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Abstract 

The ability of tissue engineered constructs to replace diseased or damaged 

organs is limited without the incorporation of a functional vascular system.  To design 

microvasculature that recapitulates the vascular niche functions for each tissue in the 

body, we investigated the following hypotheses: (1) cocultures of human umbilical cord 

blood-derived endothelial progenitor cells (hCB-EPCs) with mural cells can produce the 

microenvironmental cues necessary to support physiological microvessel formation in 

vitro;  (2) poly(ethylene glycol) (PEG) hydrogel systems can support 3D microvessel 

formation by hCB-EPCs in coculture with mural cells; (3) mesenchymal cells, derived 

from either umbilical cord blood (MPCs) or bone marrow (MSCs), can serve as mural 

cells upon coculture with hCB-EPCs.  Coculture ratios between 0.2 (16,000 cells/cm2) and 

0.6 (48,000 cells/cm2) of hCB-EPCs plated upon 3.3 µg/mL of fibronectin-coated tissue 

culture plastic with (80,000 cells/cm2) of human aortic smooth muscle cells (SMCs), 

results in robust microvessel structures observable for several weeks in vitro.  

Endothelial basal media (EBM-2, Lonza) with 9% v/v fetal bovine serum (FBS) could 

support viability of both hCB-EPCs and SMCs.  Coculture spatial arrangement of hCB-

EPCs and SMCs significantly affected network formation with mixed systems showing 

greater connectivity and increased solution levels of angiogenic cytokines than lamellar 
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systems.  We extended this model into a 3D system by encapsulation of a 1 to 1 ratio of 

hCB-EPC and SMCs (30,000 cells/µl) within hydrogels of PEG-conjugated RGDS 

adhesive peptide (3.5 mM) and PEG-conjugated protease sensitive peptide (6 mM).  

Robust hCB-EPC microvessels formed within the gel with invasion up to 150 µm depths 

and parameters of total tubule length (12 mm/mm2), branch points (127/mm2), and 

average tubule thickness (27 µm).  3D hCB-EPC microvessels showed quiescence of 

hCB-EPCs (<1% proliferating cells), lumen formation, expression of EC proteins 

connexin 32 and VE-cadherin, eNOS, basement membrane formation by collagen IV and 

laminin, and perivascular investment of PDGFR-β+/α-SMA+ cells.  MPCs present in 

<15% of isolations displayed >98% expression for mural markers PDGFR-β, α-SMA, 

NG2 and supported hCB-EPC by day 14 of coculture with total tubule lengths near 12 

mm/mm2.  hCB-EPCs cocultured with MSCs underwent cell loss by day 10 with a 4-fold 

reduction in CD31/PECAM+ cells, in comparison to controls of hCB-EPCs in SMC 

coculture.  Changing the coculture media to endothelial growth media (EBM-2 + 2% v/v 

FBS + EGM-2 supplement containing VEGF, FGF-2, EGF, hydrocortisone, IGF-1, ascorbic 

acid, and heparin), promoted stable hCB-EPC network formation in MSC cocultures 

over 2 weeks in vitro, with total segment length per image area  of 9 mm/mm2.  Taken 

together, these findings demonstrate a tissue engineered system that can be utilized to 

evaluate vascular progenitor cells for angiogenic therapies.
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1. Project Significance, Background, Hypotheses, and 
Study Aims 

1.1 Need for Vascularization in Regenerative Medicine 

More than 120,000 people in the U.S. are currently on the waiting list for organ 

transplants (United States Department of Health and Human Services, 2015).  The ratio 

of annual organ transplants performed, to number of patients dying while waiting for a 

transplant, is near 4 to 1 (U.S. Department of Health and Human Services, 2015).  One 

solution for the shortage of organ donors is to create the desired organ using a tissue 

engineering approach.  This approach consists of growing cells, either autologously 

isolated from the patient or allogenically donated, onto biocompatible scaffolds that are 

directed into the desired parenchymal fate through a combination of biochemical and 

physical cues (Langer & Vacanti, 1993). 

While the field of tissue engineering has been active for over two decades, the 

promise of replacing organs has not been realized.  The main reason for this lack of 

progress is the failure to generate a functional microvascular system throughout the 

construct (Novosel et al., 2011).  The microvascular system is essential to the healthy 

function of all intravital organs by the delivery of oxygen and nutrients, removal of 

waste, transport of cells and their byproducts, and maintenance of the endothelium 

barrier (Carmeliet & Jain, 2011).  Due to these critical functions, microvessels are 

intimately associated with the pathology of many chronic diseases, such as peripheral 

arterial disease and diabetic retinopathy, as well as the success of tissue-engineered 
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constructs to replace diseased organs (Carmeliet et al., 2011; Jain, 2003).  Without a 

functional microvascular system, 3-dimensional (3D) tissue constructs must rely on 

diffusion to meet their oxygen and nutrient demand- which is limited to a distance of 

150-200 µm (Zarem, 1969; Rücker et al., 2008). 

The current vascularization strategies involve either stimulation of angiogenesis 

upon implantation of the construct, or inosculation of preformed microvascular 

networks within the implant to the host microvasculature, summarized in Figure 1.1 

(Laschke & Menger, 2012).  Approaches to induce angiogenesis include modification of 

the chemical properties and architectural structure of the scaffold (Rücker et al., 2008; 

Schantz et al., 2007), and incorporation of vascular cell recruiting factors within scaffolds 

such as vascular endothelial growth factor (VEGF) and stromal cell-derived factor (SDF-

1) (Jain et al., 2005; Thevenot et al., 2010; Singh et al., 2012).  While all of these angiogenic 

stimulation strategies have shown enhanced blood vessel growth into the scaffold, their 

efficacy is limited by the rate at which the vessels can form in vivo.  Previous studies 

demonstrate the maximum rate of microvessel growth as 5 µm/h, which will not protect 

against necrosis in the center of a tissue construct greater than a few hundred microns in 

thickness following the first few days after transplantation (Laschke et al., 2012). 

Prevascularization of constructs prior to implantation could help avoid this 

necrosis.  Preformed networks can connect with host vasculature, allowing rapid 

perfusion of constructs.  Prevascularization strategies involve seeding scaffolds with 

endothelial cells (ECs) and supportive stromal or mural cells (Jain et al., 2005; Tremblay 
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et al., 2005; Baldwin et al., 2014).  These prevascularized constructs demonstrated 

improvements to vascularization of tissue-engineered constructs as well as benefits to 

injured tissues (Tremblay et al., 2005; Polykandriotis et al., 2007; Czajka et al., 2015).  For 

example, 8-mm thick bone constructs containing arterial and venous segments, were 

fully vascularized by 8 weeks after implantation into mice, in comparison to constructs 

that did not contain vascular segments, where vascularization was limited to the 

periphery of the scaffold (Polykandriotis et al., 2007).  As well, 5-mm thick bundles of 

self-assembled microvessels, formed from coculture of ECs and fibroblasts within an 

agarose matrix, anastomosed with host vasculature and activated the recruitment of 

Pax-7+/MyoD+ satellite muscle cells within a hind limb muscle defect of an athymic 

mouse (Czajka et al., 2015). 

Figure 1.1: Overview of strategies for the vascularization of tissue engineered 

constructs. 
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While these previous studies show promising proof-of-concept results, a great 

deal of advancement is required before reproducible vascularization of complex, tissue-

engineered organs can occur.  For example, the choice of vascular cells need 

standardized isolation and characterization methods, the media composition should also 

be well-defined and contain minimal exogenous growth factors that may not be present 

upon implantation in vivo, causing potential issues with the stability of pre-formed 

vasculature.  As well, the scaffold of choice should mimic the in vivo architecture of the 

vascular niche by incorporating appropriate biophysical and biochemical cues.   In order 

to reach this level of sophistication, a thorough understanding of pre-forming 

microvascular constructs in vitro is required.  These qualitative and quantitative 

characterizations can then be utilized by the tissue engineer to develop a highly tunable 

system for vascularization of tissue constructs.   

Variations in experimental parameters across research groups that engineer 

prefabricated microvessels, such as the material and cell choice, as well as culture 

conditions, adds difficulty to identify quantitative parameters that characterize 

microvessel growth (Baldwin et al., 2014).  In addition, many of the models are limited 

in their potential for translation due to the use of immunogenic, animal-derived matrices 

and vascular cells.  A reductionist, in vitro system of tissue engineered microvasculature 

that is amenable to quantitative analysis, as well as mechanistic studies, is needed to lay 

the foundation for advanced, microvascular tissue engineering research.  Ideally, this 

system is comprised of clinically translatable components and adaptable to biochemical 



 

5 

 

and biophysical modifications, allowing for continuous feedback on the success of 

optimizing engineering parameters while carrying the potential to directly translate 

findings.   

The overall aim of this thesis was to expand upon existing in vitro models of 

microvesssel formation by incorporating vascular progenitor cells within a 3D synthetic 

biomaterial, using minimal culture requirements, to create a novel, reductionist system 

for translational microvessel research.  The purpose of this chapter is to review the 

principles of microvessel formation in vivo, demonstrate how these principles have been 

applied to the development of microvessels in vitro, identify limitations hindering 

translation of these tissue-engineered microvessels into the clinic, and explain how the 

research aims of this thesis can overcome these limitations.   

1.2 Background 

1.2.1 Microvessel Formation In Vivo 

The formation of microvasculature in vivo can occur either from pre-existing 

vessels, as observed in the adult response to injury, through a process known as 

angiogenesis (Jain, 2003; Herbert & Stainier, 2011), or de novo, as observed during 

development in a process known as vasculogenesis.  The current understanding of 

angiogenesis can be summarized as follows: disease or injury to tissues stimulates 

angiogenic factor production, such as hypoxia-inducible factor-1 alpha (HIF-1α) which 

stimulates VEGF production that is released into the surrounding extracellular 

environment (Cooke & Losordo, 2015) (Figure 1.2).  VEGF exists in many isoforms with 
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VEGF-A the principle molecule that controls blood-vessel morphogenesis (Adams & 

Alitalo, 2007; Ferrara & Kerbel, 2005).  VEGF-A can bind to either VEGFR-1 or VEGFR-2 

present on the endothelium.  VEGF-A and VEGFR-2 binding is the major mediator of the 

mitogenic, angiogenic, and permeability-enhancing effects of VEGF-A (Adams et al., 

2007). 

 

Figure 1.2: Overview of the angiogenesis process.  Image reprinted with 

permission from the Angigoenesis Foundation. 

Upon binding, quiescent ECs within the endothelium undergo activation 

through a cascade of intracellular signaling events which initiates enzyme production, 

such as matrix metalloproteinases (MMP), that act to degrade the EC basement 
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membrane (Belvisi et al., 2005).  The enhanced permeability of the basement membrane 

allows leakage of plasma proteins fibronectin, fibrin, and vitronectin that combine with 

interstitial collagens to form a provisional matrix (Senger, 1996).  This provisional matrix 

can sequester angiogenic cytokines such as VEGF-A, resulting in both chemotactic and 

haptotactic cues to direct EC migration and proliferation (Senger & Davis, 2011). 

Integrins, such as αvβ3 and αvβ5, aid in directing EC migration by serving as 

hooks to pull the sprouting vessels forward (Belvisi et al., 2005).  As the vessels continue 

to elongate, remodeling of the surrounding extracellular matrix occurs by release of 

additional MMP and tissue inhibitor of metalloproteinases (TIMP) (Belvisi et al., 2005).  

Tie-2 present on ECs binds to angiopoietin 1 (Ang1) which helps to further remodel the 

maturing microvessel by regulating vascular branching and EC-matrix/EC-mural cell 

interactions (Ferrara et al., 2005; Jain, 2003).  The elongated endothelial sprouts undergo 

involution and form tubular structures which anastomose to the parent vessel.  Lastly, 

ECs secrete platelet-derived growth factor-β (PDGF-β) which bind to heparin sulfate 

proteoglycans within the adjacent extracellular matrix, creating a haptotactic gradient to 

recruit mural cells that express the platelet-derived growth factor-β receptor (PDGFR-β).  

The mural cells consist of pericytes and vascular smooth muscle cells (SMCs) (Gaengel et 

al., 2009).  Upon binding of mural cells to ECs through adhesion sites such as N-cadherin 

and connexin 43, mural cells provide structural support and signaling molecules that 

prevent apoptosis and regression of microvessels (Ferrara et al., 2005; Gaengel et al., 

2009). 
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Vasculogenesis parallels many processes of angiogenesis for microvessel 

formation, with the exception of its initiation.  Vasculogenesis is initiated during 

development, where angioblasts, derived from the mesoderm and positive for CD31, 

CD34, and VEGFR-2 expression; give rise to endothelial progenitor cells (EPCs) that 

form blood islands which generate a primitive vascular network (Carmeliet, 2005; 

Ferrara et al., 2005) (Figure 1.3).  In the adult, vasculogenesis can also occur by EPCs 

present in peripheral blood and vascular progenitor niches within the intimal layers of 

existing vasculature (Hirschi et al., 2008; Kawabe & Hasebe, 2014; Zhang & Xu, 2014).  

The composition of the angiogenic provisional matrix differs between the adult and 

embryo with the embryonic matrix containing lower amounts of fibrillar collagen and 

higher amounts of fibronectin, hyaluronic acid, proteglycans, and tenascins (Senger, 

1996; Hynes, 2007).  Nascent capillary networks formed by EPCs are stabilized through 

the recruitment of mesenchymal precursor cells (Ferrara et al., 2005; Walshe, 2010).  

EPCs then release latent TGF-β1 to differentiate the mesenchymal precursor cells into 

mural cells (Ferrara et al., 2005; Adam et al., 2007; Walshe, 2010).  The resulting 

microvasculature further differentiates to form specialized structures of tissue vascular 

niches, such as the fenestra present within liver capillary beds or the tight junctions, 

claudin and occludin, expressed on the blood-brain barrier microvessels (Ferrara et al., 

2005; Rocha & Adams, 2009).  

Despite the extensive knowledge of microvessel formation gained within the 

past few decades, there are still several areas of microvessel research that could benefit 



 

9 

 

from the use of in vitro tissue-engineered models such as mechanisms of lumen 

formation as well as the effect of the local mechanical environment on developing 

microvasculature (Jain et al., 2003; Carmeliet et al., 2011).  An in vitro model of 

vasculogenesis will aid efforts to vascularize tissue engineered constructs by showing 

how vascular progenitor cells can guide the formation of tissue-specific vasculature 

while simultaneously promoting organ development (Butler et al., 2010). 
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Figure 1.3: Overview of vasculogenesis process. Reprinted by permission from 

Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology (Herbert et al., 

2011), copyright 2011 
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1.2.1.1 Characteristics to Identify Microvessels Arising from Physiological or 

Pathological Processes  

The angiogenic cytokines released upon injury to promote tissue repair also have 

the potential to promote tumor growth (Butler et al., 2010).  ECs can secrete interleukin-6 

(IL-6) and interleukin-3 (IL-3), granulocyte-colony stimulating factor (G-CSF), and nitric 

oxide, promoting proliferation of leukaemic cells (Koistinen et al., 2001).  The majority of 

cases involving pathological microvessel formation, however, are caused by an 

overexpression of VEGF-A (Chung & Ferrara, 2011).  Tumor-associated fibroblasts, 

macrophages, and monocytes can supply VEGF-A which binds to VEGFR-2 within 

tumor endothelium, initiating a prolonged states of angiogenesis (Belvisi et al., 2005; Kut 

et al., 2007).  These microvessels differ from physiological microvessels by continued EC 

proliferation after initial network formation and leaky, disorganized vasculature lacking 

pericyte investment and basement membrane (Belvisi et al., 2005; Kut et al., 2007).  In 

order to develop physiological rather than pathological microvasculature, characteristics 

related to healthy microvessels such as arrest of EC proliferation, existence of basement 

membrane, perivascular localization of mural cells, and presence of EC junctional 

proteins associated with maintaining permeability must be confirmed.  

1.2.2 Vascular Progenitor Cells for Angiogenic Therapies 

The choice of endothelial and mural cells utilized in microvessel tissue 

engineering is critical for their translational potential.  An ideal cell source would be 

readily available, obtained with minimal donor site morbidity, avoid immunogenicity, 

and capable of rapid expansion for scale-up procedures while maintaining the desired 
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parenchymal phenotype (Zhang et al., 2014).  The use of terminally-differentiated 

vascular cells requires an invasive isolation procedure and their application is restricted 

to creating capillary beds from their tissue of origin (Carmeliet et al., 2011; Herbert et al., 

2011).  The use of vascular progenitor cells present during vasculogenesis could equip 

researchers with the ability to reconstruct all tissue-specific microvasculature.  

Endothelial and mural cell progenitors can spontaneously form from fetal liver kinase 1 

(FLK1)/VEGFR-2-expressing cells in the mesodermal germ layer of the developing chick 

embryo, and directed into either endothelial or mural cell fate through treatment with 

VEGF-A and PDGF-β, respectively (Yamashita et al., 2000).  Yet, utilizing embryonic 

cells as a source for these progenitor cells will alienate many patient populations with 

ethical objections to human embryonic stem cell research (Robertson, 2001).   

The human umbilical cord represents an ideal cell source as it is readily available 

and obtained with minimal donor site morbidity (Pelosi et al., 2012).  Often regarded as 

medical waste, umbilical cord blood and its surrounding connective tissue are rich 

sources for hematopoietic stem cells, endothelial and mesenchymal progenitors, and 

unrestricted somatic stem cells (Broxmeyer & Douglas, 1989; Secco et al., 2008; Kögler et 

al., 2004).  Moreover, cord blood units can match non-autologous donors through 

human leukocyte-antigen (HLA)-typing and be cryogenically preserved without loss in 

viability of CD34+, CD133+ cells (Anagnostakis et al., 2014; Liao et al., 2011). 
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1.2.2.1 Endothelial Progenitor Cells (EPCs) 

The interest in blood-derived EPCs for angiogenic therapies can be traced back to 

a 1997 study published in Science by Jeffrey Isner’s group (Asahara et al., 1997).  This 

study demonstrated CD34+ and Flk-1+ mononuclear cells (MNCs) isolated from adult 

peripheral blood can incorporate into host vasculature at sites of angiogenesis in vivo.  

The finding of an autologous EC source for cardiovascular therapies was well-received, 

exemplified by the outpouring of follow-up studies with peripheral blood-derived EPCs 

(Devanesan et al., 2009; Balaji et al., 2013).  Nevertheless, contradictions in the efficacy of 

EPCs for angiogenic repair exposed the need to fully define and characterize EPCs 

(Ingram et al., 2004).  

In an effort to meet this need, Mervin Yoder and colleagues (Ingram et al., 2004) 

sought to characterize EPCs using parallel clonogenic & proliferation assays, 

traditionally used to define hierarchies of hematopoietic stem cells.  The principle 

behind this study was to test whether EPCs met the definition of a “progenitor” cell, a 

type of stem cell that can proliferate, from the level of a single cell, to repopulate the 

entire progeny of a specialized cell line (Ingram et al., 2005).  The most stringent test of 

an EPC is its ability to integrate into host vasculature and differentiate towards the EC 

phenotypes of the implant site’s vascular niche (Ingram et al., 2005).  Yoder’s group 

found EPCs from both umbilical cord blood and adult peripheral blood, derived 

through collagen I-based enrichment of MNCs, displayed true progenitor cell potential 

based on their ability to proliferate from a single-cell assay to form highly proliferative 
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populations of endothelial colony-forming cells (ECFCs), which could be replated to 

form secondary and tertiary colonies, indicating retained EPC function (Ingram et al., 

2004).  

Intriguingly, cord blood contained a highly proliferative population of ECFCs 

that could proliferate from a single cell to 103 cells within 2 weeks of plating and form 

secondary and tertiary colonies upon re-plating (Ingram et al., 2004).  The total number 

of ECFCs from one cord blood donor could expand to over 1 billion cells by 50 days of in 

vitro culture (Ingram et al., 2004).  In a follow-up study comparing EPCs derived from 

collagen-I enrichment of MNCs to EPCs derived from fibronectin-based depletion of 

MNCs (CFU-ECs), it was shown that only ECFCs derived from collagen-I enrichment 

could integrate into mouse vasculature and form perfused, chimeric vessels in vivo 

(Yoder et al., 2007).  The results of these proliferation, clonogenic, and in vivo studies 

demonstrate ECFCs derived from umbilical cord blood are the functional progeny of 

“true” EPCs.  

While collagen type I-coated tissue culture plastic enrichment for EPCs from 

MNCs is the isolation technique that gives rise to ECFCs, it is important to note the other 

common technique for isolating endothelial progenitor-like cells from blood: adherence 

depletion on fibronectin-coated tissue culture plastic or the “CFU-EC” method (Figure 

1.4).  It is possible for CFU-ECs to be present in trace amounts within MNCs isolated 

through collagen-coated technique. 
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Figure 1.4: Schematic of two isolation processes for obtaining "EPCs" 

(Reprinted with permission from the American Society of Hematology: Blood Journal, 

Yoder et al., 2007).  This schematic describes colony appearance for adult blood-

derived ECFCs. Cord blood-derived ECFCs appear sooner, between day 5 and day 10 

after MNC plating. 

