, M., He, Y., Odorisio, T., Zambruno, G., Nagy, 
J. A., Dvorak, H. F., Ylä-Herttuala, S., Shibuya, M., et al. (2007). Distinct vascu-
lar endothelial growth factor signals for lymphatic vessel enlargement and sprout-
ing. Journal of Experimental Medicine 204, 1431–1440. 

Wong, B. W., Wang, X., Zecchin, A., Thienpont, B., Cornelissen, I., Kalucka, J., Gar-
cía-Caballero, M., Missiaen, R., Huang, H., Brüning, U., et al. (2016). The role 
of fatty acid β-oxidation in lymphangiogenesis. Nature 542, 49–54. 

Wu, B., Zhang, Z., Lui, W., Chen, X., Wang, Y., Chamberlain, A. A., Moreno-Rodri-
guez, R. A., Markwald, R. R., O’Rourke, B. P., Sharp, D. J., et al. (2012). Endo-
cardial Cells Form the Coronary Arteries by Angiogenesis through Myocardial-
Endocardial VEGF Signaling. Cell 151, 1083–1096. 

Xiong, Y., Yang, P., Proia, R. L. and Hla, T. (2014). Erythrocyte-derived sphingosine 
1-phosphate is essential for vascular development. J. Clin. Invest. 124, 4823–
4828. 

Xu, C., Gao, X., Wei, Q., Nakahara, F., Zimmerman, S. E., Mar, J. and Frenette, P. S. 
(2018). Stem cell factor is selectively secreted by arterial endothelial cells in bone 
marrow. Nature Communications 9, 2449. 

Xu, C., Hasan, S. S., Schmidt, I., Rocha, S. F., Pitulescu, M. E., Bussmann, J., Meyen, 
D., Raz, E., Adams, R. H. and Siekmann, A. F. (2014). Arteries are formed by 
vein-derived endothelial tip cells. Nature Communications 5, 5758. 

Xu, K., Sacharidou, A., Fu, S., Chong, D. C., Skaug, B., Chen, Z. J., Davis, G. E. and 
Cleaver, O. (2011). Blood vessel tubulogenesis requires Rasip1 regulation of 
GTPase signaling. Developmental Cell 20, 526–539. 

Xu, Y., Yuan, L., Mak, J., Pardanaud, L., Caunt, M., Kasman, I., Larrivée, B., del 
Toro, R., Suchting, S., Medvinsky, A., et al. (2010). Neuropilin-2 mediates 
VEGF-C–induced lymphatic sprouting together with VEGFR3. J Cell Biol 188, 
115–130. 

Yamazaki, T., Yoshimatsu, Y., Morishita, Y., Miyazono, K. and Watabe, T. (2009). 
COUP-TFII regulates the functions of Prox1 in lymphatic endothelial cells 
through direct interaction. Genes to Cells 14, 425–434. 

Yang, Y. and Oliver, G. (2014). Development of the mammalian lymphatic vascula-
ture. J. Clin. Invest. 124, 888–897. 

Yang, Y., García-Verdugo, J. M., Soriano-Navarro, M., Srinivasan, R. S., Scallan, J. 
P., Singh, M. K., Epstein, J. A. and Oliver, G. (2012). Lymphatic endothelial pro-
genitors bud from the cardinal vein and intersomitic vessels in mammalian em-
bryos. Blood 120, 2340–2348. 

Yaniv, K., Isogai, S., Castranova, D., Dye, L., Hitomi, J. and Weinstein, B. M. (2006). 
Live imaging of lymphatic development in the zebrafish. Nat Med 12, 711–716. 

Yoder, M.C. (2018). Endothelial stem and progenitor cells (stem cells): (2017 Grover 
Conference Series). Pulm Circ 8(1), 2045893217743950. 

Yokomizo, T., Ng, C. E. L., Osato, M. and Dzierzak, E. (2011). Three-dimensional 
imaging of whole midgestation murine embryos shows an intravascular localiza-
tion for all hematopoietic clusters. Blood 117, 6132–6134. 



 72 

Yokomizo, T., Ogawa, M., Osato, M., Kanno, T., Yoshida, H., Fujimoto, T., Fraser, 
S., Nishikawa, S., Okada, H., Satake, M., et al. (2001). Requirement of 
Runx1/AML1/PEBP2αB for the generation of haematopoietic cells from endo-
thelial cells. Genes to Cells 6, 13–23. 

Yoshimoto, M., Montecino-Rodriguez, E., Ferkowicz, M. J., Porayette, P., Shelley, 
W. C., Conway, S. J., Dorshkind, K. and Yoder, M. C. (2011). Embryonic day 9 
yolk sac and intra-embryonic hemogenic endothelium independently generate a 
B-1 and marginal zone progenitor lacking B-2 potential. Proceedings of the Na-
tional Academy of Sciences of the United States of America 108, 1468–1473. 

