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IN VITRO AND IN VIVO 

 

Human cord blood (CB) derived circulating endothelial colony forming cells 

(ECFCs) display a hierarchy of clonogenic proliferative potential and possess de 

novo vessel forming ability upon implantation in immunodeficient mice. Since 

survival of ECFC post-implantation is a critical variable that limits in vivo 

vasculogenesis, we tested the hypothesis that activation of Notch signaling or co-

implantation of ECFC with human platelet lysate (HPL) would enhance cultured 

ECFC vasculogenic abilities in vitro and in vivo. Co-implantation of ECFCs with 

Notch ligand Delta-like 1 (DL1) expressing OP9 stromal cells (OP9-DL1) 

decreased apoptosis of ECFC in vitro and increased vasculogenesis of ECFC in 

vivo. The co-culture of ECFC with HPL diminished apoptosis of ECFC by altering 

the expression of pro-survival molecules (pAkt, pBad and Bcl-xL) in vitro and 

increased vasculogenesis of human EC-derived vessels both in vitro and in vivo. 

Thus, activation of the Notch pathway by OP9-DL1 stromal cells or co-

implantation of ECFC with HPL enhances vasculogenesis and augments blood 

vessel formation by diminishing apoptosis of the implanted ECFC. The results 

from this study will provide critical information for the development of a cell 
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therapy for limb and organ re-vascularization that can be applied to recovery of 

ischemic tissues in human subjects. 
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CHAPTER 1. INTRODUCTION 

1.1. Development Of Blood Vessels 

During organogenesis, the development of the vascular system is one of the 

earliest events for the proper formation of vertebrate embryos and the system 

must remain responsive to growth and regeneration signals for the survival of 

adult tissues and organs (Hannan & Little, 1998; Jin, Beis, Mitchell, Chen, & 

Stainier, 2005; Lamalice, Le Boeuf, & Huot, 2007; Risau & Flamme, 1995; Wilting 

& Christ, 1996). Blood vessels deliver oxygen and nutrients, carry away 

metabolic waste products and serve as the principle interface for the circulating 

immune cell response to microbes that have invaded tissues (Adams & Alitalo, 

2007). The vascular system, composed of functional arteries, veins, and 

capillaries, originates via two fundamental processes: vasculogenesis and 

angiogenesis (Figure 1.1.) (Adams & Alitalo, 2007; Lamalice et al., 2007; Risau, 

1997).   
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Figure 1.1. A schematic diagram of vascular development during 

embryonic development. During embryogenesis, angioblasts are derived from 

mesoderm. Angioblasts give rise to the primary capillary plexus via 

vasculogenesis before circulation is established. Subsequently, the primary 

capillary plexus is quickly expanded, recruits mural cells and is remodeled into 

primary vessels. Primary vessels may be further remodeled through sprouting 

and intussusceptive angiogenesis and ultimately this leads to the formation of a 

well-organized arterial, capillary, and venous bed. Reprinted with permission 

from “Molecular regulation of angiogenesis and lymphangiogenesis” by Adams et 

al., 2007, Nat Rev Mol Cell Biol, 8:464-478 (Adams & Alitalo, 2007).  
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Vasculogenesis 

During early embryogenesis, on mouse embryonic day (E) 6.5, gastrulation 

begins with the formation of the primitive streak and leads to formation of three 

principle germ layers: ectoderm, mesoderm, and endoderm (Hannan & Little, 

1998; Risau & Flamme, 1995; Wilting & Christ, 1996; Zorn & Wells, 2009). The 

first step of blood vessel formation is the differentiation of vascular endothelial 

cells (ECs), which cover the entire inner surface of all blood vessels. A subset of 

the primitive mesodermal cells is committed to differentiate into not only the first 

ECs, called angioblasts but also into hemangioblastic cells in the yolk sac 

(Adams & Alitalo, 2007; Carmeliet, 2000; Coultas, Chawengsaksophak, & 

Rossant, 2005; Lamalice et al., 2007; Risau, 1997). The angioblasts migrate and 

aggregate to form blood islands, which are the earliest discernible vascular 

structures that give rise to a primitive vascular network in the yolk sac (Adams & 

Alitalo, 2007; Carmeliet, 2000; Carmeliet et al., 1996; Coultas et al., 2005; 

Ferrara, 1999; Ferrara et al., 1996; Hannan & Little, 1998; Lamalice et al., 2007; 

Risau, 1997; Risau & Flamme, 1995; Shalaby et al., 1997; Wilting & Christ, 1996). 

Fusion of blood islands and subsequent endothelial cell differentiation lead to 

formation of primitive capillary structures driven by certain growth factors binding 

to their EC surface receptors (Adams & Alitalo, 2007; Carmeliet, 2000; Carmeliet 

et al., 1996; Coultas et al., 2005; Ferrara, 1999; Ferrara et al., 1996; Lamalice et 

al., 2007; Risau, 1997; Shalaby et al., 1997).  
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EC migration and fusion of the blood islands leads to remodeling into tubular 

structures that give rise to the first primitive vascular plexus (Adams & Alitalo, 

2007; Carmeliet, 2000; Coultas et al., 2005; Lamalice et al., 2007; Risau, 1997). 

These vascular plexuses remodel into a network of interconnected tubules that 

provide perfusion of tissues (Adams & Alitalo, 2007; Carmeliet, 2000; Coultas et 

al., 2005; Lamalice et al., 2007; Risau, 1997). The process of EC lumen and 

tubule formation (morphogenesis) is critical to establish blood flow and stabilize 

vessel networks during vascular development (Aplin, Fogel, Zorzi, & Nicosia, 

2008; Davis, Koh, & Stratman, 2007; Davis & Senger, 2005; Holderfield & 

Hughes, 2008; Koh, Stratman, Sacharidou, & Davis, 2008). During capillary 

morphogenesis, individual ECs generate vesicles after endocytosis (intracellular 

vacuolation) and interconnect with neighboring cells (fusion) to form multicellular 

lumens and tubes (Figure 1.2.) (Bayless & Davis, 2002, 2003; Bayless, Salazar, 

& Davis, 2000; Davis et al., 2007). The intracellular vacuolation process may be 

observed in ECs without contact with neighbor ECs in 3D collagen matrices 

(Davis, Bayless, & Mavila, 2002). Many studies have investigated the cellular 

mechanisms of EC lumen formation in 3D collagen matrices in vitro (Davis & 

Camarillo, 1996; Ilan, Mahooti, & Madri, 1998; Kanzawa, Endo, & Shioya, 1993; 

Koh, Mahan, & Davis, 2008; Korff & Augustin, 1999; Matsumura, Wolff, & 

Petzelbauer, 1997; Ment, Stewart, Scaramuzzino, & Madri, 1997; Ng, Helm, & 

Swartz, 2004; Salazar, Bell, & Davis, 1999; Schechner et al., 2000; Sieminski, 

Hebbel, & Gooch, 2004; Vernon & Sage, 1999; S. Yang, Graham, Kahn, 

Schwartz, & Gerritsen, 1999). These studies have reported that matrix-integrin-
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cytoskeleton signaling plays a critical role in EC tube formation (Davis & 

Camarillo, 1996; Ilan et al., 1998; Koh, Mahan, et al., 2008; S. Yang et al., 1999). 

In response to α2β1 integrin and extracellular matrix (ECM) interactions, Rho 

GTPase family members Rac1 and Cdc42 are activated to initiate vacuole 

formation by embedded cells in 3D collagen matrices (Bayless & Davis, 2003; 

Bayless et al., 2000; Davis & Camarillo, 1996; Koh, Mahan, et al., 2008). After 

formation of multicellular structures, ECs remodel the surrounding matrix to 

create vascular guidance tunnels through membrane type 1-metalloproteinase 

(MT1-MMP) dependent proteolysis in 3D collagen matrices (Stratman et al., 

2009). The tunnels allow EC migration throughout the networks and by recruiting 

pericytes to the newly formed vascular networks, and the new vessels become 

stabilized. Pericytes stimulate ECs to deposit basement membrane matrices 

containing collagen type IV, laminins, and fibronectin (Davis & Senger, 2005; Y. 

Liu & Senger, 2004; Stratman et al., 2009). The deposition of basement 

membrane matrices contributes to the development of vascular tube maturation, 

stabilization, and EC quiescence (Davis & Senger, 2005; Y. Liu & Senger, 2004; 

Stratman et al., 2009).  

 

Growth factors in vasculogenesis 

The fibroblast growth factor (FGF) family is composed of 22 FGF ligands that 

bind to four tyrosine kinases receptors (FGFRs) and share a conserved 

sequence of 120 amino acids (Ornitz & Itoh, 2001). FGF has been reported to be 

necessary for the differentiation of mesoderm (Amaya, Musci, & Kirschner, 1991; 
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Cornell & Kimelman, 1994a, 1994b; Feldman, Poueymirou, Papaioannou, 

DeChiara, & Goldfarb, 1995; Flamme & Risau, 1992; LaBonne & Whitman, 1994; 

Pajusola et al., 1994; Slack, Darlington, Heath, & Godsave, 1987). Expression of 

dominant negative mutants of FGF receptor (FGFR) in early Xenopus embryos 

abolishes wild-type receptor function and fails to induce mesoderm in response 

to FGF (Amaya et al., 1991). The embryos display defects in gastrulation and 

posterior development. Overexpression of a wild-type receptor could rescue 

these defects (Amaya et al., 1991). FGFR1 deficient mice die at E9.5-E12 and 

show defects in cell migration through the primitive streak (Deng et al., 1994; 

Yamaguchi, Harpal, Henkemeyer, & Rossant, 1994). Adenovirus-driven 

dominant-negative FGFR1 expression results in significant defects in blood 

vessel development and maintenance in mouse embryos cultured in vitro (S. H. 

Lee, Schloss, & Swain, 2000). FGFR2-/- embryos die at E10.5 because of defects 

in the placenta and limb buds (De Moerlooze et al., 2000; Eswarakumar et al., 

2002; Xu et al., 1998). Cultured FGF-4 null murine embryos display severely 

impaired proliferation of the inner cell mass, whereas growth and differentiation 

of the inner cell mass is rescued in the presence of FGF-4 protein (Feldman et al., 

1995). These reports suggest that the FGF/FGF-receptor system may be a 

crucial signal transduction pathway for mesoderm induction in vivo. However, 

FGF2-/- mice and FGF1-/-/FGF2-/- double knockout (DKO) mice display normal 

vascularization (Miller, Ortega, Bashayan, Basch, & Basilico, 2000; Tobe et al., 

1998; Zhou et al., 1998). Analysis of mice lacking individual FGF family members 

revealed a wide range of phenotypes from early embryonic lethality to very mild 
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defects. These observations may reflect the extensive redundancy of FGF family 

members and the contribution of other growth factors including vascular 

endothelial growth factor (VEGF) to vascular development.  

 

The VEGF family belongs to the platelet-derived growth factor (PDGF) family and 

consists of VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placenta growth 

factor (PIGF) (Achen et al., 1998; Ferrara, 1996; Jeltsch et al., 1997; Olofsson et 

al., 1996; Petrova, Makinen, & Alitalo, 1999). Alterative splicing of human VEGF-

A mRNA gives rise to five different isoforms of 121, 145, 165 (the most abundant 

form), 189, and 206 amino acid residues (Ferrara, 1996). In this manuscript, 

“VEGF” stands for VEGF-A. VEGF binds to two distinct receptor tyrosine kinases, 

VEGF receptor 1 (VEGFR1 or Flt-1) and VEGF receptor 2 (VEGFR2 or Flk-1) 

(Neufeld, Cohen, Gengrinovitch, & Poltorak, 1999; Petrova et al., 1999).  

 

Several studies have reported cross talk between FGF2 and VEGF family 

members during vasculogenesis (Auguste et al., 2001; Gabler, Plath-Gabler, 

Killian, Berisha, & Schams, 2004; Kanda, Miyata, & Kanetake, 2004; Seghezzi et 

al., 1998). Expression of dominant-negative FGFR1 or FGFR2 in glioma cells 

causes a decrease in tumor vascularization by downregulating VEGF expression 

(Auguste et al., 2001). While FGF2 modulates VEGF expression in ECs 

(Seghezzi et al., 1998), anti-VEGF-A neutralizing antibodies reduce FGF2-

induced vasculogenesis (Seghezzi et al., 1998). Flt-1 blocking antibodies or 

expression of a dominant negative Flt-1 leads to a significant reduction of FGF2-
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induced EC extensions and capillary morphogenesis (Kanda et al., 2004). Thus, 

pro-angiogenic effects of FGF2 are stimulated by VEGF/VEGFR signaling in ECs 

(Gabler et al., 2004).  

 

VEGF/VEGFR signaling is essential for embryonic vascular development 

(Carmeliet, 2000). In the presence of VEGF, embryonic stem cell-derived 

endothelial structures generated in vitro lead to improved survival of ECs and to 

the formation of primitive endothelial tubes, whereas FGF2 enhances only 

survival of angioblasts (Kazemi et al., 2002). In embryoid bodies in which 

VEGF/VEGFR function is blocked, FGF2 stimulation promotes formation of EC 

clusters, but fails to stimulate EC development into primitive vessels (Magnusson 

et al., 2004). In contrast, in FGFR1-/- embryoid bodies, VEGF stimulates 

formation of a vascular plexus (Magnusson et al., 2004). Thus, FGF2 is a 

downstream target of VEGF signaling and FGF2 and VEGF may have differential 

roles in vasculogenesis.  

 

Deletion of a single VEGF allele (VEGF+/-) or both alleles (VEGF-/-) is embryonic 

lethal (E8.5) as a result of failure to form the primary capillary plexus (Carmeliet 

et al., 1996; Ferrara et al., 1996). In addition, VEGF receptors (Flt-1 and Flk-1) 

play a critical role in vascular development. Flk-1 is expressed on angioblasts 

and ECs in avian and murine embryos and plays a critical role in differentiation of 

mesoderm to endothelial and hematopoietic lineages in early development 

(Dumont et al., 1995; Eichmann, Marcelle, Breant, & Le Douarin, 1993; Flamme, 
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Breier, & Risau, 1995; Fong, Rossant, Gertsenstein, & Breitman, 1995; Millauer 

et al., 1993; Roman & Weinstein, 2000; Yamaguchi, Dumont, Conlon, Breitman, 

& Rossant, 1993). Flk-1 deficient mice (Flk-1-/-) display defects in blood island 

formation and development of hematopoietic and ECs at E7.5 (Shalaby et al., 

1995). The Flk-1 deficient embryos die by E8.5 (Shalaby et al., 1997; Shalaby et 

al., 1995). VEGF receptor 1 (Flt-1) deficient mice display abnormal vasculature 

and embryonic death marked by disruption of endothelial cell assembly and loss 

of blood island integrity (Breier, Albrecht, Sterrer, & Risau, 1992; de Vries et al., 

1992; Fong et al., 1995; Millauer, Shawver, Plate, Risau, & Ullrich, 1994; Millauer 

et al., 1993; Shalaby et al., 1995). Thus, VEGF signaling is required for vascular 

development. 

 

Angiogenesis 

After the primary vascular plexus is formed by vasculogenesis, blood vessels are 

expanded and remodeled rapidly through generating more ECs that form new 

capillaries by sprouting or splitting from the existing vessels (intussusceptive 

angiogenesis) (Fig. 1.2.) (Adams & Alitalo, 2007; Carmeliet, 2000; Carmeliet et 

al., 1996; Coultas et al., 2005; Ferrara, 1999; Ferrara et al., 1996; Lamalice et al., 

2007; Risau, 1997; Shalaby et al., 1997). This process, referred to as 

angiogenesis, is defined as the formation of new vessels from the pre-existing 

primary plexus. In many regions such as the yolk sac, central nervous system 

(CNS), and retina, angiogenic sprouting occurs and is characterized by leading 

EC tip cells and trailing stalk cells controlled by Notch signaling (Fig. 1.2./1.3.) 
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(Breier & Risau, 1996; Gerhardt et al., 2003; Kurz, Gartner, Eggli, & Christ, 1996; 

Noguera-Troise et al., 2006; Ridgway et al., 2006).  

 

During sprouting angiogenesis, tip cells lead the way in a branching vessel and 

stalk cells elongate the sprout to form lumenized tubular structures (Fig. 1.3.) 

(Gerhardt et al., 2003; Kume, 2009). ECs stimulated by VEGF compete for tip 

cell position via Dll4/Notch signaling. In tip cells, Dll4 expression is induced more 

than in neighboring stalk cells to suppress the same response in adjacent ECs 

via activated Notch signaling (Hellstrom et al., 2007; Leslie et al., 2007; 

Siekmann & Lawson, 2007; Suchting et al., 2007). Dll4 expression is induced in 

response to VEGF/Flk-1 signaling in tip cells whereas Dll4 expression activates 

Notch signaling in adjacent cells to reduce the expression of Flk-1 to suppress 

the tip cell phenotype (Lobov et al., 2007; Noguera-Troise et al., 2006; Sainson 

et al., 2005; Siekmann & Lawson, 2007; Suchting et al., 2007). Thus, the tip cell 

phenotype suppression enhances the stalk cell phenotype. Jagged1 also 

enhances angiogenesis and antagonizes the effects of Dll4-mediated Notch 

signaling in stalk cells during sprouting angiogenesis (Benedito et al., 2009). 

Jagged1 loss of function mutants in the retina decreases sprouting while 

Jagged1 overexpression enhances angiogenesis and increases the number of tip 

cells (Benedito et al., 2009). Therefore, Dll4 expression corresponds to elevated 

VEGF-mediated signaling in tip cells, whereas Notch activation suppresses pro-

angiogenic response in their neighboring stalk cells. 
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Angiogenic sprouting of ECs from existing blood vessels is not the only 

mechanism that contributes to vascular growth. Intussusception (Figure 1.1.) is a 

separate mechanism that leads to local expansion of blood vessels. This process 

is the splitting of vessels through the insertion of tissue pillars (Djonov & 

Makanya, 2005). Little is known about the process but the process is proposed to 

involve EC proliferation, cell movement, ECM degradation, and the deposition of 

new ECM molecules (Djonov & Makanya, 2005).  

 

 

Figure 1.2. Human EC tube morphogenesis in 3D collagen matrices in vitro. 

Vasculogenesis (left panels); ECs were suspended in 3D collagen matrices and 

EC formed vacuoles that coalesced into lumens (cross-section). Angiogenesis 

(right panels); ECs were plated on top of the collagen matrices. The black arrows 

indicate the monolayer of ECs. The white arrows indicate EC tubes and sprouts 

(tip cells) from tube-like structures on the monolayer. Bar=25µm. Reprinted with 
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permission from “Mechanisms controlling human endothelial lumen formation 

and tube assembly in three-dimensional extracellular matrices” by Davis et al., 

2007, Birth Defects Res C Embryo Today, 81:270-285 (Davis et al., 2007). 
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Figure 1.3. Endothelial tip and stalk cells in angiogenesis. VEGF from 

surrounding tissue binds to VEGF receptor on tip cells and stimulate expression 

of Dll4. Dll4 activates Notch signaling (particularly Notch1) in stalk cells to reduce 

stalk cell sensitivity to VEGF stimulation and suppress the tip-cell phenotype. In 

contrast, Jagged1 expressed in stalk cells prevents expression of Dll4 that 

activate Notch1 in neighboring ECs (stalk or tip cells) to increase tip cell numbers. 

Antagonistic interaction between Dll4 and Jagged1 in ECs is mediated by Fringe 

(glycosyltransferase), which enhances Notch activation in response to Dll4 and 

reduces Notch activity in response to Jagged1. Reprinted with permission from 

“Novel insights into the differential functions of Notch ligands in vascular 

formation” by Kume, 2009, J Angiogenes Res 1:8 (Kume, 2009).   
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Notch signaling in angiogenesis 

Notch receptors and their ligands are essential for sprouting angiogenesis during 

mouse development (Hellstrom et al., 2007; Lobov et al., 2007; Noguera-Troise 

et al., 2006; Ridgway et al., 2006; Sainson et al., 2005; Suchting et al., 2007). 