The differences between CFU-ECs and ECFCs in their isolation technique, 

expression for EC and hematopoietic markers, and angiogenic functional properties are 

listed in Tables 1.1-1.3.  In summary, while CFU-ECs express EC-associated markers 

CD31, CD105, CD146, VEGFR-2 and vWF; they are not “true” EPCs because they lack 

the ability to form secondary EC colonies and cannot form perfused vessels upon 

implantation in vivo (Yoder et al., 2007).  In addition, CFU-ECs are hematopoietic-

derived, rather than endothelial-derived progeny, committed to myeloid lineage and can 

differentiate into phagocytic macrophages (Yoder et al., 2007).  The CFU-ECs may 

instead represent monocytes and macrophages that have been induced, through ex vivo 

culture conditions, to physically mimic ECs and secrete pro-angiogenic paracrine factors 
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(Yoder et al., 2013).  Nonetheless, any monocytes or macrophages induced to resemble 

ECs do not transform to ECs at the genetic level and should be removed because they 

may convert to an inflammatory state, disrupting the delicate balance required for stable 

microvessel formation (Yoder et al., 2013).   

Table 1.1: Comparison of isolation technique between CFU-EC and ECFC 

methods 

CFU-ECs ECFCs 

Fibronectin-coated tissue culture plastic Collagen-I coated tissue culture plastic 
MNCs seeded at 5 x 106 cells/well MNCs seeded at 50 x 106 cells/well 
Nonadherent cells collected after 48 hours 
and re-plated at 106 cells/well on 24-well 
tissue culture plastic plates, pre-coated 
with fibronectin 

Non-adherent cells removed with daily 
media changes for 1 week after MNC 
plating 

Culture media contains no supplemental 
growth factors beyond those present in 
serum (Endocult® liquid media kit) 

Culture media consists of endothelial basal 
media with supplements (EBM-2 with 
EGM-2, CloneticsTM, Lonza) that contain 
VEGF-A, bFGF, hydrocortisone, heparin, 
ascorbic acid, insulin growth factor-1, 
epidermal growth factor) 

 

The differences between ECFCs and CFU-ECs can be exploited during in vitro 

expansion of EPCs to isolate the angiogenic ECFC population by testing for the 

expression of hematopoietic markers CD14, CD45, and CD115.  If the cells are positive 

for these hematopoietic markers, the ECFCs can be “purified” by seeding a very dilute 

number of cells (<400 cells/cm2) onto collagen type I-coated tissue culture plastic (Ingram 

et al., 2004).  The resulting progeny will arise from the proliferative, “true” EPCs.  In 

addition, fluorescently-activated cell sorting (FACS) could be employed to deplete cells 

that express CD14, CD45, and CD115. 
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Table 1.2: Differences in surface antigen expression for EC and hematopoietic 

markers on EPCs derived from CFU-EC and ECFC methods (Reprinted with 

permission from the American Society of Hematology: Blood Journal, Yoder et al., 

2007) 

 

 

Table 1.3: Functional comparisons of CFU-ECs and ECFCs 

CFU-ECs ECFCs 

Phagocytic ability No phagocytic ability 
No secondary colony formation arising 
from single cells seeded on 96-well tissue 
culture plastic plates, pre-coated with 
collagen I 

Forms secondary colonies on single 
colony formation assays (96-well tissue 
culture plastic plates, pre-coated with 
collagen I) 

Lacks the ability to repopulate the mature 
vascular ECs in vivo 

Can form perfusable chimeric vessels 
when implanted in a murine model  
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1.2.2.2 Mesenchymal Stem Cells (MSCs) 

While mural cells, such as SMCs, are critical for the rate and extent of EC 

microvessel formation (Melero-Martin et al., 2008; Evensen et al., 2009), they are not a 

practical source of cells for large scale fabrication of tissue engineered microvessels due 

to the additional donor-site morbidity associated with cell harvest and enhanced 

immunogenicity in allogeneic transplants.  For these reasons, MSCs have been 

investigated as a mural cell replacement to promote microvessel formation (Au et al., 

2008; Kang et al., 2011; Lin et al., 2012; Kachgal et al., 2012).  MSCs represent a promising 

cell source for cell therapy and tissue engineering applications due to their multilineage 

differentiation potential, immunoregulatory properties, and ease of isolation from 

several tissues, such as bone marrow and umbilical cord blood (Pittenger et al., 1999; De 

Miguel et al., 2012; Caplan & Bruder, 2001; Mahmood et al., 2003).  MSCs are defined by 

three criteria: (1) adherence to tissue culture plastic, (2) >95% expression for surface 

antigens CD105, CD90, CD73; <2% expression for CD14, CD45, CD34, CD90 and HLA 

class II (HLA-DR); and (3) differentiation to osteogenic, chondrogenic, and adipogenic 

lineages in vitro (Dominici et al., 2006). 

Mesenchymal progenitors isolated from mouse embryonic mesoderm can follow 

the processes of in vivo mural cell differentiation upon in vitro coculture with ECs, a 

mechanism dependent on connexin 43 gap junctions (Hirschi et al., 2003).  In addition, 

mural cell differentiation of mesenchymal progenitors can be achieved independent of 

coculture with ECs through treatment with exogenous TGF-β1, with similar increases in 
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protein expression of SM22-α and smooth muscle-alpha-α found in cocultures with ECs 

(Hirschi et al., 2003).  Further, non-embryonic derived mesenchymal cells, such as 

human bone marrow-derived MSCs, can enhance early stages of angiogenesis in vitro by 

upregulation of VEGF and matrix metalloproteinases, allowing for EC migration and 

elongation by degrading the EC basement membrane (Sharma et al., 2012; Huang & Li, 

2008; Burlacu et al., 2013; Aguirre et al., 2010).  MSCs also express pericyte markers and 

are associated with stabilization of tissue-engineered microvessels due to their close 

association to EC vessels, and ability to arrest EC proliferation (Caplan et al., 2001; 

Goerke et al., 2012).  Mesenchymal progenitor cells found in human umbilical cord 

blood (MPCs) are a promising alternative to bone marrow-derived MSCs due to their 

noninvasive isolation and rapid expansion in vitro (Lee et al., 2004; Stenderup et al., 

2003; Kern, et al., 2006).  Umbilical cord blood-derived MPCs can act as perivascular 

cells in vivo when cocultured with hCB-EPCs, enabling patent vascular networks within 

a MatrigelTM system over a period of 4 weeks (Melero-Martin et al., 2008; Lin et al., 2012).  

Yet the potential for MSCs to produce robust, stable capillary networks  by EPCs in vitro, 

without the effects of added growth factors, or biologically-derived gels, has not been 

assessed. 

1.2.2.3 Induced Pluripotent Stem Cells (iPSCs) 

To circumvent the ethical issues surrounding embryonic stem cell research, 

Yamanaka and colleagues (2006) developed a method to revert mature firoblasts to an 

embryonic state through the four transcription factors Oct3/4, Sox2, c-Myc, and Klf4.  
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The result was “induced pluripotent stem cells” (iPSCs) that could produce cells from all 

three embryonic germ layers, the ectoderm, mesoderm, and endoderm (Takahashi & 

Yamanaka, 2006).  

Significant advancements within the past decade established methods to isolate 

vascular cells from iPSCs (Li et al., 2013; Karamariti et al., 2013; Kusuma et al., 2013).  For 

example, the laboratory of Gerecht (Kusuma et al., 2013) defined a method to isolate 

both endothelial and mural cell precursors from human iPSC lines through treatment 

with VEGF and the TGF-β inhibitor SB431542.  Subsequent sorting for CD105+/CD146+ 

cells, markers common to both endothelial and mural cells (Duff et al., 2003; Bardin, et 

al., 2001),  resulted in a population of early vascular cells that differentiated into ECs and 

pericytes, and developed microvascular structures in vitro and in vivo within a synthetic, 

hyaluronic acid-based hydrogel system (Kusuma et al., 2013).  Despite these promising 

results, several issues with vascular cells derived from iPSCs remain that limit their 

translational potential, namely the immunogenicity concerns with reprogrammed cells, 

efficiency of differentiation towards vascular cell lineages, and limited expansion 

potential (Tan et al., 2014; Medvedev et al., 2010).  While these limitations of iPSCs are 

being addressed, the more well-characterized, postnatally-derived vascular progenitor 

cells can be used to establish parameters for microvessel tissue engineering, which can 

also serve as a template to optimize conditions for generating microvessels from iPSCs. 
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1.2.3 In Vitro Methods to Generate Microvessel Formation 

The ideal, positive-control model for evaluating the angiogenic potential of 

vascular progenitor cells in vitro should recapture all processes of physiological 

microvessel formation, beginning with EC migration and network formation, and 

ending with perivascular investment of mural cells.  In addition, this model should be 

comprised of human cells within a biomaterial that will allow for reductionist studies of 

angiogenesis and vasculogenesis processes.  

Judah Folkman and colleagues (1980) pioneered the development of an in vitro 

angiogenesis model by plating segments of capillaries from primary tissues onto plates 

coated with gelatin, a mixture of hydrolyzed collagens (Ward & Courts, 1977), and 

supplementing the culture with tumor-conditioned medium (Folkman et al., 1980).  

Endothelial colonies migrated out from the capillary segments and, depending on the 

origin and passage number of the ECs, spontaneous tube formation was observed to 

occur from the colony center to the outer periphery between 5-40 days  after initial 

plating (Folkman et al., 1980).  The ultrastructure of the endothelial tubes was 

indistinguishable from capillary tubes observed in vivo (Folkman et al., 1980).   This 

initial study catalyzed subsequent in vitro investigations into microvessel formation that 

yielded insights and characterization into several angiogenic factors such as fibroblastic 

growth factor (FGF) and VEGF (Vailhé et al., 2001).  

Advancements in cell culture methods enabled several additional models of in 

vitro microvessel formation (Vailhé et al., 2001; Baldwin et al., 2014).  However, the ideal 
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in vitro model of microvessel formation will depend upon whether vasculogenic or 

angiogenic mechanisms are investigated.  Within the context of the aims for this thesis, 

vasculogenic models that can recapitulate all stages of microvessel formation, from 

endothelial cell differentiation by EPCs to subsequent migration, tubule formation, 

connection with adjacent microvessels, and stabilization through mural cell recruitment, 

are desired.  In addition, the model should be feasible to develop, reproducible, and 

allow for both qualitative and quantitative analysis.  Existing two-dimensional (2D) and 

three-dimensional (3D) models can be evaluated by these parameters. 

1.2.3.1 2D Models of Microvessel Formation 

2D models of microvessel formation initially consisted of plating ECs atop tissue-

culture plastic surfaces, which were pre-coated with proteins in an effort to mimic the 

provisional matrix (Vailhé et al., 2001).  These surfaces were created by plating thin 

layers of adhesive proteins such as fibronectin and collagen IV or thick gel layers of 

collagen or fibrin (Vailhé et al., 2001; Ingber & Folkman, 1989; Vailhé et al.,1997).  

However,  due in part to the distinct effects that each protein can have on endothelial 

cells (Hynes, 2007), a lack of consistency was present among groups in characterizations 

of EC network formation (Vailhé et al., 2001).  This issue was greatly diminished 

through the work of Kleinman and colleagues (1982) by extraction and characterizion of 

the basement membrane from mouse sarcoma cancer cells, resulting in the discovery of 

a pro-angiogenic matrix containing laminin, collagen IV, heparin sulfate, proteoglycans, 

and entactin.  This gel, now commercially available as MatrigelTM, has served as the 
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“gold standard” for evaluating the angigoenic potential of cells in vitro (Vailhé et al., 

2001).  Sparse seeding of ECs atop MatrigelTM results in robust networks within a period 

of 24 hours, allowing for rapid screening of angiogenic inhibitors and promoters 

(Kubota et al., 1988).  Still, the networks formed upon these 2D coculture assays by 

monocultures of ECs do not persist past one week of initial plating due to lack of mural 

cell support as well as gel degradation through cellular proteases (Vailhé et al., 2001).  In 

addition, ECs arrest proliferation upon contact with Matrigel substrates, limiting this 

model’s ability to study the initial proliferation and migration stages of microvessel 

formation (Kubota et al., 1988; Vailhé et al., 2001). 

Coculture systems aim to overcome this limitation by recreating the complex 

microenvironmental niche during microvessel formation through the secretion of 

extracellular matrix proteins and cytokines, stimulated through contact between 

endothelial and stromal cell types (Jain, 2003; Truskey, 2010; Carmeliet et al., 2011).  A 

drawback to the use of these  coculture systems include the additional degree of 

complexity to optimize conditions for EC network formation by defining media 

conditions that can support the growth of both cell types, determining the optimal 

coculture ratio for EC network formation, and developing methods to distinguish 

contributions of each cell type upon network formation (Baldwin et al., 2014).  Despite 

these additional challenges, researchers have shown ECs mixed together with SMCs or 

mesenchymal stem cells (MSCs) result in spontaneous capillary-like structures that are 

stable for several weeks in vitro (Evensen et al., 2009).  These coculture systems allowed 
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insights into the interactions between ECs and mural cells, such as the requirement of 

mural-cell associated VEGF to support EC network formation, and demonstrated their 

use in studying the effects of pro- and anti-angiogenic agents upon network formation 

via live fluorescence imaging, immunofluorescence, and protein assays (Evensen et al., 

2009; Evensen et al., 2010).   

Advances in material science can enhance the translatability of these tissue-

engineered microvessels.  For example, coating culture substrates with fibronectin or 

other immunogenic, biologically-derived gels can be omitted through the treatment of  

polystyrene surfaces with oxidizing agents (Curtis et al., 1983; Dupont-Gillian et al., 

2000).  This treatment incorporates oxygen-containing chemical groups within the 

polystyrene structure, increasing the hydrophilicity of the surface to enhance 

adsorbption of adhesive proteins from serum, promoting cell adhesion (Curtis et al., 

1983; Dupont-Gillian et al., 2000).  Additionally, covalently grafting with temperature-

responsive poly(N-isopropyl-acrylamide) (PIPAAm)- and poly(acrylamide)  (PAAm)- 

onto culture dishes allow reversible cell adhesion and detachment to form cellular sheets 

(Kwon et al., 2000), eliminating degradation issues of the biomaterial while preserving 

the extracellular matrix architecture produced by the cells.  Cell sheets produced in this 

manner can be stacked together and implanted in vivo, where they can integrate and 

function alongside host tissues (Miyagawa et al., 2010; Sekine et al., 2011; Haraguchi et 

al., 2012).  Further, the use of masks during the irradiation step, as well as 

copolymerization with monomers of varying hydrophilicity, can offer greater spatial 
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control over cell adhesion to approach the architectural complexity of vascular niches 

(Yamato et al., 2002).  As a result, microvessels grown on 2D tissue culture plastic 

surfaces now have the potential to translate directly to treatments of ischemia (Sekine et 

al., 2008).  Human umbilical vein-derived EC have been micropatterned successfully on 

thermally responsive materials, at 20 µm wide and 60 µm wide spacing distance, which 

were then stacked and integrated with fibroblast sheets to create stable microvessel 

structures (Tsuda et al., 2007).  Despite the ease of this “cell-sheet engineering” 

approach, the same limitation of the traditional 2D in vitro models for studying invasive 

lumen formation exists.  The sheets also  lack amenability to mimic the complex, 3D 

mechanical environment of organs.  As an alternative, sheets of pre-formed vasculature 

could be layered in between materials that more closely mimic the mechanical 

properties of the desired replacement tissue.   

In summary, while the use of these 2D monoculture and coculture models 

resulted in significant advances to understanding and modeling microvessel formaion 

(Haralabopoulos et al., 1994; Stokes et al., 1991a; Serini et al., 2003)  as well as providing 

a tool for facile, high-throughput screening of pro- and anti-angiogenic compounds 

(Evensen et al.,2010); they are limited in their capacity to faithfully recapitulate in vivo 

microvessel formation due to the lack of invasive, 3D tubule fomation (Carmeliet et al., 

2011; Jain, 2003; Carmeliet, 2005; Herbert et al. 2011).  
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1.2.3.2 3D Models of Microvessel Formation 

Lumen formation by 3D invasion of capillary sprouts can be observed by 

employing 3D in vitro models.  These 3D models vary in their construction which 

includes plating confluent EC monolayers atop a thick collagen gel and initiating 

invasion by treatment with FGF-basic (bFGF) (Montessano et al., 1986), embedment 

within biologically-derived gels of aortic rings (Nicosia et al., 1982), spheroid cell 

clusters (Korff & Augustin, 1999), and cells attached to microcarrier beads (Nehls & 

Drenckhan, 1995).  In addition to understanding mechanisms of lumen formation, these 

3D models contain advantages over 2D models by their ability to recreate, and 

subsequently study, gradients of angiogenic growth factors and oxygen levels observed 

in in vivo microvessel formation (Helmlinger et al., 2000; Phillips et al., 1995).  As well, 

the 3D models have enabled research into the cooperative effects of angigoenic cytokines 

and the local mechanical environment such as  the investigation by Nehls and 

Herrmann (1996), which showed the tube-formation effects of VEGF and bFGF on ECs 

embedded within fibrin clots depended on the stiffness of the 3D architecture.  

However, despite the ability of these 3D models to recapitulate all aspects of 

physiological microvessels, their utility cannot extend past basic research because of 

immunogenicity concerns associated with animal-based cell and extracellular matrix 

products (Morais et al., 2010).  Additionally, there is room for improvement in 

angiogenesis models.  For example, patterning of adhesive components on substrates 

could improve control over spatial distribution of cells in culture, allowing precise 
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manipulation of the presentation of multiple bioactive ligands through homotypic and 

heterotypic cell-cell contacts, and maintaining function of cell types through 

introduction of supportive cells (West, 2011). 

Advances in biomaterial science has made it possible to replace biologically-

derived gels with synthetic versions of the angiogenic provisional matrix (El-Sherbiny & 

Yacoub, 2013; Hubbell, 1998).  For example, Bischoff and colleagues (2004) found 

polymer constructs composed of poly(L-lactide acid) (PLLA) and poly(glycolic acid) 

(PGA), could support microvessel formation by hCB-EPCs in coculture with SMCs by 2 

weeks.  The hCB-EPCs formed lumenized microvessels, demonstrated by CD31+ 

staining, throughout the 1 mm-thick PLLA/PGA construct (Wu et al., 2004).  A drawback 

to the use of these fibrous polymer scaffolds is the difficulty of visualizing the 

developing microvascular network, which requires labor-intensive 

immunohistochemistry methods performed at multiple time points.  An alternative is to 

use transparent, synthetic hydrogels.  In particular, hydrogels derived from 

poly(ethylene glycol) (PEG) precursors are ideal for developing reductionist, 3D in vitro 

models of microvasculature due to their biocompatibility and ability to selectively 

incorporate growth factors, integrin binding sites, and protease-sensitive regions 

(Roberts et al., 2002; Moon et al., 2010; Saik et al., 2011a; Leslie-Barbick et al., 2011; Saik 

et al., 2011b).  In addition, these hydrogels can mimic the complex capillary bed 

structures displayed by tissue-vascular niches in vivo via two-photon laser 

photolithography (Culver et al., 2012).  
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Specifically, the use of a 3D PEG hydrogel system containing PEG conjugated to 

the fibronectin adhesive component RGDS, a protease-sensitive peptide sequence, and 

VEGF, supported robust, 3D microvessel formation from coculture of human umbilical 

vein-derived endothelial cells (HUVECs) and pericyte precursor cells (10T1/2) (Moon et 

al., 2010).  These microvascular structures recapitualted aspects of physiological 

microvessel formation with lumen formation, basement membrane formation, and 

pericyte investment (Moon et al., 2010).  Enhancements to these synthetic hydrogel 

system can better mimic the growth-factor binding properties of naturally occurring 

extracellular matrix.  For example, maleimide-functionalized heparin units containing 

the adhesive RGD peptide can bind VEGF, bFGF, and SDF-1α through reversible, 

electrostatic interactions prior to conjugation with multi-armed, amino-terminated PEG-

molecules containing MMP-degradable proteases (Chwalek et al., 2014).  These multi-

functional PEG systems could support robust, 3D microvessel formation by HUVECs in 

coculture with SMCs, MSCs, and dermal fibroblasts for over one month in vitro 

(Chwalek et al., 2014).     

While these reports demonstrate the exciting potential of synthetic hydrogels to 

mimic the provisional angiogenic matrix, incorporation of multiple growth factors will 

become increasily complex because of the need to regulate their presentation in a time 

and space-dependent manner.  For instance, Mooney and colleagues (2013) found the 

angiogenic effects of VEGF and angiopoietin 2 (Ang2) to initiate EC sprouting were 

inhibited by the simultaneous addition of PDGF-β and Ang1 to ECs in coculture with 
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pericytes within a 3D fibrin matrix in vitro.  This inhibitory effect could be eliminated by 

gradually decreasing VEGF and Ang2 in parallel with a gradual increase in PDGF-β and 

Ang1 concentrations over a period of five days (Brudno et al., 2013).  It would be 

valuable to determine whether a simplistic, synthetic hydrogel system, containing only 

degradative and adhesive sites, could enable a self-supportive angiogenic 

microenvironment produced by vascular progenitor cells.  This positive-control system 

could then be utilized to screen for the efficacy of more sophisticated synthetic hydrogel 

systems to guide vessel formation.  