Yoshimoto, M., Porayette, P., Glosson, N. L., Conway, S. J., Carlesso, N., Cardoso, 
A. A., Kaplan, M. H. and Yoder, M. C. (2012). Autonomous murine T cell pro-
genitor production in the extra-embryonic yolk sac prior to HSC emergence. 
Blood 119, blood–2011–12–397489–5714. 

You, L.-R., Lin, F.-J., Lee, C. T., DeMayo, F. J., Tsai, M.-J. and Tsai, S. Y. (2005). 
Suppression of Notch signalling by the COUP-TFII transcription factor regulates 
vein identity. Nature 435, 98–104. 

Yuan, L., Moyon, D., Pardanaud, L., Bréant, C., Karkkainen, M. J., Alitalo, K. and 
Eichmann, A. (2002). Abnormal lymphatic vessel development in neuropilin 2 
mutant mice. Development 129, 4797–4806. 

Yzaguirre, A. D., Howell, E. D., Li, Y., Liu, Z. and Speck, N. A. (2018). Runx1 is 
sufficient for blood cell formation from non-hemogenic endothelial cells in vivo 
only during early embryogenesis. Development 145, dev.158162. 

Zhang, G., Brady, J., Liang, W.-C., Wu, Y., Henkemeyer, M. and Yan, M. (2015). 
EphB4 forward signalling regulates lymphatic valve development. Nature Com-
munications 6, 6625. 

Zhang, H., Pu, W., Li, G., Huang, X., He, L., Tian, X., Liu, Q., Zhang, L., Wu, S. M., 
Sucov, H. M., et al. (2016a). Endocardium Minimally Contributes to Coronary 
Endothelium in the Embryonic Ventricular Free Walls. Circulation Research 118, 
CIRCRESAHA.116.308749–1893. 

Zhang, H., Pu, W., Tian, X., Huang, X., He, L., Liu, Q., Li, Y., Zhang, L., He, L., Liu, 
K., et al. (2016b). Genetic lineage tracing identifies endocardial origin of liver 
vasculature. Nat Genet 48, 537–543. 

Zhang, Y., Daubel, N., Stritt, S. and Mäkinen, T. (2018). Transient loss of venous 
integrity during developmental vascular remodeling leads to red blood cell ex-
travasation and clearance by lymphatic vessels. Development 145, dev.156745. 

Zheng, W., Nurmi, H., Appak, S., Sabine, A., Bovay, E., Korhonen, E. A., Orsenigo, 
F., Lohela, M., D'Amico, G., Holopainen, T., et al. (2014). Angiopoietin 2 regu-
lates the transformation and integrity of lymphatic endothelial cell junctions. 
Genes Dev. 28, 1592–1603. 

Zhong, T. P., Childs, S., Leu, J. P. and Fishman, M. C. (2001). Gridlock signalling 
pathway fashions the first embryonic artery. Nature 414, 216–220. 

Ziegelhoeffer, T., Fernandez, B., Kostin, S., Heil, M., Voswinckel, R., Helisch, A., 
and Schaper, W (2004). Bone marrow-derived cells do not incorporate into the 
adult growing vasculature. Circ Res 94, 230-238. 

Zihni, C., Mills, C., Matter, K. and Balda, M. S. (2016). Tight junctions: from simple 
barriers to multifunctional molecular gates. Nat Rev Mol Cell Bio 17, 564–580. 

Zovein, A. C., Luque, A., Turlo, K. A., Hofmann, J. J., Yee, K. M., Becker, M. S., 
Fässler, R., Mellman, I., Lane, T. F. and Iruela-Arispe, M. L. (2010a). Beta1 in-
tegrin establishes endothelial cell polarity and arteriolar lumen formation via a 
Par3-dependent mechanism. Developmental Cell 18, 39–51. 

Zovein, A. C., Turlo, K. A., Ponec, R. M., Lynch, M. R., Chen, K. C., Hofmann, J. J., 
Cox, T. C., Gasson, J. C. and Iruela-Arispe, M. L. (2010b). Vascular remodeling 



 73 

of the vitelline artery initiates extravascular emergence of hematopoietic clusters. 
Blood 116, 3435–3444. 

 
 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1485

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-356488

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2018


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Structure and function of the vascular system
	Development of the blood and lymphatic vasculatures
	Vasculogenesis
	Angiogenesis
	Lymphangiogenesis
	Hemogenic endothelium (HE)

	Origins of endothelial cells
	BEC origins
	LEC origins

	The role of platelets in angiogenesis and
	lymphangiogenesis

	Aims of the thesis
	Present investigations
	Paper I
	Paper II
	Paper III
	Paper IV

	Outlook
	Acknowledgements
	References