Notch signaling is evolutionarily conserved and involved in various 

developmental processes. Notch receptor family members and Notch ligands are 

expressed throughout early vascular development (Gridley, 2007, 2010). The 

mammalian Notch signaling pathway is composed of four Notch receptors 

(Notch1-4) and five ligands (Jagged1 and 2 and Delta-like (Dll) 1, 3, and 4) 

(Gridley, 2007, 2010). All of the ligands are transmembrane and interact with 

Notch receptors on adjacent cell surfaces by cell-cell interactions. After ligand 

binding, the Notch receptor is cleaved by γ-secretase and the Notch intracellular 

domain (NICD) is released into the cytoplasm. The NICD translocates into the 

nucleus and forms a transcriptional activation complex that promotes 

downstream target gene transcription. Both Notch ligands and receptors are 

expressed in vascular endothelial cells and Notch signaling is known to be 

involved in vascular development (Alva & Iruela-Arispe, 2004; Gridley, 2010; 

Hofmann & Iruela-Arispe, 2007; Phng & Gerhardt, 2009; Roca & Adams, 2007). 

Notch1 is broadly expressed in many tissues including vascular ECs while 

Notch4 expression is restricted to vascular ECs (Krebs et al., 2000; J. Wu & 

Bresnick, 2007; J. Wu et al., 2005), and Notch3 is predominantly expressed in 

vascular smooth muscle cells (Joutel et al., 2000). Notch ligands (Jagged1, 

Jagged2, Dll1, and Dll4) are expressed in vascular ECs (Beckers, Clark, Wunsch, 
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Hrabe De Angelis, & Gossler, 1999; Krebs et al., 2000; Villa et al., 2001). Notch1-

/-, Notch1-/-/Notch4-/-, Jagged-1-/-, and Dll1-/- mice display vascular defects (Hrabe 

de Angelis, McIntyre, & Gossler, 1997; Huppert et al., 2000; Kotani et al., 1999; 

Xue et al., 1999). Of interest, Notch1-/- and Notch1-/-/Notch4-/- mouse embryos 

form a normal vascular plexus but fail to remodel the plexus to form conduit 

blood vessels at E9.5 (Huppert et al., 2000; Krebs et al., 2000). Similar to the 

Notch1-/- and Notch1-/-/Notch4-/- mouse, deletion of the Dll4 gene reveals vascular 

remodeling defects (Duarte et al., 2004; Gale et al., 2004). Reduced level of Dll4 

or blocking of Notch signaling promotes the formation of tip cells that lead to 

sprouting, branching, and fusion of endothelial tubes (Leslie et al., 2007; 

Siekmann & Lawson, 2007). When Dll4 and Notch signaling is compromised in 

zebrafish development, endothelial sprouts failed to display angiogenic motility 

and this caused excessive branching (Leslie et al., 2007; Siekmann & Lawson, 

2007). Thus, Notch signaling is essential for angiogenic vascular morphogenesis 

and capillary plexus remodeling.  

 

1.2. Endothelial Colony Forming Cells (ECFCs) 

Recruitment of circulating endothelial progenitor cells (EPCs) to growing 

endothelial sprouts may combine vasculogenic and angiogenic mechanisms. The 

dorsal aorta and cardinal vein in the early embryo are formed by vasculogenesis, 

which is direct assembly of angioblasts and ECs. Similarly, in the adult organism, 

EPCs play critical roles in the formation of new vessels or the recovery of 

damaged vascular endothelium through angiogenesis and vasculogenesis 
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(Asahara et al., 1997; Rafii, Lyden, Benezra, Hattori, & Heissig, 2002; Shi et al., 

1998). While the majority of circulating human ECs are senescent sloughed cells 

undergoing anoikis (Woywodt, Erdbruegger, & Haubitz, 2006), reports over 5 

decades have reported evidence that some circulating mammalian ECs attach 

and proliferate to form colonies of endothelium that coat intravascular suspended 

biomaterials (Stump, Jordan, Debakey, & Halpert, 1963). In 1997, Asahara 

reported that circulating endothelial progenitors could be isolated from human 

adult peripheral blood and lead to revascularization in vivo in response to acute 

tissue ischemia (Asahara et al., 1997). EPCs have been subsequently reported 

to contribute to new vessel formation in adult subjects (Asahara et al., 1997; Shi 

et al., 1998). This process is termed neovasculogenesis or postnatal 

vasculogenesis: the formation of new vessels by circulating ECs in the adult 

(combination of angiogenesis and vasculogenesis).  

 

We have isolated endothelial colony forming cells (ECFCs) from human 

peripheral blood and cord blood (Au, Daheron, et al., 2008; Ingram et al., 2004; 

Melero-Martin et al., 2007). Human mononuclear cells (MNCs) are placed on rat-

tail collagen I coated dishes and the nonadherent cells are removed after one 

day. Between 5 and 14 days, colonies of ECs appear and are identified as typical 

cobblestone morphology in endothelial cell growth medium. ECFCs express cell 

surface proteins (KDR, CD34, vWF, eNOS, VE-cadherin, and others) similar to 

those on primary ECs, but ECFCs do not express hematopoietic cell markers 

such as CD45, AC133, CD11b, and CD14 (Ingram et al., 2004; Yoder et al., 
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2007). ECFCs derived from human adult and cord blood are able to incorporate 

DiI-labeled acetylated-low density lipoprotein (acLDL) (Ingram et al., 2004). They 

are highly proliferative and form capillary-like structures in vitro (Ingram et al., 

2004). They can proliferate at a clonal level and be replated into secondary and 

tertiary ECFCs (Ingram et al., 2004). When single ECFCs were plated in defined 

conditions, they displayed a complete hierarchy of clonal proliferative potential 

(Figure 1.4. a and b). The highest proliferative potential (HPP)-ECFCs, formed 

the largest colonies and displayed replating potential, low proliferative potential 

(LPP)-ECFCs formed smaller colonies without replating potential, endothelial 

clusters that gave rise only to non-proliferating mature cells, and non-proliferative 

ECs lack ECFC activity. Most importantly, in contrast to colony forming unit-Hill 

(CFU-Hill) and any other putative EPCs, ECFCs are able to form human blood 

vessel de novo in vivo when implanted in immunodeficient mice (Yoder et al., 

2007) (Figure 1.4. C). The human ECFC-derived capillary plexus inosculates with 

the murine vessels to become the part of the host blood vascular system (Yoder 

et al., 2007) (Figure 1.4. D). Thus, only ECFCs display characteristics of high 

proliferative potential and in vivo vessel forming ability.  

 

Blood vessel damage increases the number of circulating EPCs in patients with 

peripheral artery disease (PAD) (Hill et al., 2003; Rafii & Lyden, 2003; Urbich & 

Dimmeler, 2004). Some studies suggest that certain subsets of circulating EPCs 

may monitor the status of endothelium and be recruited into a site of vascular 

injury to facilitate angiogenesis (Urbich & Dimmeler, 2004; Werner et al., 2005). 
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Especially, ECFCs have shown promise for tissue regeneration.  In mouse 

vascular injury models, ECFCs are recruited and incorporate into injured vessels 

or ischemic tissue (Schwarz et al., 2012). Several studies have reported that 

ECFCs enhance vascular repair, improve blood flow after ischemic retinopathy, 

limb ischemia, myocardial infarction, and stroke (X. T. Huang et al., 2013; Kang, 

Coggins, Xiao, Rosenzweig, & Bischoff, 2013; Medina, O'Neill, Humphreys, 

Gardiner, & Stitt, 2010; Moubarik et al., 2011; Schwarz et al., 2012; Stroncek, 

Ren, Klitzman, & Reichert, 2012).  ECFCs also engraft and re-endothelialized 

denuded vascular segments or implanted grafts (Stroncek et al., 2012). Thus, 

introduction of ECFCs into patients could have major therapeutic benefits. 
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Figure 1.4. Quantitation of the clonogenic and proliferative potential of 

single ECs derived from cord blood and adult peripheral blood (PB) and 

vessel formation properties of ECFCs. (a) The percentage of single ECFCs 

dividing at least once after 14 days culture. (b) Representative photomicrographs 

(50x magnification) of the different size of endothelial cell clusters or colonies. (c) 

Formation of functional blood vessels in vivo (arrow indicates murine red blood 

cells in the lumen of human vessel) when implanted into immunodeficient mice. 

(d) Moreover, these vessels inosculate with the murine vessels and become the 

part of host vascular system. Reprinted with permission from “Identification of a 

novel hierarchy of endothelial progenitor cells using human peripheral and 

umbilical cord blood” by Ingram et al., 2004, Blood, 104:2752-2760 and 

“Redefining endothelial progenitor cells via clonal analysis and hematopoietic 

stem/progenitor cell principals” by Yoder et al., 2007, Blood, 109:1801-1809 

(Ingram et al., 2004; Yoder et al., 2007). 
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1.3. Akt Signaling  

Protein kinase B (PKB), also known as Akt is a member of the serine/threonine 

family of protein kinases and is comprised of three isoforms, Akt1, Akt2, and Akt3. 

Akt is critical for neovasculogenesis since it is a downstream target of pro-

angiogenic growth and survival factors including VEGF (Fujio & Walsh, 1999; 

Gerber et al., 1998). Activation of Akt leads to a number of changes in EC 

behavior including enhanced angiogenesis, vasculogenesis, growth, and 

regulation of apoptosis/cellular survival (Llevadot & Asahara, 2002).  

 

Akt phosphorylates endothelial nitric oxide (NO) synthase (eNOS), enhances 

endothelial NO synthesis, and influences postnatal vessel growth (Dimmeler et 

al., 1999; Fulton et al., 1999). Akt signaling can mediate the endothelial response 

to angiogenic stimuli, including NO production and VEGF-induced migration in 

ECs and EPCs (Morales-Ruiz et al., 2000). Endothelial-specific Akt1 loss causes 

significant retinal vascular defects (M. Y. Lee et al., 2014). Global Akt1 deletion in 

murine pups increases neonatal mortality but some pups are viable despite 

growth retardation because of compensation from other Akt isoforms. 

Interestingly, both Akt1-/-/Akt2-/- double knockout (DKO) and Akt1-/-/Akt3-/- DKO 

mice die during the embryonic or postnatal period (Peng et al., 2003; Z. Z. Yang 

et al., 2005). Furthermore, triple knockout mice (Akt+/-/Akt2-/-/Akt3-/-) are viable 

with impaired growth (Dummler et al., 2006). These studies suggest a single Akt1 

allele is sufficient for embryonic development and postnatal survival.  
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Akt has been known to promote the expression of anti-apoptotic B-cell lymphoma 

2 (Bcl-2) proteins, such as B-cell lymphoma extra large (Bcl-xL) through the 

activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

κB) (I. Kim et al., 2000; Zong, Edelstein, Chen, Bash, & Gelinas, 1999). 

Constitutive activation of Akt signaling protects cardiomyocytes against apoptosis 

(Fujio, Nguyen, Wencker, Kitsis, & Walsh, 2000). In addition, chronic activation of 

Akt pathway in ECs promotes cell survival of endothelial cells (ECs) and 

stimulates vasculogenic activity of ECs in absence of growth factors and serum 

(Seandel et al., 2008). 

 

1.4. Human Platelet Lysate (HPL) 

Human platelet lysate (HPL) contains various cytokines, chemokines, and growth 

factors that are involved in various cellular events, particularly cellular migration, 

proliferation, differentiation, extracellular matrix organization and remodeling, cell 

survival, and angiogenesis/neovascularization (tissue repair) (Aarabi, Longaker, 

& Gurtner, 2007; Crowley, Dempsey, Horwitz, & Horwitz, 1994; Fekete et al., 

2012; Gurtner, Werner, Barrandon, & Longaker, 2008; Langer et al., 2009; Shih 

et al., 2011; Singer & Clark, 1999). Chemokines in HPL including stromal-derived 

growth factor 1 (SDF-1), stimulate recruitment, adhesion, and proliferation of 

CD34+ progenitor cells, mesenchymal stromal cells (MSC), smooth muscle 

progenitors, and endothelial progenitors (de Boer et al., 2006; Langer et al., 

2009; Lev et al., 2006; Zernecke et al., 2005). Growth factors in HPL, especially, 

VEGF, FGF, and angiopoietin-1, stimulate Akt to enhance cell survival and 
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ensure adequate vascular development in cardiovascular functions (Carmeliet et 

al., 1999; Fujio & Walsh, 1999; Gerber et al., 1998; I. Kim et al., 2000; Kontos et 

al., 1998; Papapetropoulos et al., 2000). In addition, other molecules such as 

SDF-1, hepatocyte growth factor (HGF), and sphingosine-1-phosphate promote 

survival signals for vascular ECs and smooth muscle cells (SMCs) at injured 

vascular sites (Hisano et al., 1999; Nakamura, Teramoto, & Ichihara, 1986; 

Stellos & Gawaz, 2007). HPL also contains platelet microparticles (PMPs) that 

are membrane vesicles carrying platelet-derived products, including chemokines, 

cytokines, and various bioactive lipids and are elevated in patients with 

atherosclerosis, acute vascular syndromes, and diabetes mellitus (Barry, Pratico, 

Savani, & FitzGerald, 1998; Mause, von Hundelshausen, Zernecke, Koenen, & 

Weber, 2005; Rozmyslowicz et al., 2003; VanWijk, VanBavel, Sturk, & 

Nieuwland, 2003). PMPs have been reported to activate Akt via phosphorylation 

and improve endothelial regeneration in murine vascular injured model (Mause et 

al., 2010). Moreover, PMPs phosphorylate and activate Akt that inactivate pro-

apoptotic molecule B-cell lymphoma 2-associated death promoter (BAD) and 

stimulate anti-apoptotic pathways in a human monocytic leukemia cell line (Datta 

et al., 1997; Vasina et al., 2013). However, incubation of ECs and SMCs with 

PMPs from septic patients results in stimulation of apoptosis in the cells via 

production of reactive oxygen species (Gambim et al., 2007; Janiszewski et al., 

2004). Therefore, HPL obtained from normal healthy subjects is involved in 

regulation of apoptosis and cell survival in numerous cells involved in the repair 
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of injured tissues, whereas HPL from septic patients may harbor deleterious 

signals to cell survival.  

 

1.5. Apoptosis 

Apoptosis is a highly conserved and essential cellular process in tissue 

development and homeostasis (Prindull, 1995). Characteristic apoptotic features 

are cell membrane blebbing, cell shrinkage, chromatin condensation, and DNA 

fragmentation, finally ending with the engraftment by tissue macrophages or 

other neighboring cells (Savill & Fadok, 2000). Apoptosis generally culminates 

with the sequential activation of caspases, the cysteine proteases for cleavage of 

proteins (Duprez, Wirawan, Vanden Berghe, & Vandenabeele, 2009; Sprick & 

Walczak, 2004; Taylor, Cullen, & Martin, 2008). Cells undergo apoptosis through 

two major pathways: the extrinsic pathway (death receptor pathway) is initiated 

by ligand binding to membrane receptors of the death receptor family, whereas 

the intrinsic pathway (mitochondrial pathway) is mediated by intracellular and 

extracellular stresses (Duprez et al., 2009; Sprick & Walczak, 2004; Taylor et al., 

2008; Wyllie, 2010).  

 

The extrinsic pathway involves the transmembrane death receptors of the tumor 

necrosis factor (TNF) receptor superfamily including FasR, TNFR1, and death 

receptors (DRs) (Duprez et al., 2009; Sprick & Walczak, 2004; Taylor et al., 

2008; Wyllie, 2010). Death ligand stimulation leads to oligomerization of the 

receptors and recruitment of the adaptor protein, Fas-associated death domain 
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(FADD) and initiator caspases such as caspase-8 and -10 to form a death-

inducing signaling complex (DISC). This leads to the activation of effector 

caspases, typically caspase-3. The intrinsic pathway is mediated by various 

physiochemical stresses such as chemotherapeutic agents, alterations in 

temperature, osmolality, DNA damaging agents, free radical generation 

compounds, removal of nutrients, and oxygen deprivation (Duprez et al., 2009; 

Sprick & Walczak, 2004; Taylor et al., 2008; Wyllie, 2010). The pathways lead to 

the same type of apoptotic response that causes release of cytochrome c (Cyt-C) 

from mitochondria into the cytoplasm and activation of caspase-3 (Duprez et al., 

2009; Sprick & Walczak, 2004; Taylor et al., 2008). Caspase-3 is activated to 

cleaved caspase-3 to generate all the biochemical and morphologic hallmarks of 

cell apoptosis. Thus, the activation of the two pathways converges by activating 

common effector caspase cascades. 

 

In normal cells, Akt activation (phospho-Akt, pAkt) by various growth factors 

stimulates cell survival via protection of mitochondrial integrity and inhibition of 

Cyt-C release (Gottlob et al., 2001; Plas, Talapatra, Edinger, Rathmell, & 

Thompson, 2001; Uchiyama, Engelman, Maulik, & Das, 2004; Wyllie, 2010). Akt 

has also been reported to promote the expression of the anti-apoptotic Bcl-2 

proteins, such as Bcl-xL that inhibits activation of Bcl-2-associated X protein 

(Bax/Bak) to prevent permeablization of the mitochondrial membrane (Jones et 

al., 2000; Zong et al., 1999).  However, in apoptotic cells, pro-apoptotic members 

(Bax, Bak, and Bad) are activated and induce the release of Cyt-C from 
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mitochondria by binding and inactivating anti-apoptotic proteins (Gustafsson & 

Gottlieb, 2007; Scorrano & Korsmeyer, 2003).  

 

1.6. Summary 

Formation of the vascular system, composed of functional arteries, veins, and 

capillaries, originates via two fundamental processes: vasculogenesis and 

angiogenesis (Adams & Alitalo, 2007). Angiogenesis is a well-studied process, 

controlled by a number of well-known angiogenic mediators and pathways in 

both developing embryo and postnatal life (Adams & Alitalo, 2007). However, 

identifying the molecular mechanisms that regulate and facilitate vasculogenesis 

has been less well examined. 

  

We and others have identified rare viable circulating ECFC (Au, Daheron, et al., 

2008; Ingram et al., 2004; Melero-Martin et al., 2007). Human cord blood (CB) 

derived circulating ECFC display a hierarchy of clonogenic proliferative potential 

and posses de novo vessel forming ability upon implantation in immunodeficient 

mice. Human ECFC-derived vessels form after implantation in NOD/SCID mice, 

but inosculation and perfusion by the host circulatory system does not occur until 

3-4 days after implantation (P. Allen, K. T. Kang, & J. Bischoff, 2013). We have 

previously reported that only 1-3% of the total implanted human CB ECFC were 

alive following implantation in vitro and in vivo (H. Kim, Huang, et al., 2015). Thus, 

one fundamental question we wish to examine is how to improve cell survival of 

ECFC and promote vasculogenesis of ECFC in in vitro and in vivo models. Since 
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systemic blood flow is required to stabilize newly formed vessels, the overall 

focus of this dissertation is on the methods and mechanisms to enhance 

vasculogenesis of ECFC implanted in vivo to form a stable perfused capillary 

network that can be perfused by the host circulatory system. 
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CHAPTER 2. NOTCH LIGAND DELTA-LIKE 1 (DLL1) PROMOTES IN VIVO 

VASCULOGENESIS IN HUMAN CORD BLOOD DERIVED ENDOTHELIAL 

COLONY FORMING CELLS (ECFCS) 

 

The following chapter is reprinted with permission from “Notch ligand Delta-like 1 

promotes in vivo vasculogenesis in human cord blood-derived endothelial colony 

forming cells” by Kim et al., 2015, Cytotherapy, 17(5):579-92 (H. Kim, Huang, et 

al., 2015). 

 

2.1. Introduction 

The Notch signaling pathway is an evolutionarily conserved pathway that is 

involved in a variety of developmental processes (Ables, Breunig, Eisch, & Rakic, 

2011; Niessen & Karsan, 2008; Radtke, Fasnacht, & Macdonald, 2010). Notch 

family members and Notch ligands are expressed in endothelial cells (ECs) 

throughout early vascular development (Kume, 2009; Rocha & Adams, 2009; 

Swift & Weinstein, 2009). Notch1, Notch4, Jagged2, Dll1, and Dll4 are 

specifically expressed in arterial endothelium (Kume, 2009; Takeshita et al., 2007) 

and these molecules play critical roles in arterial specification (Adams & Alitalo, 

2007; Alva & Iruela-Arispe, 2004; Rossant & Howard, 2002; Shawber & 

Kitajewski, 2004; Siekmann, Covassin, & Lawson, 2008; Sorensen, Adams, & 

Gossler, 2009). VEGF is one of the most potent and ubiquitous vascular growth 

factors that affect many aspects of EC biology. Recently, VEGF-A has been 

found to interact with the activated Notch pathway to determine and maintain 
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arterial EC fate (Lawson, Vogel, & Weinstein, 2002; Sorensen et al., 2009; Zhong, 

Childs, Leu, & Fishman, 2001). Less is known of how Notch signaling may 

influence the vasculogenic properties of human vessel forming cells. 