1.3 Hypotheses and Study Aims 

In order to develop a 3D model of vasculogenesis utilizing vascular progenitor 

cells within a synthetic biomaterial, we postulated the following hypotheses:  

1) Cocultures of hCB-EPCs with mural cells can produce the microenvironmental 

cues necessary to support physiological microvessel formation in vitro   

2) PEG hydrogel systems can mimic the provisional matrix during embryonic 

vasculogenesis to support 3D microvessel formation by vascular progenitor cells 

3) Mesenchymal cells, derived from umbilical cord blood or bone marrow, can 

serve as mural cells upon coculture with hCB-EPCs to enable robust, stable 

microvessel structures under culture conditions that do not require angiogenic 

cytokines beyond those present in serum  

We investigated these hypotheses in three specific aims, which are summarized in 

Figure 1.5.  
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1.3.1 Aim 1: Creation and Validation of a 2D Coculture System to 
Promote Microvessel Formation Utilizing hCB-EPCs 

Before moving directly into 3D cocultures of endothelial and mesenchymal 

progenitor cells, we sought to first establish a positive control model of microvessel 

formation.  Using principles of previously established EC and mural cell in vitro models, 

I present in chapter 2 the development of a novel, 2D reductionist system of in vitro 

microvessel formation by hCB-EPCs in coculture with SMCs.  In this aim, we 

investigated the first hypothesis stated above.  

We first varied the coculture ratios of hCB-EPCs to SMCs to determine the range 

that resulted in optimal network formation.  Next, we examined the effect of mixed and 

lamellar coculture spatial arrangements as a parameter to control network morphology.  

We employed custom, lentiviral systems to stably express green and red fluorescent 

proteins (GFP and tomato) that enabled dynamic visualization of microvascular 

structures as well as insights into EPC and mural cell interactions.  

We verified the potential of this model for qualitative and quantitative methods 

to characterize EPC network formation by testing the applicability of existing 

angiogenesis mathematical models to interpret differences in migration patterns of hCB-

EPCs from mixed or lamellar coculture, verifying established quantitative techniques to 

characterize microvessel morphology, and adapting methods of protein arrays, 

proliferation assays, and confocal imaging to assess for the presence of angiogenic 

cytokines, arrest of hCB-EPC proliferation, and lumen formation, respectively.   
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1.3.2 Aim 2: Extension of the 2D hCB-EPC Microvessel Model to a 3D 
Synthetic Hydrogel System 

Extension of the 2D in vitro model of hCB-EPC microvessel formation from Aim 

1 into a 3D, biomimetic synthetic hydrogel system can enhance the translational 

potential of the tissue-engineered microvascular constructs and provide a tunable 

setting to study physiological microvessel formation.  In Chapter 3, we investigated the 

second hypothesis that synthetic hydrogel systems, comprised of PEG conjugated to 

RGDS and MMP-sensitive sites, can provide adhesive and degradative cues to support 

3D microvessel formation of EPCs, within coculture with SMCs.  Due to the additional 

degree of complexity associated with transition to a 3D environment, we worked to re-

establish parameters of optimal hCB-EPC microvessel formation by varying coculture 

ratios as well as matrix stiffness.  We also extended our methods for characterizing 

microvessel formation within the 3D system by validating methods to assess expression 

of EC junctional and anti-thrombotic associated proteins, perivascular localization by 

SMCs, basement membrane formation, and quantification of microvessel structures.  By 

completing this aim, we established a 3D system to easily validate the mural cell 

potential of mesenchymal progenitor cells with the potential for direct translation as a 

therapeutic for revascularizing ischemic tissues.  

1.3.3 Aim 3: Evaluation of Mesenchymal Cells from Umbilical Cord 
Blood (MPCs) and Bone Marrow (MSCs) to Serve as Mural Cells for 
Microvascular Tissue Engineering 

Replacing the SMCs with mesenchymal cells in the coculture systems developed 

in Aims 1 and 2 would greatly enhance the translational potential of the tissue-
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engineered microvasculature.  In this aim we sought to utilize the 2D in vitro assay 

developed in Aim 1 to evaluate the angiogenic potential of MSCs, derived from different 

tissues.  We hypothesized that mesenchymal cells derived from either human umbilical 

cord blood (hCB-MSCs) or bone marrow (hBM-MSCs) could replace the mural cell 

function of SMCs in promoting stable capillary network formation of hCB-EPCs.  To 

address our hypothesis, we compared hCB-EPC network formation from coculture with 

mesenchymal cells derived from umbilical cord blood, in Chapter 4, and mesencymal 

cells derived from bone marrow, in Chapter 5, against the SMC and hCB-EPC coculture 

system developed in Chapter 2.  By pursuing this aim, we established methods to 

compare SMC and MSC angiogenic function through supernatant protein levels and 

network formation assays.  We also compared the phenotype between SMCs and MSCs 

through flow cytometry analysis and defined parameters to isolate an angiogenic 

population of hCB-MSCs.  The significance of these studies is the development of a 

reproducible method for assessing the angiogenic potential of vascular progenitor cells 

using a clinically-translatable system.   
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Figure 1.5: Overview of thesis aims 
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2. Development of an In Vitro Model to Support 
Physiological Microvessel Formation by EPCs 

Sections of this chapter are re-printed with permission from Mary Ann Libert Publishers for: 

Peters, E. B., Christoforou, N., Leong, K. W., & Truskey, G. A. (2013). Comparison of 
mixed and lamellar coculture spatial arrangements for tissue engineering capillary 
networks in vitro. Tissue Engineering Part A, 19(5-6), 697–706.  

2.1 Chapter Overview 

Coculture of endothelial cells (ECs) and smooth muscle cells (SMCs) in vitro can 

yield confluent monolayers or EC networks.  Factors influencing this transition are not 

known.  In this study, we examined whether the spatial arrangement of EC-SMC 

cocultures affected EC migration, network morphology, and angiogenic protein 

secretion.  Human umbilical cord blood–derived EPCs (hCB-EPCs) were grown in 

coculture with human aortic SMCs in either a mixed or lamellar spatial geometry and 

analyzed over a culture period of 12 days.  The hCB-EPCs cultured on SMCs in a mixed 

system had higher cell speeds, shorter persistence times, and lower random motility 

coefficients than ECs in a lamellar system.  By day 12 of coculture, mixed systems 

demonstrated greater connectivity and capillary loop formation than lamellar systems as 

evidenced by a higher number of branch points, angle of curvature between branch 

points, and percentage of imaged area covered by networks.  The network morphology 

was more uniform in the mixed systems than the lamellar systems with fewer EC 

clusters present after several days in culture.  Proliferation of hCB-EPCs was higher for 

mixed cocultures during the first 24 hours of coculture and then declined dramatically, 

suggesting that proliferation only contributed to network formation during the early 
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stages of coculture.  Proteome assay results show reduced solution levels, but no change 

in intracellular levels of angiogenic proteins in lamellar systems compared to mixed 

systems.  These data suggest that mixing ECs and SMCs together favors the formation of 

EC networks to a greater extent than a lamellar arrangement in which ECs form a cell 

layer above a confluent, quiescent layer of SMCs. 

2.2 Introduction 

While there exists, 2D models for evaluating the angiogenic potential of MSCs 

(Evensen et al., 2010,  Pederson et al., 2012), a putative mural progenitor cell (Caplan et 

al., 2008; da Silva Meirelles et al., 2008), there are a limited numbers of models that 

evaluate the angiogenic potential of EPCs.  This is surprising, considering the critical 

role of EPCs in microvessel formation in vivo (Carmeliet, 2005; Ferrara et al., 2005).   One 

explanation for the shortage of models characterizing EPC microvessel formation in 

vitro, is the lack of standardization in methods to isolate and characterize EPCs (Ingram 

et al., 2005).  Alterations in isolation techniques, as well as differences in culture 

techniques of EPCs, can lead to discrepancies in results (Ingram et al., 2005; Yoder et al., 

2007).  As well, there is a need to select for an appropriate coculture cell source to ensure 

robust, stable network formation by EPCs.  Although the choice of culturing MSCs with 

EPCs would result in a more translatable system, the MSCs can transdifferentiate 

towards an EC lineage as well as mural lineage (Oswald et al., 2004; Silva et al., 2005), 

complicating its analysis to distinguish MSC versus EPC contributions to microvessel 

formation.  Instead, the use of a differentiated mural cell, such as SMCs, in the coculture 
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model would avoid this risk of transdifferentiation to ECs while providing a reference of 

mural cell behavior to evaluate MSC effects on EPC network formation. 

Truskey and colleagues have worked for the past decade to optimize a coculture 

system of ECs and SMCs to mimic the intimal and medial layers of blood vessels, with 

applications in the design of tissue engineered vascular grafts (Lavender et al., 2005; 

Wallace et al., 2007a; Wallace et al., 2007b).  The initial model parameters were 

established through coculture experiments with porcine-derived ECs and SMCs 

(Lavender et al., 2005).  Through this study, media conditions were defined to promote a 

quiescent state of SMCs, which enable the formation of a confluent layer of ECs above 

the SMCs.  The serum content was the principal variant in media compositions (20% v/v, 

0 % v/v, and 3.3 % v/v for proliferative SMC, quiescent SMC, and coculture media, 

respectively).  The substrate choice for optimal SMC adhesion was polystyrene pre-

coated with 10 µg/mL of collagen I.  A quiescent, non-proliferative state of confluent 

SMCs better promoted EC adhesion in comparison to a proliferative, confluent SMCs 

layer shown through 94% versus 58% coverage, respectively.  Lastly, the ratios of EC to 

SMC between 1:1 and 1:2 best supported the growth of an EC monolayer.  Labeling 

techniques of cytoplasm staining (CellTrackerTM green, Life technologies) for SMCs and 

DiI-acetylated-low density lipoprotein (DiI-Ac-LDL, Life technologies) for ECs 

confirmed the presence of two, distinct layers.  

Wallace and colleagues (Wallace et al., 2007a) extended this coculture system by 

replacing the porcine-derived ECs and SMCs with human-derived ECs and SMCs, 
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obtained from the human umbilical vein (HUVEC) or artery (HAEC) and human aorta 

(SMC).  As well, this system replaced the collagen I coating with fibronectin (10 µg/mL) 

upon polystyrene surface to support SMC adhesion and determined optimal ratios of 

human-derived ECs to SMCs to promote EC monolayer formation were between 2:1 and 

1.5:1.  The stability of the EC monolayer was increased to 30 days in comparison to 10 

days with the porcine model.  The system showed arrest of EC and SMC growth (< 2.5% 

of cells proliferating) within coculture, increased calponin expression of SMCs in 

comparison to SMC monocultures, as well as decreased levels of blood coagulation-

associated tissue factor in ECs and SMCs within coculture than monoculture controls.   

The vasa vasorum within the adventitial layer contains a microvascular network 

to supply oxygen and nutrients to blood vessels greater than 0.5 mm in diameter 

(Heistad et al., 1981).  The vasa vasorum can also serve as a reservoir for vascular 

progenitor cells, such as endothelial and pericyte progenitor cells, which may aide in the 

stabilization of atherosclerotic plaques by forming mature vasculature that reduces the 

leakage of inflammatory and blood cells (Kawabi et al., 2014).  It would be a logical 

extension of the SMC and EC coculture model to a system that mimics the vasa vasorum 

in vivo microenvironment.  This system could serve as a positive-control model for in 

vitro EPC microvessel formation.  Moreover, capillaries formed by this direct coculture 

method could be utilized directly through a cell-sheet engineering approach (Haraguchi 

et al., 2012).  For example, tissue-engineered capillaries of ECs with SMCs (Wang et al., 
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2012) or ECs with fibroblasts (Guillemette et al., 2010) applied as vasa vasorum in 

artificial blood vessels enhanced graft integration with host vasculature. 

In support of an EPC and SMC vasa vasorum model utilizing the existing EC and 

SMC model (Wallace et al., 2007a), Brown and colleagues (2009b) demonstrated hCB-

EPCs can replace ECs in the EC to SMC coculture model shown through similar 

spreading and adhesion strength atop SMCs, expression of integrins α5β1 and αѴβ3, and 

gene expression for endothelial nitric oxide synthase (eNOS).  Further, at hCB-EPC 

ratios of 1:4 or 1:1, hCB-EPCs can form networks within the SMC layer without the 

addition of any supplemental growth factors beyond those present in serum (Brown, 

2009a).  

The spatial arrangement and ratio of hCB-EPCs and SMCs in coculture may 

affect network formation by influencing cell migration, alteration of local concentration 

gradients, or the types and amounts of secreted cytokines (Sheetz & Vogel, 2006; 

Kirkpatrick et al., 2011).  Network formation of ECs is influenced by cell motility and the 

secretion of cytokines by supporting stromal cell types cultured with ECs (Stokes et al., 

1991; Serini et al., 2003; Merks et al., 2008). The cell ratio affects 2D network formation 

with EC to stromal cell ratios greater than one resulting in a confluent monolayer 

(Wallace et al., 2007a) and lower ratios produce robust microvessel formation in vitro 

(Evensen et al., 2009; Evensen et al., 2010). 

To understand the differences between lamellar and mixed coculture, we tested 

the hypothesis that the mixed coculture of hCB-EPCs and SMCs better promote capillary 
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networks than a lamellar arrangement of hCB-EPCs adherent on a layer of SMCs due to 

the greater amount of contact area between hCB-EPCs and SMCs.  The increased contact 

between ECs and SMCs could activate more signaling pathways involved in neovessel 

formation.  To address this hypothesis, we examined cell migration, capillary network 

morphology, and angiogenic protein secretion using two subconfluent densities of hCB-

EPCs and SMCs. 

2.3 Materials and Methods 

2.3.1 EPC Isolation from Umbilical Cord Blood (hCB-EPCs) 

Umbilical cord blood was obtained from the Carolina Cord Blood Bank through 

exempt status by the Institutional Review Board at Duke University.  Cord blood was 

diluted with Hank’s Balanced Salt Solution (HBSS) (Gibco®, Life Technologies) at a 1:1 

ratio and carefully layered atop Histopaque-1077 (Sigma-Aldrich) solution.  The 

resulting blood/HBSS mixture was separated into erythrocyte, mononuclear cell (MNC), 

and plasma layers through centrifugation at 740 x g as previously described (Ingram et 

al., 2004).  MNCs were plated at 80 x 106 cells/cm2 upon 6-well plates containing 8 µg/cm2 

of collagen I (BD Biosciences).  hCB-EPC colonies were isolated by 2 weeks after initial 

plating with clonal isolation rings (Corning).  To aid in the isolation of a highly 

proliferative population of endothelial colony forming cells, hCB-EPCs were expanded 

from primary culture at < 400 cells/cm2 upon tissue culture flasks coated with 8 µg/cm2 

of collagen I.  hCB-EPCs were expanded in EBM-2 media (Lonza) containing the EGM-2 

bullet kit (Lonza), which includes vascular endothelial growth factor, human basic 
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fibroblastic growth factor (hFGF-B), ascorbic acid, human epidermal growth factor 

(hEGF), heparin, hydrocortisone, insulin growth factor, and gentamycin.  Fetal bovine 

serum (FBS, Atlanta Biologics) was added at 9% v/v and penicillin-streptomycin (100x, 

Corning) at 0.9% v/v.  

2.3.2 hCB-EPC Characterization 

2.3.2.1 Flow cytometry 

The hCB-EPCs were analyzed by flow cytometry for expression of EC-associated 

markers CD31, CD105, CD146, CD306/VEGFR-2; hematopoietic stem cell marker CD34; 

and lack of expression for leukocyte markers CD45, CD115 and the mesenchymal stem 

cell marker CD90.  Mouse isotype IgG was used as a control. All markers were 

preconjugated with FITC or PE (Biolegend).  To preserve surface antigen expression, 

Accutase® (Life Technologies) was added to cell cultures and incubated for 10 minutes.  

The detached cells were resuspended in flow cytometry analysis buffer (2% (w/v) bovine 

serum albumin (BSA) and 0.1% (w/v) sodium azide, diluted in PBS without calcium or 

magnesium) and centrifuged at 200 x g for 5 minutes.  The cells were  resuspended in 

flow cytometry analysis buffer and passed through a 30-µm filter (CellTrics®, Partec).  

Cell number was determined using a trypan blue exclusion test (Life Technologies).  To 

ensure accuracy of antibodies, hCB-EPCs were incubated with an Fc receptor blocking 

reagent (Biolegend #422301) at a concentration of 5 µL per 105 cells for 10 minutes at 40C 

prior to the addition of antibodies.  
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Cells were incubated with antibodies for 30 minutes at 4°C at a volume of 2 µL of 

antibody per 105 cells with the exception of CD309 (5 µL of antibody per 105 cells).  The 

concentrations for each antibody used was 400 µg/mL (CD31 FITC, Biolegend #303103), 

50 µg/mL (CD45 FITC, Biolegend #304005), 200 µg/mL (CD309/VEGFR2 PE, Biolegend 

#359903), 200 µg/mL (CD115 PE, Biolegend #347303), 0.2 mg/mL (Mouse IgG1 PE, 

Biolegend #406607), 100 µg/mL (CD146 FITC, Biolegend #361011), 400 µg/mL (CD14 

FITC, Biolegend #301803), 25 µg/mL (CD34 FITC, Biolegend #343503), 200 µg/mL (CD90 

FITC, Biolegend #328107), 0.5 mg/mL (Mouse IgG1 FITC, Biolegend #400101), and 200 

µg/mL (CD105 PE, Biolegend #323205).  

Positive controls included human monocytes (THP-1, ATCC) for CD14 and 

CD45; human macrophages, induced from THP-1 monocytes, for CD115; human 

umbilical vein-derived endothelial cells from pooled donors (HUVECs) (Lonza) for 

CD31, CD105, CD146, CD309; and human bone marrow-derived MSCs (Lonza) for 

CD90.  Human monocytes were cultured in RPMI 1640 media containing glucose, L-

glutamine, 10% v/v of FBS, 1% v/v penicillin-streptomycin, and 50 µM of 2-

mercaptoethanol.  To induce macrophage differentiation, phorbol myristate acetate 

(Santa Cruz Biotechnology) was added to monocyte culture media for a final 

concentration of 320 nM, and added to monocytes (1.33 x 104 cells/cm2), for 48 hours.  

MSCs were cultured in DMEM media containing 4.5 g/L glucose, L-glutamine, sodium 

pyruvate, 10% v/v FBS and 1% v/v penicillin-streptomycin 
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After antibody incubation, 200 µL of flow cytometry analysis buffer was added 

and the cells were centrifuged at 200 x g for 5 minutes.  The rinse step was repeated and 

cells preserved through resuspension in 1% paraformaldehyde (Electron Microscopy 

Sciences), diluted with PBS.  EPCs were analyzed with Canto analyzer (Becton, 

Dickinson and Company) with a minimum of 9000 events processed per marker.  If the 

hCB-EPCs did not express > 90% of CD31 or expressed > 1% for CD115, they were 

further processed by fluorescently activated cell sorting (FACS) for CD31+/CD115- 

populations using a BD DiVa analyzer (Becton, Dickinson and Company).  To prepare 

hCB-EPCs for cell sorting, samples were prepared using flow cytometry methods for 

incubation with CD31 FITC and CD115 PE antibodies.  hCB-EPCs were sorted at a 

density of 5 x 105 cells/mL.  HUVECs and macrophages served as positive controls for 

CD31 and CD115, respectively.  Mouse IgG1 conjugated to FITC or PE served as 

negative controls.  hCB-EPC populations containing >  90% expression for CD31 and < 

1% CD115, CD45, CD90 were used for all experiments.   

2.3.2.2 Immunofluorescence 

To further validate the EC identity of hCB-EPCs, we performed 

immunofluorescence staining for EC-associated markers vascular endothelial cadherin 

(VE-cadherin, Santa Cruz, 2 µg/mL), von Willebrand factor (vWF, Santa Cruz, 2 µg/mL), 

and endothelial nitric oxide synthase (eNOS, Santa Cruz, 2 µg/mL).  hCB-EPCs were 

plated onto 8-well coverglass chamber slides (NuncTM Lab-tekTM, Thermo Scientific) at 

4 x 104 cells/cm2 and cultured until confluence.  hCB-EPCs were preserved with 4% 
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paraformaldehyde and, to prevent nonspecific binding of primary antibodies, incubated 

overnight at 40C with 3.5% bovine serum albumin (BSA, Fisher BioReagentsTM) diluted 

in phosphate buffered saline (PBS) that did not contain calcium or magnesium 

(Invitrogen).  The cultures were rinsed with PBS and incubated with primary antibodies 

diluted in 3.5% BSA a concentrations of 2 µg/mL before incubating overnight at 40C.  To 

remove excess primary antibodies after incubation, cultures were rinsed twice with PBS 

containing 0.01% Tween (Tween® 20, Sigma-Aldrich) and once with PBS.  Each rinse 

cycle lasted 2 hours.  The cultures were incubated with secondary antibodies Alexa 

Fluor® 488, 555, or 647 (Invitrogen) at a 1:200 dilution overnight.  To visualize nuclei, 

the samples were rinsed with PBS before incubation with 5 µg/mL of 4’,6-diamidino-2-

phenylindole (DAPI, Life Technologies) for 1 hour.  The samples were rinsed a final time 

with PBS for 2 hours and stored in PBS before imaging.  Images were taken on a Leica 

Sp5 confocal microscope at 40x magnification with a numerical aperture of 1.25.  The 

images were collected at 1024 x 1024 pixels with a line and frame scanning average of 2.  

