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Abstract 
 
A well-formed and robust vasculature is critical to the health of most organ 
systems in the body. However, endothelial cells (EC) can exhibit a number of 
distinct functional subphenotypes like arterial or venous EC, as well as 
angiogenic tip and stalk EC. This study focused on directing the differentiation of 
endothelial cells subphenotypes from mouse and human embryonic stem cells 
(ESC), as well as, human induced pluripotent stem (iPS) cells in vitro using a 
staged and chemically-defined methodology. Using these methods, we 
discovered and characterized highly angiogenic tip/stalk-containing EC emerging 
as distinct from less proliferative and less migratory phalanx EC, and examined 
our ability to direct specification of these subphenotypes. We found that both 
tip/stalk-containing and phalanx-containing sub-populations were more than  
80% VE-cad+ without FACS purification. These EC exhibited distinct mRNA gene 
expression profiles, surface marker expression, and sprouting capacity in a fibrin 
gel assay. The tip/stalk EC are Flt4+/Dll4+/Flt-1-/Notch-1- reflecting a migratory 
more VEGF responsive phenotype indicative of tip cell surface expression 
pattern. Phalanx ECs are more homogeneous and less responsive to VEGF 
signaling – comprising of higher levels of Flt-1 and Notch-1. Human stem cell 
derived EC required additional purification step and treatment with TGFβR1 
inhibitor, small molecule SB431542 in order to maintain stability of expanded EC 
populations. In our attempts at directing the differentiation of EC subpopulations, 
many of the cell populations did not survive.  Of the surviving cells, signaling from 
PIGF and BMP treatments exhibited the greatest potential for directing stem cells 
toward tip-like EC and stalk-like EC, respectively.  Additionally, immobilized 
rhDll4 induced quiescence and high VE-cad+/CD31+ expression in the EC 
consistent with a phalanx-like EC subphenotype. The ability to generate these 
functionally distinct vascular ESC-EC in vitro is an important development in 
regenerative medicine. 
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Chapter 1. Introduction  
 
 
The ability to take an individual’s blood sample, hair follicle or skin tissue sample 
and create genetically identical stem cells that can then be directed to become 
any cell type in the body has tremendous possibilities for health and human 
disease (Fig 1). It is the goal of tissue engineers to develop cellular and tissue 
therapies for enhancing repair and regeneration of organs and/or improves 
disease outcomes.  By studying cell fate decisions in response to soluble and 
environmental signals, researchers will be better able to direct stem cell-derived 
cell lineages with tissue specific functions that resemble their in vivo counterparts.  
 
The McCloskey laboratory is interested in vascular and cardiovascular cell fate 
and tissue assembly.  In particular, endothelial cells (EC) – the cells lining blood 
vessels – are a very interesting cell because these cells can take on numerous 
phenotypes, like arterial EC, venous EC, as well as, angiogenic tip and stalk EC. 
EC are highly specialized at the tissue level and respond differently and 
dynamically during development, homeostasis and disease states. Therefore, it 
is critical to study endothelial sub phenotype for disease modeling and 
therapeutic applications. This body of research explores questions concerning 
the genetic identity, functionality, and stability of specialized EC sub-populations 
derived from embryonic and induced pluripotent stem cells.  
 

1.1 Vasculogenesis and Angiogenesis 
 

Vasculogenesis  
 
Vasculogenesis is the de novo formation of blood vessels that usually occurs in 
embryonic tissue following gastrulation including the induction of mesodermal 
cells into primitive EC and blood cells that are able to self assemble into a 
network forming the vascular plexus.  By contrast, post-natal vasculogenesis 
occurs in mature non-embryonic tissues, additionally requiring the ability of 
circulating endothelial progenitor cells to integrate into existing vasculature. One 
example is the female reproductive system that requires rapid revascularization 
of the endometrial lining every menstrual cycle.  Postnatal vasculogenesis in 
normal healthy individuals are rare occurrences, therefore the creation of new 
blood vessels is primarily driven by angiogenesis. During angiogenesis, new 
vessels are formed from pre-existing blood vessels in response to hypoxic 
conditions or pro-inflammatory cytokine release during tissue injury.  
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1.2 Signaling in Vasculogenesis 
 

Embryonic Vasculogenesis 
 
The most critical cytokines directing mesodermal formation and vascular 
induction are the three members of the transforming growth factor (TGF) family -- 
basic fibroblast growth factor (bFGF) and vascular endothelial growth factor 
(VEGF). During gastrulation, bFGF secretion directs the migration of epiblast 
cells from the blastocyst inner mass to the primitive streak and the spreading 
across the anterior-to-posterior axis between visceral endoderm to form primitive 
mesoderm. The migration of epiblast cells through the primitive streak is an 
epithelial to mesenchymal transition (promoted by bFGF) where the cells can 
then be exposed to Indian hedgehog (IHH) and local endothelial growth factor 
(VEGF) concentrations [1] (Table 1).  IHH is secreted via adjacent visceral 
endoderm and sequestered by migrated anterior epiblast cells that then 
promotes the production of bone morphogenic protein -4 (BMP4) [2].   Together 
with FGF2, IHH signaling up-regulates VEGFR2 (mouse-Flk1/human-KDR) 
thereby directing anterior epiblast cells to become sensitive to VEGF-A. Later, 
FLK1/KDR expressing cells differentiate into endothelial progenitor cells (EPC) 
and hematopoietic cells [3]. Without KDR or VEGF-A, embryos fail to form blood 
islands or a vascular plexus [4]. In this way, bFGF, BMP4 and VEGF are 
important for directing vascular endothelial cell fate.  
 

Postnatal Vasculogenesis 
 
Postnatal vasculogenesis in normal healthy individuals is a rare event primarily 
driven by hypoxic conditions, chemokine or pro-inflammatory cytokine release 
during tissue injury.  At the molecular level, hypoxia increases production of 
angiopoietins, SDF-1 (stromal derived factor 1), PIGF (placental growth factor) 
and VEGF (vascular endothelial growth factor)[5]. Similarly, inducing 
vasculogenesis in embryonic tissue will activate signal transduction pathways 
and up-regulate transcription factors critical to endothelial proliferation, migration 
and fate[6]. In mature tissue, potent chemokines and growth factors are released 
as cells adapt to its changing microenvironment.   
 

1.3 Angiogenesis 
 
The formation of new blood vessels from existing vessels, termed angiogenesis, 
is seen during active embryonic development, tumorigenesis and wound 
healing[7].  It is a multistep process controlled by regulatory factors that drive EC 
migration, proliferation, degradation of the extracellular matrix, and assembly into 
tubes. The ability of EC to restore existing vasculature and repair damaged 
tissue drives a number of studies in EC cellular-based therapies, including EC 
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derived from embryonic stem cells (ESC)[8]. During sprouting angiogenesis, a 
complex array of biochemical signals secreted into the extravascular milieu direct 
the protrusion of EC from quiescent vessels into adjacent tissue.  
 
  

Signaling in Angiogenesis 
 
The determinants for sprouting, proliferative and non-sprouting EC phenotypes 
have not been fully elucidated, however, recent studies allow insight into how 
signaling pathways are attuned and integrated for EC specialization or 
phenotypic transition like in tip EC to stalk EC conversion. A major signaling 
event in determining EC phenotypes involves VEGFR heterodimer signaling and 
the integration of VEGFR/Dll-4/Notch1, BMP/SMAD1-5/Notch/Id signaling 
pathways. However, combinations of different VEGFRS have different effects on 
EC downstream signaling. 
 

VEGF-A and VEGF Receptors  
 
Vascular endothelial growth factor comes in five different forms – VEGF-A, 
VEGF-B, VEGF-C, VEGF-D and placental growth factor (PIGF) – and has 
different affinities for the three tyrosine kinase type receptors VEGFR1-3 (Fig 2). 
VEGF-A transduces the highest activity in vascular EC. It is secreted by nearby 
parenchymal cells, has high binding affinity to heparin sulfate tethering it to the 
extracellular matrix.  It also activates all three VEGFRs including ubiquitous 
VEGFR2 (Flk1 in mouse, KDR in human). VEGF also forms heterodimers with 
other co-receptors, fine-tuning its affect in angiogenesis and making it more 
bioavailable (Fig 2). VEGF is expressed highly in EC during vasculogenesis and 
angiogenesis and associated with EC migration, commitment, proliferation and 
vascular permeability through VEGFR2 depending on specific or combinatorial 
tyrosine residue phosphorylation (Fig 3).  For example, Tyr951 is activated during 
active angiogenesis and not in quiescent EC.  Its downstream targets increase 
actin reorganization and migration, but not proliferation [9] (Fig 4).   It transduces 
survival signals in all EC through activation of PI3K/PKB/AKT pathway to 
increase Bcl-2 phosphorylation to prevent apoptosis[10]. VEGF has higher 
affinity for VEGFR1 (Flt-1) that lacks an active phosphorylated domain and, 
under normal expression levels, appears to serve as a VEGF sink.  It also has a 
short form that is secreted directly from the cell as soluble VEGFR1 (sVEGFR1). 
VEGFR3 (Flt-4) is more closely associated with lymphatic EC, with context 
dependent expression in vascular EC.  
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FGF2 and FGF Receptors 
 
The fibroblast growth factor family comprises of 22 different ligands and four 
FGFRs – with only two proteins, FGF1 and FGFR2, expressed specifically in  
EC [11, 12]. FGF2 (bFGF) is more associated with angiogenesis compared to 
FGF1 because it promotes increased KDR+ VPC and EC proliferation, migration, 
differentiation and invasion in vivo and in vitro. FGF2 binds to a number of 
surface molecules including FGFRs, integrins, and heparin sulfate proteoglycans 
-- and is suggested to promote an invasive, proliferative EC phenotype via 
upregulation of urokinase type plasminogen activator (uPA) and matrix 
metalloproteases (MMP) 1, 2, 3 and 9 [13-16]. MMP expression and enzymatic 
activity are required for degradation of extracellular matrix required for 
angiogenesis and formation of capillary tubes [17]. bFGF can also exhibit 
angiogenic or angiostatic properties depending on cell density [11] and extent of 
VEGF/VEGFR2 expression.  At the onset of angiogenesis, when EC numbers 
are sparse, bFGF supports the migration and spreading out of EC during 
chemotaxis.  As angiogenesis continues and cell density has increased, bFGF 
promotes expression of anti-angiogenic molecules and EC intercellular adhesion 
molecules (VE-cad and CD31) for vessel maturation.  BFGF promotion of 
angiogenesis is closely tied with VEGF/VEGFR2 signaling – as studies have 
shown that neutralizing antibodies to VEGF-A or VEGFR2 also block bFGF 
signaling. Despite this EC in response to bFGF exhibit distinct behaviors from 
those induced by VEGF that seems to be associated with vascular remodeling 
and spatial regulation. Lastly, FGF2 increases telomerase activity in EC to 
attenuate senescence.  
 

The Emergence of Specialized EC during Angiogenesis 
 
The highly responsive nature of EC to soluble signals and extracellular matrix 
signaling allows the development of a complex hierarchy of specialized cells that 
can be highly plastic. Within the sprouting blood vessel, EC are coerced into 
three specialized “sub-phenotypes” with encompassing unique molecular profiles, 
morphologies and functions.  These specialized EC sub-phenotypes include the 
migrating “tip” EC, proliferative “stalk” EC, and less proliferative and migratory 
“phalanx” EC (Fig 5). In response to an inflammatory response or angiogenic 
signal, some EC will respond by increasing expression of proteases for 
extracellular matrix degradation and extending filopodia into adjacent tissue.  
Although it is not clear which EC will and will not respond to chemotactic signals 
and become tip cells, these tip EC are thought to be more sensitive VEGF 
signaling.  
 
Tip EC are located at the most distal position of the new blood vessel. They are 
activated by increased VEGF/VEGFR2 signaling that in turn promotes 
externalization of membrane bound Dll4. Then, the physical contact of Dll4 on tip 
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EC with Notch1 on the neighboring EC mitigates a non-sprouting behavior within 
the neighboring Notch1 expressing cell termed lateral inhibition. This temporarily 
maintains the tip EC’s distinct morphological positioning in the sprouting blood 
vessel. VEGFR signaling has a different effect on the cells that are laterally 
inhibited. The combination of increased VEGFR2 signaling and inhibition of 
sprouting behavior induces a greater proliferative response in these EC that 
serve as the trailing “stalk” EC in the newly formed blood vessel. The third 
subtype of EC, the phalanx EC, is the most well-known sub-phenotype that has 
been well characterized in cell culture conditions.  In vivo, the phalanx EC is 
located within the existing stable vasculature and is more terminally differentiated. 
It is described as being less responsive to VEGFR signaling so that it is only 
needed for survival.  
 

Major Signaling Events in Angiogenesis  
 
Tip EC 
 
Tip EC are distinct from other specialized EC, not only their ability to regulate 
delta-like ligand 4 (Dll4)/Notch1 signaling [18], but they are also thought to 
uniquely express surface markers Flt4[19] , Unc5B [20], and neuropilin-1 [21] 
(Fig 5). Tip EC also exhibit more organized stress fibers with numerous probing 
filopodia and readily migrate towards an angiogenic stimulus [22], but do not form 
lumens or proliferate significantly [23-25].  Most studies are in agreement that the 
tip EC subphenotype is primarily controlled by VEGF activation of three receptors 
-- VEGFR2 (Flk1/KDR), VEGFR1 (Flt-1), and VEGFR3 (Flt-4). Regulation of 
angiogenesis and tip/stalk selection is driven through activation of VEGFR2, 
either through direct binding with VEGF-A or hetero-dimerization with VEGFR1, 
to enhance mitogenic effects. In VEGFR1/VEGFR2, VEGFR1 trans-
phosphorylates VEGFR2 in response to PIGF stimulation and possibly to leads 
to the latter becoming more responsive to VEGF-A and PIGF signaling[26].  
Although VEGFR1 is present on tip, stalk and phalanx EC subphenotypes, a 
lower levels of surface Flt-1 aids in maintaining the tip cell position [27]. VEGFR2 
also has Nrp1 as a co-receptor, which acts to repulse neighboring tip cells to 
maintain vascular patterning. Jagged-1, on tip cells is also reported to promote 
sprouting in tip cells by binding with Notch1 on stalk cells [28, 29] (Table 2).   
 
Tip cells are the most distinctive of the three EC subphenotypes -- observed by 
their increased actin polymerization required for sprouting, protease degradation 
for tissue invasion, and increased response to inflammatory stimuli. In vitro, tip-
like populations have been isolated and characterized according to morphology, 
sprouting behavior and gene regulation.  In our mouse stem cell studies, we 
manually isolated elongated spindle shaped from Flk1+ endothelial outgrowths as 
endothelial subpopulations that contained tip-like EC (Table 3).  Compared to the 
stem cell-derived cobblestone-shaped EC the angiogenic tip-containing EC 



	 	 	
	

	

6	

displayed increased HSP27 expression, sprouting capability and CXCR4 
expression [30].  Recently, additional tip cell markers were discovered following 
their isolation from functional assays. Tip-containing EC populations were also 
isolated from the fibrin hydrogels during a bead sprouting assay. The tip-
containing EC expressed low levels of CD143 (angiotensin converting enzyme) 
enzyme) [31]. CD34, a repulsive sialomucin and hematopoietic marker, was 
found on the surface of elongated EC growing on top of a human umbilical vein 
EC (HUVEC) monolayer and shown to resemble tip cells functionally and 
genetically [32].  
 
Stalk Cells 
 
Unlike tip cells, stalk cells readily proliferate in response to VEGF, form lumens in 
preparation for vessel maturation, and lay down extracellular matrix (ECM), but 
do not extend filopodia [25].  Morphologically, stalk cells can either be elongated 
when trailing behind the tip EC in a newly forming sprout or cuboidal once it has 
fused with adjacent stalk or tip cell.  Genetically, the stalk cell phenotype is 
characterized by increased Notch intracellular domain (NICD) signaling, 
increased VEGFR1 expression and down-regulation of tip cell associated genes 
– VEGFR2, Dll-4, and VEGFR3 (Flt-4).  Recent studies have demonstrated 
several ways that the stalk cells dynamically compete for the tip cell position.  
 
Moya et al. demonstrated that tip-to-stalk EC conversion is due to its oscillating 
expression of tip and stalk genes during angiogenesis. Increased Notch1 
signaling in the stalk cell positively regulates BMP/p-SMAD1/5 and induces 
Hey/Hes/Id complex formation [33]. BMP induced p-SMAD1/5 signaling activates 
Hey/bHLH suppression of tip cell genes. The increase in Hey-Id complexes leads 
to Id protein degradation and the upregulation of tip cell genes. Id proteins 
stabilize the stalk cell phenotype – as they have not been reported to be present 
in tip or phalanx EC.  
 
The stalk EC increased proliferative responsive to VEGF/VEGFR2 activation is 
perhaps due to VEGFR2/VEGFR3 hetero-dimerization. Studies suggest that the 
VEGFR2/VEGFR3 complex may preferentially activate SH-2 domains following 
phosphorylation of Tyr1175, driving signaling towards the Raf-MEK-ERK 
proliferative pathway [34].  VEGFR3, mostly present on tip EC, has also been 
implicated in tip-to-stalk EC conversion. VEGFR3 upregulates FOXC2 leading to 
increased Notch1 [19].  FOXC2 is only seen in stalk EC and in EC forming 
vascular loops, and blocking VEGFR3 leads to a hyper-sprouting phenotype with 
increased expression of tip EC markers [35].   
 
Phalanx EC 
 
To date, there is no difference for surface marker profiles between stalk and 
phalanx EC. Phalanx characterizations are evident in the tightly packed cuboidal 
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monolayer -- having increased adhesions and tight junctions such as zona 
occludens, ZO-1.  Mazzone et al. reported that a phalanx-like phenotype could 
be promoted by attenuating the oxygen-sensing abilities of EC. These cultures 
had increased VE-cad, membrane VEGFR1 and soluble VEGFR1 expression – 
and had down regulated VEGFR3, a tip cell marker [36]. Most interestingly, 
increased Dll4 and Notch expression was reported in these phalanx-like EC and 
decreased sprouting in response to VEGF compared to tip and stalk EC using a 
fibrin bead assay.  
 

1.4 Pluripotent Stem Cell Differentiation 

Introduction 
 
Currently, cellular therapies utilize multi-potent progenitor (adult stem-like) cells 
that reside in bone marrow and circulate in the blood for expanding populations 
of myeloid and lymphoid cell lineages. They are drawn from healthy individuals, 
processed into pure populations, expanded ex vivo, differentiated into the desired 
cell type, and re-delivered into the target tissue. This use of adult stem cells is 
not always feasible due to the poor health of a patients’ own cells, issues with 
autologous tissue rejections, and/or inadequate number of cells. Recent 
breakthroughs in developmental biology spurred the isolation and derivation of 
EC from embryonic stem cells (ESC) and induced pluripotent stem (iPS) cells.  
These cell lines have the ability to differentiate into any cell type in the body, 
expanding the repertoire of cells that can be derived for cellular therapeutics. In 
this study, these cell lines are used to generate phenotypically appropriate EC. 
Phenotypically appropriate EC are ideal for maintaining physiological relevance 
and in understanding cardiovascular disease states.   Specialized microvascular 
EC could be ideal for anti-angiogenic drug testing, tissue vascularization studies 
and disease modeling. 
 

Current EC Cell Sources 
 
Human umbilical vein endothelial cells (HUVEC), lung endothelial cells, and 
human dermal microvascular endothelial cells (HDMEC) are often used for in 
vitro assays because they are readily available (commercially and upon isolation) 
and easy to expand in culture. These primary EC are able to form lumenized 
vascular networks, however, this function is not maintained after a few passages. 
Primary EC began to lose their phenotypic gene expression and function once in 
culture. For this reason, it is important to find alternative sources of human EC for 
in vitro studies. Moreover, genetic and behavioral differences between EC 
phenotypes are numerous – including large versus small vessel EC (macro- and 
microvascular) and vein versus arterial EC – reflecting EC heterogeneity in vitro 
and in vivo [14]. This can lead to non-reproducible or inconclusive results. The 
results of incorrectly chosen EC in such assays could be misleading inconclusive. 
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The use of organ-specific primary EC may also yield problems since primary 
tissues exist in a quiescent state, but can take on an angiogenic phenotype when 
cultured in vitro.  These cells are also viable for only a few passages and lose EC 
tissue-specific genes over time [37].  Using immortalized EC lines encounter 
similar issues including losing the ability to form tubes over time [38].  The 
derivation of stem cell-derived EC has increased over the last 10 years and the 
ability to control subphenotype specification could lead to more appropriate EC 
specialties for functional assays and therapeutic strategies.   
 

Embryonic and Induced Pluripotent Stem Cells 
 
Pluripotent stem cells including embryonic stem cells (ES) and induced 
pluripotent stem cell (IPSC) have ability to differentiate into the three germ layers 
– mesoderm, endoderm and ectoderm – and become any tissues within those 
lineages.  These are different from adult stem cells that are multi-potent, less 
restricted in number and more restricted in cell lineage that is dependent on the 
nascent tissue type. These cells are immortal, unlike primary adult stem cells, 
provided they are expanded in the appropriate culture conditions that maintain 
pluripotency.  Differentiation from ESC recapitulates developmental processes 
and is desirable because ESCs do not require forward reprogramming or forced 
expression of pluripotency genes. By contrast, IPSC are generated from 
terminally differentiated tissues that are transformed into stem-like cells to 
express Sox2, Klf4, Oct3/4 and c-Myc allowing them to behave similarly to 
embryonic stem cells [39, 40]. Induced pluripotent stem cells alleviate the ethical 
dilemma in using human embryonic tissue for research and is advantageous for 
using a patient’s own tissues there or creating disease specific cell lineages for 
genetic therapies and in vitro disease modeling.  
 
The only disadvantages of using this stem cell sources include the ability to 
create stable pluripotent stem cell lines devoid of dedifferentiated cells -- and the 
ability to validate their biological functions over embryonic stem cells [8, 41].  The 
long term potential and differentiation status of these cell lines have yet to be 
assessed. Nevertheless, using embryonic and induced pluripotent stem cells 
require knowledge of cell signaling, biomechanical pathways, and culture 
conditions – and enhanced technical skills for culture and analysis. Furthermore, 
most studies completed in mouse are not directly applicable to human directed 
differentiation strategies due to differences in gestation, developmental times, 
biology and cell/tissue specific signaling patterns.   
 