 

In Notch1 and 4 deficient mouse embryos, embryos failed to remodel the plexus 

to form large and small blood vessels, although the primary vascular plexus 

forms normally. These data indicate that Notch signaling plays a critical role in 

angiogenic vascular morphogenesis and remodeling (Huppert et al., 2000; Krebs 

et al., 2000). Different human endothelial cell lines have been used to study, the 

regulation of Notch signaling in human vascular development. Most studies have 

utilized human umbilical vein endothelial cells (HUVECs) or human 

arterial/microvascular endothelial cells to investigate the roles of the Notch 

signaling pathway on their angiogenic and vasculogenic behavior. Notch1 

activation has been implicated both in promoting and in inhibiting cell death in a 

cell type specific manner (Beverly, Felsher, & Capobianco, 2005; Jehn, Bielke, 

Pear, & Osborne, 1999; MacKenzie, Duriez, Wong, Noseda, & Karsan, 2004; 

Sade, Krishna, & Sarin, 2004). Notch1 activation in cultured monocytes plated 

upon immobilized Deltaext-myc has been reported to induce apoptosis (Ohishi et al., 

2000). On the other hand, activation of Notch 1 and a downstream mediator, 

HES1, in human iliac artery endothelial cells (HIAECs) caused growth 

suppression but improved cell survival of the cultured cells. Also, activated 

Notch1 in HIAECs formed more stabilized networks and cord formation on 

Matrigel substrate in the presence of VEGF (Z. J. Liu et al., 2003). Dll1-
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dependent Notch signaling mediated by EphrinB2 induced branching 

morphogenesis and network formation by human arterial endothelial cells 

(HAECs) plated on Matrigel (Limbourg et al., 2007). These reports indicated that 

Notch1 signaling plays a role in regulating endothelial cell survival, network, and 

cord formation in vitro, but limited evidence has been presented to examine how 

in vitro Notch activation preconditioning might influence angiogenic or 

vasculogenic behavior when cells are implanted in vivo.  

 

We have successfully isolated circulating endothelial colony forming cells 

(ECFCs) from human umbilical cord blood (CB) and identified a hierarchy of 

proliferative potential in ECFC through the use of single cell clonogenic and 

functional assays (L. Huang, Critser, Grimes, & Yoder, 2011; Ingram et al., 2004). 

Human cord blood ECFCs form a human capillary plexus in immunodeficient 

mice after subcutaneous implantation in collagen-fibronectin matrices and upon 

inosculation with murine vessels, become a part of the systemic host circulation 

(L. Huang et al., 2011; Yoder et al., 2007). We recently determined that all viable 

circulating ECFC in human cord blood (CB) and adult peripheral blood can be 

enriched and identified as endothelial cells expressing CD34, CD146, CD105, 

CD31, but not CD45 or CD133 (Mund, Estes, Yoder, Ingram, & Case, 2012). 

These circulating viable endothelial cells represent those rare circulating ECFC 

that are known to colonize and re-endothelialize implanted biomaterials in human 

subjects (Hirschi, Ingram, & Yoder, 2008; Stump et al., 1963). 
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The use of circulating CB ECFC to study human vessel formation within 

immunodeficient mice permits analysis of human vasculogenesis and 

determination of key regulatory molecules controlling human vessel formation in 

vivo in a unique model system. For example, use of cultured CB ECFC with adult 

bone marrow mesenchymal stromal cells (MSC) can recreate a hematopoietic 

and leukemic stem cell niche in vivo (Y. Chen et al., 2012). Since Notch pathway 

activation plays such a key role in establishing the murine embryonic vascular 

system, we hypothesized that in vitro preconditioning of human CB ECFC with 

Notch ligand may enhance in vivo vasculogenic activity. We demonstrate that 

preconditioning of ECFC with Notch activation in vitro is insufficient to promote in 

vivo vasculogenesis, however, provision of the Notch ligand Dll1 by OP9 stromal 

cells in vivo activates Notch1 signaling in ECFC and enhances human blood 

vessel formation.  

 

2.2. Materials And Methods 

Media and supplements 

Human endothelial serum free medium (SFM, Invitrogen) was supplemented with 

20 ng/ml human recombinant basic fibroblast growth factor (hrbFGF, Invitrogen), 

10 ng/ml human recombinant epidermal growth factor (hrEGF, R&D), 10 ng/ml 

human recombinant vascular endothelial growth factor 165 (rhVEGF-

A/rhVEGF165, R&D), 10 ng/ml rhVEGF121 (R&D), 10 ng/ml stem cell factor (SCF, 

R&D), 5 ng/ml stromal cell derived factor 1alpha (SDF1α, R&D), 10 ng/ml 
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interleukin 6 (IL6, R&D) and 1.5% human cord plasma (HCP), to create serum 

reduced medium (SRM).  

 

Isolation and culture of human umbilical cord blood (CB) derived ECFCs  

Human CB samples (50–100 mL) were collected in heparin-coated syringes from 

healthy newborns (38–40 weeks gestation). The Institutional Review Board at 

Indiana University School of Medicine reviewed and approved this study with 

exempt IRB status. UCB was diluted 1:1 with Dulbecco's phosphate buffered 

saline (DPBS, Invitrogen) and overlaid onto Ficoll-Paque PLUS (GE Healthcare). 

Cells were centrifuged for 30 minutes at room temperature (RT) at 1500 rpm. 

Mononuclear cells (MNCs) were isolated and washed with DPBS. For outgrowth 

of ECFC colonies, MNCs were resuspended in SRM. 3 x 107 MNCs were seeded 

onto each well of 6-well tissue culture plates pre-coated with Type I rat-tail 

collagen (BD Biosciences Pharmingen) and cultured as previously described 

(Ingram et al., 2004). ECFC colonies appeared around 4 days of culture and 

were noted to form colonies of adherent cells with cobblestone morphology. After 

approximately 10 days of culture, the ECFC-derived ECs were released from the 

culture dish by TrypLE™ Express (Gibco) and replated onto 25 cm2 tissue 

culture flasks pre-coated with Type I rat-tail collagen for subsequent passage. 

Characterization of human UCB ECFC derived ECs was conducted using 

monoclonal antibodies and fluorescence-activated cell sorter (FACS) analysis as 

previously described (Ingram et al., 2004). 
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Immobilization of Delta1ext-IgG protein 

Delta1ext-IgG protein is the extracellular domain of human delta-like 1(Dll1) fused 

to the Fc domain of human IgG1 (Varnum-Finney et al., 2000). Non-tissue 

culture-treated plates were coated with decreasing concentrations of Delta1ext-IgG 

(20, 10, 5, 2.5, 1.25, 0.625, and 0.3125 µg/mL) or the same concentration of 

human IgG (Sigma-Aldrich), diluted in PBS together with 5 µg/mL fibronectin 

fragment CH-296 (Takara Shuzo). The plates were incubated overnight at 4°C, 

washed with PBS 3 times, and further incubated with 2% bovine serum albumin 

(BSA) dissolved in PBS at 37°C for 1 hour. Thereafter, plates were washed with 

PBS 3 times and were then ready for plating cells. 

 

RNA isolation and conventional/quantitative RT-PCR 

Total cellular RNA was extracted with an RNeasy Micro extraction kit (Qiagen) as 

described by the manufacturer. RT reactions were performed using an 

Omniscript RT Kit (Qiagen). Conventional PCR was conducted by using Go Tap 

Flexi DNA Polymerase (Promega) according to the manufacturer’s instructions. 

The primer sequences are shown in Table 2.1. The PCR cycle profile was 94°C 

for 5 minutes, 94°C for 30 seconds, 53 or 57°C (depending on the different 

primers) for 30 seconds, 72°C for 45 seconds, and 32 cycles with a final 72°C for 

7 minute. PCR products were added to wells in a 2% agarose/ethidium bromide 

gel and exposed to electrophoresis current. Migrating bands were photographed 

under UV light. Quantitative PCR was performed using FastStart Universal SYBR 

Green Master 2x (Rox) (Roche). The relative standard curve of each gene 
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amplification was first generated to determine the amplification efficiency (Eff). 

ATP5B was used as a housekeeping gene. To compare gene expression levels 

among treated and control ECFCs, results were presented as the ratio of the 

expression of each gene to ATP5B expression. For Delta1ext-IgG or γ-secretase 

inhibitor L685458 treatment effects on ECFCs, gene expression levels in non-

treated cells at Day 0 were analyzed as controls. Results were expressed as a 

fold change (in logarithmic scale) in comparison to the control. The quantitative 

analysis was performed according to Pfaffl’s method (Pfaffl, 2001). The primer 

sequences are shown in Table 2.2. 
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Table 2.1. Primers used for conventional RT-PCR 

Gene Forward Reverse Tm size 

(bp) 

VEGF 

 

R1 

AGTTTAAAAGGCACCCAGCA 

 

ACGAGCTCCCTTCCTTCAGT 

 

55 362 

VEGFR2 GAGGGACTTGGACTGGCTTT 

 

GATTTGAAATGGACCCGAGA 

 

55 302 

VEGFR3 TGAACATCACGGAGGAGTCA 

 

TCAGGCTTGTTGATGAATGG 

 

55 337 

NRP1 GAAAAATGCGAATGGCTGAT 

 

AATCCGGGGGACTTTATCAC 

 

53 335 

NRP2 CAAACACTGTGGGAACATCG 

 

TGTCCAGCCAATCGTACTTG 

 

55 338 

DLL1 TGTGCCTCAAGCACTACCAG ACACACGAAGCGGTAGGAGT 55 353 

DLL4 TATTGGGCACCAACTCCTTC 

 

ACATAGTGGCCGAAGTGGTC 

 

55 349 

NOTCH1 GGCCAGAACTGTGAGGAAAA 

 

GCAGTAGAAGGAGGCCACAC 

 

57 327 

NOTCH4 TCTCCCTCTCCATTGACACC 

 

TGGAAGCACTCGTTGACATC 

 

55 323 

HEY2 TGGGGAGCGAGAACAATTAC 

 

GCACTCTCGGAATCCTATGC 

 

55 329 

EFNB2 (C) TTATTTGCCCCAAAGTGGAC 

 

CCTGGTTGATCCAGCAGAAC 

 

55 347 

EPHB4 GAGCTGTGTGGCAATCAAGA 

 

ACTTTGCAGACGAGGTTGCT 

 

55 345 

COUPTFII AACACATCGAGTGCGTGGT 

 

CAGGTACGAGTGGCAGTTGA 

 

55 311 

PECAM1 GCAAAATGGGAAGAACCTGA 

 

ACAGTTGACCCTCACGATCC 

 

55 316 

VECAD TGGACAAGGACACTGGTGAA TCTTGCAGAGTGACCAGCAC 

 

55 382 

ACTB GCCAGCTCACCATGGATGAT GTCTCAAACATGATCTGGGTC 57 388 

 

Reprinted with permission from “Notch ligand Delta-like 1 promotes in vivo 

vasculogenesis in human cord blood-derived endothelial colony forming cells” by 

Kim et al., 2015, Cytotherapy, 17(5):579-92. Table 2.1. was drawn by my co-

worker, Lan Huang (H. Kim, Huang, et al., 2015). 
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Table 2.2. Primers used for quantitative RT-PCR 

Gene Forwards Reverse Eff 

VEGFR1 GCTTCTGACCTGTGAAGCAA 

 

CTCGTGTTCAAGGGAGTGGT 

 

1.987 

 VEGFR2 GAACATTTGGGAAATCTCTTGC CGGAAGAACAATGTAGTCTTTG

C 

1.917 

VEGFR3 AGACAAGAAAGCGGCTTCAG TTGGGAGTCAGGGTGTGC 1.860 

 NRP1 GTTGTGTCTTCAGGGCCATT 

 

AATCCGGGGGACTTTATCAC 

 

2.036 

 NRP2 TCTGCGCTACGAGATCTTCA GTGCAGTCCAAGTTGTGTGG 1.862 

DLL4 GACCACTTCGGCCACTATGT TTGCTGCAGTAGCCATTCTG 1.967 

NOTCH1 CTTCAATGACCCCTGGAAGA 

 

GAAGTGGAAGGAGCTGTTGC 

 

1.950 

NOTCH4 CTGCTGCTGCTGCTATGTGT GTCAGGAAACTGGCACGTCT 1.833 

HES1 TGCTTCACTGTCATTTCCAGA 

 

GAAAGTCTGAGCCAGCTGAA 

 

1.958 

HEY2 CTTGTGCCAACTGCTTTTGA TCATGAAGTCCATGGCAAGA 1.912 

EFNB2 TCTTTGGAGGGCCTGGAT CCAGCAGAACTTGCATCTTG 1.986 

EPHB4 TTTGGCTCCTTCGAGCTG GGCCAAGATTTTCTTCTGGTG 1.880 

COUPTF

II 

CCAAGAGCAAGTGGAGAAGC TCCACATGGGCTACATCAGA 1.988 

ATP5B CCACTACCAAGAAGGGATCTATCA GGGCAGGGTCAGTCAAGTC 1.960 

 

Reprinted with permission from “Notch ligand Delta-like 1 promotes in vivo 

vasculogenesis in human cord blood-derived endothelial colony forming cells” by 

Kim et al., 2015, Cytotherapy, 17(5):579-92. Table 2.2. was drawn by my co-

worker, Lan Huang (H. Kim, Huang, et al., 2015). 
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Notch ligand and receptor cell surface expression on ECFC  

Relative levels of Notch ligands and receptors on ECFCs were determined by 

flow cytometry. ECFCs were harvested by cell dissociation buffer enzyme-free 

Hanks’-based reagent (Gibco). Cells (0.5 x 106) were suspended in staining 

buffer (PBS, 0.5% bovine serum albumin BSA, and 2mM EDTA) and stained 

using purified anti-human Notch4 (clone MHN4-2, Isotype mouse IgG1κ, 

BioLegend), Biotin anti-human Notch1 (clone mN1A, BioLegend), anti-human 

Delta-like protein 1 (Dll1) conjugated to phycoerythrin (PE) (clone MHD 1-314, 

BioLegend), anti-human Delta-like protein 4 (Dll4) conjugated to APC (clone 

MHD 4-46, BioLegend), and anti-human CD31 antibody conjugated to 

phycoerythrin-cyanine7 (PE-Cy7) (clone WM-59, eBiosciences) for 15 minutes at 

room temperature in the dark. After staining with purified and biotin conjugated 

primary antibodies, cells were stained with secondary antibody, goat anti-mouse 

alexa fluor 488 (Invitrogen), streptavidin-allophycocyanin (APC) (eBioscience), 

and with propidium iodide (PI) (eBiosciences) for 15 minutes at room 

temperature in the dark. For negative controls, we used fluorescence minus one 

(FMO) controls, as we have previously described (Mund et al., 2012). Stained 

cells were analyzed by FlowJo software. 

 

Western blot 

Protein extracts were prepared as described previously (Z. Yang et al., 2009), 

electrophoresed using sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE), transferred to nitrocellulose, and probed with 
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purified anti-human CoupTFII (clone H7147, R&D), anti-human Hey2 (ab167280, 

Abcam), and anti-human β-actin (mAbcam 8226, Abcam). For Notch receptors, 

proteins were transferred to immobilon-P membrane, PVDF, 0.45 µm, (Millipore) 

and probed with purified anti-human Notch1 (clone C-20, Santa Cruz 

Biotechnology), anti-human Notch2 (clone 25-255, Santa Cruz Biotechnology), 

and anti-human Notch4 (clone H-225, Santa Cruz Biotechnology). 

 

Implantation of human cord blood derived ECFCs into NOD/SCID mice  

Cellularized matrix implants were cast as previously described (L. Huang et al., 

2011; Yoder et al., 2007). Cultured ECFCs (2 x 106 cells/mL) were suspended in 

a solution containing 1.5 mg/mL rat-tail collagen I (BD Biosciences), 100 µg/mL 

human fibronectin (Chemicon), 1.5 mg/mL sodium bicarbonate (Sigma), 25 mM 

HEPES (Cambrex), 10% FBS, and 30% SFM, pH-adjusted to 7.4. Then 250 µL 

of the cell suspension was pipetted into one well of a 48-well tissue culture plate, 

allowed to polymerize at 37°C for 30 minutes, and covered with 500 µL SRM for 

overnight incubation at 37°C in 5% CO2. Matrices were implanted into the flanks 

of anesthetized 6-9 week old NOD/SCID mice. After 14 days, the mice were 

sacrificed; the grafts were excised and analyzed by histology and 

immunohistochemistry (N=6) as previously described (L. Huang et al., 2011; 

Yoder et al., 2007). ECFCs were also co-implanted with OP9 or OP9-DL1 

stromal cells in some studies. OP9-DL1 cells represent murine bone marrow 

stromal OP9 cells that have been engineered to constitutively express the Notch 
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ligand Dll1 (Schmitt & Zuniga-Pflucker, 2002). ECFCs and OP9 or OP9-DL1 

were implanted at 4:1 ratios as above. 

 

Histology and immunohistochemistry 

Sections were stained as previously described (Yoder et al., 2007). Briefly, 

paraffin-embedded tissue sections were deparaffinized and then either directly 

stained with hematoxylin and eosin (H&E) or immersed in retrieval solution (Dako) 

for 20 minutes at 90–99°C. Slides were incubated at room temperature for 30 

minutes with anti-human CD31 antibody (clone JC70/A, Abcam) and rat anti-

mouse smooth muscle alpha actin (αSMA) (clone 1A4, Sigma) followed by a 10-

minute incubation with LASB2 link-biotin and streptavidin-HRP (Vector 

Laboratories), then developed with DAB (Vector Laboratories) solution for 5 

minutes. Slides were analyzed by microscope under 40x magnification using a 

Leica DM 4000B microscope (Leica Microsystems) with attached Spot-KE digital 

camera (Diagnostic Instruments).   

 

Assessment of apoptosis of ECFCs in 3D collagen matrices 

Apoptosis was assessed by examining the percentage of human CD31 positive 

ECFCs that bound Annexin V and propidium iodide and was performed as per 

the manufacturer’s instruction (Apoptosis Detection kit, eBioscience). OP9 or 

OP9-DL1 cells were co-implanted with ECFCs (1:1) in collagen matrices at 

indicated time points as above. Collagen matrices were prepared as described 

previously (Critser, Kreger, Voytik-Harbin, & Yoder; Yoder et al., 2007). Briefly, 2 
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x 106 cells/mL were implanted in collagen solution with endothelial cell growth 

medium (EGM-2, Lonza). Matrices were recovered from one to three days later 

and incubated in 250 µl Collagenase Type I (0.25%) (Stemcell technology) for 20 

minutes at 37°C. Cell dissociation buffer was added to stop the enzymatic 

reaction (Invitrogen). Cells were centrifuged at 500 g for 5 minutes at room 

temperature. Cell pellets were suspended in staining buffer and stained with anti-

human CD31 antibody conjugated to PE for 15 minutes (clone WM-59, BD 

Biosciences Pharmingen). Cells were incubated in binding buffer for 20 minutes 

and stained for Annexin V-APC and propidium iodide (PI) for 30 minutes at room 

temperature in the dark. Stained cells were analyzed by FlowJo software. 

 

Caspase-1 and -3/7 assays in 3D collagen matrices 

Relative levels of active caspase-1 and -3/7 activities were determined by flow 

cytometry using fluorescein-labeled inhibitors of caspases (FLICA) reagent 

according to the manufacturer’s instructions (FLICA 660 Caspase-3/7 assay kit 

and FLICA 660 in vitro Caspase-1 Detection kit, Immunochemistry Technology). 