Sequential scanning was performed to prevent bleed-through of fluorescence.  A depth 

of 12 µm was taken with 1 µm sections.  

2.3.2.3 MatrigelTM Network Formation Assay 

To characterize network formation potential of hCB-EPCs, we used the 

MatrigelTM network formation assay (Corning).  hCB-EPCs or HUVECs, at passage 3, 

were plated at 5x104 cells atop 10 µL Matrigel aliquots within micro-slides for 

angiogenesis assays (µ−Slides Angiogenesis, ibidi).  The media consisted of EBM-2 
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containing 2% v/v FBS and 1% v/v penicillin-streptomycin.  Images were taken 18-19 

hours post-plating with an Axiovert 135 microscope (Zeiss) and quantified manually 

through ImageJ software for number of branch points and total segment length.  A 

branch point was defined as the point of connection between two or more segments.  

The segments analyzed were between 10-100 µm in thickness.  

2.3.3 Cell Culture 

After validation of EC phenotype, hCB-EPCs were expanded at 6,667 cells/cm2 in 

EBM-2 media containing EGM-2 supplements, 9% v/v FBS, and 0.9% v/v penicillin-

streptomycin.  hCB-EPCs from a minimum of 3 separate donors were used between 

passages 3-5 for all experiments.  HUVECs (Lonza) and human aortic ECs (HAECs, 

Cambrex) served as EC controls.  HUVECs were cultured in EBM-2 media containing 

EGM-2 supplements, 2% v/v FBS, and 1% v/v penicillin-streptomycin.  HAECs were 

maintained in the same media as hCB-EPCs.  HUVECs and HAECs were cultured at 

6,667 cells/cm2 upon tissue culture flasks and used between passages 3-5 (HUVECs) or 

passages 6-9 (HAECs) for all experiments.  Human aortic smooth muscle cells (SMCs) 

(Lonza) were used as a mural cell source to support microvessel formation of HUVECs 

and hCB-EPCs.  SMCs were cultured at 3000 cells/cm2 in SmBM (Lonza) media 

containing SmGM-2 (Lonza) aliquots, which includes insulin, hFGF-B, hEGF, and 4.7% 

v/v FBS, 0.9% v/v penicillin-streptomycin.  SMCs were confirmed for mural cell 

phenotype (Armulik et al., 2011) through immunofluorescence staining for α-SMA 

(mouse monoclonal antibody, Abcam #ab7817, 1:100 dilution), calponin (rabbit 
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monoclonal antibody, Abcam #ab46794, 1:100 dilution), PDGFR-β (rabbit polyclonal 

antibody, Santa Cruz Biotechnology #sc-435, 1:100 dilution), and eprhin-B2 (rabbit 

polyclonal, Abcam #131536, 1:100 dilution) using procedures identical to hCB-EPC 

immunofluorescence.  SMCs were used between passages 6-9 for all experiments.  

2.3.4 Capillary Network Morphology Studies 

To study cell migration and the morphology of the networks over time, the cells 

were transduced with lentivirus before coculture.  The lentivirus vector system used 

packaging vectors, psPAX2 (Addgene #12260) and pMD2G (Addgene #12259).  For GFP 

expression, the vector FUGW (Addgene #14883) was used.  For the FU tdTomato.W, we 

performed simple ligation on the GFP gene in FUGW with the tdTomato gene.  The 

transduction efficiency was >80% for the ECs and >70% for the SMCs.  The transduced 

cells allowed high-resolution imaging through several weeks of culture.  Images were 

taken at 4x magnification on days 3, 6, and 12 after onset of coculture on a 

Nikon® Eclipse Inverted Microscope system.  For each condition, 24 images were taken 

at each time point.  

The images were analyzed by the Metamorph® Angiogenesis Tube Formation 

module for percentage of image area covered by tubes and for the number of endothelial 

clusters present.  Based on in vivo measurements from literature (Schwartz et al., 1990), 

we used a maximum capillary width of 11.1 µm and a minimum width of 3 µm.  A tube 

segment was defined as a cell with a width that falls between the minimum and 

maximum capillary widths assigned.  An EC cluster was defined as a group of cells 
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greater than 30 µm in width, which were not undergoing elongation at the time of 

imaging. EC clusters were organized in patterns of confluent ECs on larger vessels 

rather than ECs that form networks.  The branch points of each image were counted 

manually using ImageJ.  A branch point was defined as any point, where three or more 

tube segments converged.  The curvature between branch point segments was also 

measured manually using the ImageJ angle measurement tool.  The curvature is a 

measure of capillary loop formation and was found by measuring the angle between 

two segments of the branch point. 

2.3.5 Mixed and Lamellar Coculture Conditions 

Tissue culture-treated polystyrene 24-well plates (BD Falcon) were incubated 

with 3.3 µg/mL of fibronectin buffered in PBS without calcium or magnesium (Gibco) for 

1 hour before plating.  To form lamellar cocultures, SMCs were plated at a density of 

80,000 cells/cm2 and allowed to adhere for 24 hours.  ECs were then added at ratios of 

either 0.2 (16,000 cells/cm2) or 0.6 (48,000 cells/cm2) ECs:SMCs.  Upon addition of hCB-

ECs or HAECs to SMCs, the culture media was changed to media composed of EBM-2, 

9% v/v FBS, and 0.9% v/v penicillin-streptomycin.  The media was changed every 

48 hours. 

The mixed coculture conditions contained the same 0.2 and 0.6 ratios of 

ECs:SMCs as in the lamellar conditions.  The hCB-ECs and SMCs were mixed together 

before plating using a 100-µL pipette.  The same coculture media was used as in the 
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lamellar condition.  To verify capillary lumen formation in EC networks, 10,000 MW 

dextran labeled with TRITC (Invitrogen) was added to 0.6 mixed cocultures at day 14 at 

a concentration of 0.5 mg/mL.  Fourteen hours later, the dextran solution was aspirated 

and the cocultures rinsed three times with DPBS with calcium and magnesium (Gibco).  

The cocultures were imaged with a Leica SP5 confocal microscope.  Cross-sectional 

images were 1 µm in thickness with 13 sections per sample.  The images were analyzed 

using Imaris software. 

2.3.6 Cell Migration Assays 

The 0.2 and 0.6 lamellar/mixed conditions were imaged on 35-mm glass dishes 

(FluoroDish™; World Precision Instruments, Inc.), precoated with 3.3 µg/mL of 

fibronectin 1 hour before plating of ECs and SMCs.  After allowing cells to adhere for 

1 hour, an Olympus VivaView FL incubator microscope imaged the cocultures at four-

stage locations every 15 minutes for a time period of 24 hours.  This time frame was 

chosen based on preliminary observations of the most active cell movement observed.  

A total of 19 hCB-ECs and 19 SMCs were tracked for each condition.  Cell migration 

movements were analyzed using the Metamorph® for Olympus track object tool.  The 

root mean square displacement was used to determine cell motility parameters 

(Equation 1) (Stokes et al., 1991). 
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Equation 1 

Where α and β are motility parameters and T refers to duration time in hours. These 

calculations resulted in a series of <D2> values for increasing time increments. 

Nonlinear regression was performed to fit the experimental mean square displacements 

against time to Equation 1 using the MATLAB® Levenberg-Marquardt algorithm for 

nonlinear least squares.  The speed, persistence time, and random motility coefficient 

values (Equations 2-4) can be derived from the random motility parameters: 

 

Equation 2 

 

Equation 3 

 

 

Equation 4 

To ensure that changes to the measured persistence time of hCB-EPCs in 

coculture conditions were due to migration rather than cell death or growth arrest, the 
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cell viability was evaluated using Live–Dead® viability/cytotoxicity staining (Invitrogen) 

and proliferation of hCB-EPCs measured using a Click-iT® Alexa Fluor 488 EdU 

incorporation assay (Invitrogen) (n=8) 24 hours after initial plating.  Cocultures were 

incubated with EdU for 2 hours followed by labeling of cell nuclei with DAPI.  The hCB-

EPCs were labeled with anti-PECAM (Invitrogen) and an Alexa Fluor 594 secondary 

antibody (Invitrogen).  The EdU is incorporated into the DNA during the S-phase and 

EdU-positive nuclei associated with PECAM-stained hCB-EPCs were used to identify 

the hCB-EPCs in the S-phase. 

2.3.7 Angiogenic-Protein Proteome Arrays 

To analyze the expression profiles of proteins in the lamellar and mixed 

geometries, we used the Proteome Profiler™ Human Angiogenesis Array kit to detect 

relative levels of expression for 55 angiogenesis-related proteins (#ARY007; R&D 

Systems).  The supernatant from cocultures at the 0.2 and 0.6 ratios for the mixed and 

lamellar conditions were tested at 72 hours post-plating using the protocol provided by 

the manufacturers.  This time point was chosen based on preliminary imaging 

experiments, which showed the greatest change in the EC phenotype into capillary 

networks occurring at day 3 of coculture.  For the lamellar conditions, the supernatant 

was collected 72 hours after adding ECs.  For each condition, four separate assays of the 

supernatant were performed using hCB-EPCs from three different biological donors.  

The resulting proteome arrays were analyzed by the pixel density on ImageJ and 

normalized to controls provided on each array.  To account for proteins present in the 
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medium, a proteome array was performed on the coculture medium and protein 

expression values subtracted from the coculture conditions.  Intracellular concentrations 

of proteins found to be significantly different between the supernatant of mixed and 

lamellar systems were assessed using the same proteomic array following protocols 

suggested by the manufacturer.  Briefly, cells were rinsed with PBS before adding the 

lysis buffer (1% Igepal CA-630, 20 mM Tris-HCl [pH 8.0], 137 mM NaCl, 10% glycerol, 

2 mM EDTA, 10 µg/mL Aprotinin, 10 µg/mL Leupeptin, and 10 µg/mL Pepstatin).  

Resuspended cells were rocked at 4°C for 30 minutes before microcentrifugation at 

14,000 x g for 5 minutes and the resulting supernatant assayed immediately. 

2.3.8 Statistical Analysis 

Statistical analysis used either parametric or nonparametric testing.  The 

parametric tests consisted of one-way ANOVA and the post-hoc Tukey–Kramer honest 

significant difference (HSD) test.  The nonparametric tests used the Kruskal–Wallis test.  

In cases where nonparametric testing was used, the variance of the samples was 

confirmed to be nonhomogeneous by the Welch's test for unequal variances.  A p-value 

of less than 0.05 was used to indicate significance. 

For the proteome array studies, the global intensity normalization method was 

performed to account for variation in the array technology (Smyth & Speed, 2003).  The 

normalization factor is calculated as the ratio of average protein expression for each 

condition to the global average protein expression of all conditions.  To determine 

whether the slopes were different for regression plots of actual versus predicted protein 
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expression, the analysis of covariance test was used.  All statistical analysis was 

performed by JMP® 9.0 software. 

2.4 Results 

2.4.1 hCB-EPCs possess similar phenotype and angiogenic potential 
as vascular-derived ECs 

Prior to utilizing the hCB-EPCs for microvessel tissue engineering, they were 

characterized for their EC phenotype and angiogenic potential.  HUVECs have shown 

angiogenic potential in vivo and in vitro (Hotchkiss et al., 2002; Huag et al., 2015), 

rendering them an appropriate EC control for this study.  We tested the hypothesis that 

hCB-EPCs contained similar EC phenotype and angiogenic potential as HUVECs by 

comparing EC protein expression, evaluated through flow cytometry and 

immunofluorescence, and angiogenic potential through a MatrigelTM angiogenesis assay.   

We found hCB-EPCs from at least four, separate biological donors  possessed 

similar phenotype as HUVECs based on expression of surface antigens associated with 

ECs (>90% for CD31, CD105, CD146, >30% for VEGFR2) (Figure 2.1).  The hCB-EPCs 

also contained hematopoietic progenitor cell marker expression (>10% for CD34), and 

lacked expression of leukocyte-associated markers (<1% for CD45, CD115) and 

mesenchymal stem cell/fibroblast-associated marker (<1% for CD90).  The surface 

antigen expression of hCB-EPCs was highly dependent on donor and passage number 

with passage numbers >4 from at least 20% of biological donors demonstrating the 

presence of contaminating mesenchymal/fibroblast-like cells that contained <47% CD31+ 
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cells and >5% CD115+ cells (Figure 2.2A-B).  These fibroblast-like cells took over the EPC 

phenotype despite efforts for purification with FACS for CD31+ cell enrichment.  To 

ensure the population of hCB-EPCs possessed EC phenotype, we tested the hCB-EPCs 

from the same donor at passage numbers parallel to those utilized experiments.  In 

addition, we further characterized the hCB-EPCs to demonstrate similar expression as 

HUVECs for EC-associated proteins VE-cadherin, vWF, and eNOS (Figure 2.3A).  hCB-

EPCs were also validated to contain similar angiogenic potential as HUVECs based on 

the lack of significant differences in total tubule length (p=0.40) of networks formed 

upon MatrigelTM substrates (Figure 2.3B-C).  The SMCs were confirmed for use as a 

mural cell source through their expression of α-SMA, calponin, PDGFR-β, and ephrin-B2 

(Figure 2.4).  
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Figure 2.1: Representative histograms from flow cytometry characterization of 

hCB-EPCs at passage 3 showing expression for endothelial cell-associated marker 

expression for CD31, CD105, CD309/VEGFR2, CD146, and CD34 (A) and lack of 

expression for leukocyte-associated markers CD115 and CD45 and mesenchymal stem 

cell-associated marker CD90 (B). The y-axis is the percentage of the maximum number 

of events within the FITC or PE channel, the x-axis indicates the relative fluorescence 

intensity of PE or FITC expression, calculated by integration of fluorescence over the 

cell area.  The percentage of positive cells for each condition is in reference to the 

negative control, which consisted of mouse IgG1 isotype, indicated by a red outline.  

A minimum of 9000 events were analyzed per condition.   
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Figure 2.2: Presence of heterogeneous populations after continued passaging 

with hCB-EPCs (A) Representative image of contaminating macrophage-like cells 

within regions of EPCs at passage 4.  Images are taken from the same tissue culture 

flask at different locations.  Scale bar equals 250 µm.  (B) Flow cytometry analysis of 

panel A cells characterizes the population as heterogeneous for hCB-EPCs by <47% 

CD31 expression and > 5% CD115+ cells.  A minimum of 9000 events were analyzed 

per condition.   
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Figure 2.3: Characterization of hCB-EPCs for EC protein expression and 

angiogenic potential (A) EPCs demonstrate similar expression for VE-cadherin, von 

Willebrand factor (vWF), and endothelial nitric oxide synthase (eNOS) as human 

umbilical vein-derived endothelial cells (HUVECs).  Nuclei are counterstained with 

DAPI.  Scale bar equals 50 µm.  (B) Representative images of network formation by 

EPCs and HUVECs upon MatrigelTM substrates, 18-19 hours post-plating.  Scale bar 

equals 250 µm.  (C) Comparison of total segment length from MatrigelTM assays 

between EPCs and HUVECs.  Image area analyzed is 2.3 mm2.  n=5 images analyzed 

per condition. 
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Figure 2.4: Characterization of SMCs for mural cell protein expression of α-

SMA, calponin, PDGFR-β, and ephrin-B2. Scale bar equals 100 µm. 

2.4.2 hCB-EPC Migration in Lamellar and Mixed Systems 

In the lamellar coculture systems, ECs moved over the SMC layer without 

changes in speed or direction (Supplementary Videos SV1–SV4; Supplementary Data are 

available online at http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3566672/#SD1).  In 

contrast, ECs in the mixed system collided with SMCs and changed direction; and 

movement of hCB-EPCs over SMCs was not observed.  Pathways of representative hCB-

EPCs at the 0.2 hCB-EPC:SMC ratio for lamellar and mixed systems (Figure 2.5) show 

that hCB-EPCs in lamellar culture move further in one direction before changing their 

direction of migration, whereas for the mixed system, the hCB-EPC:SMC collisions 

caused more frequent changes in cell direction. 
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Figure 2.5: Position plots of representative hCB-EPCs from 0.2 lamellar (A) and 

0.2 mixed (B) co-culture systems. Units for x and y axis are µm. 

These qualitative observations were quantified using a model for cell migration 

(Table 2.1).  The mean persistence time for ECs to follow a particular trajectory and the 

random motility coefficients were significantly higher for lamellar conditions than for 

the mixed coculture conditions.  Although the hCB-EPCs in mixed coculture were more 

likely to collide with SMCs, the average speed for hCB-EPCs in both the 0.2 and 0.6 ratio 

mixed coculture systems was significantly higher (p=0.027) than for the lamellar 

coculture systems.  These results suggest that the manner in which coculture is 

performed affects the migration of ECs and SMCs. 
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Table 2.1: Single cell motility parameters for hCB-EPCs and SMCs migrating in 

coculture 

 

The supplementary videos show that SMCs move more slowly than hCB-EPCs.  

Correspondingly, the random motility coefficients were significantly lower for SMCs 

compared to hCB-EPCs for all conditions.  Persistence times of SMCs showed similar 

trends with ECs, but tended to be smaller than corresponding values for hCB-EPCs.  Cell 

speeds of hCB-EPCs and SMCs were similar, suggesting that the fundamental 

mechanics regulating the two cell types were similar, and that SMC migration was 

limited by the coculture arrangement and cell density. 
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2.4.3 Mixed Coculture Favors Capillary Network Formation with 
Increased Connectivity and Capillary Loop Formation 

Next, we examined whether the spatial arrangement of cells in coculture affected 

the evolution of networks.  Maturation of the ECs into elongated networks was observed 

from day 3 to 12 of culture (Figure 2.6).  At day 3 of coculture, ECs formed more clusters 

for the lamellar conditions than the mixed conditions.  By day 6, networks began to 

elongate in all coculture systems.  By day 12, the networks had matured and appeared 

more connected.  The lamellar conditions tended to form parallel arrangement of 

networks with little connectivity occurring between segments.  Lumen formation was 

confirmed in 0.6 mixed systems at day 14 of culture by cross-sectional images showing 

concentrated dextran within hCB-EPC networks (Figure 2.7). 
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Figure 2.6: Representative images of ECs transduced with tomato lentivirus 

forming into capillary networks for mixed and lamellar co-culture systems at Day 3, 

Day 6, and Day 12 time points. Scale bar equals 500 µm. EC cluster indicated by white 

arrow in 0.2 lamellar at Day 3. 

To assess the extent of capillary formation due to cell proliferation or migration, 

we measured EdU incorporation at 24 hours, 4 days, and 9 days after initial plating 

(Figure 2.8).  We observed a significant decrease in the number of ECs in the S-phase 

after 24 hours of culture.  The mean percentage of hCB-EPCs in the S-phase for mixed 

conditions dropped from nearly 70% at 24 hours to near 2% by days 4 and 9.  The same 

trend was observed for lamellar conditions.  In contrast, the percentage of SMCs in the 

S-phase was 7% at 24 hours and declined to less than 1% on days 4 and 9.  These 

findings suggest proliferation plays a greater role in the initial stages of network 

formation in vitro, while migration processes dominate the latter stages of network 

elongation and branching.  Using a live/dead assay, we observed very little cell death in 

either mixed or lamellar 0.2 coculture conditions at 24 hours and 4 days after initial 

plating (Figure 2.9). 
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Figure 2.7: Cross sectional image demonstrating lumen formation of hCB-EPCs 

in 0.6 mixed systems at day 14 of coculture. hCB-EPCs (green) show concentrated 

Dextran (red) within network lumen.  Scale bar indicates 5 µm. 
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Figure 2.8: Representative images of hCB-EPC proliferation, indicated through 

EdU Assays during the first 9 days of coculture (A) time points of 24 hours for 0.2 

mixed and lamellar (B) at four days for 0.2 mixed (C) and lamellar (D), and at nine 

days for 0.2 mixed (E) and lamellar (F). Cells in S-phase are denoted in green, cell 

nuclei were observed through DAPI staining in blue, ECs determined through 

PECAM staining (red).  Scale bar equals 100 µm. (G) EdU proliferation results (G) 

demonstrate significant differences between number of hCB-EPCs in S-phase for 0.2 

mixed and lamellar at 24 hours and among mixed and lamellar conditions at day four 

and day nine time points. (# indicates significance in comparison to 0.2 mixed, 

p<0.0001, * indicates significance between 0.2 mixed at 24 hours and 0.2 lamellar at 24 

hours. p<0.0001) 
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Figure 2.9: In order to evaluate cell viability in co-culture conditions, a 

Live/Dead viability assay was performed at 24 hours for lamellar (A) and mixed (B) 

and at four days for lamellar (C) and mixed (D) co-cultures. Green=live cells, red=dead 

cells. Scale bar represents 200 µm. 