In vitro cultured mouse and human pluripotent cell lines represent a potentially 
limitless source for vascular endothelial cells because these cells are renewable, 
can be used at higher passages, do not require a feeder layer and are now easily 
maintained in culture for human and mouse cell lines.  Induced pluripotent stem 
cell lines represent an exciting alternative for autologous tissue and cell 
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transplants since the cells could originate from the patients own tissues and less 
immunogenic than tissues derived from embryonic stem cell sources.  However, 
whether these IPS cells follow the same cell fate decision pathways as 
embryonic stem cell differentiation protocols still needs to be explored. For this 
reason, our endothelial differentiation studies are validated in both ESC and 
IPSC pluripotent stem cell sources.   
 
There are two major ways to obtain the desired cell types. The first is using a 
directed differentiation approach that requires the sequential generation of a 
progenitor population from stem cells and subsequent commitment of the 
progenitors into a specific cell type. The second methodology, trans-
differentiation, involves the reprogramming of a terminally differentiated cell type 
into another cell type by forcing the expression of specific transcription factors 
that govern a particular phenotype.  Both include the use of growth factors, small 
molecules, co-culture and biomechanical simulation of in vivo conditions.  Our 
interests lie in using differentiation methodologies to achieve high cell yields and 
pure populations without use of overexpression vectors. Application of this 
methods require a combination of extensive optimization of growth 
factors/chemicals, precise exposure times to those signals and a particular 
intensity of physiological forces (such as that from the extracellular matrix) that 
drive particular cell fate decisions. 
 
 

Pluripotent Stem Cell Differentiation   
 
EB and Monolayer Protocols 
 
The current models for endothelial differentiation protocols are performed in 3D 
embryoid body (EB) and 2D monolayer formats. Protocols utilizing embryoid 
body protocols enable the stem cell aggregates to proceed through induction of 
naturally occurring cell lineage intermediates recapitulated in the embryo.  The 
3D model allows cells increased cell-cell communication and establishment of 
polarity. Two disadvantages to this model include the inability to visualize genetic 
expression changes within the spherical structures and limited control within the 
EB microenvironment. In addition, the cells that are transferred from the EB 
model typically yield lower cell numbers to due decreased survivability because 
they require significant agitation to assay them and care when culturing them. 
For these reasons, the monolayer model is generally more desirable. Also it 
allows increased control over the cell-cell, cell-extracellular matrix and cell-
growth factor signaling.  Similar to the EB differentiation protocols, the monolayer 
protocols require combinatorial signaling from BMP4 and FGF2 signaling for 
mesodermal induction.  Studies also, suggest that cell plating density is important 
for initial and sustained induction as they adjacent cells may have an elevated 
autocrine BMP4 signaling feedback [42-44].  Monolayer cultures also allow real 
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time monitoring of cell viability, easier media changes and sub-culturing.  In 
addition, the cells can be exposed to biomechanical cues in biomimetic devices 
to increase lineage maturity. The purity of cell cultures achieved in monolayer 
protocols is typically much higher compared with the EB protocols. Currently, 
bioreactors and hydrogels are being explored for advanced differentiation 
protocols to achieve cell lineages that are more similar to their in vivo 
counterparts.   
 
 
Chemically Defined Components 
 
Cell culture in vitro requires growth factors and sera components for proliferation, 
growth and attachment that are traditionally satisfied with the use of fetal bovine 
sera (FBS) derivatives and other animal derived components. However, due to 
increased need for efficient differentiation protocols and more importantly 
reproducibility between studies the incorporation of these products have 
decreased. In addition, these products could lead to transmission of zoonotic 
pathogens in animal studies and clinical trials. Our lab has developed a multi-
stage vascular endothelial differentiation protocol using serum replacements 
(KSR and Nutridoma) and recombinant extracellular matrix as a substrate for the 
purposes of obtaining purer vascular EC populations and to a higher yield [45-54]. 
In addition, the use of chemically-defined media enhances these aspects and 
reduces variability that plagues protocols that utilize culture media components 
and substrates known to exhibit batch-to-batch variability including CHIRR-9021, 
fetal bovine sera, and Matrigel.  
 
Multi-Stage Protocol 
 
Recent cell differentiation protocols have emphasized the importance of using a 
multi-stage format to increase efficiency and purity of the resulting populations.  
Identification of markers and progenitor lineages allow separation of cells that are 
more likely to differentiate into the desired cell type.  Our mouse EC 
differentiation multi-stage protocol includes three stages: Stage 1 mesodermal 
induction, Stage 2 vascular commitment and Stage 3 subpopulation purification 
and expansion. Each Stage in the protocol is designed to mimic sequential 
events and gene expression during embryonic vascular development.  
 
During Stage 1, mouse embryonic stem cells are induced into mesoderm 
lineages using BMP4 while VEGF is used to activate proliferation pathways 
Notch1 and VEFGR2 (Flk1 in mouse).  After Day 3, the cultures are purified for 
Flk1+ vascular progenitors and immediately replated into Stage 2 conditions that 
include VEGF and bFGF to induce VE-cadherin (VE-cad) expression that is 
indicative of endothelial progenitor cells (EPC).  Other cell types may include 
alpha-smooth muscle actin/ Calponin+ smooth muscle cell populations and 
CD45+ hematopoietic progenitor cells although VEGF signaling suppresses the 
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latter. The growth factor bFGF is added to induce proliferation (in combination 
with VEGF).  Over a period of twenty days the emerging subpopulations are 
observed and manually segregated according to their morphologies in sub-
confluent conditions.  We discovered that several populations emerged in the 
monolayer outgrowths:  those in colony cobblestone-shaped formation and those 
that sprouted and migrated away from the colonies (much like those seen in an 
aortic ring assay).  The colony-forming cells had a cobblestone appearance that 
is typical of endothelial cells while the sprouting populations had an elongated, 
spindle morphology. These populations maintained their respective morphologies 
despite being cultured in the same media – although they are sub-cultured in 
different plates.  The cobblestone subpopulations exhibited slower proliferation 
rates and sprouted less in a Matrigel assay compared to the sprouting 
populations [30].  
 
 
Mouse versus Human Differentiation 
 
The pluripotent status of mouse and human ESC is primarily maintained by 
media components, use of feeder cells and signals from the extracellular matrix. 
Human pluripotent stem cell, ESC and IPSC, require bFGF while mouse require 
BMP4 and LIF (leukemia inhibitory factor). Mouse vascular EC differentiation 
methods have proceeded with a high degree of efficiency, purity and maturity, 
however the human differentiation protocols have yet to reach these levels due to 
increased matrix and temporal complexities compared to mouse. Despite some 
challenges, the mouse models have made it easier to study embryonic vascular 
development in humans.  
 
Specialized Endothelial Cell Characterization 
 
Surface marker profiles verify the identity and purity of vascular EC. Endothelial 
markers VE-cad and CD31 are used to validate the vascular EC phenotype. 
Smooth muscle cell and hematopoietic cell lineage markers are necessary to 
serve as negative controls using alpha-SMA, Calponin, and CD45, respectively.  
The presence of angiogenesis associated proteins -- Dll4, Notch1, CXCR4, Flt4 
and Flt1 – can be employed to identify specialized EC as tip or stalk/phalanx 
phenotypes.  Surface markers for tip cells include Flt4, CXCR4 (in mouse) and 
Flt-1 for stalk and phalanx (Table 2).  Flt-1 and Notch1 does appear on tip cells, 
but is expected at a lower expression compared to stalk and phalanx. The 
expression profiles of each EC phenotype are expected to additionally vary with 
purity of the cultures and function (sprouting or non-sprouting).  
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1.5 Functional Assays 
 
The interest in determining molecular mechanisms of angiogenesis has grown 
since it was revealed that angiogenesis is an integral component of normal 
vascular development.  A number of angiogenic and vasculogenic in vitro assays 
are employed to determine the effects of signaling factors on cell migration and 
proliferation, and angiogenic invasion.  Most two- or three-dimensional assays 
combine the EC, matrices (such as Matrigel™, collagen, fibronectin, fibrin, etc.) 
and the pro- or anti-angiogenic factors being examined. The most common 2D 
assays include the Matrigel tube formation assay, trans-migrational assay, and 
scratch wound assay [55].  In the tube formation assay, single EC are plated on 
top of the matrix and allowed to self-assemble into vascular networks in response 
to angiogenic or migratory cues.  The 2D migration assays use either a Boyden 
chamber or transwell pore to establish a chemotactic gradient that can reveal 
directional migratory cues. The distance that the cells travel quantifies cell 
motility.  The scratch wound assay begins with removal of a strip within EC 
monolayer and ends with the movement of EC into the space (wound closure) – 
usually taking between 2-4 days.   
      
Three-dimensional assays measure tubule formation, with lumenized vessel 
structure, and differentiation of EC in response to soluble factors or membrane 
bound factors (Fig 6).  Cells are embedded in the matrices as single cells, 
spheroids, or attached to micro-carrier beads. The rate and extent of sprouting 
from the foci is then quantitatively assessed. The primary variables commonly 
used to examine tubule formation include: average tubule length, number of 
tubules, tubule area or diameters, and number of branch points. It is important to 
note that the in vivo micro-environment for EC can vary significantly from tissue 
to tissue [56], so 3D assays should utilize EC exhibiting a similar sub-phenotype, 
if possible, and support (stromal) cell populations.  The fibrin gel-bead assay --
compared to other assays -- allows examination of cross-talk between accessory 
cells and nascent EC, differentiation, lumenized tubule formation, addition of anti- 
and pro-angiogenic factors, incorporation of genetically modified EC, and 
increased image visualization [57]. Therefore, this proposal will utilize the fibrin 
gel-bead assay for studying 3D angiogenesis using the derived specialized 
mouse and human EC populations. 
 
 

Summary 
 
Our expanding knowledge of vascular development has led to the identification 
and characterization of vascular progenitors and signaling pathways critical for 
vascular endothelial induction. Furthermore, functional assays have revealed 
differences between vascular endothelial phenotypes to the level of protein 
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surface markers for VEGFRs, FGFRs and intercellular adhesion molecules – that 
can regulate proliferative, mitogenic and angiogenic behaviors.  
 
One primary reason for generating pluripotent stem cell derived populations in 
vitro is to create alternatives to primary cells and tissues for experimentation, 
disease modeling and therapeutics.  Unlike primary cells that are harvested from 
living organisms, the numbers are potentially limitless enabling intense study and 
interrogation of specific cell behaviors and the pathways driving them. In addition, 
these populations can be derived from a variety of genetic backgrounds. Tissue 
engineers have used developmental biology to understand the complexities of 
directing cell fate in vitro using temporal regulation and activation of signaling 
pathways – and even delineating what pathways give rise to different 
subpopulations within a phenotype.  Vascular endothelial cells -- depending on 
tissue – have specialized functions and morphologies that translate to having 
unique gene expression profiles. Currently, a comprehensive vascular 
endothelial tissue or phenotypic genetic profile does not exist.  Even if so, the 
responsive nature of EC to its surroundings may lead to dynamic gene and 
surface marker expression profile. To identify vascular endothelial cells, 
researchers rely on VE-cadherin and CD31 expression. 
  
We discovered phenotypic heterogeneity within the mouse ESC-EC derived 
cultures – a subset population that has characteristics of EC in a newly forming 
sprout that is behaviorally distinct from the majority of the EC in those cultures.  
Previously, we found high expression of tip cell associated markers in this subset 
as well as a distinctive morphology that was not cobblestone, a known 
characteristic of vascular endothelial cells cultured in a monolayer.   In addition to 
expressing tip cell markers, this subset population exhibited higher proliferation 
and sprouting behaviors.   
 
First in this study, we sought to understand the extent to which this subset 
expressed surface tip cell markers by creating profiles based on angiogenic 
capacity and performing a genome-wide analysis study. Second, we wanted to 
apply the same differentiation methodology to a human stem cell model to obtain 
specialized sprouting and non-sprouting populations.  We explored another 
method for obtaining endothelial phenotypes – first by generating more 
homogeneous ES/IPS-EC populations and then chemically inducing phenotypic 
heterogeneity. Because we have taken strides to reduce variability by using 
chemically defined media formulations, stage specific differentiation and purified 
the cultures for the desired populations, we achieved better control over the 
differentiation/ EC commitment stages. Our stage specific differentiation protocol 
combined with optimized chemically defined media formulations led to the 
generation of highly pure mouse and human vascular pluripotent stem cell 
derived EC populations.  
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Figure 1 Power of the Stem Cell 

 
Somatic cells and tissues can be generated into pluripotent stem cells and then 
directed into many cell types. Adapted from www.rampagesus.com 
 

 
Figure 2 VEGF isoforms and VEGFRs 

VEGF isoforms have different specificities for VEGFRs. Signaling through VEGF-
A/VEGFR2 is enhanced or could be fine-tuned when there it forms a heterodimer 
with another, its co-receptor. [10] 
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Figure 3 VEGFRs and Specific Activation 

VEGFR induced tyrosine phosphorylation specifically induced a variety of EC 
behaviors and functions, this mostly occurs through VEGFR2. [58] 
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Figure 4 VEGF signaling transduction pathways 

Activation of VEGFR2 elicits a myriad of EC responses that is context dependent. 
It forms a membrane complex with VE-cadherin to regulate survival, EC 
phenotype stability and vascular permeability through production of NO. [58] 
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Table 1 Important Cytokines for Angigoenesis 

 
 
 
 
 
 

Cytokine 
Proposed mechanism Receptor 

VEGF-A Endothelial cell motility, proliferation 
and survival [59]  
EPC mobilization and homing [60, 
61] 
Promotes integrin expression [10, 
62] 
Upregulation of other vasculogenic 
cytokines [12, 63, 64] 

VEGFR2 

FGF2 VEGF-dependent vascularization 
[11, 65] 
EC proliferation and migration [66, 
67] 
Crucial for embryonic 
vasculogenesis [68] 

FGFR1 

MMP 2 , 
9 

EPC recruitment and mobilization 
[15, 69] 
Promotes release of vasculogenic 
growth factors from the extracellular 
matrix [15, 16, 70] 

N/A has 
substrates 

TGFβ-1 Activates EPC differentiation into 
smooth muscle 
Decreased proliferation of EC [71-
73] 

ALK5 

BMP-4 Critical for induction of mesoderm 
and vascular progenitor cells [2, 44] 

BMPR1 
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Tip cells phenotype includes enhanced cytoskeletal organization with numerous 
filopodia for tip cell migration that is triggered by high levels of VEGF signaling.  
The stalk cell phenotype is maintained by Notch/Dll-4 signaling, which stabilizes 
the subphenotype.  Stalk cells are responsible for forming the lumen of new 
sprouts and depositing ECM.  Phalanx cells remain quiescent in the lumen of 
stable vessels with high levels of Flt-1 that dampen pro-angiogenic signals from 
VEGF. Image adapted from [7] 
 
 
 

Tip cell

Stalk cells

Phalanx cells

Figure 5 Tip, stalk and phalanx EC in a sprouting blood vessel 
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Figure 6 Fibrin bead sprouting assay 

Measures angiogenic capacity in vitro, resulting in formation of physiologically 
relevant microvessels. [57] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      Fibrin gel suspension 

1-5	Days	

Quantify sprouting of green tip/stalk-like ESC-EC culture, red phalanx-like 
ESC-EC, and mixed ESC-EC 

3D	Sprou/ng	Bead	Assay	

Cytodex 3 Microbeads:pre-coated with 50ug/ml FN, 
and coated with green tip/stalk-like ESC-EC and/or 
red phalanx-like ESC-EC 

Primary human lung fibroblasts 

Op#mized	by	Nakatsu	et	al,	2007	
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Table 2 Surface Marker Expression for EC Subphenotypes	

 
 
Table 3 Characterized Function for EC Subphenotypes 

 
 
 
 
 
 
 

Extracellular 
Markers 

Tip Stalk Phalanx Reference 

Dll4 high low No data [29, 74-76] 
VEGFR1/ 
Flt1 

low high high [27, 77, 78] 

VEGFR3/ 
Flt4 

high low No data [19, 27, 79] 

Notch1 low high No data [27-29, 80] 
VEcad low high high [78] 
Unc5B high low No data [28, 29, 80] 
Nrp1 high low Some 

reference 
[78, 81] 

Jagged1 low high No data [28, 29, 80] 
	

Function Tip Stalk Phalan
x 

Reference 

Migration high low low [30, 32, 61, 62, 82-84] 
Extension of 
filopodia 

high low low [27, 61, 85, 86] 

Lumen 
formation 

low high low [29, 69, 87-91] 

Proliferation low high low [27, 30, 61, 84, 86, 89, 
92, 93] 

Oxygen 
sensing 
(PHD2) 

(higher
) Some 
referen
ce 

Some 
referen
ce 

low [30, 36, 78, 86, 93-96] 

Degrades 
extracellular 
matrix 

high low low [13, 16, 70, 82] 

eNOS/ Nitric 
oxide 
production 

high low high [78, 97, 98] 
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Chapter 2 Generation of Mouse Specialized EC from Mouse ESC 

 

2.1 Introduction 
 
Our laboratory has previously published our observations of endothelial 
heterogeneity within the mouse embryonic stem cell-derived endothelial 
populations – as sprouting and non-sprouting [1].  During endothelial 
commitment stage 2, we showed the emergence of a population that appeared 
as ‘outgrowths’ from the main colonies of differentiating endothelial progenitors – 
similar to that seen in an aortic ring assay [2]. Upon manual segregation and 
serial passaging, these populations were different in morphology, proliferation 
and angiogenic capacity (when placed on Matrigel).  To our knowledge, this 
study was the first to identify and describe an endothelial sprouting cell 
subpopulation present within differentiating mouse endothelial cells. One of the 
main differences between this protocol and other methods is our choice of 
Nutridoma as a serum replacement rather than knockout serum replacement 
(KSR) - more commonly used as a replacement factor in mouse embryonic stem 
cell culture.   We expect that the Nutridoma serum replacement contain some 
unique factors that are promoting the dual emergence of two distinct EC 
subphenotypes. 
 

2.2 Distinct Endothelial Sub-phenotypes from mouse ESC 
 
The field of vascular biology has firmly rejected the antiquated belief that blood 
vessels are merely “plumbing” for the distribution of blood. We now know that 
endothelial cells (ECs) play a dynamic role in regulating immune cell responses 
[3] and leukocyte trafficking [4], vascular tone [5] , blood coagulation and clotting 
[6], vascular permeability [7],  tissue repair [8, 9], and tumor growth [10]. In 
addition to the range of EC functions, EC specialization was observed aligning 
with the specific needs of the tissue in which they reside [11-14] potentially 
designating it prior to blood vessel maturation [15-17]. For example, arterial ECs 
are largely quiescent, exhibit anti-thrombotic activity, and release vasoactive 
molecules that control vessel relaxation, while post-capillary venular ECs are the 
primary site of trafficking for white blood cells [18, 19]. EC morphology of the 
smallest arteries or arterioles is longer and narrower compared with arterial or 
larger vessel ECs.  
 
Microvascular ECs are involved in initiating inflammatory signals following injury 
and infection, angiogenesis and vascular pruning [18] with distinct functions 
correlating with their anatomical location [15], and responding to a variety of 
angiogenic stimuli [20, 21]. The heterogeneity of EC genes expressed between 
tissue specific capillary beds reflects the importance of extracellular surface 
protein expression in function of EC phenotypes [14].  
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The morphologically distinct vascular EC subphenotypes are also found within a 
sprouting blood vessel. Positioned at the leading edge of a sprouting vessel, “tip” 
ECs have been shown to upregulate delta-like ligand 4 (Dll4) [22, 23], CXCR4 
[24], Flt-4 [22, 25], Nrp1 [22, 26] and Unc5B [22], exhibit more organized stress 
fibers with numerous probing filopodia, and readily migrate towards an 
angiogenic stimulus [22], but do not proliferate significantly or form lumens [22, 
27, 28]. The “stalk” cells are found trailing behind the tip cells forming the stalk of 
the sprouting vessel. Unlike tip cells, stalk cells exhibit greater cell proliferation, 
lumen formation, increased extracellular matrix (ECM) production, and shorter 
filopodia [23].  Moreover, Notch signaling from tip cells dampens the vascular 
endothelial growth factor (VEGF)-induced expression of Dll4 on stalk cells [22, 
23] allowing the tip cells to maintain their position at the leading edge of the 
sprouting vessel. It is thought that the downregulation of VEGFR2 (KDR/Flk-1) 
and Dll4 in the stalk cells also helps maintain balanced numbers of tip cells for 
more efficient sprouting and network formation [23]. Nonsprouting, less 
proliferative, and less migratory ECs have been named “phalanx” ECs [22, 29]. 
These cells are recognized by their “cobblestone” morphology, high levels of 
soluble and membrane bound Flt-1 potentially increased extracellular VE-
cadherin expression [22, 29]. Although phalanx-type ECs are capable of 
responding to VEGF signaling, VEGF signaling in phalanx ECs acts as an 
apoptosis rescue from serum-deprived conditions, rather than as the migratory 
and proliferative responses seen in tip and stalk ECs [29]. The current dogma 
views the specification of an EC as a tip, stalk, or phalanx EC to be a stochastic 
process with ample plasticity and reversibility between these phenotypes during 
sprouting [27]. 
 