Collagen matrices and cells were prepared as previously described in 

assessment of apoptosis above. Cells recovered from matrices were suspended 

in staining buffer and stained with anti-human CD31 antibody conjugated to PE 

(clone WM-59, BD Biosciences Pharmingen) for 15 minutes. Cells were 

incubated with the FLICA 660-DEVD-FMK caspse-3/7 inhibitor or FLICA 660-

YVAD-FMK caspase-1 inhibitor reagent for 20 minutes at room temperature in 

the dark. Unbound reagents were removed by two washes in wash buffer. The 
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cells were stained with PI to assess viability. The cells were analyzed by LSR II 

flow cytometer (BD Biosciences Pharmingen) using FlowJo software.    

 

Statistical analysis 

Results are expressed as mean ± the standard error of the mean (SEM) for the 

study variables. The change of gene expression after rhVEGF-A, Delta1ext-IgG, or 

γ-secretase inhibitor L685458 induction in ECFC was assessed by Student’s 

paired t-test. The vessel number and size distribution were evaluated by 

Students unpaired t-test. A statistically significant difference was set at P<0.05. 

The quantification of western blot data points, the number of αSMA+ vessels, the 

assessment of apoptosis of ECFCs, and results of caspase-1 and -3/7 assays in 

3D collagen matrices were assessed by One-way ANOVA, *P<0.05, **P<0.001, 

or ***P<0.0001.  

 

2.3. Results 

Cultured human cord blood ECFC expresses multiple Notch pathway 

transcripts 

We examined cultured human cord blood ECFCs to determine if Notch 

ligand/receptor or downstream genes activated by Notch ligand binding were 

evident at baseline conditions, along with some typical endothelial transcripts. 

Cultured ECFCs expressed a variety of the Notch pathway related transcripts 

(Figure 2.1. a). ECFCs displayed several typical endothelial cell surface markers 

such as platelet endothelial cell adhesion molecule-l (PECAM-I, CD31) and 
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vascular endothelial-cadherin (VE-Cad), which are typical of an EC identity and 

these cells have all been shown to give rise to cultures of ECs that display in vivo 

human vessel forming potential (Ingram et al., 2005; Yoder et al., 2007). We also 

demonstrated protein expression of Notch ligands and Notch receptors on 

ECFCs by flow cytometry (Figure 2.1. b). While Dll1 was not detected on ECFCs, 

Notch1 (2.7 ± 0.5%), Notch4 (2.9 ± 0.3%), and Dll4 (4.6 ± 0.9%) were expressed 

on subsets of ECFCs. N=3.  
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Figure 2.1. The expression of Notch pathway related transcripts in cultured 

ECFCs. (a) Human cord blood (CB) derived ECFCs expressed numerous Notch 

pathway related transcripts and EC gene markers such as PECAM-I and VE-

Cadherin. (b) Notch ligands and receptors were expressed on a subset of ECFCs. 

The representative histograms show comparison between fluorescence minus 

one (FMO) control (red) and Notch molecules (blue) on ECFCs. Reprinted with 

permission from “Notch ligand Delta-like 1 promotes in vivo vasculogenesis in 

human cord blood-derived endothelial colony forming cells” by Kim et al., 2015, 

Cytotherapy, 17(5):579-92. Figure 2.1. (a) was performed by my co-worker, Lan 

Huang. Figure 2.1. (b) was from my original work (H. Kim, Huang, et al., 2015). 
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Delta1ext-IgG induces known Notch downstream target gene transcripts in 

human cord blood ECFCs in a dose-dependent manner 

Previous studies have indicated that Notch signaling is required for blood vessel 

formation during embryo development (Duarte et al., 2004; Gale et al., 2004; 

Lawson et al., 2001; Rocha & Adams, 2009; Swift & Weinstein, 2009). In this 

study, the engineered Notch ligand, Delta1ext-IgG, consisting of the extracellular 

domain of Dll1 fused to the Fc portion of human IgG, was used to activate Notch 

signaling in the ECFC. An enzyme-linked immunoabsorbant assay was utilized to 

confirm that the concentration of ligand coated on the tissue culture plate surface 

correlated with the amount of ligand bound as previously described (Delaney, 

Varnum-Finney, Aoyama, Brashem-Stein, & Bernstein, 2005). The linear 

relationship between the amount of immobilized ligand and activation of Notch 

signaling was measured by the expression of the Notch downstream target gene 

Hey2 (Figure 2.2. a and b). After 3 days of culture, cells were harvested and the 

expression of Hey2 was examined by quantitative PCR. Expression of Hey2 

increased as the concentration of Delta1ext-IgG increased, which indicated that 

human CB derived ECFCs were capable of responding to Notch ligand Dll1 

stimulation.  

 

We next evaluated whether Delta1ext-IgG influences other Notch related gene 

expression patterns in human CB ECFCs. Early passaged (2-4) ECFCs (N=5) 

were cultured in wells coated with Delta1ext-IgG at concentrations ranging from 

0.312 to 20 µg/mL or with the same concentration of human IgG as the control 
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attachment ligand. Dll4, Notch 1, and Notch4 mRNA expression over 14 days of 

culture were unchanged in the ECFC treated with Delta1ext-IgG (Figure 2.3.). It is 

noteworthy that mRNA for the arterial-like endothelial gene markers Hey2 and 

EphrinB2 were significantly upregulated after 3 days of Delta1ext-IgG induction at 

the concentration of 10 µg/mL (Figure 2.2. b) while the expression of mRNAs for 

the venous-like endothelial gene markers CoupTFII and EphB4 remained at low 

levels of detection (Figure 2.2. b). Changes in Hey2 and CoupTFII gene 

expression at the transcript level upon Delta1ext-IgG binding were confirmed at the 

protein level (Figure 2.2. c). Immunoblot analysis indicated that the protein level 

changes of Hey2 and CoupTFII were consistent with their mRNA levels of 

change. These results demonstrated that Delta1ext-IgG was able to enhance Notch 

related gene expression in human CB ECFCs in vitro. 

 

Next, we examined whether Delta1ext-IgG -induced EphrinB2 expression could be 

suppressed if Notch signaling was blocked via the use of a γ-secretase inhibitor 

L685458. The expression of Hes1 and Hey2 mRNA decreased with the addition 

of the inhibitor to the culture (Figure. 2.4. a and b). Interestingly, the Delta1ext-IgG -

induced upregulation of mRNA for Hey2 and EphrinB2 was significantly 

decreased in the presence of 1µM L685458 for 3 days, whereas the expression 

of mRNA for CoupTFII was noticeably increased (Figure. 2.4. c). In addition, 

when control human CB ECFCs were treated with 1µM L685458 alone for 3 days, 

the expression of mRNAs for Hey2 and EphrinB2 were dramatically suppressed 

while the mRNA for CoupTFII was considerably enhanced when compared to 
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Deltaext-IgG treated cells (Figure. 2.4. c). Collectively, these observations 

demonstrated that immobilized Dll1 activated Notch signaling is able to regulate 

ECFC gene expression patterns in vitro over several days of exposure.  
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Figure 2.2.  ECFCs respond to Notch signaling with increased expression 

of known downstream target genes.  The dose-dependent activation of 

endogenous Notch signaling in human cord blood derived ECFCs is indicated by 

Hey2 (a) expression after 3 days of incubation in various concentrations of 

Delta1ext-IgG. (b) Quantitative RT-PCR analysis revealed Hey2 and EphrinB2 

transcripts were significantly increased after 3 days of stimulation with 10 µg/mL 

Delta1ext-IgG, whereas the expression of CoupTFII and EphB4 were not 

significantly affected. Expression levels were presented as a fold change (in 

2logarithmic scale) compared to baseline levels and were normalized by using 

ATP5B as a housekeeping gene. The expression at day 0 in nontreated cells 

serveed as a baseline value. N=5. *P<0.05. (c) Upper panel shows 

representative immunoblots of Hey2 and CoupTFII proteins and lower panel 

shows quantification (protein expression levels were normalized by using β-actin). 

N=3. *P<0.05. Reprinted with permission from “Notch ligand Delta-like 1 

promotes in vivo vasculogenesis in human cord blood-derived endothelial colony 

forming cells” by Kim et al., 2015, Cytotherapy, 17(5):579-92. Figure 2.2. was 

from combined effort of my co-worker, Lan Huang  and me (H. Kim, Huang, et al., 

2015).  
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Figure 2.3. Alteration of Notch gene expression in ECFC response to 3 days 

of Delta1ext-IgG stimulation. Quantitative PCR analysis reveals that expression of 

mRNA levels for Dll4, Notch1, and Notch4 was unchanged upon stimulation of 

ECFC upon co-culture with Delta1ext-IgG over 3 days. Expression levels are 

presented as a fold change (in 2logarithmic scale) compared to baseline levels, 

which were normalized using ATP5B as a housekeeping gene. The expression at 

Day 0 in non-treated cells acts as baseline. N=5. *P<0.05. Reprinted with 

permission from “Notch ligand Delta-like 1 promotes in vivo vasculogenesis in 

human cord blood-derived endothelial colony forming cells” by Kim et al., 2015, 

Cytotherapy, 17(5):579-92. Figure 2.3. was from combined effort of my co-worker, 

Lan Huang  and me (H. Kim, Huang, et al., 2015). 
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Figure 2.4. The effect of γ-secretase inhibitor L685458 on Notch signaling. 

The dose-dependent inhibition of endogenous Notch signaling in human CB 

derived ECFCs is indicated by Hes1 (a) and Hey2 (b) expression after 3 days of 

incubation in various concentrations of L685458 using quantitative PCR. 

Expression levels are presented as a fold change (in 2logarithmic scale) 

compared to baseline levels, which were normalized using ATP5B as a 

housekeeping gene. The expression at Day 0 in non-treated cells acts as 

baseline. N=5. (c) Quantitative RT-PCR analysis revealed that Delta1ext-IgG-

induced upregulation of Hey2 and EphrinB2 was dramatically attenuated in the 

presence of 1µM γ-secretase inhibitor L685458 while CoupTFII was significantly 

upregulated. Expression levels are presented as a fold change (in 2logarithmic 

scale) compared to baseline levels and were normalized by using ATP5B as a 

housekeeping gene. The expression at day 0 in non-treated cells serves as a 

baseline. N=5. *P<0.05, or **P<0.01. Reprinted with permission from “Notch 

ligand Delta-like 1 promotes in vivo vasculogenesis in human cord blood-derived 

endothelial colony forming cells” by Kim et al., 2015, Cytotherapy, 17(5):579-92. 

Figure 2.4. was from combined effort of my co-worker, Lan Huang  and me (H. 

Kim, Huang, et al., 2015). 
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Dll1 expression by OP9 stromal cells significantly enhances in vivo 

postnatal vasculogenesis  

We subsequently tested whether human CB ECFCs exposed to immobilized Dll1 

(Delta1ext-IgG) would increase vasculogenesis after they were implanted in vivo. 

ECFCs were treated with 10 µg/mL of Delta1ext-IgG for 3 days in vitro, then 

suspended in a collagen-fibronectin matrix and subcutaneously implanted into 

immunodeficient mice as described (Yoder et al., 2007). After 14 days, the mice 

were euthanized, the grafts were harvested, and implants were analyzed for 

blood vessel formation (Figure 2.5. a). Our data indicated that in vitro Delta1ext-

IgG-primed human CB ECFCs were unable to enhance vessel formation in vivo, 

since the total vascular area of the human vessels was unchanged compared to 

IgG control cultured cells (Figure 2.5. a and b). These data indicate that 

preconditioning of ECFC in vitro with Notch activation fails to translate into 

enhanced vasculogenic properties in ECFC in vivo.  

 

Knowing that activation of Notch signaling is mediated by cell-cell interaction 

between Notch ligands and receptors in vitro and in vivo (Kume, 2009), we 

hypothesized that co-implantation of ECFCs with stromal cells constitutively 

expressing Dll1 may be required to enhance vasculogenesis in vivo. ECFCs 

were cultured in standard conditions and then co-implanted with OP9-Delta-like 1 

stromal cells (OP9-DL1) into immunodeficient mice. After 14 days, the mice were 

euthanized; the grafts were harvested and investigated for human blood vessel 

formation. Use of a specific anti-human CD31 antibody revealed that human CB 
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ECFCs were able to form microvessels perfused with murine red blood cells in 

the grafts (Figure 2.6. a). Of interest, the vessel number and morphology differed 

between the collagen matrices containing ECFC co-implanted with OP9-DL1 

(ECFC/OP9-DL1) cells and the control implants (the collagen matrices containing 

ECFC alone or ECFC with OP9 (ECFC/OP9)). The quantification of murine 

erythrocyte-containing human microvessels (Figure 2.6. b) revealed a 

significantly greater number of hCD31+ vessels were present in ECFC/OP9-DL1 

implants compared to the controls (ECFC alone vs. ECFC/OP9 vs. ECFC/OP9-

DL1 was 30.03 ± 8.14 vs. 53.32 ± 7.19 vs. 129.10 ± 27.80 vessels/mm2, 

respectively, P<0.05). In addition, the size distribution of hCD31+ microvessels 

was altered with the ECFC/OP9-DL1 implants compared to the control implants 

(Figure 2.6. c). Noticeably, upon Dll1 stimulation human cord blood ECFCs gave 

rise to significantly more large area microvessels (1000-4000 µm2) and less small 

ones (51-100 µm2) (Figure 2.6. c). Furthermore, the average vessel area was 

distinctly increased with the ECFC/OP9-DL1 implants compared to the control 

implants (Figure 3.6. d, ECFC alone vs. ECFC/OP9 vs. ECFC/OP9-DL1 was 

223.81 ± 15.47 vs. 266.03 ± 39.28 vs. 384.61 ± 42.73 µm2, respectively, P<0.05). 

These alterations resulted in the overall hCD31+ vascular area (=average vessel 

density x average vessel area) being significantly enhanced in the ECFC/OP9-

DL1 implants compared to the control implants (Figure 2.6. e).  

 

Notch1 and Notch2 protein levels were significantly upregulated in implants with 

OP9-DL1, but Notch4 expression level was distinctly decreased (Figure 2.6. f). In 
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addition, stimulation with the OP9-DL1 Notch ligand has been reported to cause 

rapid nuclear translocation of the cleaved domain of Notch1 (Krebs et al., 2000). 

Consistently, Notch1 activation was widely detected in nuclei of human ECFC-

derived vessels (in implants containing OP9-DL1) as shown by specific EC 

nuclear immunostaining for cleaved Notch1 (Val1744) (Figure 2.6. g). This 

observation indicated that human ECFC-derived vessels were responsive to Dll1 

ligand presentation in vivo and Notch1 signaling was persistently activated in 

ECFC/OP9-DL1 implants in vivo. Also, anti-mouse smooth muscle α actin (αSMA) 

antibody stain (red) was detected in peri-vascular cells located around human 

ECFC-derived CD31+ (brown) microvessels in co-implants with OP9-DL1 (Figure 

2.6. h). Together, these data suggest that Dll1 binding to Notch1 significantly 

modulates vasculogenesis in vivo by inducing Notch signaling and promoting 

more ECFC-derived vessel formation with an overall enlarged vascular area and 

recruitment of host murine peri-vascular cells to the human vessels.  
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Figure 2.5. In vitro Delta1ext-IgG-primed ECFCs fail to enhance 

vasculogenesis in vivo. (a) H&E staining indicates microvessel formation in 

collagen-fibronectin matrices after 14 days of implantation. Anti-human CD31 

staining further confirms the human origin of these vessels. Results suggest that 

human cord blood derived ECFCs cultured in the presence of Delta1ext-IgG retain 

vessel-forming ability in vivo. Moreover, the number of vessels formed by human 

cord blood derived ECFCs and perfused with murine red blood cells per mm2 in 

the matrix demonstrate no observable difference between Delta1ext-IgG treated 

and nontreated samples (b). In addition, the size distribution of both populations 

of microvessels is similar (c). N=6. Reprinted with permission from “Notch ligand 

Delta-like 1 promotes in vivo vasculogenesis in human cord blood-derived 

endothelial colony forming cells” by Kim et al., 2015, Cytotherapy, 17(5):579-92. 

Figure 2.5. was from combined effort of my co-worker, Lan Huang  and me (H. 

Kim, Huang, et al., 2015). 
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Figure 2.6. In vivo Dll1 stimulation boosts the formation of functional 

vessels. (a) Anti-human CD31 staining identified human cord blood derived 

ECFCs alone or combined with OP9 or OP9-DL1, that have formed microvessels 

in collagen matrices after 14 days of implantation. Upon the stimulation of Dll1, 

there was a significant increase in the number of vessels formed by human cord 

blood derived ECFCs and perfused with murine red blood cells per mm2 in the 

matrix (b). In addition, the size distribution of hCD31+ microvessels was 

noticeably altered (c), shifting towards larger sized vessels (1001-4000 µm2) with 

Dll1 stimulation. Moreover, vessel morphology was significantly altered by the 

presence of Dll1 with increased average vessel area (d) and total vascular areas 

(d). (f) Upper panel shows representative immunoblots of Notch1, Notch2, and 

Notch4 proteins and lower two panels show quantification of repeated 

experiments (protein expression levels were normalized using β-actin). N=3. 

*P<0.05. Anti-cleaved Notch1 (Val1744) antibody staining (g) in endothelial 

nuclei confirms that the activation of Notch1 is detected in vivo in newly-formed 

human vessels in the presence of Dll1. N=6. Scale bar represents 100 µm. (h) 

Anti-mouse smooth muscle α actin (αSMA) antibody staining (red) was detected 

in peri-vascular cells around human ECFC-derived CD31+ vessels (brown) in 

implants with OP9-DL1 stromal cells. N=3. Scale bar represents 10 µm. *P<0.05. 

Reprinted with permission from “Notch ligand Delta-like 1 promotes in vivo 

vasculogenesis in human cord blood-derived endothelial colony forming cells” by 

Kim et al., 2015, Cytotherapy, 17(5):579-92. Figure 2.6. (a-e) were performed by 
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co-worker, Lan Huang. Figure 2.6. (f-h) were from my original work (H. Kim, 

Huang, et al., 2015).  
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Dll1 expressed by OP9 stromal cells significantly reduces apoptosis of 

human cord blood ECFCs in three dimensional (3D) collagen matrices.  

To begin to understand the mechanisms through which Notch activation could 

enhance vasculogenesis of the human ECFC, we tested whether the presence of 

OP9-DL1 decreases apoptosis of human CB ECFCs in the 3D collagen implants. 

After one, two, three, or five days, the cells were recovered and assessed for 

apoptosis of ECFCs using Annexin V and propidium iodide staining. Implanted 

ECFCs started undergoing apoptosis on day 1 and a significant majority of the 

cells died on day 2 and 3 after implantation (Figure 2.7. a). ECFC co-implanted 

with OP9-DL1 (1:1 cell ratio) revealed a significantly higher percentage of the 

Annexin V-/PI- viable cell population compared to ECFC alone or ECFC with OP9 

implantation on day 1 and 3 (Figure 2.7. b and c). These results indicated that 

co-implantation of ECFC with OP9-DL1 stromal cells increased survival of ECFC 

within the 3D-collagen matrices. Since caspase activation is a hallmark of 

apoptosis, we examined ECFC for evidence of caspase activation within the 3D 

matrices.  The caspase assay we employed allowed detecting fluorescein-

labeled inhibitors that bind to activated caspase-1 and -3/7 within cells. The 

inhibitors bind with 1:1 stoichiometry to the active centers of activated caspases. 