To determine whether the EC source affects network formation, we compared 

networks formed by hCB-EPCs and HAECs in a 0.6 ratio lamellar conditions (Figure 

2.10).  By day 12 of coculture, the capillary networks formed by hCB-EPCs were 

comparable to those formed using HAECs in coculture.  However, larger, more 

extensive EC clusters were observed at day 12 of cocultures with HAECs than with hCB-

EPCs, suggesting immature ECs have greater angiogenic potential than mature ECs. 
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Figure 2.10: Representative images of hCB-EPCs (left panel) or HAECs (right 

panel) transduced with tomato lentivirus forming networks in 0.6 lamellar coculture 

systems at Day 3, Day 6, and Day 12 time points. Scale bar indicates 500 µm. 

While ECs formed clusters in both the mixed and lamellar systems, the number 

of clusters present declined with time and fewer clusters formed in the mixed systems 

than in the lamellar systems (Figure 2.11).  The clusters represent ECs not in the process 

of forming networks, and the decline in clusters indicates that over time most of the ECs 

form networks.  By day 12 of coculture, the mixed systems had an average of about one 

EC cluster present per imaged field (0.07 cm2) in comparison to about eight EC clusters 
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present per imaged field in the lamellar systems.  These results demonstrate mixed 

coculture systems enable greater uniformity of network formation than lamellar 

cocultures. 

 

Figure 2.11: Number of EC clusters per field for mixed and lamellar cocultures. 

Image area is 0.07 cm2. n=24 images analyzed per condition. Error bars represent 

S.E.M. *Indicates significance compared to 0.2 lamellar with p=0.0331 at Day 3, 

p=0.0025 at Day 6, p<0.0001 at Day 12. # indicates significance compared to 0.6 hCB-

EPC (hCB-EC) lamellar with p=0.0006 at Day 3, p<0.0001 at Day 6, p<0.0001 at Day 12. 

To further characterize the networks formed, the percentage of image area 

covered by tubes, the number of branch points, and the curvature between branch 

points were analyzed for day 12 images.  At day 12, there was a greater image field area 

covered by tubes in the mixed coculture system than in the lamellar (Figure 2.12A).  The 

0.6 lamellar conditions exhibited a higher area covered by tubes than did the 0.2 lamellar 
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conditions (p=0.008).  No difference in tube coverage was observed between the 0.2 and 

0.6 mixed conditions. 

By day 12, the mixed coculture conditions had a greater number of branch points 

than the lamellar conditions of the same hCB-EPC: SMC ratio (Figure 2.12B).  This result 

indicates a greater amount of connectivity in the mixed conditions than in the lamellar 

conditions.  To quantify capillary loop formation of the networks, the angle of curvature 

between each branch point was measured (Figure 2.12C).  The mean value for the mixed 

systems angle of curvature was 85 degrees in comparison with 52 degrees for the 

lamellar systems.  The higher angle of curvature indicates a greater capillary loop 

formation occurring in the mixed systems than in the lamellar systems. 
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Figure 2.12: Effects of coculture spatial arrangement and ratio upon hCB-EPC 

network morphology after 12 days of culture (A) Percentage of image areas covered by 

network tubes from 12 days after plating. *indicates p=0.026 in comparison to 0.6 mix, 

#indicates p=0.026 in comparison to 0.2 mix, † indicates p=0.0079 in comparison to 0.6 

lamellar. n=24 for each condition, error bars represent S.E.M. Image area is 0.07 cm2. 

(B) More branch points at day 12 of culture for mixed than for lamellar co-culture 

systems. * p<0.0001 in comparison to 0.6 mix, # p=0.0011 in comparison to 0.2 mix. n=24 

for each condition, error bars represent S.E.M. Image area is 0.07 cm2. (C) Angle of 

curvature between branch points on day 12 of coculture for mixed and lamellar 

systems. *indicates p<0.0001 in comparison to 0.6 mix. #indicates p<0.0001 in 

comparison to 0.2 mix. n=102 for each case, error bars represent S.E.M. Image area is 

0.07 cm2. 
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2.4.4 Lower Solution Levels of Angiogenic Proteins in for 0.2 Lamellar 
Coculture Compared to Mixed Coculture 

Protein arrays were used to analyze 55 angiogenic-related proteins in the 

supernatant of mono- and coculture systems, 72 hours postplating.  Because the mixed 

systems appeared to have greater connectivity and tube coverage compared to lamellar 

systems, we hypothesized that greater proangiogenic protein levels would be observed.  

Those angiogenic proteins that showed significant differences in the supernatant media 

between the 0.2 ratios of mixed and lamellar cocultures are shown in Figure 2.13A. 

(Results for all proteins in the array are provided in the Tables 5 and 6.)  A statistically 

significant higher level of protein expression of inteleukin-8 (IL-8), insulin-like growth 

factor-binding protein 2 (IGFBP2), monocyte chemotactic protein 1 (MCP1), tissue 

inhibitor of metalloproteinase 1 (TIMP1), matrix metalloproteinase-8 (MMP8), fibroblast 

growth factor–acidic (FGF-Acidic), and basic (FGF-basic) was found in the 0.2 mixed 

versus the 0.2 lamellar systems.  No differences in angiogenic protein levels in the 

supernatant were found when comparing the 0.6 ratios of mixed vs. lamellar conditions.  

Comparing the coculture conditions to hCB-EPC and SMC controls, only the 0.2 mixed 

conditions increased the expression of IL-8, IGFBP2, and MCP1 compared to the hCB-

EPC control.  In contrast, lamellar conditions contained lower levels of IL-8, MCP1, and 

IGFBP2 compared to monocultures of hCB-EPCs and SMCs. 

To gain further insight into the mechanism influencing the lower angiogenic 

protein levels in the supernatant, we used the protein arrays to measure intracellular 



 

69 

 

concentrations of those proteins found to be significantly different in the supernatant at 

72 hours postplating (Figure 2.13B).  Although IL-8, IGFBP3, TIMP1, and FGF 

intracellular levels in cocultured hCB-EPCs and SMCs at a ratio of 0.2 differed from 

levels in hCB-EPCs monocultures, we found no difference in IL-8, IGFBP3, IGFBP2, 

MCP1, TIMP1, MMP8, FGF-Acidic, or FGF-Basic intracellular levels between mixed and 

lamellar systems. 

 

Figure 2.13: Effect of coculture spatial arrangement upon angiogenic protein 

expression (A) Comparison of angiogenic proteins present at different levels in the 
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supernatant of 0.2 mixed hCB-EPC (hCB-EC) SMC cocultures, 0.2 lamellar hCB-EC 

SMC cocultures, hCB-ECs, and SMCs at 72 hours after plating. Error bars represent 

S.E.M. * Indicates significance compared to 0.2 Lamellar with p=0.030 for IL-8, p=0.029 

for IGFBP2, MCP1, TIMP1, MMP8, FGF-Acidic, FGF-Basic, and p=0.023 for MMP8. # 

indicates significance compared to SMC with p=0.030 for IL-8, p=0.029 for IGFBP2, 

MCP1, TIMP1, and p=0.026 for FGF-Basic. † indicates significance compared to hCB-

EC with p=0.030 for IL-8, IGFBP3, and MCP1. n=4 for each condition. (B) Comparison 

of intracellular protein concentrations of those angiogenic proteins shown in panel A. 

Error bars represent S.E.M. † indicates significance compared to hCB-EC with p=0.008 

for IL-8, p=0.02 for IGFBP3, for TIMP1 p=0.04 for 0.2 lamellar and p=0.02 for 0.2 mixed, 

for FGF-basic p=0.008 for 0.2 lamellar and p=0.04 for SMC. n=4 for each condition. 

Changes to the intracellular and supernatant levels could be due to alterations in 

protein synthesis or release by the source cells, uptake by the target cells or degradation 

in the media or by the target cells.  Considering the various combinations of these four 

processes, the decrease in the supernatant levels and absence of change in the 

intracellular levels of proteins could arise from either an increased uptake by the target 

cells or degradation in the medium or by the target cells without alteration in the net 

rates of protein synthesis and secretion by the source cells or by a corresponding 

decrease in protein synthesis and secretion, but no change in uptake or degradation. 

Comparing protein levels in the supernatant for the two EC:SMC ratios and the 

same coculture condition, IL-8 supernatant levels were greater for the 0.2 mixed than for 

the 0.6 mixed condition (Figure 2.14A), whereas IL-8 and MCP1 levels were greater for 

the 0.6 lamellar than for the 0.2 lamellar (Figure 2.14B).  While VEGF present in SMC 

supernatant was greater than hCB-EPCs or HAECs alone, there was no difference in 

VEGF levels among the various coculture conditions (Table 2.2).  Comparing the effect 

of EC source on angiogenic protein secretion, hCB-EPCs in coculture with SMCs had 
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significantly higher solution levels of MCP1 (p=0.042) and IL-8 (p=0.030) than in 

cocultures using HAECs (Figure 2.15). 

 

Figure 2.14: Effect of coculture ratio upon angiogenic protein expression: (A) 

Relative protein expression comparison of mixed cocultures using 0.2 or 0.6 ratios of 

hCB-EPCs: SMCs. Standard error of the means are indicated by S.E.M. A sample size 

of n=4 was used for each of the conditions. (B) Relative protein expression comparison 

of lamellar co-cultures using 0.2 or 0.6 ratios of hCB-EPCs: SMCs. Error bars represent 

S.E.M. * indicates significance in comparison to 0.2 lamellar condition. n=4 for each 

conditions. 
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Figure 2.15: Comparison of protein expression in cocultures of vascular-

derived ECs (HAECs) and blood-derived EPCs (hCB-EPCs) at an EC:SMC ratio of 0.6. 

Error bars represent S.E.M. LAM represents lamellar conditions. * indicates 

significance in comparison to HAECs, # indicates significance in comparison to 0.6 

hCB-ECs LAM † indicates significance in comparison to 0.6 HAEC LAM. A sample 

size of n=4 was used for each of the conditions.  
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Table 2.2: Relative angiogenic protein levels for supernatant conditions (corrected for culture media protein 

levels) 

  
SMC hCB-EPC 0.2 mixed 0.2 lamellar 0.6 Mixed 

0.6 hCB-EPC 
lamellar 

0.6 HAEC 
lamellar HAEC 

Activin A 0.00 ± 0.04 0.00 ± 0.01 0.12 ± 0.10 0.00 ± 0.09 0.15 ± 0.18 0.10 ± 0.02 0.09 ± 0.03 0.00 ± 0.01 

ADAMTS-1 0.00 ± 0.07 0.05 ± 0.04 0.05 ± 0.10 0.00 ± 0.05 0.02 ± 0.15 0.11 ± 0.02 0.00 ± 0.07 0.00 ± 0.05 

Angiogenin 0.17 ± 0.04 0.37 ± 0.10 0.28 ± 0.08 0.19 ± 0.14 0.21 ± 0.04 0.20 ± 0.02 0.38 ± 0.03 0.51 ± 0.03 

Ang-1 0.12 ± 0.09 0.00 ± 0.03 0.05 ± 0.12 0.04 ± 0.04 0.04 ± 0.16 0.05 ± 0.06 0.06 ± 0.05 0.00 ± 0.02 

Ang-2 0.04 ± 0.03 0.14 ± 0.05 0.15 ± 0.09 0.04 ± 0.02 0.11 ± 0.13 0.13 ± 0.03 0.09 ± 0.05 0.09 ± 0.01 

Angiostatin/ 
Plasminoge
n 

0.05 ± 0.07 0.14 ± 0.04 0.12 ± 0.07 0.00 ± 0.06 0.06 ± 0.13 0.13 ± 0.02 0.00 ± 0.04 0.08 ± 0.03 

Amphireguli
n 

0.22 ± 0.08 0.17 ± 0.05 0.24 ± 0.06 0.14 ± 0.05 0.25 ± 0.11 0.29 ± 0.01 0.09 ± 0.06 0.17 ± 0.01 

Artemin 0.12 ± 0.07 0.16 ± 0.04 0.21 ± 0.05 0.03 ± 0.05 0.15 ± 0.14 0.23 ± 0.02 0.02 ± 0.06 0.11 ± 0.01 

Coagulation 
Factor III 

0.09 ± 0.07 0.03 ± 0.07 0.08 ± 0.06 0.00 ± 0.05 0.13 ± 0.10 0.15 ± 0.01 0.10 ± 0.07 0.00 ± 0.03 

CXCL16 0.04 ± 0.03 0.26 ± 0.07 0.20 ± 0.07 0.04 ± 0.06 0.20 ± 0.09 0.12  ± 0.02 0.12 ± 0.03 0.19 ± 0.01 

DPPIV 0.61 ± 0.05 0.15 ± 0.04 0.59 ± 0.16 0.62 ± 0.07 0.88 ± 0.18 0.77  ± 0.05 0.74 ± 0.19 0.08 ± 0.02 

EGF 0.00 ± 0.04 0.41 ± 0.32 0.31 ± 0.25 0.00 ± 0.05 0.00 ± 0.13 0.07 ± 0.03 0.00 ± 0.09 0.49 ± 0.29 

EG-VEGF 0.09 ± 0.06 0.10 ± 0.04 0.10 ± 0.06 0.00 ± 0.04 0.08 ± 0.12 0.11 ± 0.03 0.04 ± 0.03 0.01 ± 0.01 

Endoglin 0.20 ± 0.13 0.25 ± 0.07 0.21 ± 0.06 0.16 ± 0.07 0.20 ± 0.16 0.25 ± 0.08 0.36 ± 0.04 0.15 ± 0.01 

Endostatin/ 
Collagin 
XVIII 

0.32 ± 0.13 0.69 ± 0.05 0.47 ± 0.05 0.39 ± 0.08 0.63 ± 0.30 0.55 ± 0.11 0.46 ± 0.05 0.67 ± 0.01 

Endothelin-1 0.59 ± 0.14 1.03 ± 0.25 0.69 ± 0.11 0.58 ± 0.04 0.71 ± 0.27 0.77 ± 0.16 0.74 ± 0.01 0.70 ± 0.06 

FGF acidic 0.14 ± 0.06 0.09 ± 0.03 0.31 ± 0.06 * 0.04 ± 0.02 0.15 ± 0.16 0.26 ± 0.01 0.11 ± 0.05 0.12 ± 0.01 

FGF basic 0.13 ± 0.03 0.15 ± 0.09 0.41 ± 0.09 * 0.03 ± 0.02 0.20 ± 0.16 0.13 ± 0.01 0.02 ± 0.02 0.18 ± 0.05 

FGF-4 0.13 ± 0.05 0.19 ± 0.04 0.21 ± 0.06 0.04 ± 0.05 0.16 ± 0.12 0.22 ± 0.03 0.04 ± 0.063 0.14 ± 0.01 

GFG-7 0.13 ± 0.10 0.17 ± 0.02 0.18 ± 0.04 0.07 ± 0.05 0.16 ± 0.20 0.19 ± 0.02 0.00 ± 0.01 0.11 ± 0.03 

GDNF 0.20 ± 0.03 0.11 ± 0.03 0.29 ± 0.12 0.07 ± 0.09 0.24 ± 0.12 0.25 ± 0.02 0.10 ± 0.06 0.07 ± 0.01 
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GM-CSF 0.39 ± 0.11 0.01 ± 0.04 0.32 ± 0.17 0.13 ± 0.15 0.65 ± 0.42 0.17 ± 0.05 0.37 ± 0.09 0.00 ± 0.03 

HB-EGF 0.12 ± 0.05 0.18 ± 0.02 0.21 ± 0.05 0.07 ± 0.07 0.22 ± 0.12 0.21 ± 0.02 0.18 ± 0.04 0.22 ± 0.01 

HGF 0.14 ± 0.06 0.07 ± 0.03 0.17 ± 0.08 0.28 ± 0.13 0.22 ± 0.09 0.22 ± 0.09 0.50 ± 0.10 0.00 ± 0.02 

IGFBP-1 0.17 ± 0.05 0.34 ± 0.09 0.34 ± 0.08 0.11 ± 0.04 0.33 ± 0.19 0.26 ± 0.09 0.23 ± 0.05 0.20 ± 0.01 

IGFBP-2 0.08 ± 0.06 0.47 ± 0.02 
0.72 ± 0.24 

*† 
0.07 ± 0.04 † 0.29 ± 0.16 0.16 ± 0.07 0.09 ± 0.03 0.00 ± 0.02 † 

IGFBP-3 1.03 ± 0.09 0.22 ± 0.10 1.05 ± 0.26 † 0.86 ± 0.10 † 0.94 ± 0.10 0.95 ± 0.04 0.95 ± 0.08 0.18 ± 0.04 

IL-1Beta 0.44 ± 0.13 0.39 ± 0.07 0.53 ± 0.09 0.35 ± 0.07 0.47 ± 0.21 0.45 ± 0.05 0.68 ± 0.21 0.25 ± 0.02 

IL-8 0.92 ± 0.14 0.27 ± 0.15 
1.25 ± 0.16  

*† 
0.36 ± 0.05 # 0.62 ± 0.20 β 0.75 ± 0.11 *α 0.39 ± 0.02 # 0.64 ± 0.08 † 

TGF-B1 0.02 ± 0.06 0.09 ± 0.05 0.11 ± 0.07 0.00 ± 0.05 0.05 ± 0.13 0.07 ± 0.01 0.02 ± 0.07 0.06 ± 0.01 

LEPTIN 0.00 ± 0.09 0.02 ± 0.05 0.07 ± 0.07 0.00 ± 0.06 0.00 ± 0.11 0.06 ± 0.02 0.00 ± 0.06 0.00 ± 0.01 

MCP-1 1.27 ± 0.13 0.76 ± 0.17 
1.52 ± 0.07 

*† 
0.76 ± 0.02 # 1.33 ± 0.45 0.94 ± 0.05 *α 0.81 ± 0.02 # 0.89 ± 0.08 

MIP-1 
ALPHA 

0.00 ± 0.01 0.07 ± 0.06 0.08 ± 0.09 0.00 ± 0.06 0.03 ± 0.11 0.06 ± 0.02 0.00 ± 0.06 0.00 ± 0.01 

MMP-8 0.02 ± 0.04 0.17 ± 0.04 0.20 ± 0.03 * 0.03 ± 0.03 0.06 ± 0.11 0.16 ± 0.02 0.01 ± 0.08 0.05 ± 0.03 

MMP-9 0.19 ± 0.13 0.13 ± 0.03 0.24 ± 0.06 0.16 ± 0.06 0.22 ± 0.15 0.25 ± 0.02 0.18 ± 0.04 0.07  ± 0.02 

NRG1-B1 0.06 ± 0.08 0.07 ± 0.03 0.14 ± 0.10 0.00 ± 0.07 0.09 ± 0.17 0.11 ± 0.01 0.00 ± 0.03 0.00 ± 0.01 

Pentraxin 3 0.91 ± 0.17 0.89 ± 0.22 0.83 ± 0.22 0.58 ± 0.05 0.62 ± 0.14 0.81 ± 0.05 0.74 ± .0.04 0.60 ± 0.01 

PD-ECGF 0.03 ± 0.08 0.14 ± 0.08 0.15 ± 0.08 0.00 ± 0.05 0.07 ± 0.15 0.18 ± 0.03 0.00 ± 0.08 0.04 ± 0.02 

PDGF-AA 0.09 ± 0.05 0.28 ± 0.06 0.32 ± 0.10 0.09 ± 0.06 0.29 ± 0.22 0.22 ± 0.11 0.25 ± 0.08 0.38 ± 0.04 

PDGF-AA/ 
PDGF-BB 

0.01 ± 0.07 0.28 ± 0.10 0.21 ± 0.11 0.00 ± 0.05 0.08 ± 0.12 0.09 ± 0.03 0.00 ± 0.08 0.34 ± 0.05 

Persephin 0.12 ± 0.06 0.12 ± 0.03 0.16 ± 0.05 0.00 ± 0.07 0.12 ± 0.16 0.20 ± 0.01 0.01 ± 0.08 0.09 ± 0.02 

Platelet 
Factor 4 

0.16 ± 0.06 0.03 ± 0.01 0.14 ± 0.09 0.13 ± 0.03 0.09 ± 0.09 0.12 ± 0.01 0.13 ± 0.02 0.00 ± 0.01 

PlGF 0.13 ± 0.06 0.29 ± 0.05 0.30 ± 0.11 0.27 ± 0.09 0.31 ± 0.09 0.23 ± 0.03 0.47 ± 0.13 0.66 ± 0.02 

Prolactin 0.13 ± 0.07 0.15 ± 0.03 0.21 ± 0.04 0.05 ± 0.07 0.23 ± 0.24 0.18 ± 0.02 0.13 ± 0.10 0.10 ± 0.01 

Serpin B5 0.00 ± 0.02 0.23 ± 0.17 0.09 ± 0.09 0.00 ± 0.07 0.06 ± 0.08 0.16 ± 0.01 0.05 ± 0.08 0.02 ± 0.01 

Serpin E1 0.32 ± 0.05 0.50 ± 0.33 0.42 ± 0.15 0.21 ± 0.08 0.30 ± 0.23 0.44 ± 0.04 0.20 ± 0.09 0.14 ± 0.05 