Using staged differentiation and chemically defined media to generate ECs from 
human and mouse ESCs [30-34], we discovered the co-emergence of sprouting 
tip and stalk-containing ECs, and nonsprouting phalanx-containing ECs within 
our two-dimensional derivations [35] (Fig 7). Specifically, the phalanx ECs were 
purified from the tip/stalk-containing cultures and both cultures sequentially 
expanded for up to 9-10 passages using the identical cell culture medium 
formulation. The expanded tip/stalk ECs stably exhibited increased levels of cell 
migration, proliferation, and increased vasculogenic- and angiogenic-like 
sprouting on Matrigel™ compared with the phalanx ECs [35]. We were also able 
to detect extensive and complex actin networks and phosphorylation of HSP27 
required to release the cap ends from actin filaments, thus allowing the 
generation of new polymerization required for cell migration [36, 37]. Conversely, 
the phalanx-like ECs contained greater numbers of cells expressing Flt-1, Tie-1, 
and Tie-2 [35]. This was the first report of stable distinct subphenotypes 
emerging together in vitro from stem cells. Subsequently, a second group found 
in vitro cultured sprouting ECs expressing low levels of CD143 exhibit enhanced 
angiogenic potential in alleviating local ischemia [38]. Here, we further examined 
these distinct phenotypes for unique surface markers, mRNA expression levels, 
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gel degradation/remodeling, and positional affinities during sprouting. The results 
show that the tip-specific EC is a distinct and relatively stable EC subphenotype 
without morphological association within the sprouting vessel. 

 

2.3 Methods 

Generation of tip/stalk-like and phalanx-like EC 
 
The formulations and stage-specific derivation methodology (Fig 7) using 
chemically defined media were conducted as previously reported [30, 31, 35]. 
Briefly, R1 murine embryonic stem cells (mESC) were maintained on  
0.5% gelatin coated plates in serum-free medium containing Knockout 
Dulbecco’s Modified Eagle Medium (KO-DMEM; Invitrogen), 15% Knockout 
Serum Replacer (KSR; Invitrogen), 1x Penicillin-Streptomycin (Invitrogen),  
1x non-essential amino acids (Invitrogen), 2mM L-glutamine (Invitrogen),  
0.1mM 2-mercaptoethanol (Calbiochem), 2000 Units/ml of leukemia inhibitory 
factor (LIF-ESGRO; Chemicon), and 10 ng/ml of bone morphogenetic protein-4 
(BMP-4; R&D Systems).  The initial induction was induced using a medium 
optimized by our laboratory was named “NS1D2b”.  This consists of alpha-MEM 
(Cellgro), 20% KSR (Invitrogen), 1x penicillin-streptomycin (Invitrogen), 1x non-
essential amino acids (NEAA; Invitrogen), 2mM L-glutamine (Invitrogen),  
0.05mM 2-mercaptoethanol (Calbiochem), 30ng/ml of vascular endothelial 
growth factor (VEGF; R&D Systems) and 5ng/ml BMP-4 (R&D Systems).  
 
After 2 days, the Flk-1+ cells were stained with APC-conjugated anti-mouse 
CD309 (1:200, Biolegend), and viability fixative efluor760 (EBiosciences) and 
enriched using Fluorescence Activated Cell Sorting (FACS, BD Aria II). Then 
10,000 Flk-1+ cells/cm2 were then seeded onto 50mg/ml fibronectin-coated 
dishes in “LDSk” medium containing 70% alpha-MEM (Mediatech) and  
30% DMEM (Invitrogen) plus 100ng/ml VEGF (R&D Systems), 1% Nutridoma CS 
(Roche), 50ng/ml bFGF (Sigma), 2mM L-glutamine (Invitrogen), 1x penicillin-
streptomycin (Invitrogen), 1x nonessential amino acids (Invitrogen), and 0.1mM  
2-mercaptoethanol (Calbiochem) [30]. After approximately 10 days, the 
cobblestone-shaped Flk-1+ outgrowths were purified by manual selection (Fig 7).  
These EC have been shown to be consistent with phalanx EC subphenotype [35]. 
Both the selected phalanx-like and remaining non-selected tip/stalk-containing 
EC were subsequently maintained in a medium comprised of 50% LDSk and 
50% serum-free EGM-2™ supplemented with the EGM-2™ Bulletkit™ containing 
hydrocortisone, bFGF, VEGF, IGF, ascorbic acid, hEGF, heparin, and GA-1000 
(Lonza), mixture called  “LDSF”. 
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Cell Cycle Analysis 
 
1 million cell of each culture was harvested and fixed with 70% cold ethanol for 
30 minutes. Cells were stained with DAPI solution (contains Triton X) for  
30 minutes. Cells were analyzed on BD LSR II. Quantified using FlowJo software.  

Control EC  
 
To acquire primary mouse aortic endothelial cells (MAEC), adult 129/Sv+c/+p 
mice (Jackson Laboratories) were anaesthetized using isofluorane before 
cervical dislocation. The abdominal aorta was excised, stripped of the tunica 
adventitia, cut into small pieces, and sandwiched on Matrigel drops with  
0.1–0.2 ml of EBM-2 media (with EGM-2 Bullet Kit Supplements, Lonza) with  
50ng/ml VEGF. MAEC were allowed to migrate out of the aortas for 7 days 
before aortas were removed to prevent smooth muscle cell migration. MAEC 
outgrowths were purified using a combination of manual selection from the aorta 
outgrowths and then purified by FACS for CD31/CD144 positive cells. A 
commercially available immortalized murine cardiac endothelial cells (MCEC; 
CELLutions Biosystems) was also used, cultured in the same medium as 
described above. 

Staining for FACS analysis 
 
EC cultures were collected by incubating the cells with Cell Dissociation Buffer 
(Life Technologies) for 10 minutes, and resuspended in PBS with 1% bovine 
serum albumin (BSA), mouse Fc Block (1:1000, BD Biosciences) and fixable 
viability dye e780 (BD Biosciences). Live cells were stained for the following 
surface markers with corresponding IgG controls: anti-mouse CD31 PECy7 
(1:200, Biolegend), anti-mouse Dll4 APC (1:400, Biolegend), anti-mouse Notch1 
PE (1:200, EBioscience), anti-mouse VE-cad BV421 (1:400, Biolegend),  
anti-mouse Flt-4 Alexa Fluor® 488 (1:200, R&D), and anti-mouse Flt-1 Alexa 
Fluor® 488 (1:100, RND systems). Titration optimizations were performed on all 
antibodies prior to analysis using fluorescence activated cell scanning (FACS; 
BD LSR II). Live cell populations were positively selected according to 
fluorescence and FSC/SSC dot plots. Samples were then analyzed using the BD 
Bioscience LSRII.  Gating statistics were obtained using FlowJo software. 

Staining for fluorescence imaging  
 
Samples of purified cultures at passage 9 were fixed using 4% para-
formaldahyde (PFA) for 15 minutes and permeabilized with 1% Triton (Sigma) for 
5 minutes, then blocked in 5% donkey serum. Samples were incubated overnight 
in the following antibodies and compared against corresponding IgG controls: 
goat DDR2 (1:200, Santa Cruz), goat calponin-1 (1:200, Santa Cruz), rabbit  
alpha-smooth muscle actin FITC (1:400, Santa Cruz), CD34 goat polyclonal 
(1:200, Santa Cruz), Endoglin goat polyclonal (1:200, Santa Cruz), Nrp2 goal 
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polycloncal (1:200, Santa Cruz), EphB4 goat polyclonal (1:200, Santa Cruz), 
EphrB2 and CXCR4 rabbit monoclonal antibodies (1:400, EBiosciences). 
Secondary antibodies were FITC anti-goat (1:400, Santa Cruz) and FITC anti-
rabbit and PE anti-rabbit (1:400, EBiosciences). All samples were incubated for  
1 hour and counterstained with DAPI.  Images were obtained on a Zeiss 
Microscope, using a Nikon camera (TE 2000) using gain of 1 to maintain intensity 
for all samples – all images were treated similarly during acquisition and 
processing. Images were analyzed using ImageJ software.  

Characterization of EC markers in 2D  
 
Monolayer cultures were fixed using 4% PFA and fixed with 1% Triton (Sigma) 
for 5 minutes.  After blocking with 5% Donkey sera/ PBS for 2 hours, each culture 
is stained with titrated antibody and counterstained with 1ug/ml DAPI. Antibodies 
used: CD34 goat polyclonal, Endoglin goal polyclonal, Nrp2 goal polyclonal, 
EphB4 goat polyclonal (all Santa Cruz), EphrB2 and CXCR4 rabbit monoclonal 
antibodies (EBiosciences). Secondary antibodies were FITC anti-goat (Santa 
Cruz) and FITC anti-rabbit and PE anti-rabbit (EBiosciences). Images were 
visualized using the Zeiss microscope. 

Embryoid Body Sprouting Assay 
 
The tip/stalk-like EC were stained with 4µM CellTracker™ Green CMFDA Dye 
(Molecular Probes) while the phalanx-like EC were stained with  
4µM CellTracker™ Red CMFDA Dye (Molecular Probes) for 45 minutes. 
Embryoid bodies using equal ratios of both cultures were formed using hanging 
drop method for 24 hours in the incubator. The fibrinogen/EB mixtures were 
made by resuspending cell-coated beads in 0.15 units/ml aprotinin and 2mg/ml 
bovine plasma fibrinogen (Sigma). Bovine thrombin solution (0.625 units/ml, 
Sigma) was placed in the bottom of each well of a 24-well plate and the 
fibrinogen/bead-cell mixture was gently mixed into each well for 5 minutes, and 
then allowed to polymerize at 37°C. After 15 minutes, 1ml of ESC-EC 
maintenance media (LDSF) containing approximately 20,000 normal lung human 
fibroblasts (Lonza) was added to the top of each gel.   
 

Fibrin bead sprouting assay  
 
The tip/stalk EC were stained with 4µM of CellTracker™ Green CMFDA Dye 
(Molecular Probes) while the phalanx EC were stained with 4µM of CellTracker™ 
Red CMFDA Dye (Molecular Probes) for 45 minutes.  EC cultures filtered 
through a 70µm nylon mesh filter and incubated with Cytodex® 3 microcarrier 
beads (200 cells per bead, Sigma) pre-coated with 50 µg/ml fibronectin. In order 
to facilitate attachment, the cell were placed on a nutator and incubated with 
microcarrier beads for 3 hours. After confirming cell attachment, the cell-coated 
beads were resuspended in fresh media and incubated overnight.  The 
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fibrinogen/cell-bead mixtures were formed by resuspending cell-coated beads in 
0.15 units/ml aprotinin and 2mg/ml bovine plasma fibrinogen (Sigma). Bovine 
thrombin solution (0.625 units/ml, Sigma) was placed in the bottom of each well 
of a 24-well plate and the fibrinogen/bead-cell mixture was gently mixed into 
each well for 5 minutes, and then allowed to polymerize at 37°C.  After  
15 minutes, 1ml of ESC-EC maintenance media (LDSF) containing 
approximately 20,000 normal lung human fibroblasts (Lonza) was added to the 
top of each gel.  The media was replaced every other day and images were 
taken (Zeiss Microscope) every 24 hours for up to 7 days (or until the fibrin gel 
degraded). Sprouting was quantified (sprout number and average length) on 100-
150 beads per experimental condition.   
 

QPCR Array 
 
RNA was isolated using a hybrid TRIZOL (Invitrogen) /RNAEasy column 
(Qiagen) protocol and reversed transcribed into cDNA using a Single Strand 
Reverse-Transcriptase (RT) kit (Qiagen).  The cDNA, SyBR Green/ROX Master 
Mix (Qiagen) and ultra pure water (Sigma) mixture was aliquoted onto a 96 well 
plate of the RT-qPCR mouse endothelial array (Qiagen) as 25µL per reaction.  
Gene expression was normalized with a panel of housekeeping genes and 
scatterplot was prepared using Gene Globe online software. Reported genes 
were expressed at thresholds above and below 4-fold regulation. 
  

RNA-Seq 
 
Total RNAs were isolated with TRIzol reagent (Life Technologies) and RNAeasy 
kit (Qiagen) according to the manufacturer’s instructions. Ribo-Zero Gold rRNA 
Removal kit (Illumina) was used to remove ribosomal RNA prior to preparation of 
sequencing libraries using the ScriptSeq RNA-Seq Library Prep kit (Illumina). 
Sequencing was performed with Illumina HiSeq 4000 systems, and raw 
sequence reads were examined for quality using FastQC [39]. The reads were 
subsequently trimmed to remove adaptors and filtered for bad quality bases 
using Trim Galore [40, 41]. Clean sequence reads were aligned to mouse 
genome, mm10, using STAR aligner [42]. Gene counts were called using HTseq 
(5) and differentially expressed genes were identified using DESeq2 R package 
[43]. Gene ontology (GO) analysis was carried out using DAVID [44, 45] to 
identify enriched biological functional groups and processes. 

Cathepsin and MMP Zymography 
 
Total protein concentration was determined from the tip/stalk- and phalanx-
containing EC lysates. Equal amounts were loaded for cathepsin or MMP 
zymography, as previously described [46, 47]. Zymograph gels were imaged with 
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an ImageQuan LAS 4000 (GE Healthcare), and densitometry performed with 
ImageJ (NIH) to quantify cleared, white bands, indicative of proteolytic activity.  
 

Statistical Analysis 
 
Data are representative of at least three independent assays (N=3). Student’s 
unpaired t-test was used to establish significance using GraphPad Prism 
software. 
 

2.4 Results 

Nutridoma specifies tip/stalk for invasive sprouting phenotype 
 
To test the effect of Nutridoma on the ability to improve specification of 
endothelial populations, already cultured tip/stalk and phalanx EC populations 
were cultured for least three passages in Nutridoma and KSR serum 
replacements.  Increased cell elongation and number of spindle-shaped cells in 
the tip/stalk EC cultured in Nutridoma suggested that Nutridoma could influence 
EC behavior and morphology (Fig 8). There was no apparent difference in 
morphology for the tip/stalk populations between the supplements, however, cell 
cycle analysis revealed that Nutridoma promoted increased proliferation with a 
higher percentage of cells in the S phase at 20% compared to the KSR cultured 
cells at 8% (Fig 9).  Phalanx EC cultured in Nutridoma did not have an increased 
proliferative effect compared to those in cultured in KSR, although there 
appeared to be less cells undergoing apoptosis compared, as shown as in a 
small peak before G1 phase peak in the KSR cultured samples.   
 
Using a QPCR array, we discovered that Nutridoma induced higher expression of 
angiogenic genes in the tip/stalk EC compared to those derived in KSR. 
Upregulated genes  included Flt-1, MMP-1a, MMP-9, various integrin subunits 
and TGFβ-1 (Fig 10). Mature EC genes associated such as CD31 (PECAM1), 
Nos2 and Tie-2 (Tek) were also upregulated suggesting that Nutridoma tip/stalk 
EC would have greater capacity to create vascular networks. Taken together this 
data implied that Nutridoma promoted EC differentiation in tip/stalk EC while KSR 
perhaps maintains them in a less mature, less differentiated state. This 
exploratory experiment (QPCR array) was performed once and so Nutridoma 
remained part of the Stage 2 differentiation process. 
 

Emerging tip/stalk and phalanx EC 
 
To further delineate the subphenotype of co-emerging sprouting and 
nonsprouting EC subpopulations (derived in Nutridoma), we examined the 
tip/stalk and phalanx EC (Fig 11A), as well as two mouse primary EC control cell 
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populations (Fig 11B). Surface protein markers found on tip, stalk and phalanx 
EC were compared. In both EC subpopulations, EC markers Flk-1 [35], VE-cad 
and CD31 were all expressed at high levels, with slightly greater expression of 
VE-cad and CD31 in the phalanx ECs compared to tip/stalk. Tip/stalk EC also 
consisted of higher numbers of tip-specific Dll4+ [23] and Flt-4+ [22, 25] ECs and 
lower numbers of phalanx-specific Flt-1+ cells [27, 29] compared with phalanx EC. 
As one would expect, the EC marker expression profile of the emerging phalanx 
EC corresponded more closely with the MAEC and MCEC EC control cells 
compared with the tip/stalk ECs (Fig 11B). Extracellular expression of Nrp1 [22, 
26] and Jagged1 [48] was also analyzed, but not detected on any of the 
emerging EC sub-phenotypes or EC control cells (not shown).   
 

Distinct EC subpopulations  
 
To highlight the distinct subpopulations of EC, the tip/stalk and phalanx EC were 
co-stained for VE-cad, PECAM-1, Flt-1, and Notch1 (Fig 11C, D).  Both EC 
subpopulations contained 80-90% PECAM-1+/VE-cad+ ECs, but a subset of the 
PECAM-1+ (also called CD31+) ECs tip/stalk EC did not express VEGF decoy 
receptor, Flt-1, containing ~20% Flt-1- cells, while the phalanx EC did not contain 
significant numbers of Flt-1- cells.  This data corroborates that the Flt-1 marker is 
not expressed on the surface of the tip ECs [49]. 
 

Percentage of tip EC is a function of confluence  
 
Because the percentage of Flt-1- ECs within tip/stalk-containing cultures varied 
significantly from derivation to derivation, it was hypothesized that the EC may be 
converting from Flt-1- tip-specific ECs to Flt-1+ stalk-specific ECs as physical 
space for tip cell migration was mitigated with increasing confluence. Therefore, 
we compared tip/stalk EC cultured at lower confluence (50% dish coverage) with 
the same cells cultured at higher confluence (80% dish coverage). The tip/stalk 
ECs contained approximately 20% Flt-1- ECs when cultured at low confluence, 
but this number was reduced < 5% in confluent cultures (Fig. 11D-F). This data 
suggests that either tip EC are not proliferating as robustly as the stalk EC or that 
the tip cells are converting to stalk cells as a results of greater numbers of cell-to-
cell contacts in the confluent dishes.   
 

Sorting Tip Cells from Stalk in Sprouting EC Subpopulations 
 
To further validate the surface marker expression levels of selected tip and 
phalanx EC, CXCR4+/VE-cad+ populations were isolated from the tip/stalk EC 
and stained for EC markers for surface extracellular expression (Fig 12A). The 
purpose is to compare tip markers with already published data concerning 
specialized EC surface marker characterizations. Since the greatest ratio of tip 



	

	

35	 	 	

cells are present in sub-confluent cultures we wanted to see if additional tip 
markers were present that were not detected using flow cytometry.  Most cells in 
the isolated CXCR4+/VE-cad+ EC cultures expressed CD34, CXCR4, Endoglin 
(CD105) and Notch1 on the surface (Fig 12B).  Endoglin is considered to be a 
marker for highly proliferating EC and especially those in the tip position [50]. 
These populations had expression of venous tip cell marker Nrp2 but with 
negligible levels of Nrp1 that is normally on arterial EC. This is consistent with the 
higher expression of EphrinB4 over EphrinB2, venous and arterial markers, 
respectively.   
 

Angiogenic Potential 
 
The tip/stalk and phalanx EC populations were compared for sprouting and 
proliferative potential when co-cultured.  Embryoid bodies were made of tip/stalk 
EC (green) and phalanx EC (red) in equal ratio and suspended in fibrin. In 
response to angiogenic signals from the media and NHLF, the first sprouts 
emerged from the sprouting EC within 12 hours compared to the non-sprouting 
EC at 60 hours -- and formed longer sprouts (Fig 13A).  To test whether each 
population would maintain the morphology and proliferative potential associated 
with the specialized phenotype, small number of each were co-cultured. When 
the sprouting populations were immersed with the non-sprouting EC, the 
population number doubled within 12 hours, while the non-sprouting EC 
maintained their numbers within the same time frame (amongst a proliferative 
sprouting population) (Fig 13B). In addition, the cells of each population 
appeared to maintain their respective morphologies that are cuboidal for phalanx 
and elongated for tip/stalk EC. 
 
 

EC subpopulations maintain phenotypic stability  
 
The phenotypic stability of the emergent EC subpopulations were analyzed using 
a fibrin bead sprouting assay [51]. The tip/stalk-like EC (green) and phalanx-like 
EC (red) were coated onto dextran microcarrier beads independently, as well as, 
as a 1:1 mixture (Fig 14). The tip/stalk-containing EC generated 2x more sprouts 
per bead compared with the phalanx EC (Fig 14A,B). The average sprout lengths 
for the tip/stalk EC were also 2x longer compared with phalanx EC (Fig 14C). 
When the tip/stalk (green) and phalanx (red) EC were mixed together, sprouting 
occurred more quickly (Fig 14B) with total sprout numbers consistent with the 
tip/stalk EC. Moreover, the tip/stalk EC and phalanx EC self-organized within the 
angiogenic sprouts according to their pre-established subphenotypes -- with the 
tip/stalk EC seen at the tips and stalks of the migrating sprouts and the phalanx 
EC located at the base of the sprout (Fig 14A). Quantifying the contributing cells 
within these sprouts confirmed that 75% of the cells came from the tip/stalk EC 
subpopulation and only 25% from the phalanx EC (Fig 14D).   
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Distinct gene expression patterns of EC subpopulations 
 
 
RNA-Seq allows genome-guided analysis of up-regulated mRNA transcripts – in 
this case from isolated mRNA. Once a cDNA library is made, the transcripts were 
selected for by size and mapped to the mouse genome. The readouts were 
analyzed according to gene ontology.  To identify gene expression signatures 
associated with EC subpopulations, we performed RNA-Seq of the purified 
tip/stalk ECs and phalanx ECs, respectively. These two EC subpopulations 
display distinct expression profiles, and a total of 992 genes exhibited more than 
two-fold expression changes (Fig 15A). Compared to the tip/stalking-containing 
EC, 670 genes were upregulated and 332 genes were downregulated in phalanx-
containing EC (Fig 15B). Gene ontology analysis suggested different categories 
of gene signatures are associated with EC subpopulations and individual genes 
for the highest upregulated genes in each (Fig 15C). Compared with gene 
expression profiles in tip/stalk cells, the genes had higher expression in the 
phalanx-containing EC included those known to be associated with mature EC 
function like wound healing, blood vessel morphogenesis, cell-to-cell adhesions, 
response to hypoxia, and regulation of cell proliferation. Other genes upregulated 
in phalanx EC include coagulation, thrombspondin, and lymphocyte trafficking 
selectin. The genes downregulated in the phalanx EC compared with the 
tip/stalk-containing EC encode regulation of proliferation, chromatin remodeling 
complexes, and histone proteins, suggesting that these cells are enriched in key 
biological processes regulating chromatin processing and promoting cell 
proliferation.  
 