Thus, the assay can be used for quantitative analysis of the activated caspases 

in the cells. In every experiment performed, the caspase-3/7-/PI- cell subset of 

ECFC co-implanted with OP9-DL1 was significantly higher on day 3 compared to 

implanted ECFC alone or ECFCs with OP9 implantation (Figure 2.7. d). ECFC 

co-implanted with OP9-DL1 also displayed a greater percentage of caspase-1-
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/PI- cells compared to ECFC alone or ECFC with OP9 implantation on day 2 and 

3 (Figure 2.7. e). These observations indicate that Notch activation by OP9-DL1 

stromal cells reduced activated caspase-3/7 and caspase-1 within ECFCs in 

collagen matrices. Therefore, we conclude that Notch activation of ECFC in 

collagen matrix implants enhanced survival of ECFCs by reducing activation of 

caspase-3/7 and caspase-1.  
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Figure 2.7. OP9-DL1 stimulation diminishes apoptosis of ECFCs in 3D 

collagen matrices. (a) Representative dot plots of apoptosis analysis of ECFCs 

at 30 minutes or on day 1-3. (b) Representative dot plots of apoptosis analysis of 

ECFC alone, co-implanted with OP9 or OP9-DL1 on day 1-3. (c) The Annexin V-

/PI- viable population of ECFC co-implanted with OP9-DL1 was significantly 

higher on day 1 and 3 compared to implantation of ECFC alone or ECFC with 

OP9 on day 1 and 3. (d) The percentage of the Caspase-3/7-/PI- population of 

ECFC co-implanted with OP9-DL1 was significantly greater compared to ECFC 

alone or with OP9 on day 3. (e) ECFC co-implanted with OP9-DL1 displayed a 

higher percentage of Caspase-1-/PI- cells compared to ECFC alone or ECFC 

with OP9 co-implants. N=6. *P<0.05. Reprinted with permission from “Notch 

ligand Delta-like 1 promotes in vivo vasculogenesis in human cord blood-derived 

endothelial colony forming cells” by Kim et al., 2015, Cytotherapy, 17(5):579-92. 

Figure 2.7. was from my original work (H. Kim, Huang, et al., 2015). 
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2.4. Discussion 

Vasculogenesis is the process of primary capillary plexus formation from 

angioblasts during embryogenesis. Remodeling of the capillary plexus normally 

occurs via angiogenesis and arteriogenesis to form the hierarchical mature 

systemic vasculature (Carmeliet, 2000; Hanahan, 1997). It has been well 

established that Notch signaling plays an important role in regulating vascular 

patterning and remodeling during development (Benedito et al., 2008; Copeland, 

Feng, Neradugomma, Fields, & Vivian, 2011; Y. H. Kim et al., 2008; Krebs, 

Starling, Chervonsky, & Gridley, 2010; Trindade et al., 2008; Uyttendaele, Ho, 

Rossant, & Kitajewski, 2001) and after birth (Limbourg et al., 2007; Takeshita et 

al., 2007). Previous studies in murine embryonic development showed that 

ectopic Notch1 activation in ECs caused vascular remodeling defects with 

enlarged vessel caliber (Copeland et al., 2011; Krebs et al., 2010). In contrast, 

small sized vessels were present upon loss of active Notch signaling (Benedito et 

al., 2008; Copeland et al., 2011). We report that the in vivo presence of stromal 

cell associated Notch ligand Dll1 led to enhanced vasculogenesis and vascular 

remodeling in human cord blood ECFCs, characterized by increased vessel 

density and enlarged vessel area (Figure 2.6.). Accordingly, our observations 

coincide with the previous studies indicating that Dll1-dependent Notch1 

signaling regulates vessel size and state in murine embryogenesis.  

 

A role for mesenchymal stromal cells (MSC) in promoting enhanced human 

ECFC vasculogenesis in vivo has been reported by several laboratories (P. Allen, 
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K.-T. Kang, & J. Bischoff, 2013; Au, Daheron, et al., 2008; Au, Tam, Fukumura, & 

Jain, 2008; Kang, Allen, & Bischoff, 2011; Lin, Moreno-Luna, Zhou, Pu, & 

Melero-Martin, 2012; Melero-Martin et al., 2008; Traktuev et al., 2009; X. Wu et 

al., 2004). Indeed, conditioned medium secreted by multiple tissue-derived 

cultured MSCs promotes ECFC vasculogenesis in vivo, although the specific 

molecules promoting enhanced ECFC function remain elusive (Lin et al., 2012). 

Surprisingly, we did not find a significant improvement in ECFC vasculogenic 

properties when the murine OP9 MSCs were co-implanted with the ECFC in our 

studies. We speculate that differences in the types and composition of the 3D 

scaffolding proteins and strain of immunodeficient mice may play a role in the 

extent to which MSC promote human ECFC vasculogenesis in vivo. While there 

are numerous matrices that permit ECFC and MSC, but not ECFC alone, to form 

vessels in vivo upon implantation into nude mice (Patrick Allen et al., 2013; Allen, 

Melero-Martin, & Bischoff, 2011), cord blood ECFC alone form human blood 

vessels in tissue engineered skin substitutes implanted in C.B-17 severe 

combined immunodeficient (SCID)/beige mice (Benjamin R. Shepherd et al., 

2006) or in type I collagen matrices implanted in non-obese diabetic 

(NOD)/(SCID) mice (L. Huang et al., 2011; Yoder et al., 2007). Further work to 

directly compare ECFC vasculogenesis in various matrices in several different 

immunodeficient murine hosts will be required to address the discrepancies in 

the literature.  
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VEGF plays a critical role in determining arterial-venous specification and the 

concentration of VEGF influences this determination (Lanner, Sohl, & Farnebo, 

2007). In cultured murine embryonic stem cells (ESCs), a high concentration of 

VEGF (50 ng/mL) drove an arterial-like endothelial gene expression pattern while 

a low dose encouraged venous-like endothelial gene expression (Lanner et al., 

2007). Similarly, addition of 10 ng/mL of rhVEGF-A to cultured cells upregulated 

an arterial-like endothelial gene expression pattern in hMAPCs and in hMSCs 

(Aranguren et al., 2007; Zhang et al., 2008). Recently, in the presence of 50 

ng/mL of rhVEGF-A, arterial-like endothelial genes and downstream genes of 

Notch signaling were increased in cultured ECFCs (Boyer-Di Ponio et al., 2014). 

The arterial-like endothelial genes induced by VEGF were decreased with 

treatment using γ-secretase inhibitor on cultured ECFCs (Boyer-Di Ponio et al., 

2014). This study indicated that VEGF-dependent induction leads to arterial-like 

gene expression with Notch signaling activation. Our results consistently 

confirmed prior work that rhVEGF-A at 50 ng/mL was sufficient to enhance 

expression of the arterial-like endothelial genes with activation of Notch in 

cultured CB ECFC. In addition, Notch stimulated preconditioning in vitro was able 

to induce an arterial-like gene expression pattern in vitro. However, 

preconditioning of ECFC in vitro with Notch stimulation failed to promote an 

arterial-like phenotype in vivo, suggesting that in vitro priming is not sufficient for 

in vivo specification in our experimental model. Of interest, in vivo co-

implantation of OP9-DL1 stromal cells with ECFCs significantly enhanced 

vasculogenesis in vivo by promoting more ECFC-derived vessel formation with 



	  

 69 

an overall enlarged vascular area and recruiting of murine peri-vascular cells 

around ECFC-derived vessels (Figure 2.6.). Shepherd et al. (B. R. Shepherd, Jay, 

Saltzman, Tellides, & Pober, 2009) reported that co-implantation of human aortic 

smooth muscle cells promoted larger vessel size with peri-endothelial investment 

at 60 days post-implantation. While we implanted the OP9-DL1 stromal cells with 

the ECFC, we observed an effect of Notch activation on human vessel size and 

recruitment of host peri-vascular cells. Future studies utilizing specific 

perivascular cell subsets may indicate whether there are cell specific influences 

provided by the mesenchymal cells on the human ECFC.  

 

In the present work, implanted human CB ECFCs started undergoing apoptosis 

on day 1. After 2-5 days of implantation, most implanted ECFCs died with only 5-

8% of total implanted cells persisting as perfused vessels. Previous studies have 

indicated that human ECFC cell-lined vessels formed within subcutaneous 

implants in mice were found as early as day 1 or 2 following implantation, but 

these lumenized structures lacked significant perfusion with murine red blood 

cells at those early time points. However, ECFC derived vessels perfused with 

host murine red blood cells (perfusion also confirmed by human specific lectin 

infusion and contrast-enhanced ultrasound flow detection) were detected after 3-

4 days of implantation in vivo (Patrick Allen et al., 2013). Thus, implanted 

endothelial cells had to survive at least 3-4 days in vivo to be able to contribute to 

a stable perfused capillary network. Given the proclivity of capillary networks to 

destabilize and regress with endothelial apoptosis in the absence of peri-
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endothelial support cells or adhesion of the endothelial cells to matrix proteins via 

cell surface integrin receptors (Brooks et al., 1994; Fukai et al., 1998; Pollman, 

Naumovski, & Gibbons, 1999; Stratman, Schwindt, Malotte, & Davis, 2010), 

understanding the importance of a balance of pro-apoptotic versus anti-apoptotic 

signals in the plasticity of the capillary plexus has become an important paradigm. 

Peri-vascular support cells can induce endothelial cells to secrete basement 

membrane proteins that enhance endothelial cell integrin mediated attachment 

and increases in Bcl-2 expression to protect cells from apoptosis (Pollman et al., 

1999; Stromblad, Becker, Yebra, Brooks, & Cheresh, 1996). While human 

umbilical vein endothelial cells (HUVECs) undergo apoptosis when implanted in 

immunodeficient mice within 24h, Bcl-2 overexpression in HUVECs rescues them 

from apoptotic death and enhances the number and complexity of human 

vessels formed (Zheng et al., 2000). Bcl-2 overexpression in HUVECs also 

increases the number of human and mouse endothelial cell-lined vessels 

(vascularization) in implants and induces maturation of vessels by increasing 

tissue perfusion (Enis et al., 2005; Benjamin R. Shepherd et al., 2006). The 

frequency of the Annexin V-/PI- viable cell population and overall hCD31+ 

vascular area in the ECFC/OP9-DL1 implants reflected a four-fold increase 

compared to the ECFC/OP9 implants (Figure. 2.6. e and 2.7. c), suggesting a 

direct effect between diminishing apoptosis and increased vessel formation by 

Notch activation in ECFC in vivo. Our results suggest that improvement of cell 

survival of ECFCs by Dll1-dependent Notch1 signaling activation (Figure. 2.6. f) 
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leads to vessel stabilization and promotes functional vessel formation in 3D 

collagen matrices.  

 

In summary, we have demonstrated that human cord blood ECFCs robustly form 

microvessels exhibiting a distinct remodeling pattern with increased vessel 

number and enlarged vessels by diminishing apoptosis of CB ECFCs during 

OP9-DL1 mediated Notch activation. While other studies have shown that 

stromal cell co-implantation with ECFCs increases vessel number and maturation 

in vivo (Melero-Martin et al., 2010; Melero-Martin et al., 2008), we did not 

observed any enhancement of vasculogenesis by co-implanting ECFCs with OP9 

stromal cells. However, co-implantation of OP9-DL1 led to constitutive ECFC 

Notch activation and resulted in greater numbers and maturation of human blood 

vessels in vivo. Further studies to present Notch activating ligands embedded 

within the matrix molecules may permit the modulation of human vessel 

formation using ECFC alone.  
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CHAPTER 3. HUMAN PLATELET LYSATE IMPROVES HUMAN CORD 

BLOOD DERIVED ECFC SURVIVAL AND VASCULOGENESIS IN THREE 

DIMENSIONAL (3D) COLLAGEN MATRICES 

 

The following chapter is reprinted with permission from “Human platelet lysate 

improves human cord blood derived ECFC survival and vasculogenesis in three 

dimensional (3D) collagen matrices” by Kim et al., 2015, Microvascular Research, 

101:72-81 (H. Kim, Prasain, et al., 2015). 

 

3.1. Introduction 

The progenitor cells for the endothelial lineage play critical roles in vascular 

homeostasis and regeneration in adult subjects (Asahara et al., 1997; Hirschi et 

al., 2008). Endothelial colony forming cells (ECFC) are derived from a rare 

circulating subset that may arise from resident endothelium of established blood 

vessels in man (Hirschi et al., 2008). We have successfully isolated human 

peripheral blood (PB) or umbilical cord blood (CB) derived circulating ECFC that 

display a hierarchy of proliferative potential through the use of single cell 

clonogenic and functional assays (L. Huang et al., 2011; Ingram et al., 2004). 

Human CB derived ECFC also display de novo vessel forming ability in nude or 

non-obese diabetic/severe combined immunodeficient mice (NOD/SCID) in vivo 

after subcutaneous implantation of ECFC in type I collagen matrices and upon 

perfusion with host murine vessels, become a part of the systemic host 

circulation (Au, Daheron, et al., 2008; Cheng et al., 2011; Critser, Kreger, Voytik-
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Harbin, & Yoder, 2010; L. Huang et al., 2011; Melero-Martin et al., 2008; Melero-

Martin et al., 2007; Reinisch et al., 2009; Whittington, Yoder, & Voytik-Harbin, 

2013; Yoder et al., 2007).   

 

Previous studies have reported that human ECFC-derived vessels formed in 

subcutaneous implants were found as early as day 1 or 2 after implantation in 

NOD/SCID mice (P. Allen et al., 2013). However, these premature vessels were 

not properly perfused with murine red blood cells of the host circulatory system at 

those early time points. Proof of human ECFC cell-lined vessel connection to 

host circulation system after 3-4 days of implantation in vivo was subsequently 

reported (P. Allen et al., 2013). It has been reported that up to 60% of human 

umbilical vein endothelial cells (HUVECs) undergo apoptosis in the first 24 hours 

after suspension in collagen gels and there is further loss of vascular structures 

in 3D type I collagen matrices after 24 hours of culture (Ilan et al., 1998). In our 

previous study, we demonstrated that implanted human CB ECFC containing 

collagen matrices displayed ECFC undergoing apoptosis on day 1 following 

implantation (H. Kim, Huang, et al., 2015). After 2-3 days of implantation, most 

implanted ECFC died with only 1-3% of the total implanted cells demonstrating 

viability in the subcutaneous implants (H. Kim, Huang, et al., 2015). Since the 

stability of newly formed vessels requires systemic blood flow, theses data 

suggest that implanted endothelial cells must survive at least 3-4 days in vivo to 

form a stable perfused capillary network connected to the host circulatory 

system.  



	  

 74 

The microvascular network has the intrinsic capacity to remodel itself through 

changes in endothelial cell differentiation, growth, migration, and matrix 

modification (Hanahan & Folkman, 1996; Risau, 1995). Previous studies have 

reported that cytokines, matrix proteins, and integrins are important factors in 

capillary endothelial network formation and remodeling in various matrix models 

(Matrigel and type I collagen matrix systems) (Critser et al., 2010; Fukai et al., 

1998; Hynes, 1992; Ranta, Mikkola, Ylikorkala, Viinikka, & Orpana, 1998; 

Sacharidou, Stratman, & Davis, 2012; Stratman, Davis, & Davis, 2011; 

Whittington et al., 2013). The absence of peri-endothelial support cells or lack of 

endothelial cell adhesion to matrix proteins causes destabilization and regression 

of capillary structures within Matrigel or 3D type I collagen matrices (Brooks et 

al., 1994; Fukai et al., 1998; Pollman et al., 1999; Stratman et al., 2010). 

Apoptosis of endothelial cells has been observed in the context of dynamic 

capillary network remodeling in the various matrix models both in vitro and in vivo 

and is thought to play a necessary role for optimal network formation (Brooks et 

al., 1994; Fukai et al., 1998; Pollman et al., 1999; Stratman et al., 2010). On the 

other hand, the generation of anti-apoptotic signals is also required to maintain 

integrity of the vascular network following realignment of certain matrix proteins 

and cell-cell or cell-matrix interactions during the process (Pollman et al., 1999; 

Shih et al., 2011). Thus, understanding the balance between pro-apoptotic and 

pro-survival signals is a critical point in capillary structure formation and the 

remodeling process. 
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Apoptosis is a cellular process in tissue development that generally culminates 

with the sequential activation of caspases, the cysteine proteases for cleavage of 

proteins (Duprez et al., 2009; Sprick & Walczak, 2004; Taylor et al., 2008). There 

are two pathways that result in apoptosis depending on the apoptotic signal. The 

extrinsic pathway is initiated by ligand binding to membrane receptors of the 

death receptor family, whereas the intrinsic pathway is mediated by stress-

mediated damage such as alterations in temperature, osmolality, DNA damaging 

agents, free radical generation compounds, removal of nutrients, and oxygen 

deprivation (Duprez et al., 2009; Sprick & Walczak, 2004; Taylor et al., 2008; 

Wyllie, 2010). The activation of the two pathways leads to the same type of 

apoptotic response, causing release of cytochrome c (Cyt-C) from mitochondria 

and activation of the executioner caspase-3 (Duprez et al., 2009; Sprick & 

Walczak, 2004; Taylor et al., 2008). In the normal state, Akt activation (phospho-

Akt, pAkt) by various growth factors induces cell survival via protection of 

mitochondrial integrity and inhibition of Cyt-C release (Gottlob et al., 2001; Plas 

et al., 2001; Uchiyama et al., 2004; Wyllie, 2010). Akt has also been reported to 

stimulate the expression of anti-apoptotic Bcl-2 proteins, such as Bcl-xL that 

prevents permeabilization of the mitochondrial membrane by inhibiting activation 

of Bas/Bak (Jones et al., 2000; Zong et al., 1999).  However, under apoptotic 

stimulation, pro-apoptotic members of the Bcl-2 family (Bax, Bak, and Bad) are 

activated and induce the release of Cyt-C from mitochondria by binding and 

inactivating anti-apoptotic proteins (Gustafsson & Gottlieb, 2007; Scorrano & 

Korsmeyer, 2003). As the penultimate event, caspase-3 is activated to cleaved 
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caspase-3 to generate all the biochemical and morphologic hallmarks of cell 

apoptosis.   

 

Platelets regulate the balance between apoptosis and cell survival in numerous 

cells involved in the repair of injured tissues (Freishtat et al., 2009; Gambim et 

al., 2007; Mause et al., 2010; Pakala, Willerson, & Benedict, 1994; Sharron et al., 

2012; Stellos & Gawaz, 2007). Since platelets have a critical role in regulation of 

cell death and survival and contains various growth factors and cytokines (Fekete 

et al., 2012; Shih et al., 2011), we hypothesized that human platelet lysate (HPL) 

would increase ECFC survival and enhance ECFC vascularization by modulating 

the balance between apoptosis and cell survival of ECFC in 3D collagen 

matrices.  

 

3.2. Materials And Methods 

Culture of human umbilical cord blood derived ECFC  

ECFC were isolated and cultured as previously described (Ingram et al., 2004). 

ECFC colonies appeared between 5 and 22 days of culture and were noted to 

form colonies of adherent cells with cobblestone morphology. After approximately 

10 days of culture, the ECFC-derived ECs were released from the culture dish by 

TrypLE™ Express (Gibco) and replated onto 25/75 cm2 tissue culture flasks pre-

coated with Type I rat-tail collagen (BD Biosciences) for subsequent passage.  

 

  



	  

 77 

Preparation of three-dimensional (3D) collagen matrices 

All of the type I collagen oligomers and associated polymerization reagents were 

purchased from GeniPhys (Bailey et al., 2011). Stock oligomer was diluted in 

0.01N hydrochloric acid (HCl) and neutralized according to manufacturer’s 

recommendations to achieve a final oligomer concentration of 1.37 mg/ml (200Pa 

matrix stiffness). ECFC (1 x 105 cells/60 µl or 1 x 106 cells/250 µl) were 

suspended in the collagen solution with or without human platelet lysate (HPL-

10% of final concentration) at 4°C.  The HPL was purchased from Gemeinnützige 

Salzburger Landeskliniken Betriebsges (SALK). The HPL was prepared from 

pooled platelet-rich plasma derived from a minimum of 40 whole blood donations 

(Schallmoser & Strunk, 2009). The collagen-cell suspensions were plated on 96-

well or 48-well plates and allowed to polymerize at 37°C for 30 minutes and 

covered with complete endothelial cell growth medium (EGM-2, Lonza) with 10% 

defined fetal bovine serum (Hyclone) for incubation for one to three days at 37°C, 

5% CO2. 

 

Toluidine blue staining of 3D collagen matrices and quantification of in 

vitro vascular structures  

For analysis of in vitro vascular structure formation in 3D collagen matrix, 

cellularized collagen matrices were fixed with 4% paraformaldehyde for 20 

minutes on Day 1 or Day 3 after implantation. The matrices were stained with 0.1% 

toluidine blue O dye (30% methanol) for 25 minutes at room temperature and 

washed with PBS for 30 minutes for three times at room temperature. Vascular 
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structures including vacuoles, lumens, and tube formation were quantified using 

ImageJ image analysis software (National Institutes of Health (NIH)). Vacuoles 

and lumens were defined as areas completely surrounded by a toluidine blue-

labeled endothelial cell membrane. A single image of the entire well was 

captured at a depth of 10 microns from the surface of the matrix and then 

additional places 150 microns apart for each of triplicate samples of each group. 