Serpin F1 0.32 ± 0.08 0.16 ± 0.06 0.26 ± 0.08 0.31 ± 0.04 0.31 ± 0.10 0.40 ± 0.01 0.36 ± 0.01 0.07 ± 0.05 
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TIMP-1 1.27 ± 0.22 0.99 ± 0.15 1.59 ± 0.28 * 0.63 ± 0.09 # 0.86 ± 0.28 1.15 ± 0.07 0.89 ± 0.14 1.00 ± 0.05 

TIMP-4 0.23 ± 0.06 0.20 ± 0.05 0.26 ± 0.05 0.26 ± 0.07 0.23 ± 0.11 0.26 ± 0.04 0.24 ± 0.02 0.12 ± 0.02 

Thrombospo
ndin-1 

0.42 ± 0.10 0.34 ± 0.15 0.57 ± 0.15 0.41 ± 0.11 0.42 ± 0.11 0.73 ± 0.06 0.41 ± 0.07 0.03 ± 0.02 † 

Thrombospo
ndin-2 

0.02 ± 0.04 0.10 ± 0.10 0.13 ± 0.10 0.00 ± 0.05 0.06 ± 0.12 0.13 ± 0.03 0.05 ± 0.05 0.00 ± 0.02 

uPA 0.14 ± 0.06 0.44 ± 0.05 0.29 ± 0.04 0.16 ± 0.05 0.27 ± 0.13 0.29 ± 0.01 0.19 ± 0.01 0.43 ± 0.18 

Vasohibin 0.33 ± 0.12 0.21 ± 0.04 0.21 ± 0.04 0.09 ± 0.06 0.16 ± 0.12 0.29 ± 0.03 0.16 ± 0.01 0.49 ± 0.20 

VEGF 0.68 ± 0.28 0.13 ± 0.02 0.53 ± 0.30 0.72 ± 0.20 0.54 ± 0.22 0.52 ± 0.24 1.05 ± 0.11 0.06 ± 0.01 

VEGF-C 0.13 ± 0.07 0.22 ± 0.03 0.15 ± 0.06 0.07 ± 0.04 0.14 ± 0.13 0.23 ± 0.02 0.13 ± 0.03 0.19 ± 0.03 

Relative angiogenic protein levels for supernatant conditions normalized by positive controls and corrected for 

protein levels present in culture media.  Values are reported as ± standard error of the mean. Proteins which differ 

significantly between conditions are indicated by bold text.  * indicates significance compared to 0.2 lamellar, # indicates 

significance compared to SMC, † indicates significance compared to hCB-EPC, α indicates significance compared to 0.6 

HAEC lamellar, β indicates significance compared to 0.2 mixed. 
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Table 2.3: Relative angiogenic protein expression values for intracellular conditions 

  
SMC hCB-EPC 0.2 mixed 0.2 lamellar 0.6 Mixed 

0.6 hCB-EPC 
lamellar 

0.6 HAEC 
lamellar HAEC 

Activin A 0.00 ± 0.00 0.08 ± 0.05 0.02 ± 0.02 0.04 ± 0.04 0.26 ± 0.09 0.04± 0.04 0.10 ± 0.08 0.29 ± 0.02 # 

ADAMTS-1 0.00 ± 0.00 0.06 ± 0.04 0.01 ± 0.01 0.00 ± 0.00 0.19 ± 0.06 0.04 ± 0.04 0.07 ± 0.07 
0.24 ± 0.02 # 

α 

Angiogenin 0.00 ± 0.00 0.07 ± 0.04 0.00 ± 0.00 0.01 ± 0.01 0.16 ± 0.06 0.03 ± 0.03 0.12 ± 0.08 
0.20 ± 0.02 # 

α 

Ang-1 0.02 ± 0.02 0.09 ± 0.04 0.00 ± 0.00 0.06 ± 0.06 0.18 ± 0.07 0.03 ± 0.03 0.11 ± 0.10 0.22 ± 0.03 

Ang-2 0.03 ± 0.03 0.12 ± 0.04 0.00 ± 0.00 0.06 ± 0.06 0.20 ± 0.07 0.07 ± 0.04 0.19 ± 0.06 0.29 ± 0.02 

Angiostatin/ 
Plasminogen 

0.00 ± 0.00 0.03 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.14 ± 0.06 0.03 ± 0.03 0.07 ± 0.07 
0.20 ± 0.03 # 

† 

Amphireguli
n 

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.06 0.00 ± 0.00 0.07 ± 0.07 
0.14 ± 0.04 # 

† α 

Artemin 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.10 ± 0.08 0.00 ± 0.00 0.05 ± 0.05 
0.17 ± 0.03 # 

† 

Coagulation 
Factor III 

0.12 ± 0.07 0.05 ± 0.03 0.09 ± 0.04 0.15 ± 0.09 0.32 ± 0.11 0.12 ± 0.07 0.37 ± 0.09 0.21 ± 0.02 

CXCL16 0.00 ± 0.00 0.03 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.15 ± 0.06 0.02 ± 0.02 0.08 ± 0.08 
0.20 ± 0.02  

# † α 

DPPIV 0.58 ± 0.14 † 0.02 ± 0.02 1.01 ± 0.12 † 0.97 ± 0.14 † 1.11 ± 0.11 † 0.86 ± 0.10 † 1.08 ± 0.15 0.09 ± 0.04 α 

EGF 0.00 ± 0.00 0.05 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.17 ± 0.06 0.03  ± 0.03 0.08 ± 0.08 
0.25 ± 0.01 # 

† 

EG-VEGF 0.00 ± 0.00 0.11 ± 0.04 0.00 ± 0.00 0.05 ± 0.05 0.21 ± 0.07 0.04 ± 0.03 0.13 ± 0.07 0.27 ± 0.01 #  

Endoglin 0.09 ± 0.05 0.58 ± 0.09 0.06 ± 0.06 0.17 ± 0.11 0.76 ± 0.20 0.25 ± 0.10 0.63 ± 0.19 0.83 ± 0.20 

Endostatin/C
ollagin XVIII 

0.00 ± 0.00 0.34 ± 0.08 0.05 ± 0.05 0.05 ± 0.05 0.49 ± 0.10 0.11 ± 0.07 0.33 ± 0.09 
0.38 ± 0.06 # 

† 

Endothelin-1 0.42 ± 0.06 0.40 ± 0.09 0.40 ± 0.06 0.55 ± 0.09 0.81 ± 0.09 0.59 ± 0.13 0.87 ± 0.03 0.50 ± 0.07 

FGF acidic 0.00 ± 0.00 0.03 ± 0.03 0.00 ± 0.00 0.05 ± 0.05 0.27 ± 0.10 0.06 ± 0.03 0.14 ± 0.12 0.16 ± 0.04 
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FGF basic 0.65 ± 0.09 0.15 ± 0.09 0.53 ± 0.17 0.81 ± 0.13 † 0.84 ± 0.15 † 0.78 ± 0.18 1.04 ± 0.07 0.34 ± 0.04 

FGF-4 0.00 ± 0.00 0.05 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.13 ± 0.05 0.02 ± 0.02 0.07 ± 0.07 
0.17 ± 0.04 # 

† α 

GFG-7 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.05 0.00 ± 0.00 0.07 ± 0.07 
0.14 ± 0.05 # 

† α 

GDNF 0.00 ± 0.00 0.03 ± 0.01 0.00 ± 0.00 0.03 ± 0.03 0.16 ± 0.06 0.08 ± 0.05 0.16 ± 0.02 0.20 ± 0.02 #  

GM-CSF 0.00 ± 0.00 0.07 ± 0.04 0.02 ± 0.02 0.00 ± 0.00 0.19 ± 0.07 0.04 ± 0.04 0.12 ± 0.12 
0.26 ± 0.03  

# α 

HB-EGF 0.09 ± 0.05 0.07 ± 0.04 0.05 ± 0.05 0.08 ± 0.05 0.37 ± 0.09 0.04 ± 0.03 0.20 ± 0.05 0.21 ± 0.02 

HGF 0.07 ± 0.07 0.06 ± 0.03 0.05 ± 0.05 0.17 ± 0.11 0.25 ± 0.08 0.15 ± 0.10 0.32 ± 0.07 0.25 ± 0.03 

IGFBP-1 0.00 ± 0.00 0.04 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.21 ± 0.07 0.02 ± 0.02 0.11 ± 0.11 
0.21 ± 0.03 # 

† α 

IGFBP-2 0.02 ± 0.01 0.14 ± 0.08 0.03 ± 0.03 0.08 ± 0.08 0.38 ± 0.13 0.11 ± 0.07 0.39 ± 0.09 0.41 ± 0.03 

IGFBP-3 0.37 ± 0.03 0.09 ± 0.03 0.49 ± 0.14 0.48 ± 0.09 0.79 ± 0.16 † 0.43 ± 0.07 0.65 ± 0.15 0.26 ± 0.04 

IL-1Beta 0.20 ± 0.12 0.02 ± 0.01 0.37 ± 0.11 0.24 ± 0.13 0.53 ± 0.13 0.27 ± 0.06 0.67 ± 0.17 0.15 ± 0.05 

IL-8 0.75 ± 0.12 0.06 ± 0.04 1.24 ± 0.38 † 1.26 ± 0.30 † 1.06 ± 0.07 1.12 ± 0.18 † 0.98 ± 0.33 0.24 ± 0.01 

TGF-β1 0.01 ± 0.01 0.10 ± 0.06 0.02 ± 0.02 0.05 ± 0.05 0.31 ± 0.09 0.12 ± 0.07 0.19 ± 0.03 0.28 ± 0.03 

LEPTIN 0.00 ± 0.00 0.03 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.17 ± 0.06 0.02 ± 0.02 0.08 ± 0.08 
0.20 ± 0.04  

# † α 

MCP-1 0.34 ± 0.18 0.07 ± 0.04 0.04 ± 0.04 0.24 ± 0.10 0.30 ± 0.03 0.22 ± 0.16 0.59 ± 0.16 0.20 ± 0.03 

MIP-1 
ALPHA 

0.01 ± 0.01 0.08 ± 0.05 0.01 ± 0.01 0.00 ± 0.00 0.18 ± 0.06 0.04 ± 0.04 0.10 ± 0.10 
0.27 ± 0.02 # 

† α 

MMP-8 0.01 ± 0.01 0.04 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.16 ± 0.06 0.02 ± 0.02 0.08 ± 0.08 
0.20 ± 0.01 # 

† α 

MMP-9 0.00 ± 0.00 0.04 ± 0.03 0.02 ± 0.02 0.04 ± 0.04 0.23 ± 0.08 0.04 ± 0.04 0.17 ± 0.14 
0.23 ± 0.03 # 

† α 

NRG1-B1 0.03 ± 0.02 0.06 ± 0.04 0.06 ± 0.06 0.03 ± 0.03 0.20 ± 0.07 0.04 ± 0.04 0.12 ± 0.06 0.26 ± 0.03 # 

Pentraxin 3 0.17 ± 0.10 0.33 ± 0.05 0.22 ± 0.12 0.30 ± 0.12 0.66 ± 0.14 0.24 ± 0.11 0.63 ± 0.08 0.62 ± 0.12 

PD-ECGF 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.19 ± 0.07 0.01 ± 0.01 0.08 ± 0.08 
0.21 ± 0.04 # 

† α 

PDGF-AA 0.03 ± 0.03 0.11 ± 0.04 0.01 ± 0.01 0.05 ± 0.05 0.26 ± 0.09 0.06 ± 0.04 0.19 ± 0.09 
0.30 ± 0.03  

# α 

PDGF-
AA/PDGF-

0.00 ± 0.00 0.07 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.19 ± 0.06 0.01 ± 0.01 0.10 ± 0.10 
0.22 ± 0.01 # 

α 
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BB 

Persephin 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 0.24 ± 0.08 0.03 ± 0.03 0.11 ± 0.06 
0.17 ± 0.03 # 

†  

Platelet 
Factor 4 

0.01 ± 0.01 0.11 ± 0.05 0.00 ± 0.00 0.07 ± 0.06 0.24 ± 0.07 0.11 ± 0.07 0.25 ± 0.04 0.25 ± 0.02 

PlGF 0.00 ± 0.00 0.10 ± 0.06 0.00 ± 0.00 0.01 ± 0.01 0.20 ± 0.07 0.04 ± 0.03 0.15 ± 0.09 0.22 ± 0.02 

Prolactin 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.12 ± 0.05 0.03 ± 0.03 0.08 ± 0.08 
0.17 ± 0.03  

# † α 

Serpin B5 0.04 ± 0.04 0.12 ± 0.04 0.02 ± 0.02 0.03 ± 0.03 0.19 ± 0.07 0.05 ± 0.05 0.10 ± 0.10 0.27 ± 0.03 

Serpin E1 0.77 ± 0.16 0.80 ± 0.07 1.07 ± 0.09 0.96 ± 0.12 1.12 ± 0.12 0.80 ± 0.08 1.14 ± 0.07 1.21 ± 0.10 

Serpin F1 0.00 ± 0.00 0.04 ± 0.03 0.00 ± 0.00 0.02 ± 0.02 0.16 ± 0.05 0.03 ± 0.03 0.10 ± 0.10 
0.20 ± 0.02 # 

† α 

TIMP-1 0.85 ± 0.10 0.08 ± 0.04 1.19 ± 0.17 † 1.37 ± 0.43 † 1.33 ± 0.03 1.04 ± 0.17 † 1.35 ± 0.12 0.28 ± 0.02 

TIMP-4 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 0.19 ± 0.06 0.02 ± 0.02 0.11 ± 0.11 
0.21 ± 0.03 # 

† α 

Thrombospo
ndin-1 

0.28 ± 0.11 0.50 ± 0.15 0.56 ± 0.10 0.51 ± 0.04 0.75 ± 0.12 0.46 ± 0.09 0.68 ± 0.10 0.66 ± 0.08 

Thrombospo
ndin-2 

0.06 ± 0.04 0.15 ± 0.02 0.04 ± 0.03 0.05 ± 0.05 0.25 ± 0.08 0.06 ± 0.05 0.17 ± 0.10 0.31 ± 0.02 

uPA 0.00 ± 0.00 0.21 ± 0.12 0.04 ± 0.04 0.05 ± 0.05 0.28 ± 0.06 0.13 ± 0.08 0.32 ± 0.02 0.41 ± 0.05 

Vasohibin 0.00 ± 0.00 0.03 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.15 ± 0.05 0.02 ± 0.02 0.09 ± 0.09 
0.17 ± 0.05 # 

† α 

VEGF 0.00 ± 0.00 0.02 ± 0.02 0.00 ± 0.00 0.07 ± 0.07 0.25 ± 0.08 0.12 ± 0.08 0.34 ± 0.02 0.17 ± 0.03 

VEGF-C 0.00 ± 0.00 0.04 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.14 ± 0.05 0.01 ± 0.01 0.06 ± 0.06 
0.15 ± 0.05 # 

† α 

 
Relative angiogenic protein levels for intracellular conditions normalized by positive controls.  Values are 

reported as ± standard error of the mean. Proteins which differ significantly between conditions are indicated by bold 

text.  # indicates significance compared to SMC, † indicates significance compared to hCB-EPC, α indicates significance 

compared to 0.6 HAEC lamellar
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2.5 Discussion 

In this study, we found that the spatial arrangement of hCB-EPCs cocultured 

with SMCs influenced hCB-EPC motility, the morphology of networks formed, and the 

expression of angiogenic proteins.  The hCB-EPCs cultured on SMCs in a mixed system 

had higher cell speeds, shorter persistence times, and lower random motility coefficients 

than ECs in a lamellar system.  While SMCs in mixed and lamellar systems followed the 

same trend in speed and persistence time as hCB-EPCs, their motility was much slower 

than the motility of hCB-EPCs.  By day 12 of coculture, mixed systems produced more 

uniform networks with fewer hCB-EPC clusters than lamellar systems and mixed 

cocultures had more connectivity, as inferred by the number of branch points, and more 

prominent capillary loop formation, as evidenced by the angle of curvature between 

branch points, than lamellar systems.  For an hCB-EPC:SMC ratio of 0.2, pro-angiogenic 

protein levels of MCP1, IL-8, and IGFBP-2 were greater than in monoculture for the 

mixed cocultures and less than in monocultures for lamellar cocultures.  These data 

suggest that mixing ECs and SMCs together favors the formation of EC networks to a 

greater extent than a lamellar arrangement in which ECs form a cell layer above a 

confluent, quiescent layer of SMCs. 

In vivo, stromal cells play an important role in capillary stabilization. Several 

studies have shown that mixing ECs with stromal cells promotes network formation and 

stabilization in vitro and when cells are injected into animals to promote 
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revascularization (Evensen et al., 2009; Melero-Martin et al., 2008; Guillemette et al., 

2010; Wang et al., 2012).   In this study, the capillary networks formed in cocultures of 

hCB-EPCs and vascular SMCs were observable for nearly 2 weeks in culture, longer 

than any reported network formation formed in a MatrigelTM system (Evensen et al., 

2009; Melero-Martin et al., 2008) and consistent with studies using cocultures of 

HUVECs and SMCs (Evensen et al., 2009; Evensen et al., 2010).  Interestingly, networks 

were observed to form in media containing no additional growth factors beyond those 

present in serum. Based on the previous studies we conducted, we observed growth 

factors reduced the rate of EC growth, but did not arrest growth as observed in the 

coculture conditions of this study (Brown et al., 2009b; Brown et al., 2010).  A decrease in 

EC proliferation during network formation is consistent with angiogenesis observed in 

vivo and may support a stable and quiescent state for capillary networks (Adams et al., 

2007). These results suggest that coculture is a suitable way to promote stable EC 

networks in vitro. 

The optimal coculture ratio for promoting microvessel formation has been an 

area of interest in tissue engineering (Kirkpatrick et al., 2011; Rao et al., 2012).  In our 

study, we observed a similar extent of image area covered by capillary networks in 0.2 

and 0.6 mixed condition, while lamellar conditions had a significantly lower coverage in 

the 0.2 versus 0.6 lamellar conditions.  This difference between mixed and lamellar 

conditions may be due to the difference in hCB-EPC proliferation for the 0.2 ratio during 
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the first 24 hours after forming the cocultures.  These results suggest that a mixed spatial 

arrangement reduces the total number of ECs required for tissue engineering 

microvessels. 

Although the dynamics of network formation differ between coculture and 

monoculture systems exposed to a growth factor gradient (Stokes et al., 1991a), we note 

several common features in cell migration between these two conditions.  The speed and 

persistence time of hCB-EPCs in mixed and lamellar cocultures are similar to values 

found by Stokes for ECs seeded without agarose overlays (Stokes et al., 1991a).  The 

random motility coefficients for hCB-EPCs in the current study were an order of 

magnitude smaller than the values for ECs reported by Stokes et al (1991a).  The cell 

seeding density of ECs in the current study (80,000 cells/cm2) is higher than the density 

in the study by Stokes et al. (1991a) (400 cells/cm2) and may account for this difference 

since a lower number of cells reduces the number of collisions and resulting change in 

cell direction.  Consistent with the results of Stokes et al (1991b), we found an association 

between longer persistence times and parallel growth of blood vessels. 

We found that the hCB-EPCs in the mixed system have much lower motility 

coefficients than the lamellar systems or hCB-EPCs alone.  Thus, collisions with SMCs in 

the mixed system are likely causing a decrease in the motility coefficient and persistence 

time of hCB-EPCs without affecting speed.  These findings are consistent with our 
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hypothesis that mixed systems provide more contact between SMCs and ECs than 

lamellar systems, facilitating assembly into capillary networks. 

The lower levels of pro-angiogenic proteins FGF-Acidic, FGF-Basic, IGFBP2, IL-8, 

MCP1, MMP9, and TIMP1 in the 0.2 lamellar system in comparison to the 0.2 mixed 

system is consistent with the lower extent of network formation shown at day 12.  These 

proteins are known to be involved in cell migration (Keeley et al., 2008).  MCP1 induces 

chemotaxis of both SMCs and ECs and mediates mural cell recruitment to stabilize 

newly formed blood vessels (Salcedo et al., 2000; Ma et al., 2007).  Inhibition of IL-8 

blocks IL-8-mediated capillary tube formation, while addition of exogenous IL-8 to ECs 

inhibits ECs apoptosis and enhances anti-apoptotic gene expression (Li et al., 2003).  

IGFBP is a pleiotropic factor involved in cellular proliferation, motility, and 

differentiation of microvessel ECs and SMCs (Jialal et al., 1985; Wang et al., 2003; 

McCusker & Clemmons, 1988; Kim et al., 2009; Fuller et al., 1999; Fukushima et al., 

2007a; Fukushima et al., 2007b).  IGFBP2 enhances the cellular invasive capability and 

upregulates invasion-enhancing proteins, such as MMP2 (Wang et al., 2003; Fuller et al., 

1999; Fukushima et al., 2007a; Fukushima et al., 2007b; Yoon et al., 2005).  The 

invasiveness of cells parallels many of the processes in angiogenesis, such as the loss of 

tumor suppressor genes APC, PTEN, and p53 as well as activating similar signaling 

pathways and their downstream effectors (Eccles, 2004).  TIMP1 inhibits the MMP8 

protein, which degrades collagen I, II, and III to enable tissue remodeling (Ikenaka et al., 
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2003).  FGF-Acidic is a potent mitogen for ECs (Thomas et al., 1985).  FGF-Basic induces 

ECs migration and invasion (Montesano et al., 1986).  