Active matrix degrading proteases 
 
Sprouting capacity is enabled by the cell’s ability to degrade surrounding 
extracellular matrix – and the migratory ability by degradation of basement 
membrane.  To determine differences between the EC subphenotypes in active 
amounts of proteolytic enzymes capable of degrading extracellular matrix 
proteins and promoting angiogenesis, zymography assay [52] was employed on 
cell lysates from each of the cell populations.  Because some enzymes (as 
zymogens) are activated in a reducing environment the enzymes will be able to 
degrade the fibrin-specific ECM. Analogous to a western blot the proteases can 
be identified with antibodies and migration within the matrix substrate – and 
relative amounts are quantified using band thickness. There were greater 
amounts of active MMP-2 in the sprouting tip-/stalk-containing EC compared with 
phalanx EC that contained greater levels of pro-MMP2, the zymogen form that 
must be cleaved to be active (Fig 16A and B). Cathepsins are another class of 
proteases implicated in angiogenic pathways, and we profiled amounts of active 
cathepsins in the EC subphenotypes. Sprouting EC showed increased amounts 
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of active cathepsins, specifically, greater cathepsin L activity was found in the 
sprouting tip/stalk-containing EC as indicated in the zymographs developed at  
pH 4, which is preferred for cathepsin L (Fig 16C and D). This was corroborated 
in the zymographs incubated at pH 6 by the 20kDa band of active cathepsin L 
being significantly higher in the tip/stalk-containing EC while the 15 and 22kDa 
fragments were found in the phalanx EC (Fig 16E and F).  Taken together, ECM 
degrading enzymes appear to be involved in the sprouting behaviors of the 
tip/stalk EC that may be associated with angiogenic pathways.  

 

2.5 Discussion  
 
Our results demonstrate the emergence of distinct sprouting and nonsprouting 
endothelial subphenotypes from Flk-1/KDR+ cells during in vitro EC-specific 
differentiation. Moreover, once sorted and cultured separately, these cells are 
phenotypically stable [1]. In addition to sprouting affinity, we identified key 
distinctions between the sprouting cells and nonsprouting EC included 
expression of EC markers, gene expressions and amounts of active cathepsins. 
Sprouting EC contained more cells expressing tip-specific CXCR4+, Dll4+ and  
Flt-4+ markers and reduced numbers of Flt-1+ cells. Co-staining for CD31+/Flt-1+ 
and Notch-1+/Flt-1+ verifies that two subpopulations of EC are present within the 
tip/stalk-containing EC, but not in the phalanx EC.  
 
The stability of the tip/stalk-containing EC and phalanx EC subpopulations was 
also examined using a competitive sprouting assay. The tip/stalk-containing cells 
exhibited greater radial invasion compared with the phalanx EC, even if premixed 
and competing for morphological position. Most significantly, these findings 
provide convincing data challenging the previous thinking that sprouting EC are 
homogeneous cells simply competing to maintain their morphological position 
within the sprouting vessel [53, 54]. 
 
The appearance of sprouting tip EC in our vascular stem cell derivation cultures 
is relatively unique, only reported by one other group [38].  This observation is 
likely due to the following key elements: a) the use of a staged derivation 
approach that purifies early Flk-1/KDR vascular and cardiovascular 
lineage-committed cells [30], b) replacing fetal bovine serum (FBS), which is 
known to enhance the proliferation of contaminating smooth muscle cells [55], 
with a fully characterized serum-replacement, Nutridoma, and c) the 
incorporation of high levels of VEGF treatment known to strongly signal tip-
specific EC within a sprouting blood vessel [28, 56, 57]. However, it is important 
to also note that the high levels of VEGF in the cell culture medium of the purified 
phalanx EC does not induce the phalanx-specific EC to revert to tip-specific ECs, 
providing more evidence that the tip cells are derived from vascular precursors, 
and less likely derived from mature ECs. Note, while these studies suggest that 
the tip-specific EC is a distinct and relatively stable EC subphenotype from the 
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phalanx EC, it remains unclear whether the phalanx EC is a distinct 
subphenotype, or if the phalanx EC is the same EC as a stalk EC in the absence 
of tip EC. 
 
Thinking more deeply at what might be distinct in the tip/stalk-containing EC, we 
looked at the protease activity in the sprouting and nonsprouting cell populations 
and found -- consistent with the invasive and migratory EC subphenotype of the 
tip/stalk-containing cells -- increased matrix metalloprotease-2 (MMP2) activity 
and capthepsin V/L fragments in the sprouting EC subpopulations. Although 
increased cathespin L (catL) is associated with cell invasion and 
neovascularization [58, 59], its decreased activity is not necessarily associated 
with a reduction in angiogenesis. In fact, Dennemarker et al. 2010 suggests a 
protective effect by catL [60] whose substrates also include angiostatic peptides 
such as endostatin. At a slightly acidic pH, catL was higher in phalanx EC 
suggesting that catL is multifunctional and its context dependent function within 
specialized EC populations. The angiogenic switch that controls catL activity 
between subphenotypes is not clear. In humans, Cathepsin L expression has 
been associated with an increase in angiogenic EC behaviors and increased 
expression of cell cycle genes that is consistent with highly increased 
proliferation [61], but the mechanism has not yet been explored. It has been 
suggested that the invasive behaviors of the tip/stalk EC could be positively 
regulated through multiple pathways. ADAM17 leads to activation of MMP2 
during angiogenesis [62], while overexpression of ADAM17 has been shown to 
reduce the expression of anti-angiogenic molecules [63] and contribute to an 
invasive EC subphenotype [64].   
 
Overall, this work shows that the tip/stalk and phalanx populations are 
differentially regulated as vascular endothelial subtypes. The phalanx cultures 
have increased expression of mature endothelial genes – despite high 
CD31+/VE-cad+ populations in both cultures. The tip/stalk cultures have 
increased expression of chromatin remodeling complexes and histone 
associated genes suggesting an important role of epigenetic control in EC 
subphenotypes specification. Using RNA-Seq to identify upregulated 
transcription factors could allow the identification of genes important for vascular 
development and regeneration. In this way, one could use a directed 
differentiation to acquire specialized EC populations or phenotypes. In addition, 
the discovery of non-coding RNAs could be used to reprogram cells from other 
lineages into vascular EC [65].   Recent studies suggested that miRNA 21 could 
induce stable EC differentiation and promote culture viability while conferring 
special properties such as sprouting and regenerative capacity [66]. 
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2.6 Conclusions  
 
Currently, in vitro models of vascular biology almost exclusively use human 
umbilical vein endothelial cells (HUVEC).  Based on growing knowledge of 
endothelial cell heterogeneity, our in vitro models should include the most 
appropriate EC subphenotype. The ability to derive and maintain distinct EC 
subphenotypes in vitro is a significant advancement, not only in the specification 
of differential endothelial cell fates, but in developing in vitro models for studying 
angiogenesis, inflammation, vascular homeostasis and disease.  Pro-angiogenic 
tip/stalk ECs would be most appropriate for studying angiogenesis and perhaps 
in microvascularization of tissue engineering products while the less proliferative 
and less migratory phalanx EC would be best for studies on atherosclerosis, 
blood brain barrier dynamics and perhaps better for lining small diameter 
vascular grafts [67, 68].  
 

2.7 Summary 
 
The ability to engineer functionally distinct ESC-derived EC subphenotypes is an 
important development in regenerative medicine and may serve to develop 
human specialized EC from pluripotent stem cells. The protocol used to derive 
specialized mouse EC provided the initial framework for our human EC 
differentiation studies in the form of the stage specific methodology and 
chemically defined media.  Variables that affect EC differentiation such as plating 
density, induction times, and growth factor concentrations will be optimized 
according to each pluripotent stem cell line used.  
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Figure 7 Derivation of tip/stalk-like and phalanx EC 

Embryonic stem cells (ESC) were first induced into Flk-1+ vascular progenitor 
cells (VPC) on fibronectin matrix in medium supplemented with BMP-4 and 
VEGF supplementation.  The purified Flk-1+ cells were then replated, again on 
fibronectin matrix in medium supplemented with bFGF and VEGF for endothelial 
cell specification. The Flk-1+ outgrowths from the Flk-1+ cells contained 
tip- stalk- and phalanx-like EC.  These populations are then purified further with 
the cobblestone-shaped EC replated in a separate dish. These two EC 
subcultures maintain distinct subphenotypic expansion for approximately  
10 passages. 
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Figure 8 Nutridoma induces morphological changes for tip/stalk EC 

Low passage tip/stalk and phalanx subpopulations were treated with KSR and 
Nutridoma Stage 2 formulations for three passages. 
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Figure 9 Nutridoma and KSR have different cell cycle curves 

Tip/stalk (top row) and phalanx EC (bottom row) were grown in KSR for three 
passages. Cell cycle analysis using DAPI staining, gray curve = unstained nuclei 
and green curve = stained nuclei. All are representative of two independent 
experiments. 
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Figure 10 Nutridoma induces an invasive phenotype for tip/stalk EC 

 
Up-regulated EC genes in Nutridoma derived tip/stalk compared to KSR derived 
Tip/stalk EC. A) Scatterplot for normalized expression for upregulated angiogenic 
genes and for genes associated with EC identity and function, tip/stalk passage 6, 
at red dots upregulated, green dots downregulated B) comparing differences in 
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EC gene profile in tip/stalk derived in Nutridoma compared to KSR. Exploratory 
study representing one experiment.  
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Figure 11 Tip/stalk and phalanx EC differentially express specialized EC markers 

A) Representative single color histograms of tip/stalk-containing and phalanx-
containing EC stained with a range of EC markers – all plotted against isotype 
controls. B) The mean percentages and standard deviations of tip/stalk-
containing and phalanx-containing EC, as well as, mouse aortic endothelial cells 
(MAEC) and mouse endothelial cardiac cells (MCEC) control EC. Student’s 
unpaired t-tests were used to establish significance, at p<0.05=* and p<0.001=**. 
C) Representative scatterplot of double stained tip/stalk-containing and phalanx-
containing EC stained with VE-cad+/CD31+ and CD31+/Flt-1+ subsets. Although 
mature EC markers VE-cad and CD31 indicate single EC population, they have 
21% Flt-1- EC in the tip/stalk-containing EC. D) Representative scatter plots of 
double stained tip/stalk-containing EC stained with CD31+/Flt-1+ and  
Notch1+/Flt-1+  subsets of tip/stalk EC cultured at low and high confluence. Flt-1- 
ECs are more prominent at low confluence. Red curves and plots = isotype, blue 
curves and plots. E &F) Graphical representations of flow plots. Student’s 
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unpaired t-tests were used to establish significance, at p<0.05=* and p<0.001=**. 
Representative of four independent experiments. 
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Figure 12 CXCR4+/VE-cad+ EC have tip cell markers 

A) CXCR4+/VE-cad+ subpopulation was sorted using flow cytometry and from 
tip/stalk EC, representative of three independent experiments and B) tested for 
various EC markers using Zeiss microscope. Scale= 50µm. All in B are 
representative of two experiments. 
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Tip/stalk and phalanx cells were co-cultured A) as embryoid bodies in fibrin gel 
B) in 2D monolayer. Images taken on Zeiss microscope. Scale=200µm.  All are 
representative of two experiments. 
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Figure 13 Tip/stalk EC maintain angiogenic capacity 
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Figure 14 Sprouting dynamics of tip/stalk versus phalanx containing EC 

A) Fluorescent mages of sprouting tip/stalk EC (green) and phalanx EC (red) 
seeded separately and together on fibronectin-coated beads and embedded in 
fibrin gels, Scale=200µm. (B) The average number of sprouts and  (C) average 
sprout lengths were quantified for over 5 days. (D) The percentage of green and 
red cells in the sprouts of the mixed cells was also quantified on day 3. Student’s 
unpaired t-test was used to establish significance, p<0.05=* and p<0.001=**. 
Representative of five independent experiments.  
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Figure 15 Gene Expression of phalanx-containing EC compared with tip/stalk 
containing EC 

A) Heatmap of genes upregulated (red) and downregulated (green) in phalanx 
EC compared with tip/stalk-containing EC, B) GO Analysis of the differentially 
expressed genes, C) Top 25 upregulated genes. All are representative of two 
independent experiments. 
 
 
 
 
 
 

Phalanx Tip/stalk
Gene Symbol Fold Change ajd.p Value Gene Symbol Fold Change ajd.p Value
Tnip3 50.81 7.63E-46 Hist1h1b 28.31 1.63E-100
Cxcl15 47.20 4.50E-64 Stc2 22.31 1.12E-37
Vnn3 35.49 3.89E-26 Fzd3 18.26 1.32E-18
4930461G14Rik 26.36 1.23E-52 Hist1h2ak 16.44 8.58E-29
Mmp3 25.11 3.06E-59 Sdk2 13.33 8.09E-12
Wfdc2 25.07 4.26E-18 Myo5c 13.28 4.68E-34
Stxbp6 22.55 3.90E-23 Hist1h2bn 12.65 2.11E-23
Sel1l3 22.45 3.45E-72 Igf2bp3 12.22 3.80E-39
Lbp 19.56 5.72E-25 Rftn1 11.55 1.23E-10
Tmem176a 18.86 5.62E-29 Cdh6 10.01 4.34E-10
Nos2 18.01 1.35E-16 Thbs2 9.95 1.04E-08
Prss22 17.16 1.16E-22 Slc9b1 9.93 4.62E-13
Serpinb6b 16.16 8.66E-17 Adam12 9.86 1.22E-16
Smad6 15.70 3.52E-13 Klhl23 9.26 1.74E-11
Nrn1 13.75 7.09E-19 Zfp704 8.81 3.52E-13
Tmem45a 13.71 6.35E-13 C1ql3 8.11 1.35E-10
Lifr 13.41 9.87E-35 Ereg 7.88 9.09E-13
Rab3b 13.34 3.61E-28 Tmeff1 7.80 2.02E-15
Slc9a7 13.23 1.97E-13 Rhoj 7.63 1.32E-08
Lifr 13.13 3.11E-12 Dkk2 -7.61 1.15E-06
Lcn2 12.66 3.29E-45 Sdk1 -7.58 1.72E-06
Cxcl1 12.35 1.22E-71 Flt3 -6.65 2.67E-08
Padi4 12.32 8.94E-49 Hist1h4k -6.59 1.24E-05
Mmp13 12.17 1.05E-10 Irx1 -6.53 3.00E-08
Igfbp3 12.04 1.05E-30 Gspt2 -6.49 5.80E-09
Itgb3 12.02 1.87E-19 Slc16a13 -6.43 4.90E-07

C 
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Figure 16  Tip/stalk EC expresses higher protease activity 

A) Pro-MMP-2 is greater in phalanx EC while MMP2 is greater in tip/stalk-
containing EC.  B) Cathepsin V/L expression at pH 4 and C) pH 6, * indicates 
statistical significance at p <0.01. All are representative of three independent 
experiments. 
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Chapter 3. Optimizing the Human IPS/ES-EC Protocols  
 

3.1 Introduction 

One third of the world’s deaths are cardiovascular related.  The ability to 
generate highly pure and stable human vascular endothelial cells is critical for 
developing in vitro vascular platforms and therapeutic products for clinical 
applications. Li et al demonstrated in the mouse that CD31+/CD34+/KDR+ 
endothelial cell (EC) populations promote tissue repair and reduce inflammation 
in ischemic heart tissues [1, 2]. In reality, the human heart would require more 
than 10 million cells – and a highly homogeneous endothelial cell (EC) population 
devoid of contaminating cell types that could cause de-differentiation (teratoma 
formation) and/or promotion of scar tissue formation.  Because it is difficult to 
obtain large numbers of adult circulating EC required for these applications, 
human multi-potent stem cells, embryonic stem cell (ESC) and induced 
pluripotent stem cell (IPSC) are attractive as potentially limitless sources for 
directing human derived EC populations. 
 
The predominant endothelial differentiation protocols utilized two dimensional 
monolayer cultures, feeder-independent pluripotent stem cell lines and 
chemically defined media [3, 4]. Monolayer formats generate high numbers of 
vascular EC and are easier to perform and analyze. The discovery of 
combinatorial signals required for vascular EC induction has led to increased 
purity, specification and efficiency [4-6] in directing a particular EC phenotypes. 
For example, methods for co-differentiation of EC, including pericytes, as well as, 
arterial and venous EC, have been developed using BMP-4 and VEGF to first 
induce mesoderm lineage and then VEGF and/or bFGF for directing the desired 
vascular phenotype specification at later stages. These methods have wide 
ranges for efficiency ranging from 2 to 50% VE-cad+/CD31+ EC. Most recently, 
incorporation of small molecules, GSK3-inhibitor (CHIR-99021) and TGFβRI 
inhibitor (SB431542), are reported to aid in shortening vascular EC differentiation 
to as little as 6-10 days and preventing growth of contaminating smooth muscle 
and mesenchymal cell types that could alter EC stability in later stages [7, 8].   
 
Recent efforts to generate short differentiation protocols for the purpose of 
acquiring large numbers of human vascular EC quickly have compromised purity 
and maturity of the final product. Therefore, the goals of this work were to 
develop differentiation methods that would generate highly purified human EC 
populations by examining the parameters and soluble signals that generate high 
numbers of pure KDR+ VPC early stage of differentiation (stage 1) and then  
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VE-cad+ EC in late stage differentiation (stage 2).  Early studies found that 
plating density did have an effect on mouse endothelial differentiation [6, 9].  
However, because we used feeder-free human pluripotent stem cell lines  
(human ESC, H9, and a human IPS line) that may exhibit different proliferation 
rates compared to other cell lines and over time, optimization was necessary. We 
re-optimized the temporal differentiation kinetics, plating density, and growth 
factor concentrations to obtain VE-cad+ EC and EC [9].  After determining the 
factors that generate increased VE-cad+ EC yields, we examined how to acquire 
purified VE-cad+ EC, reduce the growth of stem cells and maintain EC stability 
during the multi-stage differentiation process.  
 

3.2 Methods 
 

Human ESC and IPSC Induction towards KDR+ VPC (Stage 1) 
 
Human ESC (H9, WiCell) and IPS (DF19-9-7T, WiCell) feeder-free cell lines 
were grown on human stem cell qualified Matrigel (Biosciences) and grown in 
mTESR1 media (Stem Cell Tech).  Human ESC was incubated with Versene 
(Invitrogen) for 5 minutes, washed off the plate using MTESR1 and 10µM ROCKi 
(Stem Cell Tech) and replated without centrifugation. Human IPSC were 
dissociated using half strength Accutase. For early (stage 1) inductions, cells 
were seeded at the following densities: 1,000, 5,000 and 10,000 cells/ cm2 onto 
50 µg/ml fibronectin (BD Biosciences)-coated plates for 1-10 days in  
10µM ROCKi (for initial seeding only) in Stage 1 induction Medium that included: 
alpha-MEM (Cellgro), 20% KSR (Invitrogen), 1Χ ps, 1Χ NEAA, 2mM L-glutamine, 
0.05mM 2-mercaptoethanol, 5ng/mL BMP-4, 15 or 30 ng/mL VEGF,  
12µM CHIRR-99021 (Stem Cell Tech). Cultures had a full media change every 
three days and KDR+ cells were isolated on day 10. Experiments were repeated 
four times. 

Human ESC and IPSC Induction towards VE-cadherin+ EC (Stage 2) 
 
KDR+ VPC induced from Stage 1 were sorted by FACS and plated at  
10,000 cells/cm2 on dishes coated with 50 µg/ml fibronectin (BD Biosciences) in 
Stage 2 Medium with 10µM ROCKi. The stage 2 Medium consisted of:  
70% alpha-MEM, 3-% high glucose DMEM, 15% KSR, 1Χ ps, 1Χ NEAA,  
2mM L-glutamine, 0.05mM 2-mercaptoethanol, 50ng/ml VEGF and 8 or  
25ng/ml bFGF.  For examining sprouting and non-sprouting EC, Stage 2 Medium 
included: 70% alpha-MEM, 30% high glucose DMEM, 2X Nutridoma, 1Χ ps,  
1Χ NEAA, 2mM L-glutamine, 0.05mM 2-mercaptoethanol, 50 ng/ml VEGF and 8 
or 25 ng/ml bFGF. Full media changes were performed every 3 days. At day 17 
of total differentiation, 10µM SB431245 was added to the media for inhibition of 
SMC growth. Unless otherwise indicated, the H9-ESC and IPS VE-cad+ EC were 
collected and analyzed at day 25 of total differentiation.  
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Flow Cytometry Analysis 
 
Adherent cells were harvested using TrypLE (Invitrogen) and incubated with 
3:500 live/dead stain eFluor-780 (1:500 Biolegend), 3:500 human FcR Block 
(EBiosciences) and 10µM ROCKi. For KDR expression, cells were stained with 
1:75 PE-conjugated mouse anti-human KDR (Biolegend) monoclonal antibody 
mouse IgG1, and κ PE (Biolegend) was used for the isotype control. For 
characterizing specialized EC, cells were stained with the following: PECy7 anti-
human CD144 (1:100, Biolegend), BV510 anti-human CD31 (1:100, Biolegend), 
PE anti-human CD209 (1:75, Biolegend), PerCP anti-human CD34 (1:100 
Biolegend), BV421 anti-human Notch1 (1:100, Biolegend), Alexa Fluor 488 anti-
human VEGFR1 rabbit monoclonal antibody (1:200, R&D), APC anti-human Dll-4 
(1:100, EBiosciences).  BD Aria II and III were used for FACS. FlowJo software 
was used to analyze populations. 
 

Statistical Analysis 
 
Data are representative of at least three independent assays (N=3). Student’s 
unpaired t-test was used to establish significance in GraphPad Prism. 
 

3.3 Results  
 

Optimizing Stage 1 Mesodermal Induction 
 
Similar to our mouse differentiation studies, we defined the differentiation of 
pluripotent ESC and IPSC KDR+ VPC [6, 10] as “stage 1” and the specification 
and maturation of the VPC into vascular endothelial-cadherin positive (VE-cad+) 
EC as “stage 2” (Fig 17A). The parameters for optimization include: VEGF 
concentration, initial seeding density and time for generating KDR+ VPC. 
Although the highest KDR+ expression was noted at day 10, from a seeding 
density of 1,000 cell/cm2, similar results were observed at a higher seeding 
density of 5,000 cells/cm2 at either 15 or 30 ng/ml VEGF (Fig 17B).  However, 
because the VPC proliferated at a faster rate when treated with the higher VEGF 
concentration (data not shown) and because a higher cell density was needed to 
acquire more KDR+ VPC for stage 2 inductions, we proceeded with 30ng/ml 
VEGF and 5,000 cells/cm2. As a result of the combinatorial approach, the stage 1 
optimizations can yield up to 85% and 70% KDR+ VPC from HIPSC and HESC, 
respectively (Fig 17C).  Recent protocols have used Wnt signaling to induce 
mesoderm formation within 4 days [7, 11]. However, when combined with our 
pre-optimized stage 1 Medium, Wnt agonist CHIRR-99021, did not generate 
greater numbers of KDR+ VPC at any of the time points examined (Fig 18 A,B).  
At lower densities, KDR expression was higher, however there was a high 
percentage of cells expressing pluripotency (stem cell) marker SSEA-4 (Fig 18C). 