Images of vascular structures were captured at 10x and 20x levels of 

magnification using a Leica DM IRE2 microscope (Leica Microsystems) with 

attached Retiga 4000R digital camera (QImaging). 

 

Assessment of apoptosis of ECFC in 3D collagen matrices 

Apoptosis was assessed by examining the percentage of human CD31+ ECFC 

that bound Annexin V and propidium iodide and was performed as per the 

manufacturer’s instruction (Apoptosis Detection kit, eBioscience). ECFC (1 x 105 

cells/60 µl) were suspended in collagen matrices with/without HPL (10% of final 

concentration), with dimethyl sulfoxide (DMSO) vehicle (same volume of solvent 

for each inhibitor) or with signaling pathway inhibitors, plated in 96-well plates 

and incubated for one to three days as above. As previously described (H. Kim, 

Huang, et al., 2015), matrices were recovered from one to three days after 

implantation and incubated in 250 µl Collagenase Type I (0.25%) (Stemcell 

technology) for 20 minutes at 37°C. Akt1 inhibitor (A-674563) and Bcl-xL inhibitor 

(ABT-263/Navitoclax) were purchased from Selleckchem and Akt2 inhibitor 

(CCT128930) was purchased from Santa Cruz biotechnology. Cell dissociation 
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buffer was added to stop the enzymatic reaction (Invitrogen). Cells were 

centrifuged at 500 g for 5 minutes at room temperature. Cell pellets were 

suspended in staining buffer and stained with anti-human CD31 antibody 

conjugated to phycoerythrin (PE) for 15 minutes (clone WM-59, BD Biosciences 

Pharmingen). Cells were incubated and stained for Annexin V-allophycocyanin 

(APC) and propidium iodide (PI) in binding buffer for 10 minutes at room 

temperature in the dark. Stained cells were analyzed by FlowJo software. Three 

different clones of ECFCs were analyzed in each experiment and each 

experiment repeated one or two times. 

 

Western blot 

Cellular protein lysates were extracted from the ECFC collagen matrix implants 

and electrophoresed using sodium dodecyl sulfate–polyacrylamide matrix 

electrophoresis (SDS-PAGE), transferred to nitrocellulose, and probed with 

monoclonal antibodies that included anti-human Bcl-xL (clone 54H6, Cell 

signaling), cleaved caspase-3 (clone 3G2, Cell signaling), Akt1 (clone 2H10, Cell 

signaling), Akt2 (clone L79B2, Cell signaling), phospho-Akt1 (pAkt1 Ser473) 

(clone D7F10, Cell signaling), phospho-Akt2 (pAkt2 Ser474) (clone D3H2, Cell 

signaling), and phospho-Bad (pBad Ser136) (clone D25H8, Cell signaling). Anti-

human β-actin (mAbcam 8226, Abcam) and GAPDH (clone 14C10, Cell signaling) 

antibodies were used to probe for loading control proteins. Three different clones 

of ECFCs were analyzed in each experiment on at least two occasions. 
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Implantation of human cord blood derived ECFC into NOD/SCID mice  

Cellularized matrix implants were cast as noted above. Cultured ECFC (1 x 106 

cells/250 µl) were suspended in the collagen mixture with or without HPL (10% of 

final concentration). Then 250 µL of the cell suspension was pipetted into one 

well of a 48-well tissue culture plate, allowed to polymerize at 37°C for 30 

minutes, and covered with 500 µL EGM-2 medium for 30 minute incubation at 

37°C, in 5% CO2. Matrices were implanted into the flanks of anesthetized 6-9-

week-old NOD/SCID mice. After 5 days or 14 days, the mice were sacrificed; the 

grafts were excised and analyzed by histology and immunohistochemistry (N=6 

each group) as previously described (L. Huang et al., 2011; Yoder et al., 2007).  

 

Histology and immunohistochemistry 

Sections were stained as previously described (Yoder et al., 2007). Briefly, 

paraffin-embedded tissue sections were deparaffinized and then either directly 

stained with hematoxylin and eosin (H&E) or immersed in retrieval solution (Dako) 

for 20 minutes at 90–99°C. Slides were incubated at room temperature for 30 

minutes with anti-human CD31 antibody (clone JC70/A, Abcam) followed by a 

10-minute incubation with LASB2 link-biotin and streptavidin-HRP (Vector 

Laboratories), then developed with DAB (Vector Laboratories) solution for 5 

minutes. Slides were analyzed by microscope under 20x magnification using a 

Leica DM 4000B microscope (Leica Microsystems) with attached Spot-KE digital 

camera (Diagnostic Instruments).  
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Statistical analysis 

Results are expressed as mean ± the standard error of the mean (SEM) for the 

study variables. The assessment of apoptosis of ECFC, in vitro vascular 

structure quantification and the quantification of western blot data points (ECFC 

versus ECFC+HPL), western blot data points (ECFC treated with DMSO, Akt1 

inhibitor, Akt2 inhibitor, or Bcl-xL inhibitor) were assessed by unpaired t-test. A 

statistically significant difference was set at *P<0.05, **P<0.001, or ***P<0.0001. 

 

3.3. Results 

Human cord blood (CB) derived ECFC with human platelet lysate (HPL) 

significantly reduces apoptosis of ECFC in three dimensional (3D) collagen 

matrices.  

Our previous study demonstrated that implanted ECFC started undergoing 

apoptosis on day 1 and a significant majority of ECFC died on day 2 and 3 in 3D 

collagen matrices after implantation (H. Kim, Huang, et al., 2015). We tested 

whether the co-implantation of ECFC with HPL would decrease apoptosis of 

human CB ECFC in the 3D collagen implants in vitro. After 1-3 days, ECFC were 

recovered from 3D collagen matrices and assessed for apoptosis of ECFC 

stained with anti-human CD31, Annexin V and propidium iodide (PI). CD31+ 

ECFC were selected from the total cell population and separated into Annexin 

V+/- and PI+/- expressing subsets (Figure 3.1.). Implanted ECFC without HPL 

started undergoing apoptosis on day 1 and a significant amount of the cells died 

by day 3 after matrix formation in vitro (Figure 3.2. a). In contrast, ECFC co-
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implants with HPL revealed a significantly higher percentage of the Annexin V-

/PI- viable cell population compared to the control (ECFC alone) (Figure 3.2. a). 

We investigated whether co-implantation of ECFC with HPL would enhance more 

vascular structures in 3D collagen matrices in vitro. ECFC-derived vascular 

structures were defined as endothelial cells with vacuoles and lumenized 

structures were defined as areas completely surrounded by a toluidine blue-

labeled endothelial cell membrane (Figure 3.2. b). A significantly greater average 

number of vascular structures (Figure 3.2. c) and total luminal area of vascular 

structures (mm2) (Figure 3.2. d) were quantified in ECFC+HPL implants 

compared to the control implants on both day 1 and 3 of the in vitro study. These 

data suggest that ECFC+HPL co-implantation significantly promotes 

vasculogenesis by inducing greater cell survival of ECFC in 3D collagen matrices 

in vitro.  
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Figure 3.1. Co-implantation of ECFC with HPL promotes cell survival of 

ECFC in 3D collagen matrices. Representative dot plots of apoptosis analysis 

of co-implant of ECFC alone and ECFC with HPL on day 1 and 3 of in vitro 

culture. Reprinted with permission from “Human platelet lysate improves human 

cord blood derived ECFC survival and vasculogenesis in three dimensional (3D) 

collagen matrices” by Kim et al., 2015, Microvascular Research, 101:72-81. 

Figure 3.1. was from my original work (H. Kim, Prasain, et al., 2015). 
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Figure 3.2. Co-implantation of ECFC with HPL diminishes apoptosis of 

ECFC in 3D collagen matrices in vitro. (a) The Annexin V-/PI- viable population 

of co-implanted ECFC with HPL was significantly higher on day 1 and 3 

compared to implantation of ECFC alone. N=3. *P<0.05. (b) Representative 

images of vascular structures of ECFC implanted with or without HPL in collagen 

matrices on day 1 and 3 (white arrows indicate the structures and small boxes 

indicates representative counted structures). Scale bar represents 50 µm. Co-

implantation of ECFC with HPL was resulted in a significant increase in (c) the 

average number of vascular structures per collagen matrix surface area and (d) 

total luminal area of vascular structures per matrix surface area (mm2) compared 

to controls. N=10 each group. *P<0.05, **P<0.001, or ***P<0.0001. Reprinted 

with permission from “Human platelet lysate improves human cord blood derived 

ECFC survival and vasculogenesis in three dimensional (3D) collagen matrices” 

by Kim et al., 2015, Microvascular Research, 101:72-81. Figure 3.2. was from my 

original work (H. Kim, Prasain, et al., 2015). 
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Co-implantation of ECFC with HPL modulates the balance between 

apoptosis and cell survival in 3D collagen matrices.  

Knowing that HPL treatment can modulate the balance between apoptosis and 

cell survival (Freishtat et al., 2009; Gambim et al., 2007; Mause et al., 2010; 

Pakala et al., 1994; Sharron et al., 2012; Stellos & Gawaz, 2007), we 

subsequently tested whether ECFC implantation with HPL would alter the protein 

expression level of pro-apoptotic, anti-apoptotic, and pro-survival molecules in 

vitro. On day 1 and 3 after casting the matrices, expression of pro-survival 

molecules (Akt1 and phosphorylated Akt1 (pAkt1)) and an anti-apoptotic 

molecule (Bcl-xL) were upregulated in implants of ECFC with HPL compared to 

ECFC implants without HPL (Figure 3.3. a and b). The pro-apoptotic molecule, 

Bad was phosphorylated (pBad) to an inactive form that blocks apoptosis and the 

expression level of pBad was upregulated in ECFC implants with HPL compared 

to control implants on day 1 and 3 in vitro (Figure 3.3. a and b). The expression 

level of active cleaved caspase-3 was enhanced in co-implants of ECFC with 

HPL compared to control samples on day 1 and 3 (Figure 3.3. a and b). We also 

examined protein expression level of Akt2 and pAkt2, but these proteins were not 

detected in either group on day 1 or 3 (date not shown). Since HPL contains 

various cytokines and growth factors that are involved in pro-survival and anti-

apoptotic signaling (Bendinelli et al., 2010; El-Sharkawy et al., 2007; Fekete et 

al., 2012), HPL may induce more pro-survival/anti-apoptotic signaling to resist 

the apoptotic stimuli that stimulate activation of caspasae-3 (cleaved caspase-3). 

These data suggest that co-implantation of ECFC with HPL in vitro promotes cell 
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survival of ECFC by modulating the balance between pro-apoptotic and anti-

apoptotic/pro-survival molecules.  

  



	  

 89 

 

  



	  

 90 

Figure 3.3. HPL in ECFC implant stimulates protein expression of 

apoptotic/cell survival related molecules. (a) Representative immunoblots of 

pro-survival (Akt1, pAkt1, pBad, and Bcl-xL) and apoptotic (cleaved caspase-3) 

proteins from implants of ECFC and ECFC with HPL. Lower panels show 

quantification of repeated experiments on day 1 (b) and day 3(c) after 

implantation (protein expression levels were normalized using β-actin). Pro-

survival molecules and apoptotic molecule were significantly upregulated on co-

implantation of ECFC with HPL compared to ECFC alone on day 1 and day 3. 

N=2 each group. ns=no significance. *P<0.05 or **P<0.001. Reprinted with 

permission from “Human platelet lysate improves human cord blood derived 

ECFC survival and vasculogenesis in three dimensional (3D) collagen matrices” 

by Kim et al., 2015, Microvascular Research, 101:72-81. Figure 3.3. was from my 

original work (H. Kim, Prasain, et al., 2015). 
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Co-implantation of ECFC with HPL significantly enhances vasculogenesis 

of ECFC in vivo. 

ECFC implantation with HPL induced more formation of vascular structures in 

vitro in 3D collagen matrices compared to control matrices (Figure 3.2.). We 

subsequently tested whether co-implantation of ECFC with HPL would promote 

vasculogenesis in an in vivo model. Specific anti-human CD31 antibody staining 

revealed human CB ECFC cell-lined microvessels that were perfused with 

murine red blood cells in the grafts (Figure 3.4. a).  The quantification of murine 

erythrocyte-containing human CD31+ microvessels revealed a significant 

increase of average vessel numbers (Figure 3.4. b) and total vessel area (mm2) 

(Figure 3.4. c) in ECFC+HPL implants compared to ECFC alone implants. In 

addition, the size distribution of the microvessels differed between ECFC 

implants with HPL and ECFC alone implants (Figure 3.4. d). Noticeably, only co-

implantation of ECFC with HPL gave rise to the largest vascular elements (1001-

4000 µm2). These data suggest that co-implantation of ECFC with HPL 

enhanced vasculogenesis in vivo as evidenced by more ECFC-derived vessel 

formation with an enlarged vascular bed area.  
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Figure 3.4. Co-implantation of ECFC with HPL induces the formation of 

functional vessels in vivo. (a) Human ECFC-derived vessels were identified by 

rat anti-human CD31 staining (white arrows indicate ECFC-derived CD31+ 

vessels). The two top panel images show representative images of ECFC-

derived human CD31+ vessels. The two lower panel images show representative 

images of ECFC with HPL derived human CD31+ vessels. Scale bar represents 

10µm. There was a significant increase in (b) average vessel numbers per unit 

sectional area and (c) total vessel area (mm2) per unit sectional area in the ECFC 

with HPL co-implants. (d) In addition, only co-implants of ECFC with HPL formed 

the largest sized vessels (# indicates 1001-4000 µm2) in the size distribution of 

hCD31+ microvessels perfused with murine red blood cells. N=10 mice each 

group. *P<0.05 or **P<0.001. Reprinted with permission from “Human platelet 

lysate improves human cord blood derived ECFC survival and vasculogenesis in 

three dimensional (3D) collagen matrices” by Kim et al., 2015, Microvascular 

Research, 101:72-81. Figure 3.4. was from my original work (H. Kim, Prasain, et 

al., 2015). 
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Inhibition of pro-survival/anti-apoptotic signaling enhances apoptosis of 

ECFC by modulating protein expression of pro-survival molecules in 3D 

collagen matrices  

Since ECFC cell survival was significantly increased when ECFC were co-

implanted with HPL by balancing the anti-apoptotic/pro-survival (Akt1, pAkt1, 

pBad, and Bcl-xL) and pro-apoptotic signals (cleaved caspase-3), we evaluated 

whether inhibition of these pro-survival and anti-apoptotic molecules would alter 

cell survival of ECFC in 3D collagen matrices. Akt is a critical regulator of PI3K-

mediated cell survival (Franke et al., 1995; Yao & Cooper, 1995). Since, Akt1 

and Akt2 are the upstream molecules in PI3K-mediated cell survival and have 

been reported to display compensatory functions between isoforms (W. S. Chen 

et al., 2001; Paradis & Ruvkun, 1998), Akt1 and Akt2 inhibitors were selected to 

examine the importance of these signaling pathways on ECFC pro-survival 

signaling. Akt1 inhibitor blocks the phosphorylation of the Akt downstream target 

pBad to result in increased apoptosis (Luo et al., 2005; Zhu et al., 2008). Akt2 

inhibitor has been reported as a novel small molecule that inhibits cell 

proliferation by inducing cell cycle arrest and thereby triggering apoptosis (Yap et 

al., 2011).  Also, the inhibitor of Bcl-xL was selected for blocking anti-apoptotic 

signaling in ECFC implants. Bcl-xL inhibitor binds to apoptosis suppressor Bcl-xL 

and prevents binding to the apoptotic effectors Bax and Bak proteins 

(Shoemaker et al., 2008; Tse et al., 2008). The concentration of each inhibitor 

was chosen based on dose-dependent optimization experiments (Figure. 3.5.).   

ECFC and ECFC+HPL implants were treated with DMSO as vehicle control, 2 
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µm of Akt1 inhibitor (Figure 3.6. a), 2 µm of Akt2 inhibitor (Figure 3.6. b), and 20 

nM of Bcl-xL inhibitor (Figure 3.6. c). The percentage of the Annexin V-/PI- viable 

population was significantly reduced in both implants of ECFC alone and ECFC 

with HPL when exposed to the Akt1 inhibitor on both day 1 and 3 of culture. 

While cell survival of ECFC alone implants were significantly decreased on day 1, 

both implants of ECFC and ECFC+HPL displayed zero cell survival on day 3 

when treated with the Bcl-xL inhibitor. Akt2 inhibitor treatment significantly 

reduced cell survival of ECFC alone in implants on day 1 and 3. However, there 

was not a statistical significant difference in cell survival of ECFC in the 

ECFC+HPL implants when treated with Akt2 inhibitor on day 1 and 3 because of 

high variability among the repeated experiments. As a result, only Akt1 inhibition 

of ECFC displayed a significant reduction of ECFC cell survival in both implants 

on day 1 following implantation. These results implicate the Akt1 pathway as the 

most important pro-survival pathway promoting ECFC survival in the 3D matrices. 

  



	  

 96 

 



	  

 97 

 

Figure 3.5. The effect of inhibitors of Akt1, Akt2, and Bcl-xL on ECFC in 3D 

collagen matrices on day1 and day3. Percentage of the Annexin V-/PI- viable 

population indicates the dose-dependent inhibition of cell survival in ECFC via 

treatment of DMSO, (a) Akt1 inhibitor, (b) Akt2 inhibitor, or (c) Bcl-xL inhibitor. 

Reprinted with permission from “Human platelet lysate improves human cord 

blood derived ECFC survival and vasculogenesis in three dimensional (3D) 

collagen matrices” by Kim et al., 2015, Microvascular Research, 101:72-81. 

Figure 3.5. was from my original work (H. Kim, Prasain, et al., 2015). 
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Figure 3.6. Inhibition of pro-survival molecules reduces cell survival in 3D 

collagen matrices on day 1 and day 3. The Annexin V-/PI- viable population of 

inhibitor treatment of ECFC alone or ECFC with HPL in 3D collagen matrices on 

day 1 and day 3: DMSO as vehicle control, (a) Akt1 inhibitor, 2 µm, (b) Akt2 

inhibitor, 2 µm, and (c) Bcl-xL inhibitor, 20 nM. Percentage of Annexin V-/PI- 

viable population was significantly decreased by inhibition of Akt1, Akt2, and Bcl-

xL.  Of note, the most profound decrease in viability was observed in the 

ECFC+HPL matrices that contained the Akt1 inhibitor on day 1. N=3 each group. 

*P<0.05 or **P<0.001. Reprinted with permission from “Human platelet lysate 

improves human cord blood derived ECFC survival and vasculogenesis in three 

dimensional (3D) collagen matrices” by Kim et al., 2015, Microvascular Research, 

101:72-81. Figure 3.6. was from my original work (H. Kim, Prasain, et al., 2015). 
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Next, we examined whether the inhibitor treatments would alter the protein 

expression level of pro-survival/anti-apoptotic or pro-apoptotic molecules in 

ECFC in 3D collagen matrices on day 1. We tested only day 1 implants because 

cell survival of ECFC was close to zero by all inhibitor treatments on day 3. When 

treated with the Akt1 inhibitor, pBad (inactive form that blocks apoptosis) was 

barely detected in ECFC alone implants and significantly decreased in 

ECFC+HPL implants compared to DMSO control groups. The level of Bcl-xL 

(anti-apoptotic molecule) was not changed in both implantation of ECFC and 

ECFC+HPL matrices compared to DMSO control samples. When exposed to the 

Bcl-xL inhibitor, the level of pBad and Bcl-xL was significantly decreased in the 

both groups compared to DMSO controls. On the other hand, Akt2 inhibition 

caused a significant increase of expression level of Akt1/pAkt1, Bcl-xL (anti-

apoptotic molecule), and pBad (inactivated pro-apoptotic molecule) in both 

groups compared to DMSO groups (Figure 3.7.). Cleaved caspase-3 (pro-

apoptotic molecule) was increased with treatment of the three inhibitors in 

implants of ECFC alone compared to ECFC implants with DMSO (Figure 3.7. b). 