The spatial arrangement of ECs and SMCs and differences in cellular synthesis, 

secretion, uptake, or degradation affect the growth factors concentration and 

concentration gradients.  A significant increase in the rate of cellular uptake of FGF-Basic 

in ECs can decrease vessel density, self-loop formation, and migration speed of vascular 

networks by altering the gradient to which ECs respond (Tong & Yuan, 2001).  Given 

that at least four different processes are operational (synthesis and release by source 

cells, uptake by target cells, and degradation in the medium or target cells) and 

assuming sufficient time to reach steady state, we could reduce the possible 

explanations of the data to either increased uptake or degradation with no net changes 

in the rates of synthesis or secretion by the target cells or an equivalent decrease in 

synthesis and release with no change in uptake or degradation.  Additional experiments 

are needed to distinguish between these possibilities.  For the mixed system, the 

arrangement of the ECs and SMCs facilitates the production of local concentration 

gradients that may affect motility, whereas with the lamellar system, no such gradient 

would be established because the ECs are all on the surface of the SMC layer.  Thus, 

changes in the spatial arrangement of cells can significantly affect the levels and 

gradients of angiogenic proteins. 
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Based on these results, we hypothesize that the mixed coculture system enhances 

EC network formation due to the greater number of collisions between the ECs and 

SMCs.  The collisions facilitate changes in the protein secretion of cells, resulting in the 

higher level of cytokines released in the mixed system, thus enabling ECs to rapidly 

form networks. 

2.6 Conclusions 

This is the first study investigating the effect of mixed and lamellar EC-SMC 

coculture spatial arrangements upon microvasculature formation in vitro.   We found 

that hCB-EPCs in coculture with SMCs promote a self-sustaining angiogenic 

microenvironment that enables robust EC network formation that is stable for at least 1 

month in vitro.  The mixed systems provide a more favorable environment for network 

formation than lamellar systems by producing more uniform, connected networks with 

greater capillary loop formation and higher levels of pro-angiogenic proteins. The mixed 

systems also mimicked aspects of physiological microvessel formation shown through 

lumen formation, and arrest of EC proliferation after initial network formation.  The 

lamellar systems impede network formation with the presence of EC clusters, parallel 

vessel growth with less connectivity and decreased supernatant levels of angiogenic 

proteins IGFBP2, IL-8, and MCP1.  Through the results of this study, we established 

parameters for a positive-control, 2D model of hCB-EPC microvessel formation using a 

coculture system with SMCs.  We confirm the use of custom-designed fluorescent 
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lentiviral packaging system to enable qualitative and quantitative analysis of the 

developing networks and interactions between hCB-EPCs and SMCs.  Future studies 

can apply these findings by seeding mixed cocultures within 3D tissue-engineered 

constructs to further study hCB-EPC microvessel formation.   
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3. Extension of EPC Microvessel Model into a Synthetic, 
3D Hydrogel System 

3.1 Chapter Overview 

The development of stable, robust, functional microvessels remains an important 

obstacle for tissue engineering functional organs.  Endothelial progenitor cells (EPCs) 

are a promising cell source for vascular tissue engineering as they are readily obtainable 

and carry the potential to differentiate towards all endothelial phenotypes.  However, 

scaffolds used to evaluate EPC microvessel formation employ biologically-derived 

matrices, limited in their amenability to mechanical and biochemical properties.  

Poly(ethylene glycol) (PEG) hydrogel systems are  biocompatible, and can undergo 

modifications to recapitulate the biochemical and biophysical microenvironment of 

vascular niches.  The aim of this study was to investigate the ability of cord blood-

derived EPCs to form vessel-like structures within a tissue engineering scaffold material, 

a cell-adhesive and proteolytically degradable polyethylene glycol (PEG) hydrogel. 

We found PEGDA hydrogels containing surface-immobilized RGDS can support 

EPC microvessel formation to the same extent as tissue-culture glass, by 2 weeks of 

coculture with SMCs, based upon the lack of significant differences (p>0.54) in the 

network morphology parameters in total tubule length per image area (averages near 12 

mm/mm2), branch points per image area (averages near 103/mm2), and average segment 

diameter (averages near 35 µm). 
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We translated the 2D EPC microvessel system into a 3D by incorporating a cell-

degradable, MMP-sensitive peptide sequence within the PEG hydrogel system.  EPCs in 

1:1 cocultures with human SMCs best supported 3D microvessel formation based on 

significant increases (p<0.0004) in total tubule length in comparison to 1:4 and 4:1 

coculture ratios after 2 weeks of culture.  3D hCB-EPC microvessels formed after 2 

weeks of coculture were similar to structures formed on 2D substrates based on network 

morphology parameters of total tubule length per image area (12 mm/mm2), branch 

points per image area (127/mm2), and average tubule thickness (27 µm).  The 3D hCB-

EPC microvessels were observable for at least 30 days in vitro.  Further, these 3D hCB-

EPC microvessels contained aspects of physiological angiogenesis with hCB-EPC 

quiescence (<1% proliferating cells) achieved after 2 weeks of coculture, lumen 

formation, expression of EC proteins connexin 32 and VE-cadherin, eNOS, basement 

membrane formation by collagen IV and laminin, and perivascular investment of 

PDGFR-β and α-SMA positive cells.  The significance of this study is the development of 

a novel, reductionist system for studying progenitor cell-driven microvessel formation. 

3.2 Introduction 

3.2.1 Extracellular Matrix Components Required for Microvessel 
Formation In Vitro 

Developing stable tissue-engineered microvessels ex vivo, requires a 3D 

biomaterial that provides biophysical and biochemical cues of the provisional 

angiogenic matrix in vivo.  Creating this angiogenic matrix is a complex task because the 
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matrix properties of chemical composition, growth factors, and mechanical properties 

required to support microvessel formation in vitro is not well-defined.  The provisional 

extracellular matrix (ECM) proteins found in vivo are fibronectin, fibrin, vitronectin, and 

collagen I (Stupack & Cheresh, 2004; Senger et al., 2011), which can incorporation of 

growth factors essential for angiogenesis, such as VEGF-A and bFGF, into the ECM.  

Fortunately, researchers have shown the use of only one component of the provisional 

matrix, such as fibrin or collagen I, is sufficient to provide the biological recognition sites 

for adhesive and degradative cues to induce microvessel formation in vitro (Senger et al., 

2011; Montessano et al., 1986; Korff & Augustin, 1999; Nehls & Hermann, 1996).  

Further, 3D scaffolds of fibrin can support applications for therapeutic 

angiogenesis by incorporating ECs and stromal cells that enhance microvessel 

infiltration upon implantation in vivo in comparison to acellular fibrin gel controls (Chen 

et al., 2009; Grainger et al., 2013).  However, fibrin and collagen scaffolds are mostly 

xenogenically-derived, retaining concerns of immunogenicity as well as batch-to-batch 

variability (Morais et al., 2010).  As well, the numerous sites for adhesion and 

incorporation of growth factors complicate studies to examine the effects of ECM 

components, such as adhesive cues, degradative cues, and mechanical stiffness; on 

microvessel formation processes of EC migration, lumen formation, and recruitment of 

mural cells (Eming & Hubbell, 2011; Baldwin et al., 2014).   



 

89 

If we further distill the requirements for an ex vivo provisional matrix to contain 

only the key adhesive and degradative cues required to initiate microvessel formation, a 

more simplistic biomaterial system could be developed.  The rationale is that ECs and 

mural cells may need only a “jump-start” to promote microvessel formation processes in 

vitro.  The remainder of the microvessel formation steps, including the intermediate 

stages of lumen formation and final stages of mural cell recruitment and ECM 

remodeling to support a quiescent microvessel phenotype (Adams et al., 2007), will be a 

natural consequence of EC and mural cell interactions, relinquishing the need for 

supplemental growth factors.   

Fibronectin is a key adhesive component within the provisional matrix that 

initiates angiogenesis by stimulating ECs towards a migratory and proliferative 

phenotype (Stupack et al., 2004; Eming et al., 2011; Senger et al., 2011).  This process is 

adhesion-dependent through integrins α5β1 and αvβ3, which are expressed on the 

surface of ECs and bind to ligands on the RGD fibronectin domain (Stupack et al., 2004; 

Eming et al., 2011).  Specifically, α5β1 is required to promote bFGF-induced 

angiogenesis of ECs in vivo and in vitro (Kim et al., 2000) and mediates EC response to 

Ang-1 ligand through modulating activation of the Tie2 receptor (Cascone et al., 2005).  

αvβ3 protects ECs within a fibrin-rich matrix against caspase 8-mediated apoptosis 

(Stupack et al., 2001) and works cooperatively with bFGF to protect against stress-

mediated death through extracellular regulated protein kinase ½ (ERK1/2) signaling, 
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presumably through its effects on the p21-activated protein kinase (PAK1) (Stupack et 

al., 2004).  Expression of αvβ3 and α5β1 are also important for mural cell events during 

angiogenesis, evidenced through inhibiting SMC migration into fibrin gels by αvβ3 and 

α5β1 antibodies (Ikari et al., 2000).  Therefore, incorporation of an adhesive component 

containing fibronectin-derived ligands within a synthetic 3D matrix may provide the 

adhesive cues necessary for the pro-angiogenic benefits of αvβ3 and α5β1 integrins on 

microvessel formation in vitro. 

Matrix metalloproteinases (MMPs) are the key proteins for degrading the ECM 

during angiogenesis, regulating microvessel formation by uncovering new ECM 

adhesive sites that activate ECs towards an angiogenic phenotype, as well as creating 

protease byproducts that can inhibit angiogenesis (Stupack et al., 2004; Senger et al., 

2011).  Specifically, within a 3D collagen matrix, membrane type 1 MMPs (MTI-MMP) 

activates MMP-2 and Cdc42, initiating intracellular GTPase signaling events within ECs 

that results in lumen formation as well as vascular guidance tunnels, which support ECs 

and mural cells interactions (Sacharidou et al., 2010; Haas et al., 1998).  MMP-2 can also 

degrade laminin-5, producing a cryptic adhesive site at the gamma2 subunit residue 587, 

and inducing EC motility as evidenced through an in vitro transwell migration assay 

(Gianelli et al., 1997).   Interestingly, MMP subtypes 1, 2, and 8 all cleave interstitial 

collagen between Gly-Ile (α1(I) collagen chain) or Gly-Leu (α2(I) collagen chain), 

resulting in a ¾-length amino terminus (and ¼ length carboxyl terminus product (Aimes 
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& Quigley, 1995).  It would be valuable to incorporate these natural degradative cues, 

from  α1(I) or α2(I) collagen chains, as well as the adhesive RGD component, within a 

synthetic biomaterial to offer a reductionist platform for fundamental studies of 

microvessel formation.  

3.2.2 Synthetic Processes to Form Biomimetic Hydrogels 

Fortunately, custom-made peptides can be generated in the laboratory through 

synthetic processes.   To avoid undesired reactions between amino acids, chemists have 

developed protecting groups for the free amino terminal group and activation groups 

for the free carboxyl terminal group (Stevens, 1999; Bruice, 2007).  A common protecting 

group for the terminal amino group is di-tert-butyl dicarbonate, which forms a “t-BOC” 

protecting group around the amine group, protecting it from reacting with subsequently 

added amino acids.  To ensure it is the carboxyl group of the N-protected amino acid 

that is activated, dicyclohexylcarbodiimide (DCC) is added, which converts the carboxyl 

group to an imidate (Bruice, 2007).  When an unprotected amino group is added, it 

attacks the activated carboxyl group, a tetrahedral intermediate is formed and broken by 

the stable leaving group, dicyclohexyl-urea (Bruice, 2007).  The resulting peptide gets 

activated again with DCC and another free, unprotected amino acid is added.  At the 

end of synthesis, the t-BOC protecting group on the terminal amino group is removed 

by washing the peptide chain with trifluoroacetic acid (TFA) and methylene chloride, 
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which do not break existing covalent bonds within the peptide (Bruice, 2007).  This 

process of solid phase peptide synthesis is summarized in Figure 3.1.    
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Figure 3.1: Overview of solid phase peptide synthesis (SPPS).  Reprinted with 

permission from Springer publishers for: Amblard et al., 2006. 
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In 1969 Bruce Merrifield developed an automated peptide synthesis system, 

known as “automated solid phase synthesis” to increase the efficiency of peptide 

synthesis.  The main difference from manual peptide synthesis is that a solid support, in 

the form of a resin, is employed which protects the C-terminal end of the amino acid 

(Merrifield, 1969).  While the Merrifield technique for synthesizing peptides is viable, its 

process requires highly toxic, hydrofluoric acid to cleave the peptide from the resin 

(Merrifield, 1969).  This strong acid can also damage fragile structures in the peptide 

sequence (Amblard et al., 2006).  As well, if an amino acid containing an additional 

amino reactive group, such as lysine, was desired in the peptide, each step would 

require an additional protecting step to avoid undesired side reactions, potentially 

reducing the overall product yield.  As an alternative, Chang and Meienhofer (1978) 

demonstrated an orthogonal protecting group strategy through the use of N alpha-9-

Fluorenylmethyloxycarbonyl (Fmoc) as a protecting group for the alpha nitrogen of the 

amino acid.  This is possible because the Fmoc protecting group can be cleaved by a 

mild base, piperidine, without cleaving acid-labile protecting groups, such as tBOC, 

which can be cleaved at the termination of peptide synthesis with TFA (Cheng et al., 

1978; Amblard et al., 2006). 

Through the use of peptide synthesis technology, Pierschbacher and Ruoslahti 

(1984) identified a portion of the adhesive component of fibronectin as the tetrapeptide 

sequence RGDS based on the adhesion of fibroblasts.  Monoclonal antibodies added to 
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fibroblasts adhering on fibronectin-coated substrates revealed a 11.5 kDa peptide 

fragment responsible for adhesion.  This fragment was sequenced to 30 amino acids 

which were divided into shorter peptide sequences using peptide synthesis technology 

and tested for adhesive activity through conjugation to heterobifunctional cross-linker 

N-succinimidyl-3-(2-pyridyldithio) propionate to rabbit IgG on polystyrene beads. The 

RGDS peptide sequence was common among those peptide sequences that support 

fibroblast adhesion.  RGDS adhesive activity was confirmed through its ability to 

support fibroblast adhesion upon coupling to Sepharose beads with 1-ethyl-3(3-

dimethylaminopropyl) carbodiimide-HCl.  The group further showed only the serine 

group of RGDS could be substituted with amino acids of similar chemical properties 

without affecting its adhesive activity, proving the RGD sequence as indispensable to 

fibronectin’s adhesive properties (Pierschbacher, 1984).  Since this initial study, RGD 

binding to αvβ3 and α5β1 on ECs was shown to support the same anti-apoptotic 

function as fibronectin during angiogenesis (Maubant et al., 2006).   

MMP-sensitive peptide sequences have also been tested and modified utilizing 

peptide synthesis technologies (Nagase & Fields, 1996).  In particular, substitution of the 

alanine peptide in the GPQG↓IAGQ oligopeptide from the α1(I) collagen chain with 

tryptophan (GPQG↓IWGQ) increased the enzymatic activity of MMPs by 8.4x (MMP-1), 

9.3x (MMP-8), 3.1x (MMP-2), 2.4x (MMP-9), 2.8x (MMP-3), and 3.3x (MMP-7) (Nagase et 



 

96 

al., 1996); which is a desirable property for the rapid generation of microvessel 

structures in vitro.   

In order to utilize these synthetic peptides in regenerative medicine applications, 

chemists have devised strategies to conjugate peptides to synthetic polymers (Hubbell, 

1998). These advances are made possible by acrylation of PEG, achieved through 

reactions of its terminal hydroxyl groups with acryloyl chloride, resulting in a telechelic 

polymer (Hubbell, 1998; Sawhney et al., 1993).  Due to its hydrophilic properties, upon 

polymerization the PEG diacrylate can form a hydrogel that mimics mechanical 

properties of developing tissues Sawhney et al., 1993; Hubbell, 1998; Nemir et al., 2010).  

Conjugation of oligopeptides to activated PEG polymers enables the highly controlled 

study of cell adhesion and spreading.  However, prior to conjugation with the 

oligopeptide, PEG must be activated to become a heterobifunctional polymer via 

acrylation on one terminal and addition of an amine-reactive group such as succinimidyl 

valerate (SVA), an N-hydroxysuccinimide (NHS) ester derivative, on the other (Roberts 

et al., 2002).  The SVA group of the Acryl-PEG-SVA polymer spontaneously reacts with 

the amine group through nucleophilic substitution following SN2 mechanisms (Roberts 

et al., 2002).  West and Hubbell (1999) pioneered the incorporation of degradable 

oligopeptide sequences, containing native colleagenase and plasmin degradation sites, 

within PEG diblock polymers with terminal acrylate groups.  The result was a 
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completely synthetic, cell-degradable 3D hydrogel system that could support 

translational research (West et al., 1999).  

Hubbell and colleagues (Lutolf et al., 2003) advanced this model by 

incorporating an RGDS adhesive peptide sequence and an MMP-sensitive, α1(I) 

collagen chain peptide sequence into PEG polymers through the addition of charged 

amino groups, arginine, aspartic acid, and nucleophilic cysteine to the terminal ends of 

the peptide sequences; enabling reactivity with vinyl sulfone-functionalized PEG and 

enhanced solubility in aqueous solution.  The MMP-sensitive peptide sequence 

contained two cysteine groups, on either terminal end (GCRD- GPQG↓IWGQ-DRCG), 

which enabled conjugation with vinyl-PEG groups and subsequent crosslinking to form 

a solid hydrogel.   The RGDS peptide sequence contained a single cysteine group 

(GCGYGRGDSPG) to result in PEG conjugation on one terminal end, enabling a 

pendant-like attachment to the bulk hydrogel.   

Degradation of the resulting hydrogel system with MMP-1 obeyed zero-order 

kinetics, indicating a saturated concentration of the MMP-sensitive peptide sequences 

(3.67 mM) within the hydrogel (Lutolf et al., 2003).  Further analysis of the hydrogels 

showed the tryptophan-modified MMP sensitive sequence was more sensitive to 

proteolytic degradation than the unmodified MMP sequence (kcat=1.21 s-1  vs. kcat=0.40 s-

1).  The synthetic hydrogel showed homogeneous bulk degradation rather than surface 

erosion, and was completely degraded into soluble fragments within 24 hours in vitro, 
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though at an enzyme concentration far above physiological.  As well, the minimum RGD 

concentration for invasion by fibroblasts was determined as 10 µM.  Interestingly, 

fibroblasts were able to invade into the synthetic hydrogels in vitro at a rate of 7 µm/hr, 

which is very similar to the microvessel invasion rate in vivo of 5 µm/hr (Laschke et al., 

2012). 

Continued work by West and colleagues improved upon these PEG hydrogel 

systems to support microvessel formation by incorporation of angiogenic growth factors 

VEGF (Moon et al., 2010; Leslie-Barbick et al., 2011) and PDGF-B (Saik et al., 2011b) as 

well as the ligand ephrinA1 (Saik et al., 2011a).  In addition, West and colleagues 

(Bahney et al., 2011) improved methods to encapsulate of the highly-sensitive MSCs 

through a photoinitiator system consisting of 0.01 mM eosin Y, 0.1% triethanolamine 

(TeOA), and 37.5 nM 1-vinyl-2 pyrrolidinone (NVP) that could support crosslinking of 

MSCs under visible light (515 nm) within 2 minutes and retain >88% viability.  Offering 

further evidence of PEG hydrogel systems to support vascular progenitor cells growth is a recent 

study by Seeto and colleagues (2013) demonstrating RGDS immobilized to PEG substrates at 

concentrations ≥ 0.7 µmol/mL can support adhesion of EPCs and spreading.  The EPC 

monolayers atop hydrogels retained > 85% coverage in the presence of shear stress levels ≤ 350 

dyn/cm2 (Seeto et al., 2013).  

In this study, we investigated the hypothesis that synthetic hydrogel systems, 

comprised of PEG conjugated to RGDS and MMP-sensitive sites, can provide adhesive 

and degradative cues to support 3D microvessel formation of EPCs from in SMC 
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coculture system developed in Aim 1.  We assessed our success based on the following 

parameters of physiological angiogenesis: extent of EPC microvessel formation in 

comparison to HUVEC coculture controls, lumen formation within microvessels, 

expression of EC junctional and anti-thrombotic associated proteins, arrest of continued 

EC proliferation, perivascular localization by SMCs, basement membrane formation, 

and stability of microvessel structures for at least 1 month in vitro.   

3.3 Materials and Methods 

3.3.1 Cell culture 

hCB-EPCs were isolated and validated for EC phenotype using methods 

described in Chapter 2 (sections 2.3.1 and 2.3.2).  EPCs were expanded at 6,667 cells/cm2 

upon tissue culture flasks, pre-coated with 8 µg/cm2 of collagen I, in EBM-2 media 

containing EGM-2 supplements, 9% v/v FBS, and 0.9% v/v penicillin-streptomycin.  