	 	 	

	

	 	 62
	 	 	

At Day 10 when the Stage 1 media induces the highest KDR+ VPC, CHIRR did 
not increase KDR+ VPC or the percentage of VE-cad+ EC (Fig 18D).  Without the 
addition of CHIRR, the KDR+ VPC could be cultured at lower densities, thereby 
enhancing visibility and purity of the differentiating cultures.   
 

Stage 2 Optimizations 
 
For both cell populations, KDR+ VPC populations were sorted using flow 
cytometry on Day 10 and replated at 10,000 cells/cm2 with 10µM ROCKi to 
promote cell survival. Magnetic Activated Cell-Sorting (MACS) technology was 
also explored for sorting KDR+ VPC because the process is less damaging to the 
cells, however, the yield of KDR+ cells was much lower with higher number of 
contaminating cell types including stem cells (data not shown).   
 
Initially, we aimed to reproduce the mouse multi-stage protocol [6, 10] (Fig 19A), 
in which Flk-1/KDR+ outgrowths were manually segregated according to tip-like 
or cobblestone-like morphology and cultured separately in the same media. After 
72 days of differentiation, a surface marker profile was generated as performed 
in the mouse ESC data for the “tip-containing” and “phalanx-containing” 
populations. The tip-containing cell populations contained double the number of 
Flt-4+ cells compared with the purified phalanx-like EC (Fig 19B). Unfortunately, 
the total VE-cad expression in these cultures remained much lower compared 
with the mouse EC derivations, at 18% VE-cad+ and 17% VE-cad+/CD31+ in the 
manually sorted phalanx-like EC populations despite being cultured for more 
than 72 days (Fig 19B).   
 
To increase VE-cad expression following the KDR+ sort, we focused on VE-cad 
kinetics in early Stage 2 once the isolated KDR+ populations had grown in 
number (about 5-8 days in culture) (Fig 20A). Since VE-cad expression had been 
low at isolation, increased expression for CD34, another endothelial marker, in 
the differentiating EC was also examined.  By Day 7 of Stage 2 (Day 17 total 
differentiation), CD34 expression increased by at least 2-fold (Fig 20B).  
Focusing after Day 7 or one week after the KDR+ isolation, we reexamined the 
role of bFGF in the Stage 2 Medium. In the absence of bFGF, the purity of 
cultures increased, with higher VE-cad+ EC  (Fig 20C) at Day 7 (Stage 2)  
(Fig 20C).  The maintenance of VE-cad expression at Day 10 suggested that 
bFGF concentrations during Stage 2 required optimization (Fig 20D).  During 
Stage 2 of some experiments, high levels of bFGF (25ng/ml) appeared to 
maintain stem cell marker, SSEA-4. At Day 12 Stage 2 (Fig 20E) stem-like cells 
would take over the cultures.  Overall this bFGF concentration would maintain 
SSEA-4 expression in the differentiating cultures (Fig 20F).  In order to achieve 
highly pure derived EC, endothelial gene expression needed to be comparable to 
primary EC, HUVECs (Fig 20G) which is greater than 90% for VE-cad+/CD31+ 
and less than 5% for contaminating cell types.  We then sought to find the 
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optimal day for isolating VE-cad+ EC in Stage 2 (Fig 20H). The bFGF 
concentration was reduced to 8ng/ml to encourage EC proliferation but not high 
enough to promote stem cell proliferation. At Day 20 and Day 25 (total 
differentiation), KDR+ outgrowths contained 50% and 66% VE-cad+ cells at Days 
20 and 25, respectively. Following VE-cad+ sort at Day 25 (Fig 21A). After KDR+ 
cells were cultured for 15 days in Stage 2 Medium (25 days of total 
differentiation) and cultured only 22% of the population expressed surface  
VE-cad. Subsequent isolation and sub-culturing of VE-cad+ cells revealed that 
VE-cad was still not stable (Fig 21B).  
 

Maintaining VE-cadherin Expression 
 
To determine the whether SB431542, a TGFββRI inhibitor, could stabilize EC 
gene expression in the populations, previously sorted VE-cad+/CD31+ cells from 
ESC and human iPS cells were treated for 7 days with SB431542 (Fig 22A).    
A 10-fold increase in VE-cad+ cells suggested that SB431542 was critical to 
improving EC yield. The addition of SB431542 earlier in stage 2 prior to VE-cad+ 
sort at Day 17 of total differentiation (Fig 22B) dramatically improved the overall 
VE-cad+ cell yield (Fig 22C).  These step-wise methods generated highly pure 
VE-cad+ HISPC-EC and HESC-EC that were 96% and 89% positive, respectively, 
with very little contamination of non-EC.    
 

3.4 Discussion 
 
In this chapter, the optimization methods for increasing the yield of VE-cad+ EC 
from human iPS cells and ESC examined initial seeding density, biochemical 
treatments including small molecules, and differentiation kinetics for maintaining 
EC phenotype and purity.  Recent cardiomyocyte protocols demonstrate a 
requirement for using multi-staged methodologies when employing chemically 
defined media, however, this has not been done for EC [12].  Our data suggests 
that multiple purification steps may be necessary for improving the quality of in 
vitro derived EC: first in generating and acquiring highly pure KDR+ VPC; and 
second in stabilizing VE-cad expression in human EC. As KDR gene expression 
increases during Stage 1, the cells may become more responsive to VEGF so we 
think that the higher VEGF concentrations increased KDR+ VPC yield. The Wnt 
agonist, CHIRR-99021 did not increase KDR expression prior to Stage 2 in our 
protocol even though it is being used in many reports with shortened protocols [4, 
7, 13]. Wu et al reported 10-fold increase in KDR expression in as little as 3 days 
of mesoderm induction, however, the KDR+ VPC was only 13 % compared to 
more than 70% using our protocol [13]. By optimizing seeding density and the 
amount of VEGF required to induce mesoderm formation, it is possible that 
CHIRR was no longer needed. In addition, it is possible that feeder-free 
pluripotent stem cell cultures are primed to respond to soluble signals and may 
also have increased rates of proliferation thereby enhancing mesoderm induction 
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(through heightened cell-cell communication). Our Stage 1 VPCs are plated on 
Fibronectin and not Matrigel, allowing increased EC commitment. Purifying the 
cultures using flow cytometry (compared to MACS) allows the isolation of 
homogeneous KDR+ populations based on cell size and high KDR surface 
expression that can possibly omit stem cells and low KDR expressing VPC types 
that may become smooth muscle cells [11].  
 
Without FACS purification, populations that are not KDRhigh and retain stem cell-
like properties could dedifferentiate into stem cells when exposed to high bFGF 
concentrations in Stage 2 media. BFGF maintains pluripotency of human stem 
cells and is used human stem cell culture media [4, 14]. These stem-like cells 
have higher proliferation compared to the differentiating EC, especially those with 
higher proliferation than EC [15] and may suppress VE-cad expression.  In our 
experience with the mouse and human studies, we have learned that optimizing 
a few key soluble signals and isolating EC from non-EC improves overall yield 
and purity. These aspects of EC differentiation has been reported by others [16], 
so it is critical to maintain pure populations of differentiating EC because they 
may be at risk for undergoing endothelial to mesenchymal transition (EndoMT) 
[17].  Non-EC types in the cultures such as smooth muscle cells and fibroblasts 
secrete TGFβ1 that promotes EndoMT and suppresses EC gene expression. 
During Stage 2 when the SB431542 is added to the media after the VE-cad sort, 
there was little change to VE-cad and CD31 expression.  
 
We also observed that by treating the differentiating EC cultures with SB431542 
one week prior to purifying the populations increased VE-cad expression. 
Unfortunately, the effect of the inhibitor is reversible and has been documented 
by other groups [17, 18]. We found that VE-cad expression and VE-cad+ EC yield 
can be recovered once it is added back to the media and steadily increases 
these numbers in successive passages. It is not clear whether TGFβ1 inhibition 
is always needed to stabilize VE-cad expression or what the consequences to 
that would be for long-term EC survival, de-differentiation or maturation. Recent 
studies suggested that the inhibitor drives EC towards an arterial EC phenotype 
[8] and increases vascular microvessel formation in vitro [19]. In place of the 
inhibitor it would be advantageous to discover the identities of soluble signals 
that irreversibly promoted maturation or vascular potential of human VE-cad+ EC 
that are derived in vitro.  
 

3.5 Conclusion  
 
We have shown that a multi-staged pluripotent stem cell protocol with multiple 
purifications would increase EC yield compared to current protocols that perform 
less rigorous contaminating cell exclusions. While decreasing the time of the 
protocol could be crucial in using IPSC derived cellular therapies, the purity and 
quality of the populations could be compromised.  Impure populations could lead 
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to EC cultures taking on varying functions including phenotypic instability where 
the EC take on stem-like or mesenchymal characteristics. In this optimization 
protocol, we increased our VE-cad+ IPS and ES populations from 26% to almost 
90% at 35 days total differentiation by purifying for VE-cad+ populations at the 
precise time EC differentiation was at it’s peak [9]. Additionally, we re-directed 
VE-cad+ EC towards an EC phenotype using SB431542.  We did see a 
temporary decline in VE-cad+ expression following the sort, however it’s 
expression would recover as long as the inhibitor was in the media.  Continued 
use of the inhibitor during expansion phase (post- EC commitment, Stage 2) has 
not been reported. However in our hands VE-cad expression was not stable over 
several passages without it.  Similar to primary cells these in vitro derived human 
EC experience reduced EC gene expression. Studies are still needed to explore 
signals, chemical or mechanically transduced, with abilities to stabilize EC 
expression in and generate specialized human EC in vitro.  Since we were not 
able to generate human specialized EC similarly to what was done in the mouse, 
we will explore soluble signals to induce EC specification. 
 

3.6 Summary 
 
In this Chapter, we tried to use the mouse specialized EC differentiation protocol 
to generate human specialized EC. This was not possible and we needed to 
optimize bFGF concentrations, add an inhibitor to suppress mesenchymal cell 
proliferation and add an additional purification step. While we were able to obtain 
at least 17% VE-cad+ EC, the protocol took more than 72 days and the cultures 
contained high numbers of non-EC populations.  Compared to other published 
EC protocols, this initial yield would be acceptable however it would require  
VE-cad purification. We used VE-cad as an indicator of EC differentiation and 
optimizing the Stage 2 media formulations.  The optimized protocol was reduced 
to 45 days and yielded highly pure human EC from both IPSC and ESC. The 
ability to generate EC from different genetic backgrounds demonstrated that the 
protocol is robust and reproducible. EC purity was high, however, the human EC 
are immature compared to the mouse EC. The percentages of CD31+ EC would 
never exceed 15%.  It is unknown whether soluble signals alone are adequate to 
mature in vitro derived human EC. Studies are still needed to explore signals, 
chemical or mechanically transduced, with abilities to stabilize EC expression in 
and generate specialized human EC in vitro.  Since we were not able to generate 
human specialized EC similarly to what was done in the mouse, we will explore 
soluble signals to induce EC specification using a directed differentiated 
approach. 
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Figure 17 Combinatorial Factors for KDR+ VPC induction 

A) Plating density, differentiation kinetics and VEGF concentration was varied to 
optimize the yield of KDR+ vascular progenitor cells from H9-HESC B) Scheme 
for VPC and EPC induction for HESC C) KDR expression in HIPSC VPC using 
Stage 1 optimizations. ** p< 0.005, *<p0.05. All are representative of three 
independent experiments.   
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Figure 18 Wnt agonist does not lead to increase in pure KDR+ VPC 

Comparison of KDR expression based on plating density and differentiation 
kinetics A) Day 1-3 with CHIR-99021 HIPSC B) Day 1-3 with CHIR-99021 HESC 
C) Day 4 with CHIR-99021 D) Representative KDR and VE-cad expression at 
Day 10 with CHIRR. A,B,C, D are representative of three experiments.  
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Figure 19 Deriving Human ESC/IPS-EC using mouse ESC-EC specialized EC 
protocol 

HESC and HIPSC were differentiated into EC using the mouse specialized 
protocol with manual separation A) Mouse ESC-EC protocol adapted for human 
EC differentiation B) EC marker expression for HIPSC-EPC at day 72 total 
differentiation. All are representative of four independent experiments. 
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Figure 20 Early Stage 2 Optimizations 

A) Optimization Scheme for Stage 2 differentiation B) EC marker expression 
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in early stage 2 C) effect of FGF on Day 7 D) Day 7 versus Day 10 EC marker 
expression E) effect of high bFGF on HIPSC pluripotency, on Stage 2 Day 12 
(total day 22), red curve/plot= unstained, blue curve/plot = isotype, green 
curve/plot= stain  F) with and without bFGF during Stage 2, blue curve = isotype, 
red curve= stain G) HUVEC and HESC gene expression, red curve = isotype, 
blue curve= stain for first two images,  red curve = isotype, blue curve= isotype, 
green= stain H) EC markers Day 20 and Day 25 pre-sort using high bFGF, 
 ** p< 0.005, *<p0.05. All are representative of three independent experiments.  
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Figure 21 Sorting VE-cad+ cells at Day 25 

A) Scheme for HESC/IPSC-EC induction B) VE-cad expression before and after 
sorting VE-cad+/CD31+ EC. C) Graphical representation of flow plots. All cultures 
treated with 8ng/ ml bFGF ** p< 0.005, *<p0.05. All are representative of four 
independent experiments.  
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Figure 22 Maximizing VE-cad+ EC yield at Stage 2 

A) Testing SB431542 on previously sorted p3 VE-cad+ HIPSC and ESC-EPC B) 
continued VE-cad expression after 2 passages C) Comparing addition of 
SB431542 before and after VE-cad+ sort in Stage 2 D) Differentiation scheme 
adding SB431542 at Day 17 prior to sort E) HIPSC and HESC-EPC VE-
cad/CD31 expression after 5 days expansion from Day 25, continued SB431542 
treatment. ** p< 0.005, *<p0.05. All are representative of three independent 
experiments. 
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Chapter 4. Specialized Endothelial Cells from Human Pluripotent Stem Cells 
 

4.1 Introduction 
 
As an in vitro model for early vascular development, our mouse ESC-EC 
differentiation studies provided insights into the distinctions, or lack thereof, 
between tip, stalk and phalanx EC within the emerging sprouting and non-
sprouting EC populations [1, 2] (Chapter 2).  Normally, the angiogenic capacity of 
a tip EC in a sprouting blood vessel is based on its ability to respond dynamically 
to mitogenic VEGF signaling by increasing cell migration and sprouting, and 
exhibit reduced Notch signaling compared to the stalk and phalanx EC in [3-7].  
In this way, tip EC respond to VEGF more readily compared with stalk and 
phalanx. Increased Notch signaling in the neighboring stalk EC suppresses the 
sprouting phenotype in the stalk EC but maintains its proliferative capacity [4, 7-
10]. During the resolution and stabilization stages of angiogenesis, angiostatic 
signals BMP-9 and Angiopoeitin-1 are secreted by surrounding perivascular 
(mural) cells that aid maturation of the vessels, leading to suppression of cell 
proliferation and cell migration and increased secretion of basement membrane 
proteins [11]. These stabilization processes lead to the phalanx EC phenotype 
that will take on the functions of mature EC. 
 
In our mouse studies, we identified EC as sprouting or non-sprouting according 
to their respective morphologies, proliferative and migratory responses to 
angiogenic signals, and angiogenic gene expression profiles. In this study, we 
will quantify the proliferative responses and angiogenic surface marker changes 
of the human derived EC in response to growth factor and soluble signals that 
attenuate or drive angiogenesis. Using the fibrin bead sprouting assay, we will 
quantify these signals induce or reduce sprouting ability of the human VE-cad+ 
EC derived.  It is unknown whether we can induce specifically sprouting or non-
sprouting phenotypes. The soluble signals will be evaluated for the ability to 
promote the specification of sprouting EC as more tip-like and non-sprouting EC 
as stalk or phalanx-like.  The main differences between stalk and phalanx EC are 
the increased proliferative capacities of stalk EC and the capacities of the stalk 
cell to become tip EC.  Phalanx EC are expected to have increased VE-cad and 
CD31 expression, similarly to more differentiated EC.  
 

4.2 Inducing Sprouting EC Phenotypes in Vitro  
 
Literature suggest that the generation of tip EC in vitro from mature EC could be 
accomplished by treatment with ϒ-secretase N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butylester gamma-secretase inhibitor, also called DAPT, 
or high levels of VEGF treatment. The DAPT inhibitor has been shown to mitigate 
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Notch1 signaling by inhibiting gamma-secretase cleavage of Notch1 in adjacent 
EC, thereby increasing tip markers Nrp1 and VEGFR2 (Flk-1/KDR) in EC [3, 12].  
The sprouting phenotype created networks with increased vascular density, 
filopodial extensions at the leading edge and increased occurrence of tip cell 
fusion events. When VPC are treated with DAPT, it also increased EC 
proliferation and differentiation, as well as, vasculogenesis [13].  However, by 
inhibiting Notch1 signaling DAPT can also prevent immature EC from maturing 
into vascular EC [13].   Conversely, directly activating KDR with high amounts of 
VEGF-A treatment, EC exhibit improved vascularization and greater capacity for 
angiogenesis [5, 14, 15].  However, high VEGF concentrations (50ng/ml or 
higher), can also lead to an arterial-specific EC phenotype while low 
concentrations (10ng/ml) direct EC towards a venous-specific fate [16].  
 
 
Another member of VEGF family, placental growth factor (PIGF) is structurally 
similar to VEGF-A, but exhibits greater specificity for Flt-1 and not VEGFR2/KDR. 
The angiogenic stimulation observed from PIGF treatment is thought to act by 
enhancing VEGF-A/ KDR signaling by either a) occupying Flt-1 on adjacent EC 
leaving more available VEGF-A for endogenous stimulation [17], or b) by binding 
VEGF-A itself to encourage hetero-dimerization of KDR/Flt-1 complexes [18].  
PIGF is not thought to activate Flt-1 receptor signaling since Flt-1 exhibits only 
weak kinase activity [19]. Although mostly found in embryonic tissues and 
hypoxic environments, PIGF is also secreted temporally in high concentrations to 
enhance local VEGF-A activity and spur vascularization in ischemic and inflamed 
tissues [20]. PIGF has also been identified as a factor for enhancing EC 
differentiation [13], but its potential ability to direct tip-specific EC specialization 
has not yet been examined.  
 
 

4.3. Inducing Non-sprouting EC Phenotypes in Vitro 
 
 
For direct non-sprouting EC phenotypes, we chose to examine quiescence 
factors BMP-9, angiopoietin-1, and rhDll-4 – all of which have been 
demonstrated to also increase Notch1 signaling in vitro [21].  Bone morphogenic 
protein 9 (BMP-9), a TGF family member, circulates in the blood at high levels to 
assist in maintaining vascular integrity by inducing maturation of EC [22, 23]. 
Its ability to induce a non-sprouting phenotype is currently unclear, but was 
chosen because it has been reported to inhibit FGF stimulated proliferation and  
VEGF induced angiogenesis [4, 11, 24]. BMP-9 also enhances Tie-2 and 
VEGFR2 expression in EC and promotes upregulation of adhesion molecules 
and integrins in circulating EC, increasing their ability to integrate into existing 
vasculature [25]. BMP-9 has also been demonstrated to promote EC proliferation 
through Activin Like Kinase 1 (ALK1), preferentially activating the SMAD1/5  
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pathway [26].   
 
Angiopoietin-1 binds to tyrosine kinase receptor Tie-2 and creates a bridge 
tethering neighboring EC together, thereby reducing cell sprouting during 
angiogenesis [9].  By stabilizing beta-catenin through phosphorylation of GSK3β, 
Ang-1 has the ability to up-regulate Notch1and increasing basement membrane 
deposition.  Both BMP-9 and Ang1 have been used to increase EC differentiation 
in mouse and/or pluripotent stem cells [27, 28].  
 
Treatment with rhDll-4 potentiates Notch1 signaling and down-regulates tip cell 
genes CXCR4, KDR and Nrp1 in EC [21]. Plating EC on Dll4-coated plates  
up-regulates stalk-associated genes Flt-1 and Jagged1 [29]. Recent reports also 
suggest that Dll-4 treatment might preferentially transform VPC into smooth 
muscle and cardiac lineages, rather than EC lineages [13]. 
 

4.4 Methods  

Directing Human ESC and IPSC VE-cadherin+ EC 
 
VE-cad+ EC induced from EC differentiation protocol were sorted at day 25 and 
expanded for an additional week in Stage 2 Medium, then plated at  
20,000 cells/cm2 in 12–well fibronectin coated plates. Treatments were added 
once cells reached and 60% confluence (2-3 days). The Stage 2 Medium 
consisted of: alpha-MEM, high glucose DMEM, 15% KSR, 1Χ PennStrep,  
1Χ NEAA, 2mM L-glutamine, 0.05mM 2-mercaptoethanol, 50 ng/ml VEGF and  
8ng/ml bFGF, and 10µM SB431542.   

Directing Specialized EC 
 
For potentially directing tip-like EC, treatments included:  10 or 50ng/ml PIGF 
(R&D), an additional 50ng/ml VEGF (Peprotech), 2 or 10µM DAPT (Fisher),  
LDSF (50% Stage 2 Medium and 50% sera-free EBM-2 with EGM-2 Bulletkit, 
Lonza). For potentially directing stalk-like EC, treatments included: 500ng or  
1µg rhDll-4 (R&D) plated with 50 µg/ml fibronectin overnight. For potentially 
directing phalanx-like EC, treatments included: 10 or 50 BMP-9 (RnD Systems).  
50 or 100ng/ml angiopoeitin-1 (RnD Systems). Medium was replaced every  
3 days. 
 