However, cleaved caspase-3 expression was not changed in ECFC+HPL 

implants with the three inhibitors compared to ECFC+HPL implants treated with 

DMSO samples (Figure 3.7. c). Thus, inhibition of Akt1 and Bcl-xL (pro-

survival/anti-apoptotic molecules) promotes apoptosis of ECFC by decreasing 

pBad (inactivated pro-apoptotic molecule) and Bcl-xL (pro-survival molecule), 

which are Akt downstream substrates, in both ECFC alone and ECFC+HPL 3D 

implants. In summary, only Akt1 inhibition significantly diminished cell survival of 
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ECFC by decreasing protein level of pBad in ECFC implants with HPL, even 

though cleaved caspase-3 expression was not concomitantly changed.  

 

In addition, we also determined that ECFC treated with the Akt1, Akt2, and Bcl-

xL inhibitors on day 1 and 3 displayed significantly diminished vascular structures 

on day 1 and absence of vascular structures on day 3 (date not shown). 

Collectively, these observations have demonstrated that inhibition of the Akt1 

signaling pathway significantly diminished cell survival and vasculogenesis of 

ECFC by altering expression level of pro-apoptotic and anti-apoptotic/pro-survival 

molecules. 
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Figure 3.7. Inhibition of pro-survival molecules affects protein expression 

of molecules involved in the apoptotic/cell survival signaling in 3D collagen 

matrices. (a) Representative immunoblots of inhibitor treatment of ECFC or 

ECFC with HPL in 3D collagen matrices (DMSO as vehicle control, Akt1 inhibitor, 

2 µm, Akt2 inhibitor 2 µm, and Bcl-xL inhibitor 20 nM). Lower panels show 

quantification of repeated experiments of the inhibitor treatment ECFC alone (b) 

and ECFC with HPL (c) in 3D collagen matrix on day 1 after implantation (protein 

expression levels were normalized using GAPDH). Y axis=Normalized optical 

density N=2 each group. *P<0.05, **P<0.001, or ***P<0.0001. Reprinted with 

permission from “Human platelet lysate improves human cord blood derived 

ECFC survival and vasculogenesis in three dimensional (3D) collagen matrices” 

by Kim et al., 2015, Microvascular Research, 101:72-81. Figure 3.7. was from my 

original work (H. Kim, Prasain, et al., 2015). 
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3.4. Discussion 

The microvascular network has dynamic structural plasticity. Vasculogenesis, 

angiogenesis, and microvascular remodeling are complex processes following 

endothelial cell growth, migration, and differentiation (Adams & Alitalo, 2007; 

Bader, Rayburn, Crowley, & Hynes, 1998; Carmeliet, 2000; Carmeliet et al., 1996; 

Coultas et al., 2005; Ferrara, 1999; Ferrara et al., 1996; Hanahan & Folkman, 

1996; Lamalice et al., 2007; Risau, 1995, 1997; Shalaby et al., 1997). Many of 

theses in vivo processes can be modeled and examined in vitro. Human CB 

ECFC or human umbilical vein endothelial cells (HUVEC) participate in cell-cell 

and/or cell-matrix interactions and form capillary network within the first 24hrs on 

2D Matrigel coated dishes. The capillary network formation shows tremendous 

structural plasticity and dynamic processes of not only new network formation but 

also network regression. By blocking cell-matrix interactions with colchicine or 

anti-human avb3 antibody, HUVEC failed to form a capillary network, and a 

significant increase of endothelial cell death was observed (Pollman et al., 1999). 

Thus, cell-matrix interactions are necessary for cell viability and the formation of 

a capillary network on Matrigel coated dishes (Pollman et al., 1999; Shih et al., 

2011). Bcl-2 over expression in HUVEC enhanced cell viability and promoted 

stabilization of the capillary network formed on Matrigel (Pollman et al., 1999). 

This study suggested that the formation of capillary networks is dependent on the 

balance between pro-apoptotic and pro-survival of endothelial cells on 2D 

Matrigel substrates. We suggest that the balance between pro-apoptotic and 

anti-apoptotic/pro-survival signals play a critical role in promoting cell survival of 
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ECFC and enhancing vasculogenesis when ECFC are co-implanted with HPL in 

in vitro and in vivo models (Figure 3.2., 3.3., and 3.4.).  

 

Previous studies have been reported that HPL contains various cytokines and 

growth factors that are involved in various cellular events, particularly cellular 

migration, proliferation, differentiation, extracellular matrix organization and 

remodeling, and cell survival (Aarabi et al., 2007; Fekete et al., 2012; Shih et al., 

2011; Singer & Clark, 1999). Growth factors in HPL, especially, VEGF and 

angiopoietin-1, stimulate Akt to promote cell survival and ensure adequate 

vascular development in cardiovascular functions (Carmeliet et al., 1999; Fujio & 

Walsh, 1999; Gerber et al., 1998; I. Kim et al., 2000; Kontos et al., 1998; 

Papapetropoulos et al., 2000). Akt also has been reported to stimulate the 

expression of anti-apoptotic Bcl-2 proteins, such as Bcl-xL through the activation 

of NF-κB (I. Kim et al., 2000; Zong et al., 1999). Constitutive activation of Akt 

signaling protects cardiomyocytes against apoptosis (Fujio et al., 2000). In 

addition, chronic activation of Akt/PI3K pathway in endothelial cells enhances cell 

survival of endothelial cells (ECs) and promotes more vasculogenesis of ECs in 

absence of growth factors and serum (Seandel et al., 2008). Since Akt1 is 

generally the predominant expressed isoform (Akt1, Akt2, and Akt3) and 

compensates Akt2 functions for the inhibition of Akt2 (Ak2 knockout) (W. S. Chen 

et al., 2001; Paradis & Ruvkun, 1998), such compensation may explain the why 

inhibition of Akt2 may not effectively alter expression of pro-survival/anti-

apoptotic survival signaling molecules in the ECFC in 3D matrices (Figure 3.6. 
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and 3.7.). Only Akt1 inhibition significantly decreased the downstream targets, 

pBad and significantly diminished cell survival of ECFC on both day 1 and day 3 

in our in vitro model. Thus, growth factors in HPL may enhance cell survival of 

ECFC by activating Akt1 and enhancing expression of pro-survival/anti-apoptotic 

molecules (pAkt1, pBad, and Bcl-xL) against the apoptotic signal (cleaved 

caspase-3) mediated by environmental stress in our experimental models.   

In summary, we have demonstrated that co-implantation of human cord blood 

ECFCs with HPL improves cell survival of ECFC and promotes robust formation 

of human ECFC-derived microvessels with increased average vessel number, 

total vessel area, and enlarged vessel sizes in vivo.  By activating Akt1 pro-

survival signaling in the ECFC, HPL modifies the balance of pro-apoptotic and 

anti-apoptotic/cell survival signaling in the implanted cells to enhance 

vasculogenesis. 
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CHAPTER 4. INHIBITION OF APOPTOSIS OF ECFC ENHANCES HUMAN 

CORD BLOOD DERIVED ECFC SURVIVAL AND VASCULOGENESIS IN 

THREE DIMENSIONAL (3D) MATRICES 

 

4.1 Introduction 

Endothelial progenitor cells (EPCs) play critical roles in the formation of new 

vessels or the recovery of damaged vascular endothelium through angiogenesis 

and vasculogenesis (Asahara et al., 1997; Rafii et al., 2002; Shi et al., 1998). 

Endothelial colony forming cells (ECFC) are derived from a rare circulating 

subset of EPCs that may arise from resident endothelium of established blood 

vessels in man (Hirschi et al., 2008). We have successfully isolated ECFC from 

human peripheral blood (PB) or umbilical cord blood (CB) and identified a 

hierarchy of proliferative potential in ECFC through the use of single cell 

clonogenic and functional assays (L. Huang et al., 2011; Ingram et al., 2004). 

Human CB derived ECFC also display de novo vessel forming ability in 

immunodeficient mice in vivo after subcutaneous implantation of ECFC in 

collagen-fibronectin matrices and upon inosculation with host murine vessels, 

become a part of the systemic host circulation (Au, Daheron, et al., 2008; Cheng 

et al., 2011; Critser et al., 2010; L. Huang et al., 2011; Melero-Martin et al., 2008; 

Melero-Martin et al., 2007; Reinisch et al., 2009; Whittington et al., 2013; Yoder 

et al., 2007).   
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In subcutaneous implants, human ECFC-derived vessels were detected as early 

as day 1 or 2 after implantation in non-obese diabetic/severe combined 

immunodeficient mice (NOD/SCID) but these nascent vessels were not properly 

perfused with the host circulatory system at these early time points (P. Allen et 

al., 2013). After 3-4 days of implantation in vivo, however, human ECFC-derived 

vessels display robust connection with the host circulatory system (P. Allen et al., 

2013). Previous studies have noted that up to 60% of human umbilical vein 

endothelial cells (HUVECs) undergo apoptosis in the first 24 hours following 

suspension in collagen matrices in vitro and there is further loss of vascular 

structures in 3D type I collagen matrices after 24 hours of culture (Ilan et al., 

1998). Moreover, in our previous study, we reported that > 80% of human CB 

ECFC suspended in collagen matrices underwent apoptosis on day 1 after 

implantation (H. Kim, Huang, et al., 2015). After 2-3 days of implantation, only 1-

3% of the total ECFC cells demonstrated viability in the subcutaneous implants 

(H. Kim, Huang, et al., 2015). Since the stability of newly formed vessels requires 

systemic blood flow, theses data suggest that implanted endothelial cells must 

survive at least 3-4 days in vivo to form and stabilize a capillary network that is 

connected to the host circulatory system.  

 

Vasculogenesis, angiogenesis, and microvascular remodeling during embryonic 

development and in adult are complex and dynamic processes requiring 

endothelial cell growth, migration, and differentiation (Adams & Alitalo, 2007; 

Bader et al., 1998; Carmeliet, 2000; Carmeliet et al., 1996; Coultas et al., 2005; 
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Ferrara, 1999; Ferrara et al., 1996; Hanahan & Folkman, 1996; Lamalice et al., 

2007; Risau, 1995, 1997; Shalaby et al., 1997). Human ECFC or HUVEC form a 

primary capillary network via cell-cell and/or cell-matrix interactions on 2D 

Matrigel coated dishes (Pollman et al., 1999). The formation of a capillary 

network is a highly dynamic process requiring both new network formation and 

concomitant network regression via apoptosis (Pollman et al., 1999). Thus, 

apoptosis of endothelial cells has been observed in the context of dynamic 

capillary network remodeling in vitro and in vivo and is thought to play a 

necessary role for optimal network formation (Brooks et al., 1994; Fukai et al., 

1998; Pollman et al., 1999; Stratman et al., 2010). On the other hand, Bcl-2 over 

expression in HUVEC enhanced cell viability and promoted stabilization of the 

capillary network on Matrigel coated dishes. Therefore, the generation of anti-

apoptotic signals is also required to maintain integrity of the vascular network 

following realignment of certain matrix proteins and cell-cell or cell-matrix 

interactions during the process (Pollman et al., 1999; Shih et al., 2011). Thus, 

understanding the balance between pro-apoptotic and pro-survival signals is a 

critical point in capillary structure formation and the remodeling process. 

 

Apoptosis is a highly conserved cellular process in tissue development and 

homeostasis that generally culminates with the sequential activation of caspases 

(Duprez et al., 2009; Sprick & Walczak, 2004; Taylor et al., 2008). There are two 

pathways; the extrinsic pathway (death receptor pathway) and intrinsic pathway 

(mitochondrial pathway) that result in apoptosis depending on the apoptotic 
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signal. The extrinsic pathway is initiated by ligand binding to the death receptor 

family on the cell membrane, whereas the intrinsic pathway is triggered by 

stress-mediated damage such as alterations in temperature, osmolality, DNA 

damaging agents, free radical generation compounds, removal of nutrients, and 

oxygen deprivation (Duprez et al., 2009; Sprick & Walczak, 2004; Taylor et al., 

2008; Wyllie, 2010). The activation of both pathways merges to generate the 

release of cytochrome c (Cyt-C) from the mitochondria and activation of the 

caspase cascade including executioner (effector) caspase-3 (Duprez et al., 2009; 

Sprick & Walczak, 2004; Taylor et al., 2008). Caspase-3 is activated to cleaved 

caspase-3 to generate all the biochemical and morphologic hallmarks of cell 

apoptosis (Duprez et al., 2009; Sprick & Walczak, 2004; Taylor et al., 2008). 

Caspases are a family of cytosolic aspartate-specific cysteine proteases involved 

in the initiation and execution of apoptosis (Duprez et al., 2009; Sprick & 

Walczak, 2004; Taylor et al., 2008). They are activated by an autoproteolytic 

mechanism or by cleavage by other proteases (frequently other caspases). We 

hypothesized that inhibition of caspases would increase ECFC survival and 

enhance ECFC vascularization in 3D collagen matrices.  

 

4.2. Materials And Methods 

Culture of human umbilical cord blood derived ECFC  

ECFC were isolated and cultured as previously described (Ingram et al., 2004). 

ECFC colonies appeared between 5 and 22 days of culture and were indicated to 

form colonies of adherent cells with cobblestone morphology. The ECFC-derived 
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ECs were released from the culture plate by TrypLE™ Express (Gibco) and 

replated onto 25 or 75 cm2 tissue culture flasks pre-coated with Type I rat-tail 

collagen (BD Biosciences) for subsequent passage after approximately 10-14 

days of culture.  

 

Two dimensional Matrigel assays in vitro 

Tissue culture 96-well plates were coated with 50 µl of growth factor reduced 

Matrigel (BD Biosciences Pharmingen) and incubated for 30 minutes at 37°C, 5% 

CO2. ECFC (1 x 104 cells) were resuspended in EGM-2 media with DMSO, Z-

YVAD-FMK (0.5 mM, caspase-1/4 inhibitor), or Z-DEVD-FMK (0.5 mM, capase-3 

inhibitor) and plated on Matrigel coated 96-well plates. The Z-YVAD-FMK and Z-

DEVD-FMK were purchased from R&D system. ECFC plated on Matrigel was 

incubated for 24 hours, 48 hours and 72 hours. Images of tube-like structures 

were captured at 10x magnification after 24 hours, 48 hours, and 72 hours using 

a Leica DM IRE2 microscope (Leica Microsystems) with attached Retiga 4000R 

digital camera (QImaging). 

 

Preparation of three dimensional (3D) collagen matrices assay 

All of the type I collagen oligomers and associated polymerization reagents were 

purchased from GeniPhys. Zionsville, IN (Bailey et al., 2011). Stock oligomer was 

diluted in 0.01N hydrochloric acid (HCl) and neutralized according to 

manufacturer’s recommendations to achieve a final oligomer concentration of 

1.37 mg/ml (200Pa matrix stiffness). ECFC (1 x 105 cells/60 µl or 1 x 106 
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cells/250 µl) were suspended in the collagen solution with/without human platelet 

lysate (HPL-10% of final concentration), with DMSO vehicle (same amount of 

each inhibitor), Z-YVAD-FMK (0.5 mM, caspase-1/4 inhibitor), or Z-DEVD-FMK 

(0.5 mM, capase-3 inhibitor) at 4°C. The HPL was purchased from 

Gemeinnützige Salzburger Landeskliniken Betriebsges (SALK) in Graz, Austria. 

The HPL was prepared from pooled platelet-rich plasma derived from a minimum 

of 40 whole blood donations (Schallmoser & Strunk, 2009). The collagen-cell 

suspensions were plated on 96-well or 48-well plates, allowed to polymerize at 

37°C for 30 minutes, and covered with complete endothelial cell growth medium 

(EGM-2, Lonza) with 10% defined fetal bovine serum (Hyclone) for incubation for 

one to three days in a tissue culture incubator at 37°C, 5% CO2. 

 

Toluidine blue staining of 3D collagen matrices and quantification of in 

vitro vascular structures  

For analysis of in vitro vascular structure formation in 3D collagen matrix, 

cellularized collagen matrices were fixed with 4% paraformaldehyde for 20 

minutes on Day 1 or Day 3 post-matrix formation. The matrices were stained with 

0.1% toluidine blue O dye (30% methanol) for 25 minutes at room temperature 

and washed with PBS for 30 minutes for three times at room temperature (as 

previously described (Critser et al., 2010)). Vascular structures (Vacuoles, 

Lumens, and tube formation) were quantified using ImageJ image analysis 

software (National Institutes of Health (NIH)). Vacuoles and lumens were defined 

as areas completely surrounded by a toluidine blue stained endothelial cell 
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membrane. A single image of the entire well was captured at a depth of 100 

microns from the surface of the matrix for each of triplicate samples of each 

group. Images of vascular structures were captured at 10x magnification using a 

Leica DM IRE2 microscope (Leica Microsystems) with attached Retiga 4000R 

digital camera (QImaging). 

 

Assessment of apoptosis of ECFC in 3D collagen matrices 

Apoptosis was assessed by examining the percentage of human CD31+ ECFC 

that bound Annexin V and propidium iodide and was performed as per the 

manufacturer’s instruction (Apoptosis Detection kit, eBioscience). ECFC (1 x 105 

cells/60 µl) were suspended in collagen matrices with/without HPL, with DMSO 

vehicle (same volume of each inhibitor), Z-YVAD-FMK, or Z-DEVD-FMK, plated 

in 96-well plates, and incubated for one to three days as above. As previously 

described (H. Kim, Huang, et al., 2015), matrices were recovered from one to 

three days after implantation and incubated in 250 µl Collagenase Type I (0.25%) 

(Stemcell technology) for 20 minutes at 37°C. Cell dissociation buffer was added 

to stop the enzymatic reaction (Invitrogen). Cells were centrifuged at 500 g for 5 

minutes at room temperature. Cell pellets were suspended in staining buffer and 

stained with anti-human CD31 antibody conjugated to phycoerythrin (PE) for 15 

minutes (clone WM-59, BD Biosciences Pharmingen). Cells were incubated and 

stained for Annexin V-allophycocyanin (APC) and propidium iodide (PI) in binding 

buffer for 10 minutes at room temperature in the dark. Stained cells were 

analyzed by FlowJo software. 
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Western blot 

Cellular protein lysates were extracted from the ECFC collagen matrix implants 

and electrophoresed using sodium dodecyl sulfate–polyacrylamide matrix 

electrophoresis (SDS-PAGE), transferred to nitrocellulose, and probed with 

monoclonal antibodies that included anti-human cleaved caspase-1 (clone 

D7F10, Cell signaling) and cleaved caspase-3 (clone 3G2, Cell signaling). Anti-

human GAPDH (clone 14C10, Cell signaling) antibody was used to probe for 

loading control proteins (as previously described (H. Kim, Huang, et al., 2015)).  

 

Histology and immunohistochemistry 

Sections were stained as previously described (Yoder et al., 2007). Briefly, 

paraffin-embedded tissue sections were deparaffinized and then either directly 

stained with hematoxylin and eosin (H&E) or immersed in retrieval solution (Dako) 

for 20 minutes at 90–99°C. Slides were incubated at room temperature for 30 

minutes with anti-human CD31 antibody (clone JC70/A, Abcam) followed by a 

10-minute incubation with LASB2 link-biotin and streptavidin-HRP (Vector 

Laboratories), then developed with DAB (Vector Laboratories) solution for 5 

minutes. Slides were analyzed by microscope under 20x magnification using a 

Leica DM 4000B microscope (Leica Microsystems, Bannockburn) with attached 

Spot-KE digital camera (Diagnostic Instruments, Sterling Heights).  
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Statistical analysis 

Results are expressed as mean ± the standard error of the mean (SEM) for the 

study variables. The assessment of apoptosis of ECFC, in vitro vascular 

structure quantification and the quantification of western blot data points (ECFC 

treated with DMSO, Z-YVAD-FMK, or Z-DEVD-FMK) were assessed by unpaired 

t-test. A statistically significant difference was set at *P<0.05, **P<0.001, or 

***P<0.0001. 

 

4.3. Results 

Caspase inhibitors reduce vasculogenesis of human CB derived ECFC on 

2D Matrigel in vitro. 