Proliferation Measurements 
 
Specialized EC were plated on 24-well fibronectin-coated plates at  
10,000 cells/cm2 for 4 days, dissociated and counted everyday using a 
hemacytometer and trypsin blue exclusion. Cells were fed everyday. 
Experiments were performed at least 3 times. The doubling time was calculated 
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using the following equation:  
 
  Doubling Time  =         duration x log (2)        
    log (final concentration) – log (initial concentration) 
 
 

Staining for flow cytometry analysis 
 
Adherent cells were harvested using TrypLE (Invitrogen) and incubated with 
3:500 live/dead stain eFluor-780 (1:500 Biolegend), 3:500 human FcR Block 
(EBiosciences) and 10µM ROCKi. Cells were stained with 1:75 PE-conjugated 
mouse anti-human CD309 (Biolegend) PECy7 anti-human CD144 (1:100, 
Biolegend), BV510 anti-human CD31 (1:100, Biolegend), PerCP anti-human 
CD34 (1:100 Biolegend), BV421 anti-human Notch1 (1:100, Biolegend),  
Alexa Fluor 488 anti-human VEGFR1 rabbit monoclonal antibody (1:200, R&D),  
and APC anti-human Dll-4 (1:100, EBiosciences). Isotype controls were used for 
all monoclonal antibodies.  
 

Staining for fluorescence imaging 
 
Samples of cultures at were fixed at day 40 of total differentiation and treatment 
using 4% para-formaldehyde (PFA) for 15 minutes and permeabilized with  
1% Triton (Sigma) for 5 minutes, then blocked in 5% donkey serum for 2 hours. 
Samples were incubated overnight in the following antibodies and compared 
against corresponding IgG controls: goat DDR2 (1:200, Santa Cruz), goat 
calponin-1 (1:200, Santa Cruz) and rabbit alpha-smooth muscle actin (1:400, 
Santa Cruz).  The secondary antibodies for anti-goat FITC (1:200, Santa Cruz) 
and anti-rabbit PE (1:200, Santa Cruz), anti-mouse PE (1:400, E Biosciences) 
were incubated for 2 hours and counterstained with 1 µg/ml DAPI solution for 
25 minutes.  Images were obtained on a Zeiss Microscope, using a Nikon 
camera (TE 2000) using gain of 1 to maintain intensity for all samples – all 
images were treated similarly during acquisition and processing. Images were 
analyzed using ImageJ software.  
 

Fibrin bead sprouting assay 
 
The human iPSC-derived EC and human ESC-derived EC were dissociated with 
half strength Accutase, filtered through a 70µm nylon mesh filter and incubated 
with 50 µg/ml fibronectin pre-coated Cytodex® 3 microcarrier beads (Sigma) at a 
250:1 cells: bead ratio. In order to facilitate attachment to the microcarrier beads, 
the cells were incubated in LSDF media (50 % Stage 2 Medium, 50 % sera-free 
EGM-2) with 5 µg/ml fibronectin and 10µM ROCKi, and then placed on a nutator 
in the incubator for 3 hours. After confirming cell attachment, the cell-coated 
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beads were resuspended in fresh LDSK medium with ROCKi and incubated 
overnight.  The fibrinogen/cell-bead mixture were formed by resuspending cell-
coated beads in 0.15 units/ml aprotinin and 2mg/ml bovine plasma fibrinogen 
(Sigma). Bovine thrombin solution (0.625 units/ml, Sigma) was placed in the 
bottom of each well of a 24-well plate and the fibrinogen/bead-cell mixture was 
gently mixed into each well for 5 minutes, and then allowed to polymerize at 37°C. 
After 15 minutes, 1ml of ESC-EC maintenance media (LDSF) containing 
approximately 20,000 normal lung human fibroblasts (Lonza) was added to the 
top of each gel.  The media was replaced every other day and images were 
taken (Zeiss Microscope) every 24 hours for up to 7 days (or until the fibrin gel 
degraded). Measuring total sprout number and then calculating the average 
sprout length -- from approximately 100-150 beads per experimental condition, 
quantified sprouting.   
 

Statistical analysis  
 
Data are representative of at least three independent as- says (N = 3). Student’s 
unpaired t-test was used to establish significance in GraphPad Prism.  

 

4.5 Results 
 

Altering the EC genetic profile  
 
There are extensive reports to support the ability of these soluble signals to 
induce behavioral and genetic changes in primary EC [7, 9, 30-32]. HUVECs 
were cultured in 1% fetal bovine serum/ EGM-2 medium (to mimic chemically 
defined conditions) and treated with BMP9, ANG1, PIGF and DAPT at high and 
low concentrations, similarly used in past studies. To determine whether 
concentration or treatment time would be the appropriate parameter to keep 
constant, we quantified KDR surface expression with varying concentrations of 
tip and phalanx induced treatments. Results indicate that treating HUVEC over 
72 hours with high levels of ANG1 and PIGF, but not BMP9 or DAPT, leads to a 
reduction in KDR expression (Fig 23A). Surprisingly, the lowest concentration of 
PIGF suppressed KDR surface expression more than the other treatments. The 
change in DAPT concentration did not affect KDR expression over 72 hours, 
however, the variation in other tip markers Dll-4 and Flt-4 suggested that the 
treatments would have a time dependent effect (Fig 23B). For this reason time 
was held constant for all conditions.  
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Morphological Differences and Proliferation for HIPSC and HESC Treated EC 
 
Human VE-cad+ EC were generated and purified using the optimized multi-stage 
protocol using human iPSC and ESC. After 10 days under Stage 1 conditions, 
KDR+ VPC were induced into EC in Stage 2 and treated with  
10µM SB431542. After Stage 2, the VE-cad+ EC were sorted and expanded for 
1-2 passages (Fig 24A).  VE-cad expression for both human IPSC and ESC was 
at least 80%. VE-cad+ EC were replated at the desired confluence and treated 
with various angiogenic effectors for six days to induce tip, stalk or phalanx-like 
human EC. Within 14 days, morphological differences were noticeable with some 
cultures developing a tightly packed monolayer conformation while raised 
borders around irregularly shaped colonies were evident in others compared to 
the non-treated (NT) or basal conditions (Fig 24B,C).  Some cultures proliferated 
faster than others, requiring more frequent replating and passaging.  Some 
populations did not disassociate readily from the plate or replate well, very little 
downstream analysis could be performed. For this reason, it was necessary to 
use a hemacytometer and trypan blue exclusion methods to quantify proliferation 
– to preserve the smaller cultures.  The tip cell treatments, DAPT and VEGF 
increased proliferation of both HIPSC and HESC-EC cultures above the basal 
conditions (or no treatment condition where cells are continuously cultured in 
Stage 2 media) (Fig 24 D &E).  Surprisingly, the phalanx treatment BMP-9 
increased proliferation in both EC cultures.  In addition, tip cell treatment PIGF 
slowed proliferation in the HESC-EC while increasing it in the HIPSC-EC.  The 
stalk cell treatment rhDll-4 did not replate with high efficiency – how rhDll4 
effected proliferation was inconclusive.  Ang1 treated EC were also difficult to 
culture and maintain due to lowered adhesion to the fibronectin coated plates. 
The raised borders on the cultures were not characteristic of EC morphology. 
 

Surface Expression Profiles for Induced Specialized EC 
 
At Day 21, a fold change for EC surface marker expression was described as 
change in EC surface marker expression above Stage 2 expression levels – that 
were tested repeatedly prior to treatment to ensure elevated VE-cad expression.  
In both HESC and IPSC-EC cultures, 10µM DAPT promoted increased EC 
differentiation with the highest up-regulation of VE-cad, Notch-1, and CD31 
(Fig 24 F-I).  BMP-9 also promoted EC differentiation, however only in HIPSC-EC. 
Flt-1 expression was much lower in HIPSC compared to the HESC treated 
cultures.  Stalk and phalanx treatments, 500 ng Dll-4 and 100 ng Ang1, also 
increased EC differentiation.  Taken together, it was difficult to assess whether 
the treated cultures could be described as having tip, stalk or phalanx behaviors 
without quantifying sprouting capacity.  The basal condition alone had low 
expression for CD31, a marker of differentiated EC (Fig 24 J).  
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Angiogenic Potential of Specialized EC 
 
The sprouting capacity of the treated EC was quantified at Day 21 post-treatment 
to identify the sprouting or tip-like phenotypes.  In HESC-EC none of the 
treatments promoted a sprouting phenotype over the non-treated condition for 
sprout number or sprout length (Fig 25 A-C).  Dll-4 and PIGF had the lowest 
affect on sprouting capacity with very few sprouts emanating from the fibrin 
beads. The lower PIGF concentration had the opposite effect on HIPSC-EC and 
produced the highest number of sprouts with longer lengths (Fig 25 D,E).  Not 
surprisingly, high VEGF concentrations increased the sprouting capacity in both 
HESC and HIPSC. Many of the HIPSC-EC treated cultures did not adhere to the 
pre-coated fibrin bead so sprouting capacity could not be fully evaluated.  From 
those that were quantified only PIGF would produce true protrusions into the 
fibrin gel – many of the ‘sprouts’ appeared as clumps.  To identify tip-like EC 
phenotypes, Flt-1 expression was compared in sprouting and non-sprouting EC 
cultures at Day 21. All of the chemically induced sprouting populations – BMP-9 
treated HESC-VPC and 10 ng PIGF treated HIPSC-EC -- expressed over  
20% Flt-1+/VE-cad+ EC populations (Fig 26).  The non-sprouting populations -- 
500 ng rhDll-4 treated HESC- EC and 10µM DAPT treated HIPSC-EC -- that 
expressed that level of Flt-1 also had increased surface VE-cad and CD31, 
mature EC or phalanx associated genes.  These cultures were also robust 
suggesting that higher Flt-1 expression in EC could be indicative of stable 
derived EC populations.  
 

4.6 Discussion  
 
Our data suggests that it is possible to chemically induce differential sprouting 
and non-sprouting behaviors in EC derived from HIPSC and HESC cell lines 
using a directed differentiation scheme. These studies were performed on 
immature human derived EC and not mature EC. The growth factor responses 
that were characterized in literature primarily use HUVECs, a terminally 
differentiated cell line. There were very few studies conducted using human 
derived EC – and none using highly pure VE-cad+ EC stabilized with SB431542. 
We found that BMP9 increased proliferation in both cell lines, however, it would 
induce more sprouts in HESC-EC only. The BMP9 treated HIPS-EC cultures 
adhered tightly to the plate reducing the number of EC available for the sprouting 
assay. Increased phalanx associated genes (VE-cad, Flt-1 and CD31) suggests 
a maturing EC phenotype, however, it is inconclusive whether it could have been 
a non-sprouting phenotype. Although there was similar Flt-1+/VE-cad+ expression 
in both cell lines, the BMP-9 treated HESC-EC did not have increased EC gene 
expression.  It is unknown why the stem cell lines responded differently to the 
BMP-9. Endothelial responses may be specific to the phenotype and it could also 
be possible that the BMP-9 treated HESC-EC may be less mature than the 
HIPSC-EC cultures, similarly to tip EC that express lower levels of VE-cad and 
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CD31. We hypothesized that PIGF and VEGF treatments would increase EC 
sprouting in both cell lines, however, surprisingly quiescence factor BMP-9 would 
do so to a higher level.  Previous studies revealed that the pro-angiogenic effect 
of BMP9 is context specific in EC [4, 11, 33] – and similarly we found that BMP9 
promoted angiogenesis, proliferation and EC differentiation [24, 25, 34, 35].   
 
We expected DAPT to increase sprouting behaviors, however, we were not able 
to test this due to the inability to form robust EC culture for expansion. The fibrin 
assay requires a large number of cells – that is a limitation to using the fibrin 
assay and other functional assays to quantify EC behavioral responses. The 
lower PIGF concentration promoted a non-sprouting phenotype in HESC (but not 
in HIPSC) with the ability to proliferate quickly and be less responsive to 
mitogenic signals. PIGF has high binding affinity for Flt-1 and has been shown to 
enhance VEGF/KDR signaling in EC and in our studies we found that the higher 
concentration had a diminished capacity to migrate in response to angiogenic 
signals although proliferation had increased.  
 
Sahara et al reported that rhDll-4 could enhance EC differentiation [13], however, 
this is at the expense of contaminating cell types such as cardiomyocytes and 
smooth muscle cells. The addition of SB431542 in our cultures attenuates the 
emergence of these cell types. Furthermore, the efficiency of the EC 
differentiation in that study was much lower than our optimized protocol,  
50% VE-cad+/CD31+ compared to 85%. So the starting cultures were not pure as 
a starting material.  In addition, using a smaller concentration of immobilized 
rhDll-4 may allow enough Notch1 signaling to maintain EC responsiveness to  
VEGF-A/KDR signaling and sustain the EC population. The larger concentration 
led to decreased EC differentiation, a result also reported by Sahara et al.  The 
differences between the protocols include density dependent differentiation, an 
increased purity of KDR+ VPC prior to EC commitment, purification of VE-cad+ 
EC using flow cytometry instead of MACS and continued suppression of 
contaminating cell types. 
  
We also found that the majority of sprouting populations exhibited greater surface 
expression of Flt-1, more than 20% on average, compared to the non-sprouting. 
In our mouse studies, increased Flt-1 on stalk and phalanx-like EC suggested a 
similar outcome in the human specialized EC. We are not suggesting that tip 
cells have higher expression on Flt-1 rather that the presence of Flt-1 could 
mean that the EC cultures have the capacity to fine tune angiogenic signals, 
allowing a more robust EC culture, whether it leads to sprouting or non-sprouting 
phenotype. The cultures would be more mature and definitively EC. Fong et al 
demonstrated that Flt-1 null mice have fully developed endothelial cells however 
the vessels are not organized and fail to reach maturity [36, 37].  They proposed 
that increased cell density in the Flt1 deficient EC cultures prevented meaningful  
self-assembly because the cells would proliferate too fast, not providing 
adequate opportunity for progenitor self-assembly for vascular plexus formation. 
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In this way, surface Flt-1 and increased Flt-1 expression in EC monolayer may 
correspond to its EC ability to form functional, perfusable microvessels as the EC 
are capable of responding to angiogenic and angiostatic signals that are required 
for vascular development.   Some studies suggest that tip cells express Flt-1 
although the proportion of KDR or Flk-1 is higher on tip cells, allowing a greater 
capacity to respond to VEGF-A. BMP9 and rhDLL-4 increased surface Flt-1 
expression, similarly reported in other studies [4, 7, 9-11], rendering EC less 
responsive to VEGF and bFGF. BMP-9 treated EC express some cardiac and 
smooth muscle markers while the rhDLL-4 treated EC have much higher levels of 
EC gene expression and slower proliferation, possibly promoting a 
macrovascular or phalanx EC phenotype.  For this reason, the data suggests the 
lower rhDLL-4 treated EC to resemble a phalanx-like EC. 
 
The basal condition that consisted of the optimized Stage 2 media did not 
maintain EC surface protein markers on HIPSC/HESC-EC.  This suggests that 
the sera-free basal medium itself (even with the addition of SB 431542) requires 
additional optimization and possibly that additives such as BMP-9 or Ang1 could 
increase EC gene expression and/or maturation.  Unlike the mouse ESC-derived 
cultures that utilized Nutridoma for increased EC gene expression, the human 
derived EC media contained KSR that possibly promoted an immature EC 
phenotype.   
 
Our methodologies for achieving specialized EC populations include employing a 
monolayer density dependent approach, purifying KDR populations prior to EC 
commitment and stabilizing VE-cad EC populations prior to EC specialization. 
Many chemically defined endothelial differentiation protocols have used 
SB431542 to simultaneously promote EC proliferation and differentiation while 
suppressing mesenchymal cell growth, however, there have been no reports of  
a synergistic relationship involving the inhibitor and angiogenic signaling 
pathways. Demonstrating this relationship is beyond the scope of this study, 
however, the when the inhibitor is not used and VEGF is omitted, EC gene 
expression decreases suggesting that the relationship could be synergistic. 
Yoder et al also noticed that removal of TGFβR1 inhibitor only temporarily 
suppress contaminating cell types following differentiation [38].   To establish 
efficient derivation of committed human ESC-EC, they found a small 
subpopulation of colony forming EC progenitors that could clonally expand, 
expressed tip cell marker Nrp1 and did not require TGFβ1 inhibitor [13].    
  
ALK5 inhibitor SB431542 induces sprouting by suppressing SMAD 2/3 
phosphorylation [39]. However when combined with quiescence factors, such as 
rhDLL-4, it was not able to rescue sprouting nor did it increase EC proliferation 
over basal conditions. DLL-4/Notch1 signaling and NICD overexpression 
downregulate SMAD 1 that in turn stabilizes phosphorylated SMAD3 -- a 
downstream effector of the ALK5.  Also, Notch1 signaling regulates the surface 
expression of receptors ALK1 and ALK5 on EC, modulating the TGFβ1 signaling 
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in a dose-dependent manner. Perhaps there exists a threshold in balancing EC 
sprouting behaviors between potentiating Notch1 and activating ALK5. The 
relationship between Notch1 and ALK/SMAD signaling is not clear in the context 
of ALK5 inhibition and Notch1 potentiation. Our studies suggest some differences 
in how HIPSC and HESC respond to ALK5 inhibition – with HESC responding 
more dramatically prior to growth factor treatment. It is known that different cell 
lines respond differently to the same growth factor concentrations so therefore 
treatments would need to be optimized to illicit similar responses. These diversity 
of EC responses to the same angiogenic signals serve as another argument for 
using phenotypically appropriate EC for disease modeling and drug testing 
platforms.  
 

4.7 Conclusion  
 
The ability to generate functionally distinct specialized human EC populations in 
vitro could provide a high degree of flexibility when examining angiogenic 
pathways and the regenerative and proliferative capacities of EC subpopulations. 
Our data shows for the first time that it is possible to derive sprouting and non-
sprouting, functionally distinct EC populations in vitro from pluripotent stem cells 
using distinctive soluble signals. We used our optimized chemically defined 
human endothelial differentiation protocol to generate endothelial subpopulations 
that resembled highly migratory tip cells, proliferative stalk cell and quiescent 
phalanx EC from pluripotent stem cells.  These studies revealed tremendous 
plasticity in EC responses and behaviors. The BMP9 signaling pathway could 
induce tip cell like cultures due to an enhanced sprouting capacity, while the 
PIGF and rhDLL4 treated EC could suppress sprouting that reflect stalk and 
phalanx phenotypes.  The differential behavioral response to BMP-9 and PIGF 
reported here reflects what other studies have found – that endothelial response 
to angiogenic signals is context specific. This reflects the diversity and 
heterogeneity in EC populations. Our studies also revealed a correlation between 
increased Flt-1 surface expression and EC stability in the derived EC.  Growth 
factors that simultaneously promote Flt-1 and EC gene expression may be 
screened in protocols to enhance EC maturity and EC differentiation into more 
pure EC populations.  
 

4.8 Summary  
 
To drive specification of human ES/IPS-EC into sprouting and non-sprouting 
phenotypes, immature VE-cad+ EC were treated with soluble signals 
documented to either promote or dampen angiogenic EC behaviors. It was 
apparent that some of the treatments would dramatically alter proliferation and 
EC gene expression while others enhanced both.  Surprisingly, BMP-9 that we 
hypothesized to induce a non-sprouting phenotype would enhance sprouting 
capacity. PIGF would suppress sprouting but have an increased proliferative 
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response while rhDll4 would increase EC gene expression (opposite of what was 
reported by other studies).  We also learned that Flt-1 expression may serve as 
an indicator of normalized EC and functional EC – potentially serving as an 
important benchmark for developing these protocols.  Along with other 
differentiation methods, our human EC differentiation fails to generate EC that 
are mature and maintains EC expression without chemical intervention (the use 
of the TGFβRI inhibitor).  There is great interest in finding nonchemical methods 
for generating mature and functional human EC. Normalization of derived EC 
monolayer could lead to reduced apoptosis and tolerance of shear stress that 
often plagues EC differentiation protocols. Because it is difficult to maintain VE-
cad expression in vitro, maturation methodologies are needed in vitro to promote 
and maintain the EC phenotype, especially those that mimic physiological 
conditions.  
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Figure 23 Growth Factors Alter HUVEC Surface Proteins 

A) KDR marker after 72 hours treatment, representative of one experiment B) 
Surface protein marker over 72 hours for tip cell markers Dll-4, Flt-4 and KDR 
after DAPT treatment, red curves = isotype, blue curves = stain. Representative 
of two independent experiments. 
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50	ng	PIGF	 +	 -	 same	 +	 same	
2	μM	DAPT	 +	 -	 same	 -	 -	
10	μM	DAPT	 -	 ++	 +++	 -	 ++	
100	ng	VEGF	 +	 -	 -	 -	 -	

	

Tip	treatments	

Stalk	and	phalanx	treatments	

F 
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Flt-1 Notch1 CD31 VE-cad VE-cad/CD31 

LDSF same - - ++ - 

10 ng PIGF ++ + - same - 

50 ng PIGF - + + - - 

2 µM DAPT - - - - - 

10 µM DAPT same same +++ + ++ 
100 ng VEGF same + same ++ - 

Flt-1 Notch1 CD31 VE-cad VE-cad/CD31 

10 ng BMP9  same ++ +++ +++ +++ 

50 ng BMP9 ++ ++ +++ +++ +++ 

500 ng DLL4 - same same +++ same 
1 µg DLL4 - same same ++ ++ 

50 ng ANG1 same ++ ++ + + 

100 ng ANG1 ++ ++ ++ + ++ 
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Stalk	and	phalanx	treatments	
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Figure 24 Surface Expression Profile for Induced Specialized EC 

A) Scheme for inducing specialized B) HESC-EC cultures after 14 days 
treatment C) HIPSC-EC cultures after 14 days treatment D) Proliferation of 

-1	

0	

1	

2	

3	

4	

5	

6	

7	

FLT-1	 NOTCH1	 CD31	 VECAD	 VEC/CD31	

FO
LD

	C
HA

NG
E	

PIGF	10ng	

PIGF	50ng	

DAPT	2uM	

DAPT	10uM	

VEGF	100ng	

LDSF	

HIPSC	

-1	

0	

1	

2	

3	

4	

5	

6	

FLT-1	 NOTCH1	 CD31	 VECAD	 VEC/CD31	

FO
LD

	C
HA

NG
E	

BMP9	10ng	

BMP9	50ng	

DLL4	500ng	

DLL4	1ug	

ANG1	50ng	

ANG1	100ng	

Tip/stalk	

Phalanx	

I	

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

FLT-1 NOTCH1 CD31 VECAD VEC/CD31 

P
er

ce
nt

 E
xp

re
ss

io
n 

HIPSC	

H9	ESC	

J 



	 101	
	 	 	

	

HESC-EC 21 days post-treatment E) Proliferation of HESC-EC 21 days post-
treatment F) HESC-EC surface marker expressed as fold change above basal 
(Stage 2 media, non-treated), “+ < 2-fold change, ++ < 3-fold change,  
+++ > 3-fold change G) HIPSC-EC surface marker expressed as fold change 
above basal (Stage 2 media), “+ < 2-fold change, ++ < 3-fold change, +++ > 3-
fold change Stalk and Phalanx induced HESC, H) HESC-EC graphical depiction 
of charts, I) HIPSC-EC Graphical depiction of charts, J) Basal (NT) conditions for 
HIPSC-EC and H9 HESC-EC ** p< 0.005, * p< 0.05.  Representative of three 
independent experiments. 
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Figure 25 Identification of Sprouting Specialized EC 

A) Fibrin bead assay results for tip induction treatments on VE-cad+ HESC-EC, 
number of sprouts per 100 beads B) stalk and phalanx treatments on HESC-EC 
C) Sprout length for stalk and phalanx treatments on HESC-EC D) Sprout length 
for tip treatments on HESC-EC E) number of sprouts per 100 beads for surviving 
VE-cad+ HIPS-EC cultures F) Sprout length for HIPSC-EC, ** p< 0.005, * p< 0.05, 
Representative of four independent experiments.  
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Figure 26 Flt-1 Expression indicated EC phenotype stability 

A) Flow cytometry for Flt-1+/ VE-cad+ subpopulations in sprouting HESC-EC  
B) Non-sprouting HESC-EC C) HIPSC-EC populations that survived for the fibrin 
assay, red plots = isotype, blue plots= stain. All are representative of three 
independent experiments.  
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Chapter 5. Forces in Endothelial Alignment  

5.1 Introduction 
 
Tissue and medical device engineers are interested to know how and why 
current vascular stents and vascular grafts fail. Research has focused on 
endothelial cell (EC) responses to physiological forces and microenvironment 
including mechanical forces, as well as extracellular matrix (ECM) composition 
and patterning [1].  During disease or surgical interventions, EC alignment can 
become discontinuous due to injury, differences in or material stiffness or surface 
topography, or perturbations in flow. This is because EC are highly sensitive to 
changes in their surroundings and alter their cytoskeletal properties including cell 
rearrangement or directional alignment, in response to environmental changes.  
The mechanical forces exerted on EC are transduced into biochemical signals 
resulting in opening of stretch-sensitive ion channels and integrin-induced 
signaling that regulate gene regulation, cell morphology and behavior [1-3]. In 
vitro models of endothelial shear stress have revealed insights to gene 
expression patterns in healthy and diseased vasculature – and suggest methods 
for restoring endothelial function through mechanical or pharmacological 
intervention.  Uncovering the molecular differences and similarities that EC 
undergo could improve graft survival. 
 

5.2 Shear Stress  
 
When blood flows across EC within a vessel, it exerts a tangential frictional force 
across the cell surface, termed shear stress, that causes cell adaptations such as 
increased adhesion, decreased angiogenesis and release of vasodilators [2, 4].  
Shear stress promotes vascular tone, vascular structure and endothelial 
phenotype stability.  Compared to static EC cultures, cultures exposed to shear 
stress exhibit flatter surfaces and uniform arrangement of cytoskeletal filaments 
with the cells aligned in the direction of flow. When first exposed to hemodynamic 
forces, EC undergo rapid changes. This ‘acute’ shear stress occurs immediately 
within newly formed blood vessels when flow is established or when flow is re-
initiated after occlusion -- mimicking in vivo inflammatory conditions [4].  In 
contrast, shear stress lasting more than 48 hours is chronic – and the cells adapt 
with cytoskeletal rearrangements. During this time, there is increased 
homeostasis, density of actin filaments, focal adhesions and Weibel Palade 
bodies [2]. In vivo shear stress varies with vessel size and blood viscosity as 
larger vessels (> 0.5mm) experience lower blood viscosity with increased 
velocities, of measurements less than 1 dyne/cm2 to the smaller vessels 
(arterioles) up to 80 dynes/cm2 [2, 3].   Shear stress greater than 10 dynes/cm2 
regulate barrier function in vessels promotes cell cycle arrest and reducing 
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angiogenic gene expression [5] and offer protection against atherosclerosis and 
dampening the inflammatory response.  
 
A cone and plate apparatus is used to mimic laminar shear stress, enabling 
studies on how shear stress perturbations might cause endothelial dysfunction 
[6] ( Fig 27). Disruption of EC alignment often caused by disturbed flow leads to 
increased expression of surface adhesion molecules and inflammatory and 
thrombotic signaling molecules. Specifically, integrin induced Rac1 activation is 
thought to be a major determinant of endothelial adaptation to shear stress  
upregulating inflammatory genes and increasing leukocyte recruitment to the 
blood vessel wall [5, 7].  Genes upregulated after EC barrier disruption that 
cause migration and recruitment of smooth muscle cells and monocytes include 
MMP-9[8], PDGFs[9, 10], and MCP-1[2].  
 

5.3 Contact Guidance using Micro and Nano-scaled Surface Patterning  
 
The basement membranes of blood vessels exhibit complex topographical 
features unique to the particular tissue in which those blood vessels reside. 
Because the surface topography of materials used for cardiovascular medical 
devices can influence cell adhesion, migration and proliferation [11], it is critical 
to understand how cells sense and respond to these signals.  Often, extracellular 
matrix  (ECM) of the blood vessel for into long aligned fibers from the large 
mechanical stresses within the tissues. Cells adhere to and align along these 
fibers. Contact guidance refers to how the structure of the ECM influences cell 
adhesion, cell shape, cell orientation and directionality [12]. This phenomenon is 
based on topographical fiber sizes (micro and nanoscale), geometrical patterns 
such as grooves or lack thereof (flatness), and material stiffness.    
 
Anisotropic mechanical cues can be studied in vitro by measuring EC alignment 
[13] and behavior.  More than microscale patterns, nano-scale patterns have 
been shown to influence EC alignment, perhaps because nano-scale patterns 
better recapitulate the in vivo microvascular basement membrane topography [14, 
15].  Because nanofabrication techniques such as such as e-beam and soft 
lithographies are expensive and time consuming, our lab created a tunable, 
scalable, inexpensive, non-lithographic platform for studying micro and 
nanoscale ‘wrinkled’ topography (see Methods for description of fabrication). Our 
‘wrinkled’ patterns are able to maximize cell elongation while also directing cell 
alignment by using a range of patterns that more closely mimic cardiac and 
vascular ECM [14, 16] (Fig 28).   
 
Shear stress and transmural (stretching) forces have been studied extensively in 
mature EC and the EC responses are well-documented, however, EC responses 
to contact guidance are relatively new and less well-documented.  Previously, we 
have optimized EC alignment directed by hemodynamic shear stress and surface 
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topographies [14, 16]. Although both mechanical signals lead to directional 
enhanced EC adhesion and directional alignment of EC, it is not known whether 
cell alignment by contact guidance imparts atheroprotective effects.  The studies 
presented in this chapter aimed to examine the similarities and differences 
between EC alignments in response to shear stress versus contact guidance.  
 

5.4 Methods 

Cell Culture 
 
Human umbilical vein endothelial cells (HUVEC; Lonza), used from passages 3-5, 
were sub-cultured in EGM-2 Medium (Lonza) supplemented with 10% Fetal 
Bovine Serum (Lonza) at 37°C, 5% CO2.  All conditions were pre-coated using 
10µg/ml fibronectin (BD Biosciences) overnight in a humidified chamber within 
the incubator.  For the wrinkle chips, HUVEC were seeded at densities – 10K, 
20K, 30K and 40K cells/cm2.  Devices were fed with 200µL EGM-2 (Lonza) every 
day to prevent drying out. Phase contrast images were taken every  
24 hours.  

Shear Stress, Cone and Plate 
 
HUVECs were plated at a range of cell densities, 10K, 20K, 30K and 
40K cells/cm2, to optimize the time for reaching confluence. Twenty-four hours 
prior to shear stress experiments, cells were replated onto 10 µg/ml fibronectin 
pre-coated 100 mm plates (Falcon) and placed onto the magnetic stirring plate 
specifically designed for the cone shear stress system (Fig 27).  The Teflon 
cones were designed with a fixed 0.5-degree angle and were rotated at a 
constant speed (RPM) to generate defined levels of shear stress as previously 
described [17]. The entire shear system is housed in a humidified tissue culture 
incubator (5% CO2, 37°C). The shear stress level (Tω) experienced by the cells is 
controlled by viscosity (µ) and angular velocity (ω), and is inversely proportional 
to cone angle (α). The HUVECs were exposed to 10, 15, 20 and 25 dynes/cm2 
over a period of 72 hours. 
 

Fabrication of Metal Mold and Wrinkle Chip 
 
Preparation, fabrication and characterization of 30 nm thickness gold coated 
sheet as previously reported [14, 16].  Polysterene (PS) sheets were anchored 
using clips and shrunken by heating to 175°C for 5 minutes thus creating the 
buckled wrinkle layer.   After cooling, a 10:1 ratio of PDMS and curing agent 
(Sylgard 184 Silicon Elastomer Kit, Dow Corning) was poured on the metal mold 
and set to cure at 75°C. The chips were sterilized following standard procedures 
in a plasma cleaner prior to matrix coating (Fig 28).  
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Quantification of Cell Alignment 
 
Cells were fixed with 4% para-formaldehyde, stained with 1:40 F-actin (Alexa 
Fluor 488 Phalloidin, Sigma) and counterstained with 1 µg/ml DAPI solution.  
Cells were imaged with an inverted fluorescent microscope (Zeiss TE2000-U) 
and NIKON digital camera. The images were processed further to quantify the 
distribution of orientations using custom scripts written in MATLAB (MathWorks, 
Inc.) as previously described [14]. Cells were defined as “aligned” if their major 
axes are within ± 30° with respect to the wrinkle or channel direction. 

QPCR Array 
 
RNA was isolated using a hybrid TRIZOL (Invitrogen) /RNAEasy column 
(Qiagen) protocol and reversed transcribed into cDNA using a Single Strand 
Reverse-Transcriptase (RT) kit (Qiagen).  The cDNA, SyBR Green/ROX Master 
Mix (Qiagen) and ultra pure water (Sigma) mixture was aliquoted onto a 96 well 
plate of the RT-qPCR mouse endothelial array (Qiagen) as25 µL per reaction.  
Gene expression was normalized with a panel of housekeeping genes and 
analyzed using Qiagen online software.  Overexpressed genes were denoted at 
more than 2-fold change as no statistical significance could be established in this 
this exploratory experiment. 

 

Statistical Analysis 
 
Data are representative of at least three independent assays (N=3). Student’s 
unpaired t-test was used to establish significance. 
 
  

5.5 Results  

EC alignment  
 
Here, EC alignment was used an indicator that the cultured cells were 
experiencing the mechanical cues similarly to those within the blood vessel. 
HUVECs were cultured at 20,000 cells/cm2 and re-plated onto shear stress 
compatible plastic dishes 24 hours prior to the experiments. Although not all cells 
exhibited elongation, the majority of the cells commenced alignment within  
24 hours exposure to 15 dynes/cm2 (Fig 29A). The greatest alignment occurred 
after 72 hours at 10 dynes/cm2. (Fig 29B).  HUVECs seeded at the same cell 
density onto wrinkled devices were also observed to align over 72 hours  
(Fig 29C).  Upon adhering to the wrinkled topology, the EC aligned immediately 
aligned in the patterned direction (not shown) and remained aligned over the  
72 hours (Fig 30A). After staining cells for F-actin and quantifying alignment 
direction, the mean alignments can be compared.  Although the alignment for EC 
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seeded on the wrinkle surfaces exhibited less variation  (Fig 30B) than EC-
directed alignment exposed to shear stress, the cell-to-cell junction in the shear-
treated cells formed a more complete barrier without spaces between EC that 
can be still seen in cells culture on wrinkles (Fig 30C). The flat static conditions 
also display a minimal degree of alignment, often as a result of cell-cell 
confluence and arrangement of the fibronectin fibers.   
 
 

Anistrophic arrangement induces variable gene expression 
 
A PCR array was used to acquire regulation in 84 EC genes in from HUVEC 
culture after 72 hours of 10 dynes/cm2 of shear stress and HUVEC cultured on 
wrinkled surfaces.  The HUVEC cultured on wrinkled surfaces exhibited 
upregulation in 23 genes compared with flat surfaced.  The wrinkled and shear 
stress treatments led to downregulation of 28 and 23 genes (Fig 31, Table 5 & 6), 
respectively – with 6 of those shared  in both treatment groups. These 6 genes 
included ADAM17, ANGPT1, CAP3, COL18A1, ENG, and OCLN (Fig 31). Both 
conditions had downregulated genes associated with angiogenesis (ADAM17, 
ENG) and COL18a1 that could be indicative of less migratory EC phenotype. 
 
Notably, the shear treatment would uniquely increase the expression of 
thrombomodulin and decrease expression of ACE, AGT, CAV1, BCL2, CCL2, 
CXCL1, F3, HIF1A, IL-6, ITGB3, KDR, MMP1, PDGFRA, SELE, ENDRA and 
VEGFA (Fig 31 and Table 5). Thrombomodulin is an important anti-thrombotic 
molecule because it converts thrombin, a pro-inflammatory molecule into an anti-
coagulant enzyme [18].  Also known as CD141, thrombomodulin is an embedded 
membrane protein known for imparting potent thromboresistance and anti-
inflammatory regulation within the luminal vessel lining [19].  In its anti-coagulant 
properties, it binds to thrombin and enhances its specificity for circulating Protein 
C, a potent inhibitor of factor Va and factor VIII [20].   It mediates anti-
inflammatory pathways by binding C5 components of the compliment system and 
sequestering circulating thrombin -- thereby dampening TNFα and NFκB 
pathways that promote pro-inflammatory cytokines IL-6, E-selectin, and CCL2 
(MCP-1) [21-23].  Shear stress has been shown to upregulate thrombospondin, 
significantly accounting for reduction in EC apoptosis, tumor metastasis and 
leukocyte adhesion [18].   Some studies suggest that thrombospondin had 
greater therapeutic effect than heparins [24-26], however, elevated serum levels 
were also associated with atherosclerosis [27, 28], obesity [28, 29], preeclampsia, 
cardio-embolic stroke [27, 30] and in local tissue after coronary artery bypass 
graft implantation [27].   
 
In the absence of shear stress, HUVEC aligned on the wrinkled chip had 
upregulated genes ( > 2-fold) characteristic of an activated EC phenotype 
including ACE, ALOX5, BCL2, PDGFRA, EDN1, PF4, Il-1β, NPPB, MMP9, 
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VEGFA, TNFα, PLG, CX3CL1, AGTR1 and CALCA. Endothelin 1 the second 
most upregulated gene in these HUVECs ( >1800-fold) is especially interesting. 
Endothelin 1, one of the most potent vasoconstrictors, is released from Weibel 
Palade bodies in EC in response to mechanical pressure and stretch [31]. It is 
pro-inflammatory and leads to fibrosis, oxidative stress and increased leukocyte 
recruitment. It’s counter molecule, nitric oxide, is a vasodilator that regulates 
blood pressure in every blood vessel regardless of size by causing contraction 
vascular smooth muscle cells for blood pressure regulation [31]. The imbalance 
between ET1 and NO was reported to lead to endothelial dysfunction in 
cardiovascular diseases such as hypertension and atherosclerosis. 
 
The HUVEC culture under shear stress exhibited upregulation of 4 genes – with 
3 out of the 4 genes upregulated in both treatment groups ( > 2 fold) (Fig 31).  
These included IL11, SERPINE 1, and SELPLG – all associated with pro-
inflammatory conditions. Although the combinatorial effects of shear stress and 
nanotopography was not addressed in this study, it could be significant how both 
devices caused an increased in relative gene expression of these genes 
compared to static conditions.  
 
 

5.6 Discussion 
 
The data in this chapter suggest that although mechanical cues from nanoscale 
surface topography can induce anisotropic alignment in EC like shear stress, the 
molecular profiles between the environments can be quite different.  
Understanding the individual and synergistic effects (not examined here) of 
laminar shear stress and substrate topography can provide clues about vascular 
signaling and adaptation to perturbations in healthy and pathological states.   
These exploratory studies suggest that guidance-directed EC alignment alone 
does not compensate for stability of EC phenotype when cultured in in vitro. Pro-
inflammatory cytokines such as TNF, IL1β and MMP9 can lead to an activated 
EC phenotype. TNF is released by EC in response to cell injury and pathogens 
thereby activating the release of pro-inflammatory cytokines such as IL1β that 
may lead to cell death. MMP9 has pro-angiogenic activity and is upregulated 
during wound healing response as EC are activated to respond to chemotactic 
signals or inflammatory cytokines. The commonly downregulated genes are 
angiogenic genes and also up-regulated in the mouse tip/stalk. To induce a 
phalanx or non-sprouting phenotype, the inhibition of the signaling pathways that 
activate those genes could reverse sprouting behaviors.  
 
Although not examined in this study, the combination of shear stress with surface 
patterning might synergize the continued expression of commonly upregulated 
genes, perhaps aiding cell adhesion and fully functional endothelial cells or 
creating more mature stem cell-derived derived endothelial cell populations.  
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Biomimetic vascular devices allow us to monitor cellular behavior in response to 
physiologically relevant mechanical perturbations.  By monitoring the expression 
levels of genes involved in inflammation, migration and EC functionality, we can 
improve viability and EC response to the forces exerted by the biomimetic 
devices. These devices could be used to mature or stabilize stem cell derived 
cells by applying the appropriate level of shear stress to differentiating and 
immature cells.  For example, when optimizing EC alignment under shear stress, 
it is important to understand that EC require approximately four days for 
exposure at 10 dynes/cm2 for gene expression to stabilize.  If the goal is to 
identify genes are upregulated during EC alignment then it is important to know 
the expression changes of those genes prior to four days.  Many derived EC do 
not survive long enough for shear stress studies so it is also important to know 
the identity of genes associated with survival and increased inflammation. 
 
In unpublished studies comparing mouse tip/stalk to phalanx EC using a similar 
QPCR array, commonly upregulated genes SERPINE and SELPLG were also 
upregulated in the tip/stalk EC.  Studies suggest that these genes are increased 
in pro-inflammatory microenvironments. Serpine1, Serine protease inhibitor 1, is 
the first gene associated with cardiovascular ageing. Cultured EC have been 
shown to overexpressed Serpine1/PAI-1 and with the introduction of arterial 
shear stress ( > 15 dynes/ cm2) decreases [32], presumably due to suppression 
of cytokines such as IL-1 and Il-6. Serpine1 codes for plasminogen activation 
inhibitor type-1 (PAI-1), the primary inhibitor of fibrinolysis, by inactivating tissue 
type and urinary type plasminogen activator, tPA and uPA [32].  In the 
vasculature, it is a pro-thrombotic glycoprotein secreted by EC when elevated 
indicated pathologies such as increased insulin resistance, inflammation and 
vascular remodeling associated with tumor metastasis [33].  PAI-1 is itself is 
induced by pro-inflammatory cytokines and has been associated with endothelial 
senescence and age induced vascular remodeling [34, 35].  SELPLG, codes for 
platelet Selectin glyclogand 1 (PSGL-1) and is a glycoprotein displayed on 
surface of all leukocytes and constitutively expressed on HUVEC, lymphatic and 
microvascular EC. Its surface expression is critical to extravasation of leukocytes 
across the luminal layer into inflamed tissue. On EC, it supports the homing of L-
selectin expressing neutrophils by serving as a second tethering during leukocyte 
rolling[36].  When present on EC, it is not upregulated by TNFα, pro-inflammatory 
cytokines[36] or thrombin[35].  Typically, Leukocyte rolling is significantly 
diminished at arteriole or arterial shear stress (> 8 dynes/cm2) [37] , however it 
can assist tethering leukocytes at high flow rates.  Interestingly, PSGL-1 
expression is not indicative of pathology and does not become functional until it 
is glysolated [38] in a TNFα dependent manner[36].  
 
 
In future studies, we would like to include more genes or genome wide analysis 
to identify a panel of EC genes that reflect a mature or non-inflammatory EC 
phenotype.  
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5.7 Conclusion and Summary 
 
In their native environments, vascular endothelial cells are exposed to 
mechanical forces that regulate and modulate their directional alignment, function, 
inflammatory status, maturity and morphologies. In this study, we wanted to know 
whether contact guidance or nanoscale topographical cues from the extracellular 
matrix would induce similar EC alignment compared to shear stress forces. The 
effect of shear stress has been well characterized, however, once the EC are 
removed from the system they are no longer forced to align. By designing a 
device that mimics the physiological scale and topographic cues EC may 
experience from an implantable biomaterial, we can discover the gene that are 
suppressed and activated EC alignment.  These biomimetic systems may aid in 
the discovery of nonchemical and mechanical methods for maturing in vitro 
derived EC. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

A cone angle (not to scale) of 0.5 degrees allows a constant shear stress to be 
applied across the endothelial cell layer [6, 39].   
 