Consistent with prior reports, inhibition of programmed cell death significantly 

decreased vasculogenesis of endothelial cells (EC) via various types of caspase 

inhibitors (Rohban et al., 2013; Segura et al., 2002). We first examined whether 

the presence of Z-YVAD-FMK (0.5 mM, caspase-1/4 inhibitor) or Z-DEVD-FMK 

(0.5 mM, capase-3 inhibitor) alters ECFC vasculogenesis on 2D Matrigel coated 

dishes. The concentration (0.5 mM) of the caspase inhibitors was selected based 

upon two previous studies that reported these concentrations decreased 

vasculogenesis (Rohban et al., 2013; Segura et al., 2002). Both ECFC alone 

(Figure 4.1. a) and ECFC with the control solvent DMSO (Figure 4.1. D) formed 

tube-like structures on the Matrigel coating at 24 hours after cell deposition. The 

ECFC alone group formed and maintained the tube-like structures on the 

Matrigel coated dishes at 24, 48, and 72 hours of culture (Fig. 1A-C). Tube-like 



	  

 116 

structures of the ECFC with DMSO (vehicle control) group were slightly 

regressed through 48 and 72 hours of culture (Figure 4.1. D-F). However, the 

presence of caspase-1 inhibitor (0.5 mM) (Figure 4.1. G-I) and caspase-3 

inhibitor (0.5 mM) (Figure 4.1. J-L) blocked the formation, elongation, and 

branching of tube-like structures during vasculogenesis of ECFC on 2D Matrigel 

coated dishes. The caspase-3 inhibitor group displayed the most dramatic 

capillary tube-like regression and loss of the tube-like structures over time. These 

data confirm that effector caspase inhibition in ECFC significantly impairs 

vasculogenesis of ECFC on 2D Matrigel coated dishes in vitro as recently 

reported (Rohban et al., 2013; Segura et al., 2002).  
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Figure 4.1. Inhibition of caspases in ECFC diminishes vasculogenic activity 

of ECFC on 2D Matrigel in vitro. The Images show representative images of 

tube-like structure formation of untreated control ECFC (a-c), ECFC with DMSO 

(d-f), with caspase-1 inhibitor (g-i), and with caspase-3 inhibitor (j-l).  
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Inhibition of caspase promotes vasculogenesis of human CB derived ECFC 

in 3D collagen matrices in vitro.  

We next investigated whether co-implantation of ECFC with caspase inhibitors 

(same concentration as above with 2D Matrigel coated dishes) would also impair 

vasculogenic activity of ECFC in 3D collagen matrices. ECFC-derived vascular 

structures were defined as endothelial cells with vacuoles and lumenized 

structures were defined as areas completely surrounded by a toluidine blue 

stained endothelial cell membrane (Figure 4.2. a and b). A significantly greater 

average number of vascular structures per surface area of the matrix (Figure 4.2. 

c) and total luminal area of vascular structures per surface area of the matrix 

(mm2) (Figure 4.2. d) were quantified in ECFC incubated with caspase-1 inhibitor 

and caspase-3 inhibitor compared to the control groups on day 1 and 3 of the in 

vitro study. Moreover, Caspase-3 inhibition displayed the greatest average 

number of vascular structures per surface area of the matrix and total luminal 

area of vascular structures per surface area of the matrix (mm2) among the 

experimental groups on day 3 of culture.   

 

We subsequently tested whether caspase inhibitors alter the protein expression 

level of cleaved caspase-1 or cleaved caspase-3 in ECFC in 3D collagen 

matrices in vitro. Cleaved caspases are the active forms that promote apoptosis. 

In the presence of caspase-3 inhibitor, cleaved caspase-3 was appropriately 

diminished in collagen gels containing ECFC alone and ECFC with added human 

platelet lysate (HPL) compared to the DMSO control group gels (Figure 4.2. e 
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and f). Inhibition of caspase-1 decreased cleaved caspase-1 in ECFC alone and 

ECFC with HPL group gels compared to DMSO containing gels (Figure 4.2. e 

and f). Thus, these data demonstrate that ECFC incubated with two selective 

caspase inhibitors significantly promotes vasculogenesis in 3D collagen matrices 

by blocking caspase-1 and -3 activity in vitro.  



	  

 120 

 



	  

 121 

  



	  

 122 

Figure 4.2. ECFC with caspase inhibitors induces the formation of vascular 

structures in 3D collagen matrices in vitro. (a) Representative images of 

vascular structures of ECFC with or without HPL and with DMSO, caspase-1 

inhibitor, or caspase-3 inhibitor in collagen matrices on day 1 and 3 (white arrows 

indicate the structures and small boxes indicates representative counted 

structures). Scale bar represents 0.05 µm. ECFC with caspase-1 inhibitor or 

caspase-3 inhibitor was resulted in a significant increase in (c) the average 

number of vascular structures per collagen matrix surface area and (d) total 

luminal area of vascular structures per matrix surface area (mm2) compared to 

controls. N=10 each group. *P<0.05, **P<0.001, or ***P<0.0001. Top panel (e) 

displays representative immunoblots of cleaved caspase-1 and cleaved caspase-

3 proteins from ECFC with DMSO, caspase-1 inhibitor, or caspase-3 inhibitor in 

3D matrices. Bottom panel (f) shows quantification of repeated experiments on 

day 1 and day 3 after incubation (protein expression levels were normalized 

using GAPDH). N=2 each group. *P<0.05 or **P<0.001. 
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Human CB derived ECFC incubated with caspase inhibitors significantly 

enhanced cell survival of ECFC in 3D collagen matrices.  

Our previous study demonstrated that activation of the Notch pathway by OP9-

Delta like ligand 1 (DL1) stromal cells or co-implantation of ECFC with HPL 

enhances vasculogenesis and augments blood vessel formation by diminishing 

apoptosis of the implanted ECFC (H. Kim, Huang, et al., 2015). We subsequently 

tested whether the presence of caspase inhibitors diminishes apoptosis of ECFC 

in 3D collagen matrices. After 1-3 days, ECFCs were recovered from 3D collagen 

matrices and assessed for apoptosis of ECFC stained with anti-human CD31, 

Annexin V and propidium iodide (PI).  The CD31+ ECFC population was selected 

from the total cell population and separated into Annexin V+/- and PI+/- expressing 

subsets. The concentration of caspase-1 inhibitor and caspase-3 inhibitor in the 

3D collagen matrices were titrated based on the percentage of viable cells 

(Annexin V-/PI-) (Figure 4.3.). ECFC incubated with DMSO started undergoing 

apoptosis on day 1 and a significant population of the cells died by day 3 in the 

collagen matrices in vitro (Figure 4.4.). In contrast, ECFC with added caspase-1 

inhibitor or caspase-3 inhibitor revealed a significantly higher percentage of 

viable cells (Annexin V-/PI-) at the highest concentration of inhibitor (0.5 mM) 

compared to the control group. The addition of the caspase-3 inhibitor (0.5 mM) 

displayed the greatest percentage of viable cells compared to ECFC with added 

DMSO or caspase-1 inhibitor (0.5 mM). These data suggest significantly 

enhanced cell survival of ECFC in 3D collagen matrices in vitro in the presence 

of caspase-1 or -3 inhibitor.   
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Figure 4.3. The effect of caspase inhibitors on ECFC in 3D collagen 

matrices in vitro. Percentage of the Annexin V-/PI- viable population indicates 

the dose-dependent inhibition of apoptosis in ECFC treated with DMSO,  (a) 

caspase-1 inhibitor, or (b) caspase-3 inhibitor. (c and d) Representative dot plots 

of apoptosis analysis of ECFC with DMSO, caspase-1 inhibitor, or caspase-3 

inhibitor on day 1 and 3 (only two concentrations of each inhibitor).  
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Figure 4.4. Incubation of ECFC with caspase inhibitors diminishes 

apoptosis of ECFC in 3D collagen matrices in vitro. The Annexin V-/PI- viable 

population of ECFC with (a) caspase-3 inhibitor and (b) caspase-1 inhibitor was 

significantly higher on day 1 and 3 compared to ECFC with DMSO in culture. 

N=3. *P<0.05. 
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4.4 Discussion 

The balance between apoptosis and cell survival is an important variable during 

vasculogenesis, angiogenesis, and microvascular remodeling during embryonic 

development and in adult organisms (Jacobson, Weil, & Raff, 1997). Earlier 

reports showed that activation of apoptosis pathways by blocking cell-cell and/or 

cell-matrix interactions blocks vessel formation (Brooks et al., 1994; Fukai et al., 

1998; Pollman et al., 1999; Stratman et al., 2010). Our previous studies also 

have demonstrated that activation of the Notch pathway by OP9-DL1 stromal 

cells or co-implantation of ECFC with HPL enhances vasculogenesis and 

augments blood vessel formation by diminishing apoptosis of the implanted 

ECFC. In contrast, some studies have been reported that caspase inhibition 

reduces adhesion and migration of endothelial cells (EC) and significantly 

decreases the vasculogenic activities of EC in a 2D Matrigel model (Rohban et 

al., 2013; Segura et al., 2002). Thus, the roles of apoptosis in vasculogenesis of 

EC are controversial and have not been well studied. The aim of this study was 

to examine whether inhibition of the apoptosis pathway via caspase inhibitors 

alters the early phase of vasculogenesis of ECFC when plated on 2D Matrigel or 

in 3D collagen matrices. When ECFC are plated on the 2D Matrigel, inhibition of 

activation of caspase-1 and caspase-3 significantly reduced vasculogenic 

activities of EC (Figure 4.1.), whereas ECFC with caspase-1 or caspase-3 

inhibitors significantly increased vasculogenesis in 3D collagen matrices (Figure 

4.2.).  
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In this report, we have provided evidence that 2D Matrigel and 3D collagen 

matrix environments revealed totally opposite results in ECFC survival and 

vasculogenic ability in vitro. At present we cannot determine whether the 

differences in ECFC survival and function were due to caspase inhibition in the 

context of the 2D or 3D environment or in response to the Matrigel or collagen 

matrix. For proper comparisons of each matrix model, in future studies we will 

examine cell survival and vasculogenesis of ECFC with caspase-1 and caspase-

3 inhibitor in Matrigel and collagen matrices in both 2D and 3D formats. 

 

We have previously published that non-human primate peripheral blood ECFC 

display vessel forming ability from newborn animals throughout adulthood in vitro 

and in vivo upon implantation in immunodeficient mice. Interestingly ECFC from 

those oldest animals failed to form non-human primate-derived ECFC-lined 

vessels when implanted in vivo, whereas the same ECFC formed capillary 

structures when plated in vitro on Matrigel coated dishes (Shelley et al., 2012). 

Thus, the responses of the ECFC derived from the oldest monkeys displayed 

differences in capillary tube formation depending on whether they were plated in 

a 2D Matrigel or a 3D collagen environment. Therefore, we cannot simply 

assume that in vivo vasculogenesis of ECFC will be promoted by inhibition of 

caspase-3, even though ECFC with caspase-3 inhibitor enhanced 

vasculogenesis in 3D collagen matrices in vitro. Thus, in future studies we will 

examine in vivo vessel forming ability of ECFC with caspase-3 inhibitor upon 

implantation in NOD/SCID mice.  
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CHAPTER 5. SUMMARY 

In the adult organism, endothelial progenitor cells (EPCs) have been reported to 

contribute to neovascularization in the recovery of damaged vascular 

endothelium through the processes of angiogenesis and vasculogenesis 

(Asahara et al., 1997; Rafii et al., 2002; Shi et al., 1998). Reports over 5 decades 

have reported that some circulating mammalian ECs attach and proliferate to 

form colonies of endothelium that coat intravascular suspended biomaterials 

(Stump et al., 1963) while the majority of circulating human ECs are senescent 

sloughed cells undergoing anoikis (Woywodt et al., 2006). In 1997, Asahara 

reported that circulating endothelial progenitors could be isolated from human 

adult peripheral blood and participate in revascularization in vivo in response to 

acute tissue ischemia (Asahara et al., 1997). EPCs have been subsequently 

reported to contribute to new vessel formation in adult subjects (Asahara et al., 

1997; Shi et al., 1998). For example, blood vessel damage leads to an increase 

in the number of circulating EPCs in patients with peripheral artery disease (PAD) 

(Hill et al., 2003; Rafii & Lyden, 2003; Urbich & Dimmeler, 2004).  

 

Only certain subsets of circulating EPCs are recruited into areas of vascular 

injury to promote vascular repair (Urbich & Dimmeler, 2004; Werner et al., 2005). 

In immunodeficient mouse vascular injury models, human endothelial colony 

forming cells (ECFCs) integrate into injured vessels to relieve tissue ischemia 

(Schwarz et al., 2012) and have been reported to improve blood flow in various 

diseases, such as ischemic retinopathy, limb ischemia, myocardial infarction, and 
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stroke (X. T. Huang et al., 2013; Kang et al., 2013; Medina et al., 2010; Moubarik 

et al., 2011; Schwarz et al., 2012; Stroncek et al., 2012). Thus, ECFC may serve 

as a novel cell therapy for these disorders in human subjects.  

 

We have isolated endothelial colony forming cells (ECFCs) from human 

peripheral blood and cord blood (Au, Daheron, et al., 2008; Ingram et al., 2004; 

Melero-Martin et al., 2007). ECFCs express cell surface proteins (KDR, CD34, 

vWF, eNOS, VE-cadherin, and others) similar to those on primary ECs (Ingram 

et al., 2004; Yoder et al., 2007). ECFCs have a high proliferative potential and 

are able to form human blood vessel de novo in vivo when implanted in 

immnunodeficient mice (Yoder et al., 2007). However, there is still a great need 

for further refinement of methods and identifying the molecular mechanisms that 

regulate and facilitate vascularization of ECFC in in vitro and in vivo matrices.  

 

Human ECFC-derived vessels form after implantation in NOD/SCID mice, but 

inosculation to the host circulatory system does not occur until after 3-4 days of 

implantation (P. Allen et al., 2013). It has been known that up to 60% of human 

umbilical vein endothelial cells (HUVECs) undergo apoptosis in the first 24 hours 

after suspension in collagen gels (Ilan et al., 1998). We have also reported that 

most human CB ECFC suspended in 3D collagen matrices displayed apoptosis 

on day 1 post-implantation (H. Kim, Huang, et al., 2015). After 2-3 days of 

incubation, the majority of ECFC died. Only 1-3% of the total implanted cells 

were alive in the subcutaneous implants (H. Kim, Huang, et al., 2015). Since 
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systemic blood flow is required to stabilize newly formed vessels, these data 

suggest that implanted endothelial cells must survive at least 3-4 days in vivo to 

form a stable perfused capillary network that can be perfused by the host 

circulatory system.  

 

Notch1 activation has been involved in inhibiting cell death in a cell type specific 

manner (Beverly et al., 2005; Jehn et al., 1999; MacKenzie et al., 2004; Sade et 

al., 2004). Notch 1 and a downstream mediator, Hes1, in human iliac artery 

endothelial cells (HIAECs) caused growth suppression but improved cell survival 

of the cultured cells. Also, activated Notch1 in HIAECs formed a more stabilized 

network and cord formation on Matrigel substrate in the presence of VEGF (Z. J. 

Liu et al., 2003). Delta like ligand 1 (Dll1)-dependent Notch signaling mediated by 

EphrinB2 has been reported to induce branching morphogenesis and network 

formation by human arterial endothelial cells (HAECs) plated on Matrigel 

(Limbourg et al., 2007). These reports have indicated that Notch1 signaling plays 

a role in regulating endothelial cell survival and network and cord formation in 

vitro. Since Notch signaling is a critical for embryonic blood vessel formation, we 

hypothesized that activation of Notch signaling in ECFC would enhance cultured 

ECFC vasculogenic abilities in vitro and in vivo. We report that preconditioning of 

ECFC with Notch activation is not sufficient to promote in vivo vasculogenesis, 

whereas co-implantation of ECFC with Notch ligand Delta-like 1 (DL1) 

expressing OP9 stromal cells (OP9-DL1) significantly increased vasculogenesis 

of ECFC by diminishing ECFC apoptosis in vivo.  
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Human platelet lysate (HPL) contains various cytokines and growth factors that 

are involved in the balance between apoptosis and cell survival in numerous cells 

involved in the repair of injured tissues (Freishtat et al., 2009; Gambim et al., 

2007; Mause et al., 2010; Pakala et al., 1994; Sharron et al., 2012; Stellos & 

Gawaz, 2007). VEGF and angiopoietin-1 in HPL promote protein kinase B (Akt) 

activation that enhances cell survival and contributes to vascular development 

(Carmeliet et al., 1999; Fujio & Walsh, 1999; Gerber et al., 1998; I. Kim et al., 

2000; Kontos et al., 1998; Papapetropoulos et al., 2000). Constitutive activation 

of the Akt/phosphoinositol-3-kinase (PI3K) pathway in endothelial cells stimulates 

cell survival of EC and promotes more vasculogenesis of ECs in serum free 

conditions (Seandel et al., 2008). Since platelets have a critical role in regulation 

of cell death and survival and contain granules filled with various growth factors 

and cytokines (Fekete et al., 2012; Shih et al., 2011), we hypothesized that HPL 

would diminish apoptosis of ECFC and promote ECFC vascularization by 

modulating the balance between apoptosis and cell survival of ECFC in 3D 

collagen matrices. We report that ECFC mixed with HPL in collagen matrices 

decreased apoptosis of ECFC by altering the expression of pro-survival 

molecules (pAkt1, pBad, and Bcl-xL) in vitro and stimulated vasculogenesis of 

human EC-derived vessels both in vitro and in vivo. 

 

Apoptosis is a highly conserved cellular process in tissue development and 

homeostasis that generally culminates with the sequential activation of effector 

caspases (Duprez et al., 2009; Sprick & Walczak, 2004; Taylor et al., 2008). 
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There are two pathways; the extrinsic pathway (death receptor pathway) and 

intrinsic pathway (mitochondrial pathway) that result in apoptosis depending on 

the apoptotic signal. The activation of both pathways leads to release of 

cytochrome c (Cyt-C) from mitochondria and activation of the executioner 

caspase-3 (Duprez et al., 2009; Sprick & Walczak, 2004; Taylor et al., 2008). 

Caspase-3 is activated to cleaved caspase-3 that generates all the biochemical 

and morphologic hallmarks of cell apoptosis (Duprez et al., 2009; Sprick & 

Walczak, 2004; Taylor et al., 2008). However, numerous reports have highlighted 

that capillary tube formation by EC plated on Matrigel in vitro is dependent on 

some level of caspase activation and apoptosis induction (Rohban et al., 2013; 

Segura et al., 2002). We hypothesized that inhibition of apoptosis via caspase 

inhibitors would increase ECFC survival and enhance ECFC vascularization in 

3D collagen matrices in vitro. We report that inhibition of caspase-1 and -3 in 

ECFC significantly enhanced cell survival of ECFC and dramatically increased 

vascular formation of ECFC by decreasing cleaved caspase-1 and cleaved 

caspase-3 in 3D collagen matrices in vitro.  

 

We hypothesized that in vivo vasculogenesis of ECFC would be enhanced by 

inhibition of caspase-3, since ECFC with caspase-3 inhibitor promoted the most 

vasculogenesis in 3D collagen matrices in vitro. We examined in vivo vessel 

forming ability of ECFC with caspase-3 inhibitor upon implantation in NOD/SCID 

mice. The inhibitor was injected into an implanted osmotic pump for constant 

delivery for 3 days post-implantation. The first set of mice receiving implants 
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showed increased vessel forming ability of ECFC in implants that included 

caspase-3 inhibitor compared to ECFC implants with DMSO control. However, in 

the second experiment, no difference in vessel forming ability of ECFC was 

observed in the two study groups. Kinetics of caspase-3 inhibitor release from 

the osmotic pump has not been well studied following implantation in mice. 

Further studies will be required to define kinetics of release of the caspase-3 

inhibitor in vivo before repeating the ECFC implants studies.  

 

In future studies, we can also examine combinational treatment of caspase-3 

inhibitor with other drugs. For example, since ECFCs are in a hypoxic 

microenvironment following implantation, pre-conditioning of ECFC with hypoxia-

inducible factor (HIF) inducers might lead to hypoxia tolerance to enhance cell 

survival of ECFC in vivo. 
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