 

Figure 27 Shear stress cone-and-plate bioreactor 
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Figure 28 Wrinkled Nanoscale Biomimetic Device 

A) Fabrication of Wrinkled Microchips B) SEM image of wrinkled topography 
using 30 nm gold layer, right corner, AFM image. Average ridge with 510 nm  
and ridge depth 890nm, channel depth of 430 nm. Upper right image 
scale=  50 µm. Adapted from [16]. 
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Figure 29 Optimization of shear stress for EC alignment 

A) HUVEC exposed to shear stress for 24 hours plated at 20,000/cm2 ,  
scale bar = 100µm B)   Shear stress exposure at 72 hours, scale bar= 100µm  
C) Nano wrinkle device at 72 hours, plated at 20,000 cells/cm2 
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Figure 30 EC alignment and orientation 

A) EC behavioral changes under static, shear stress and 510 nm wrinkled 
surface at 72 hours, scale bar = 100 µm B) calculation of EC orientation, using a 
MatLab program. Representative of three independent experiments. 
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Figure 31 Individually expressed genes for EC alignment on biomimetic devices 

Venn diagram for A) Commonly upregulated and downregulated genes (bold 
black), inversely expressed genes (red) for shear stress and wrinkled device 
conditions. Representative of one experiment. 
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Table 4 Fold Regulation on 510 nm wrinkle devices 

 
 
 
 
 
 
 
 
 
 
 

Symbol Fold	Change Symbol Fold	Change
SERPINE1 3350.13 SPHK1 -9.65
EDN1 1758.34 TGFB1 -6.63
CCL5 9.71 CDH5 -6.06
PF4 5.06 PTK2 -5.98
CX3CL1 3.92 PLAT -5.7
BCL2 3.53 ANGPT1 -5.46
IL1B 3.16 PROCR -5.21
PLG 2.71 ITGA5 -4.29
SELPLG 2.66 ADAM17 -4.26
VEGFA 2.14 TNFSF10 -4.14
TNF 2.01 MMP2 -4.03
NPPB 2.01 THBD -3.66
IL11 2.01 FN1 -3.41
TYMP 2.01 ENG -3.36
PDGFRA 2.01 FGF1 -3.27
KLK3 2.01 PTGIS -3.12
ALOX5 2.01 THBS1 -3.05
IL3 2.01 TEK -3.03
AGTR1 2.01 NOS3 -3.01
CALCA 2.01 BCL2L1 -3.01
FASLG 2.01 ITGAV -2.93
MMP9 2.01 COL18A1 -2.91
ACE 2.01 F2R -2.89

FLT1 -2.75
VCAM1 -2.58
OCLN -2.38
CFLAR -2.36
NPR1 -2.31
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Table 5 Up and Down Regulated Genes under 10 Dynes/cm2 shear stress 

 

 

 

 

 

Symbol Fold	Change Symbol Fold	Change
IL11 18.24 CAV1 -115864.16
THBD 4.31 F2R -31088.1
SERPINE1 2.5 MMP2 -8564.63
SELPLG 2.25 CASP3 -4687.41

BCL2L1 -3399.9
FAS -912.5
CCL2 -146.29
ENG -31.15
SELE -28.84
ACE -25.16
F3 -17.52
CASP1 -10.49
ITGB3 -7.21
ANGPT1 -7.07
MMP1 -5.65
PDGFRA -5.47
BCL2 -5.47
TFPI -4.89
COL18A1 -4.42
ADAM17 -4.01
ALOX5 -3.95
PF4 -3.69
EDNRA -3.59
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Chapter 6. Discussion 
 
EC Phenotypic Stability 
 
The ability to derive endothelial cells from pluripotent stem cells is a recent 
development and continuously optimized in academia and industry for generating 
pure, stable and functional populations.  The mouse and human derivation 
protocols described in this dissertation demonstrate the potential for directing 
purified vascular progenitor populations (VPCs) into distinct EC subpopulations. 
We furthermore demonstrated that the subpopulations express different genes 
corresponding with functionally different angiogenic capacities. The McCloskey 
research group was the first to identify and characterize endothelial sprouting tip 
cell-containing subpopulations within mouse ESC derived cultures [1, 2].  
Exploring further to expand the same derivation methods from human stem cells 
showed that the TGFR1 inhibitor, SB431542, was necessary in order to maintain 
stability of the EC phenotype.   
 
In published EC derivation protocols [3-8], some groups claim that the ability to 
assemble into microvessels and/or sprouting and lumen formation is more 
important the purity of the ECs.  In fact, co-culture of EC with mesenchymal cells 
can often enhance the vascular assembly process [9]. Furthermore, the 
importance of EC maturity is an ongoing discussion in the field.  Are VPCs 
advantageous due to their potential plasticity, or is a mature EC desired? These 
thoughts have not been published, nor rigorously explored to date. However, 
they are important questions. In these studies, there were no conclusions made 
regarding the importance of functionality over purity or maturation.  In efforts to 
mature ESC and IPSC derived EC, exposure to shear stress and substrate 
topography from biomimetic devices could recapitulate micro-environmental 
promoting EC mature gene expression.  Initial studies examined the up and 
down-regulated genes in human umbilical vein EC (HUVEC) in response to 
shear stress and topological patterns – which both direct EC alignment. The 
signaling pathways regulating EC maturation and phenotypic maintenance could 
be applied to derived EC maturation techniques in the future.  
 
Endothelial Heterogeneity – Generation of Subpopulations 
 
For both the mouse and human differentiation protocols, the vascular progenitor 
populations were purified prior to EC commitment. During endothelial 
commitment stage 2 of the mouse protocol, the emergence of the tip/stalk 
subpopulation appeared as ‘outgrowths’ from the main colonies of differentiating 
endothelial progenitors – similar to that seen in an aortic ring assay [10] – or the 
differentiation of terminal lineages from hematopoietic progenitor cells into 
colony-forming units [11]. Upon manual segregation and serial passaging, these 
two populations exhibited different in morphology, as well as, proliferative and 
angiogenic capacities.  The mechanism that drives the co-emergence tip/stalk 
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sprouting EC and phalanx EC in the monolayer is unknown. Perhaps the 
vascular progenitors are exposed to differentiation signals in a manner that is 
spatially regulated, causing the cells on the periphery of the endothelial forming 
colonies to respond more dynamically to angiogenic signals – thereby creating 
the sprouting populations. In this embryonic model of vascular development, the 
sprouting populations may become more isolated and retain its tip/stalk 
morphologies, gene expression and behaviors -- generating populations that are 
functionally similar to tip/stalk and phalanx EC [12-14]. It is also possible that the 
monolayer format altered the kinetics of EC differentiation and cell-cell 
communication that is normally occurring in 3D, thereby allowing increased 
specification over EC fate. 
 
Optimizing growth factor concentrations and use of specific growth factors has 
been shown to drive EC fate into tissue-specific subphenotypes including – 
including arterial [15], venous [4] and blood brain barrier EC [16].  After EC 
induction, growth factors can provide signals that alter EC behavior and promote 
tissue-specific gene expression. For the human specialized EC protocols, a 
similar approach was taken -- while monitoring the cultures for increased EC 
surface markers and sprouting behaviors. Different growth factors were not 
needed to generate tip-specific EC in mouse ESC protocol. The reason for this 
difference is also unknown, however, the use of Nutridoma in the serum-free 
media may play a role. 
 
 
Endothelial Heterogeneity – EC Characterization 
 
 
The mouse RNA-Seq data revealed that the tip/stalk-containing EC 
subpopulations exhibited high expression of genes associated with regulation of 
cell proliferation and lower expression of specific endothelial functions compared 
to the phalanx EC. It is my thought that the tip-containing subpopulation may be 
less mature, more similar to a vascular endothelial progenitor.  One indicator is 
the variation between the two tip/stalk EC samples in the Principal Component 
Analysis – the two samples were not similar to each other compared to the 
phalanx. This suggests that there is more diversity in the tip/stalk. This was not 
surprising because the more homogeneous phalanx EC exhibited higher 
expression of EC genes associated with typical arterial EC functions like 
response to hypoxia, response to wounding, and vascular assembly. The 
phalanx EC may even be more mature compare to the tip-containing ECs that 
contain heterogeneous tip, stalk, and phalanx EC sub-populations.  Tip EC and 
EC in the tip position do not always have high expression of vascular EC markers 
or have the ability to perform EC functions required of terminally differentiated EC. 
The primary function of tip EC is to guide a new sprout by responding to 
chemotactic signals and invading adjacent tissue during angiogenesis.   
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Tip EC 
 
The distribution of tip-like Flt1- EC in the derived cultures was confined to the 
sub-confluent tip/stalk EC. Genome wide analysis revealed that the tip EC 
associated genes from the PCR array data and zymogen assay – especially 
those pertaining to degradation of extracellular matrix (MMP2), cell adhesion 
( ITGAB) and invasion (TGFβ1) – correlated with the blood vessel 
morphogenesis and response to hypoxia functional group upregulated in phalanx 
EC (Chapter 2).  Surface proteins CXCR4 and Dll1 (also on tip cells) [17] were 
upregulated in the gene ontology group associated with branching 
morphogenesis. This suggests that phalanx EC have some pro-angiogenic 
capacity that is expected since both subpopulations are cultured in the same 
media.  
 
 
Stalk and Phalanx EC 
 
We postulated that stalk and phalanx-like EC in the derived cultures had higher 
surface Flt1 compared to the tip-like EC.  Genes associated with stalk EC such 
as Notch1 and transcription factor, Hes1 were upregulated in phalanx EC within 
the gene ontology group associated with protein synthesis and positive regulation 
of gene expression. Since there has not been a marker to distinguish stalk from 
phalanx EC, stalk EC identity may be correlated to its contact with neighboring tip 
EC.  The lack of EC associated genes in the tip/stalk RNA-Seq profile suggests 
that stalk EC are more plastic when in a newly forming sprout – and that its 
identity is determined by its position.   
 
Comparison with other models of vascular development 
 
The four stages of sprouting angiogenesis are 1) stimulation of EC by angiogenic 
factors, 2) degradation of extracellular matrix, 3) formation of capillary sprout and 
4) maturation of new vessel. Based on our data, we expect that the signaling 
within the tip/stalks-containing ECs are consistent with the first three stages in 
which the cells respond to signals for migration and proliferation.  The qPCR 
array data (Chapter 2) corresponds with sprouting EC with greater expression of 
matrix proteases and VEGFRs (Tie-2, Flt-1 and Flk1/KDR) in the tip/stalk 
subpopulation.  However, this may be an oversimplification and does not reflect 
upregulation at the transcriptome level. A recent study delineated the murine 
transcriptome signaling cascade in discreet stages during vascular regeneration 
[18]. The cascades were then profiled as signatures with distinct gene expression 
in four distinct stages – shock, proliferation, acclimation and maturation.  Not 
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surprisingly, endothelial genes associated with shock, acclimation and maturation 
were found in the mouse phalanx EC RNA-Seq profile – as the embryonic 
derived cells have been characterized as endothelial and capable of responding 
to angiogenic signals.   
 
As shown in Chapter 2, gene isotypes within the functional gene ontology groups 
associated with regulation of proliferation, more specifically, promoting histone-
protein binding and driving entry into the cell cycle were highly upregulated in the 
tip/stalk EC. To put these results into context with our RNA-Seq data suggests 
that the phalanx EC possess the potential to respond to stimuli and assemble 
into vascular networks while the tip/stalk EC response is primarily increased 
proliferation and migration. Of note, only one gene, Hist1h1b, was highly 
upregulated in both models – the proliferation stage of the vascular regeneration 
model and in the tip/stalk EC. Histone linker proteins bind to nucleosomes and 
linker DNA to enhance chromatin condensation, therefore the expression of 
these proteins may drive cell fate.  
 
Of the eight core histones, linker histone H1, is the most diverse and 
uncharacterized [19, 20]. Most of the 11 subtypes are ubiquitously expressed in 
somatic cells, however, H1.5 enrichment is also differentiation dependent [21, 22].  
Unlike most H1 histones that are highly upregulated in differentiated cells (and 
with low expression in pluripotent cells, H1.5 is upregulated in pluripotent (ES 
and IPS) cells.  In both mice and humans, H1 histones are highly upregulated in 
differentiated cells and have low expression in pluripotent cells [23]. The 
detection of pluripotency transcription factors – OCT4, SOX2 and NANOG – at 
the promoters of H1.5 suggests that this gene positively regulates self-renewal 
and pluripotency that may also be repressing tissue-specific genes.  Taken 
together, H1.5 (Hist1h1b) may be upregulated in tip/stalk cells EC and during the 
“proliferation phase” a newly forming sprout to suppress terminal EC 
differentiation and to promote angiogenesis.  The upregulation of H1.5 may 
contribute to a pro-angiogenic EC phenotype.  The mediation of histone linker 
proteins by cancer genes has also been implicated in cancers including ovarian 
cancer and lymphomas [20, 24]. It is currently being considered as a therapeutic 
target. Overall our mouse differentiation protocol may enhance the emergence of 
endothelial heterogeneity and identification of genes that regulate the phenotypic 
diversity.  
 
It may be difficult to find common upregulated angiogenesis associated genes 
between RNA-Seq datasets for the following reasons: differences in sample 
preparation, production of DNA libraries, sample culture conditions, differences in 
donor/subject genetic backgrounds, robustness mapped alignment reads and 
presence of alternatively spliced variants and differences in analysis [25, 26]. In 
addition, genes may be expressed in a spatiotemporal manner meaning that 
differential gene expression is based on development stage of tissues. They are 
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many variables to consider when comparing RNA-Seq data from different models 
with non-identical source material.  
 
 
 
Differentiation of Human ESC into EC  
 
Using mouse ESC-EC protocol, we found morphological heterogeneity in the 
endothelial cell cultures. Although methods for the induction of human ESC into 
ECs initially used our mouse media formulations, it was very difficult to maintain 
purity and acquire same stability in the EC phenotypes from human ESC.  
Therefore, we combined some alternative published methods as well as further 
optimizations in cell culture densities, growth factors, and kinetics. Specifically, 
the use of SB-431245 was added in order to prevent either endothelial-to-
mesenchymal transition and/or minimize smooth muscle cell and fibroblast 
proliferation in the EC cultures.  For human differentiation, KSR (Knockout Serum 
Replacement) rather Nutridoma was used the chemically defined media as a 
serum replacement. Data generated from using the mouse protocol (Chapter 2) 
suggests that Nutridoma would provide increased expression of tip and EC 
genes – and hence greater specification towards increased EC heterogeneity. 
However, the continuous supply of Nutridoma from the manufacturer was not 
reliable, so KSR was used in its place. The data suggested that high levels of 
bFGF, required for endothelial induction in mouse ESC, would increase 
pluripotency in human stem cell cultures. BFGF could not be omitted from the 
medium because small concentrations would ensure EC proliferation after FACS 
purification (where plating density is very low).  The addition of ROCKi (to 
mitigate cell-cell adhesions) also increased survival of the single cells during 
sorting and replating.  For all of these reasons, the derivation of human ESCs 
and iPS cells into EC was significantly more complicated, expensive and arduous 
compared to the mouse ESC.  
 
Compared to longer stage specific protocols described here, recent protocols 
forcibly activate Wnt to shorten EC differentiation protocol. However, the Wnt 
agonist, CHIRR-99021 – combined with our laboratory’s preoptimized medium 
formulations led to significantly reduced numbers of KDR+ vascular progenitor 
cells, hence use of the GSK-3β inhibitor was abandoned.   
 
Differentiation of Human ESC into EC – Subphenotypes 
 
Attempts to generate morphologically distinct EC subphenotypes using the 
human stem cells was also more challenging compared to the mouse ESC. 
Therefore, the directed differentiation approach was used to induce human EC 
subphenotypes from VE-cad+ EC using specific growth factors and inhibitors.  
These populations were not analyzed for functionality EC beyond FACS analysis 
and the sprouting assay. Some populations failed to proliferate in the media and 
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did not attach to the fibronectin-coated plates, it was suspected that these were 
not pure or VE-cad+ EC.  Another possibility is that the treated EC differentiated 
into a tissue specific EC that required different microenvironment cutes for 
survival. It would be interesting to understand the long term effects of the 
treatments on the EC cultures.  
 
Challenges 
 
The challenges in conducting this research were many.   Human and mouse 
stem cell-derived EC cultures are difficult to assess because the cells require 
special handling and training for counting, culturing, plating (and plating density) 
and maintaining survival during assays. Any variation in these techniques could 
lead decreased cell viability or redirect cell fate. It was very important to follow a 
strict standard operation procedure, however, sometimes the cells would not 
survive with no apparent reason. The cells were monitored daily for morphology, 
proliferation and contamination (pathogenic or unwanted cell types). For this 
reason, establishing criteria for success beyond waiting for the assay time point 
is crucial.  Establishing reproducibility in surface marker and gene expression 
characterization required extensive monitoring to changes in culture viability and 
crowding within the plate (confluency).  Samples were collected at the same time 
of day between experiments due to differences in proliferative capacities. It is 
unknown whether surface marker levels change based on the time of day. 
 
In addition, it was important to establish requirements and specification for the 
phenotypes desired: for example, the “EC cultures must express have 60% VE-
cadherin expression” or “the EC cultures will be 75% viable at plating and post-
thaw”. If these standards do not exist then the derived cells could be different 
with every induction – leading to increased high batch-to-batch variability. It is 
difficult to have high reproducibility in deriving the populations in vitro for the 
following reasons: batch variability in medium components, clone and assay 
material efficacy, environmental changes (from the hood or incubator), 
inconsistent feeding schedule and/or poor quality of stem cell line as starting 
material.   
 
 
Two major obstacles for my success were inconsistent availability of materials 
and getting help to grow the populations. There would be extensive optimization 
and work toward specific media formulation for a year and then the studies are 
be halted because a growth factor or serum replacement was backordered.  One 
way to help reduce this burden would be to develop media formulations with 
fewer ingredients, optimize growth factors at the lowest effective concentration 
and use components that are manufactured by more than one vendor.  
Optimizing the mouse and human models simultaneously was difficult and finding 
trained hands to help with the feeding, culturing, induction and assay schedules 
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was near impossible. It created a great deal of work for one individual and the 
timelines for generating reproducible and meaningful data were often delayed. 
 
 
This research requires tremendous technical training, economic resources and 
strict adherence to detail – even so that industrial facilities and biotech 
companies that manufacture similar products face similar difficulties. As the field 
progress, the processes and protocols will be streamlined and provide clarity 
towards best practices for creating human and mouse stem cell derived cultures.  
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Chapter 7 Summary and Conclusions

 
EC subpopulations have been identified as emerging from chemically defined 
multi-staged mouse ESC-EC differentiation protocol and categorized them as 
sprouting and non-sprouting [1].  In this dissertation, these subpopulations were 
further characterized according to their cell surface molecules, angiogenic 
capacity and global gene expression. The data shows that these relatively stable 
populations exhibit distinct phenotypic and functional differences.  Consistent 
with literature [2, 3], the sprouting subpopulations include tip-like cells expressing 
greater Flt-4 and little Flt-1.   Unfortunately, the identification of a unique 
molecule that could distinguish stalk and phalanx as distinct specialized EC was 
not accomplished. In fact, stalk and phalanx EC might only be unique in their 
relative proximity to signaling from tip EC. 
  
Moving from mouse EC differentiation to human EC differentiation employed 
differentiation similar serum-free multi-staged methods and signaling 
molecules[4-6], but very different differentiation kinetics.  Moreover, new feeder-
free ESC and iPS cell lines that exhibited higher proliferation rates compared 
with older cell lines, our multi-staged protocols required further optimization to 
acquire high percentages of KDR+ VPC and increased numbers of VE-cad+ EC.  
In contrast to multi-staged protocols from other laboratories [7-9], this body of 
work found that the use of a small molecule inhibitor, CHIRR-9021, at the onset 
of differentiation was not needed. We expect this is due to the fact that our 
carefully optimized chemically-defined medium and cell density-dependent 
plating already yielded very high numbers of KDR+ VPC.  However, consistent 
with studies reported by other group [10-12], we also found that the addition of a 
TGFβR1 inhibitor, small molecule SB431542, at the same time point in which the 
VPC begin expressing VE-cadherin significantly aid purity of longer-term stability 
of the EC. Specifically, the data suggests that adding SB431542 at day 18 of 
differentiation followed by an additional purification of VE-cad+ cells after 25 days 
of differentiation would yield the highest percentages of VE-cad+ in the longer-
term cell cultures.  Because other groups report derivation and isolation of  
VE-cad+/CD31+ populations [7-9], we attempted to reproduce these cells, but our 
CD31+ cell percentages were always very low. Although the protocols optimized 
here can generate up to 80% VE-cad+ EC, these EC are thought to remain 
somewhat immature and might require further maturation in vivo or in bioreactors 
systems that can incorporate laminar shear stresses. 
 
Most aspects of embryonic vascular development in mice and humans are 
conserved [13]. Therefore, first attempts to generate specialized human EC 
subpopulations from ESC and IPSC were based on the methods that worked in 
mouse ESC.  Specialized human tip-like EC –would be highly migratory and 
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angiogenic while specialized, stalk-like EC would be proliferative and phalanx-
like EC would be less proliferative EC and form selectively permeable barriers.  
To accomplish this, I first researched soluble factors and inhibitors that were 
reported to induce EC quiescence, or increase EC sprouting potential.   
 
In examining the potential role of a variety of soluble factors, many of the cell 
populations did not survive.  Of the surviving cells, signaling from BMP and PIGF 
exhibited the greatest potential for directing stem cells toward tip-like EC and 
stalk-like EC, respectively.  More surprisingly, immobilized rhDll4 induced 
quiescence and high VE-cad+/CD31+ expression in the EC consistent with a 
phalanx-like EC subphenotype.  The ability to directly specify for EC maturation 
in vitro using soluble factors would be advantageous.  Biomimetic devices 
combining shear stress and nanotopography cues may provide additional 
maturation cues and physiological relevance for generating in vitro derived 
vascular tissues. 
 
The body of work presented in this document provides an EC differentiation 
model for directing and characterizing EC and EC subpopulations from 
pluripotent stem cells.  Generation of these distinct EC could enable improved 
examinations on mechanisms that govern sprouting angiogenesis and vascular 
homeostasis in both normal wound healing and disease states, including more 
sophisticated assays for drug screening and cell therapies in which primary EC 
like HUVEC, are currently being utilized.  
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