EPCs from a minimum of 3 separate donors were used between passages 3-5 for all 

experiments.  Human umbilical vein-derived endothelial cells from pooled donors 

(HUVECs, Lonza) served as an EC control.  HUVECs were cultured in EBM-2 media 

containing EGM-2 supplements, 2% v/v FBS, and 1% v/v penicillin-streptomycin.  

HUVECs were cultured at 6,667 cells/cm2 upon tissue culture flasks pre-coated with 8 

µg/cm2 of collagen I and used between passages 3-5 for all experiments.  Human aortic 

smooth muscle cells (SMCs) (Lonza) were used as a mural cell source to support 

microvessel formation of HUVECs and EPCs.  SMCs were cultured in SmBM (Lonza) 
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media containing SmGM-2 (Lonza) aliquots which includes insulin, hFGF-B, hEGF, and 

4.7% v/v FBS, 0.9% v/v penicillin-streptomycin.  To visualize microvessel formation, cells 

were transduced with fluorescent proteins using a lentiviral system comprised of 

packaging vectors psPAX2 (Addgene #12260) and PMD2G (Addgene #12259).  The 

vector FUGW was used for GFP expression.  FU tdTomato.W was also produced by 

replacing the GFP gene in FUGW through simple ligation.    

3.3.2 2D Poly(ethylene glycol) (PEG) Hydrogel System to Support EPC 
Network Formation 

3.3.2.1 PEG Diacrylation (PEGDA) 

The hydroxyl terminals of PEG were acrylated as previously described (DeLong 

et al., 2005) in order to provide reactive sites for crosslinking.  PEG (6 kDa, Fluka) was 

dissolved in anhydrous dichloromethane (Sigma) at 60% w/v before addition of triethyl 

amine (TEA) (Sigma), at 1:2 molar ratio of PEG to TEA (Figure 3.2A).  Acryloyl chloride 

(Lancaster) was added drop-wise to the PEG solution, at 1:4 molar ratio PEG to acryloyl 

chloride, in an inert atmosphere of argon and allowed to react for a minimum of 12 hrs.  

The resulting PEG diacrylate (PEGDA) was purified through separation into aqueous 

and organic phases through the addition of 2M potassium carbonate (K2CO3) 

(anhydrous, Fisher) that was dissolved in acryloyl chloride.  The mixture was allowed to 

separate overnight before removal of the PEGDA-containing organic phase.  Residual 

aqueous solution was removed through the addition of anhydrous magnesium sulfate 

(MgSO4) (Fisher) and the PEGDA precipitated by addition of diethyl ether (Fisher).  
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PEGDA was filtered and dried overnight and crushed to a fine powder through mortar 

and pestle before further drying under a lyophilizer for 24 hours.  Acrylation success 

was determined through proton-nuclear magnetic resonance (1H NMR) by the presence 

of peaks at 4.32 ppm.  PEGDA was stored under argon at -200C until use.     

3.3.2.2 Adhesive Peptide RGDS Conjugation to PEG (PEG-RGDS) 

RGDS (American Peptide) was dissolved in anhydrous dimethyl sulfoxide 

(DMSO) (Sigma) and reacted with acrylate-PEG-succinimidyl valerate (Acryl-PEG-SVA) 

(3.4 kDa, Laysan Bio), at a 2:1 molar ratio of RGDS to Acryl-PEG-SVA (Figure 3.2A).  

N,N-diisopropylethylamine (DIPEA, Sigma), added at a 2:1 molar ratio DIPEA to Acryl-

PEG-SVA, served as a base.  The solution was reacted under argon upon on a rocker, set 

at the highest setting, for a minimum of 8 hours.  Acryl-PEG-RGDS was purified 

through dialysis with a 3.5 kDa molecular weight cut-off (MWCO) regenerated cellulose 

membrane (Spectra/Por®7) against ultrapure water, lyophilized, and confirmed for 

conjugation using gel permeation chromatography (GPC) (Polymer Laboratories).  The 

samples were dissolved in 0.1% ammonium acetate in DMF solvent at a concentration of 

2 mg/mL and pumped through a polystyrene/divinylbenzene matrix (PLgel column, 5 

µm porosity, 500 Å pore size, Polymer Laboratories) and analyzed with an evaporative 

light scattering (ELS) detector.  Conjugation success was determined by the degree of 

separation between elution peaks of Acryl-PEG-SVA and Acryl-PEG-RGDS samples 
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through integration of the area under each peak. Conjugations resulting in >88% success 

were used for experiments.  

3.3.2.3 PEGDA + PEG-RGDS Hydrogel Synthesis 

Two dimensional studies were performed initially to ensure that the 

concentration of RGDS and stiffness of the PEG hydrogel substrate could support 

adhesion and function of EPCs.  These studies were performed using biostable PEGDA 

to prevent cellular invasion into the hydrogel materials.  PEGDA was dissolved at either 

5% or 10% w/v in PBS.  2, 2-dimethyl-2-phenyl-acetophenone (photoinitiator, Sigma), 

dissolved at 300 mg/mL in N-vinyl-2 pyrrolidinone (NVP, Sigma) was added at 10 µl 

per mL of PEGDA solution as previously described [30].  PEG-RGDS was dissolved at 

0.8% w/v (4.4 mM RGDS) in PBS and contained 0.1% v/v (1.2 M) of the initiator.  All 

polymer solutions were sterilized by filtration through a 0.22 µm syringe (Leur-LokTM 

Tip syringe; BD).  A 1 mL volume of PEGDA solution was pipetted into Teflon spacer 

molds of 1.5 mm thickness that were sandwiched between glass slides treated with 

SigmaCote® (Sigma), and exposed to long wavelength UV light (365 nm, 10 mW/cm2) 

for 30 s.  The PEG-RGDS solution was then spread atop the PEGDA hydrogel surface, 

re-covered with the glass slides that had been treated with SigmaCote®, and the 

construct exposed to the UV light for 2 minutes.  Discs, 0.7 cm in diameter, were 

punched from the hydrogel with a disc borer and added to 8-well chambers (Lab-tek), 

which was covered with a thin layer of 5% w/v PEGDA to discourage durotaxis.  
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3.3.2.4 Mechanical Testing 

The elastic modulus of PEGDA with PEG-RGDS was determined using a micro-

strain analyzer (TA Instruments, RSA III).  For tensile testing, the microfilament 

template was used for transient measurement using a multiple extension mode test.  The 

PEG-hydrogel sample was cut to rectangular dimensions of 2.5 mm width, 0.2 mm 

thickness.  Samples were stretched in the axial direction at 0.1 mm/s until failure, 

evidenced by tearing of the gel.  The elastic modulus was determined from the linear 

region of the stress versus strain curve. 

3.3.2.5 2D hCB-EPC Network Formation Assay 

The PEGDA hydrogels containing surface-bound PEG-RGDS were allowed to 

swell in PBS overnight before the addition of cells.  EPCs or HUVECs were mixed with 

SMCs at a 1:4 ratio and seeded atop the PEG hydrogels for a total cell number of 1.28 x 

105 cells/cm2, as depicted in Figure 3.2B.  Coculture media consisted of EBM-2 media 

containing 9% v/v FBS and 0.9% v/v penicillin-streptomycin.  Cocultures plated atop 

uncoated, 8-well chambers under identical conditions served as previously established 

control (Peters et al., 2013; Peters et al., 2015a; Peters et al., 2015b). The resulting EC 

networks were imaged with an Axiovert 135 microscope (Zeiss) at 7 and 14 days after 

initial plating using red and FITC filters (excitation/emission 546/590 and 450/515, 

respectively).  The networks were quantified using Metamorph® Angiogenesis Tube 

Formation Application software (Molecular Devices) for total tube length, number of 
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branch points, and average tube thickness.  The maximum and minimum width for an 

EC segment to be considered as a microvessel structure was determined by manual 

adjustment until the range of maximum and minimum values could accurately account 

for networks within all images, and determined as 13.1 µm and 100 µm, respectively. 
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Figure 3.2: Schematic of 2D PEG hydrogel system for evaluating the ability of 

RGDS to support EPC network formation. (A) Overview of PEG diacrylate (PEGDA) 

and acryl-PEG-RGDS (PEG-RGDS) synthesis (B) PEGDA was first synthesized 

through exposure to UV light at 365 nm, 10 mW/cm2 for 30 s. RGDS was then 

immobilized to the hydrogel surface through polymerization of the terminal acryl 

group of PEG-RGDS to PEGDA.  2, 2-dimethyl-2-phenyl-acetophenone and N-vinyl-2 
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pyrrolidinone served as the initiators of polymerization.  Cocultures of EPCs or 

HUVECs with SMCs were seeded atop the PEG hydrogel system. 

3.3.3 3D PEG hydrogel system to support EPC network formation 

3.3.3.1 Protease-Sensitive Peptide (PQ) Synthesis  

The MMP-sensitive peptide sequence GGGPQG↓IWGQGK (abbreviated as 

“PQ”, ↓ denotes the cleavage site) was synthesized with an automated peptide 

synthesizer (Apex 396, Aapptec) using standard Fmoc chemistry procedures.  The final 

product was cleaved from resin with 95% trifluoroacetic acid and 2.5% triisopropysilane 

and precipitated in ether.  The resulting peptide was dried under vacuum for 1-2 days 

and confirmed by its expected molecular weight of 1141 Da through matrix-assisted 

laser desorption ionization mass spectrometry (Applied Biosystems, DE-Pro Maldi-MS).   

3.3.3.2 PQ Conjugation to PEG (PEG-PQ) 

The PQ peptide was dissolved in anhydrous DMSO (Sigma) and reacted with 

Acryl-PEG-SVA (Laysan) at 1 to 2.1 molar ratio under identical methods as RGDS 

conjugation to PEG.  The lysine group on the PQ peptide enabled conjugation with 

Acryl-PEG on both the N- and C-terminus to form Acryl-PEG-PQ-PEG-Acryl 

(abbreviated “PEG-PQ”) as depicted in Figure 3.3A.  The PEG-PQ polymer was purified 

through dialysis against a 3.5 kDa MWCO regenerated cellulose membrane 

(Spectra/Por®7) with ultrapure water over 48 hours with 4 changes of water, spaced a 

minimum of 2 hours apart.  The purified product was lyophilized and conjugation 
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success confirmed through GPC analysis as described in section 3.3.2.2 above.  

Conjugations resulting in >90% success were used for experiments.  

3.3.3.3 3D PEG-PQ + PEG-RGDS Hydrogel Synthesis 

To enable adhesion of the polymer droplets, coverslips (12 mm round, no. 1.5) 

were cleaned in solution of equal parts hydrogen peroxide and sulfuric acid for 1 hr 

before combining with 3-(trimethoxysilyl)propyl methacrylate (2% v/v diluted in 

ethanol) for 48 hours in a 500 mL clean glass beaker secured to a rocker at low speed. 

Methacrylated coverslips were cleaned with ethanol, dried overnight, placed in petri 

dishes filled with argon gas, wrapped with parafilm, protected from light by wrapping 

with foil, and stored at 40C until use.  To aid hydrogel adhesion to acrylated cover slips 

upon crosslinking, glass slides were made hydrophobic through coating with a silicone 

solution via SigmaCote® (Sigma) treatment.  SigmaCote® was covalently attached to 

clean glass slides by immersion of the slides in SigmaCote® solution for 1 minute before 

rinsing with ethanol.   

Hydrogels were formed by dissolving PEG-PQ in PBS and PEG-RGDS in PBS.  

The polymer solutions were sterile-filtered with a 0.22 µm syringe (BD) and combined 

into a previously established photoinitiator system of sterile-filtered 1.5% v/v TeOA 

dissolved in HEPES buffer (Sigma) (pH 8), 10 µM eosin Y, and 0.34% v/v (31.7 nM) NVP 

(Bahney et al., 2011) for final concentrations of 5% w/v PEG-PQ (6 mM PQ) and 3.5 mM 

PEG-RGDS.   The polymer solution was pipetted in 5 µl droplets between 380 µm-thick 
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polydimethylsiloxane (PDMS) spacers, which were placed upon on glass slides treated 

with SigmaCote® (Sigma).  An acrylated coverslip was placed atop the polymer droplet 

and solid hydrogels formed by exposure to white light (514 nm) at 120 mW/cm2 for 40 s 

(Fiber-lite high intensity illuminator, series 180, Dolan-Jenner Industries, Inc.).  The 

coverslip containing the immobilized hydrogel were stored in ultra-low bottom 24-well 

tissue culture plates (Corning) in PBS for a minimum of 8 hours before characterization 

studies.  

3.3.3.4 Hydrogel Degradation Assay 

Collagenase can recognize the PQ peptide sequence and act to degrade the 

hydrogel (Leslie-Barbick 2011).  As the peptide is cleaved, tryptophan from the PEG-PQ 

is released into the solution and can absorb UV light at 280 nm, providing an indication 

of the bulk degradation rate of the PEG-PQ hydrogel (Leslie-Barbick 2011).  Hydrogels, 

plated in triplicates, were incubated at 370C in 5% CO2 with collagenase solution, 

containing clostridium histolyticum-derived clostripain as the dominant proteinase, 

(Sigma), dissolved to a final concentration of 10 µg/mL in 0.2 mg/mL sodium azide and 

0.36 mM calcium chloride.  Negative controls consisted of hydrogels incubated with PBS 

and the collagenase solution added to wells without hydrogels.  Positive controls 

consisted of hydrogels incubated with 10 µg/mL collagenase for 24 hours, which 

resulted in complete degradation of the gel.  200 µl volume samples were taken from 

each well and measured with UV spectrophotometer (Varian Cary 50 UV-vis 
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spectrophotometer) and returned to the wells to provide cumulative degradation 

measurements.  Measurements were taken every 30 minutes for the first 5 hours and 

then every hour until the gel was no longer visible, indicating complete degradation.  

Hydrogels formed from each batch of PEG-PQ and PEG-RGDS were confirmed to 

degrade by collagenase treatment prior to use in cell encapsulation studies.  All 

hydrogels degraded within 16 hours after exposure to 10 µg/mL of collagenase.   

3.3.3.5 Mechanical Testing 

The mechanical properties of the hydrogels was assessed through compression 

testing with the Micro-strain analyzer (TA Instruments RSA III) under the Transient, 

Multiple Extension Mode. Hydrogels, 1 mm in thickness, were compressed at a rate of 

0.002 mm/s and compressive moduli obtained from the slope of the linear part of the 

stress-strain curve. 

3.3.3.6 3D hCB-EPC Network Formation Assay 

Cocultures of EPCs or HUVECs with SMCs were encapsulated into the PEG-PQ 

hydrogel system by resuspending dry, cell pellets containing 4:1, 1:1, or 1:4 EC to SMC 

with the hydrogel polymer solution at a density of 30,000 cells/µl (Figure 3.3B).  A 

monoculture of EPCs at the 4:1 EC to SMC seeding density served as a negative control 

for network formation. The cells were cross-linked along with the polymer components 

in 5 µl droplets under identical conditions for hydrogel formation of 40s exposure to 

white light at 120 mW/cm2.  The cell-laden hydrogels were placed into 24-well ultra-low 
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adhesion bottom plates (Corning) and supplemented with coculture media, which was 

changed within 24 hours of encapsulation and every 48 hours thereafter.     

To visualize the depth of microvessel invasion within the hydrogels, GFP and 

tomato-transduced EC microvessels were assessed 14 days after encapsulation with a 

multiphoton confocal microscope (Olympus FV1000 Multiphoton).  Images were taken 

using a 25x objective (numerical aperture of 1.05) at 150 µm depth with 0.8 µm sections, 

1024 x 1024 pixels, line and frame average of 4, and scan speed of 2 µs/pixel.  To quantify 

microvessel formation, hydrogels containing GFP and tomato-transduced ECs were 

imaged at 7, 14, and 30 days post-encapsulation with an inverted confocal microscope 

(Leica DMI6000CS).  Images were taken at 10x objective (numerical aperture of 1.05), 60 

µm depth from the hydrogel surface with 5 µm thick sections, 1024 x 1024 pixels, with a 

line and frame average of 2.  The images were compiled using Imaris software (Bitplane) 

and analyzed with Metamorph® Angiogenesis Tube Formation Application software 

(Molecular Devices) for total tube length, number of branch points, and average tube 

thickness using identical parameters as the 2D network formation assay. 
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Figure 3.3: Schematic of 3D PEG hydrogel system to support EPC microvessel 

formation. (A) An MMP-sensitive peptide sequence (PQ) was incorporated into PEG 

diacrylate (PEGDA) through reaction with Acryl-PEG-SVA at a 1 to 2.1 molar ratio to 

form Acryl-PEG-PQ-PEG-Acryl (PEG-PQ). (B) Cocultures of ECs with SMCs were 

mixed with PEG-PQ, PEG-RGDS, and polymerization components Eosin Y, 

triethanolamine, and 1-vinyl-2 pyrrolidinone.  Hydrogels were formed from the 

mixture by exposure under visible light at 120 mW/cm2 for 40 s.  
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3.3.3.7 Proliferation Assay 

hCB-EPC proliferation within 3D networks was measured at 7, 14, and 22 days 

after encapsulation through the incorporation of 5-ethynyl-2’-deoxyuridine (EdU) into 

the DNA of dividing cells (Click-iT® Plus EdU Alexa Fluor® imaging kit, Life 

Technologies).  This imaging kit is compatible with cells that express or are labeled with 

fluorescent molecules, allowing discrimination between proliferating cells within 

microvascular networks or behaving as individual cells within 3D cocultures.  At each 

time point, EdU was added to hydrogels by replacing half of the cell culture media with 

EdU labeling solution at a final concentration of 10 µM.  After 2 hours of incubation at 

370C with 5% CO2, the cultures were preserved with 3.7% v/v formaldehyde (Electron 

Microscopy Sciences), diluted in PBS, for 15 minutes, rinsed twice with 3% w/v bovine 

serum albumin (BSA) solution, dissolved in PBS, and permeabilized for 20 minutes with 

0.5% v/v Triton-X in PBS.  The EdU was detected through incubation of samples for 30 

minutes with the Click-iT® EdU buffer which contained picolyl azide within the Alexa 

Fluor® 488 dye that reacts with the alkyne group within EdU.  To detect nuclei, the 

samples were rinsed with 3% BSA and incubated with Hoescht® 33342 for 30 minutes.  

Samples were imaged with an inverted confocal microscope (Leica) using identical 

conditions as the 3D network quantification.  Sequential scanning was performed to 

prevent bleed-through between Alexa Fluor® 488, DAPI, and TRITC channels. The 

images were compiled in Imaris software (Bitplane) and subdivided into 387.5 µm x 
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387.5 µm sections that were analyzed manually with the cell-counter tool in ImageJ 

software. 

3.3.3.8 Immunofluorescence 

3D hCB-EPC networks were further characterized through immunofluorescence 

staining after 14 days of culture.  Samples were fixed in 3.7% formaldehyde for 10 

minutes, rinsed twice with PBS, and permeabilized with 0.025% v/v Triton-X in PBS for 

45 minutes on a rocker at low speed.  The samples were rinsed with 3.5% w/v BSA in 

PBS for 5 minutes on the rocker for a total of 3 rinse cycles.  The samples were incubated 

with 3.5% BSA overnight to help reduce nonspecific binding of primary antibodies.  The 

samples were incubated with the following primary antibodies, diluted with 3.5% BSA, 

for 48 hours at 40C on a rocker at low speed: VE-cadherin (2 µg/mL, Santa Cruz 

Biotechnology (Santa Cruz), sc-6458), connexin 32 (10 µg/mL, Abcam, ab66613), eNOS (2 

µg/mL, Santa Cruz, sc-654), PDGFR-β (2 µg/mL, Santa Cruz Biotechnology, sc-432), α-

SMA (1:100 dilution, Abcam, ab7817), collagen IV (1:200 dilution, Abcam, ab6311), 

laminin (1:200 dilution, Abcam, ab11575).  Cultures were rinsed twice with PBS 

containing 0.01% Tween (Tween® 20, Sigma-Aldrich) and once with PBS.  Each rinse 

cycle lasted a minimum of 4 hours at 40C on a rocker at low speed.  The cultures were 

incubated with secondary antibodies Alexa Fluor® 488, 555, or 647 (Invitrogen) 

corresponding to the appropriate host species for the primary antibodies at 1:200 

dilution for 48 hours at 40C on a rocker at low speed.  To visualize nuclei, the samples 
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were rinsed with PBS before incubation with 5 µg/mL of 4’,6-diamidino-2-phenylindole 

(DAPI, Life Technologies) for 1 hour.  The samples were rinsed a final time with PBS for 

2 hours and stored in PBS before imaging.  Images were taken on a Leica Sp5 confocal 

microscope at 40x (numerical aperture of 1.25) or 63x (numerical aperture of 1.20) 

objectives.  The images were collected at 1024 x 1024 pixels with a line and frame 

scanning average between 2-6.  Sequential scanning was employed to prevent bleed-

through of fluorescence.  Image depths up to 30 µm were taken with ≤ 1 µm section 

thicknesses. 

3.3.4 Statistical Analysis 

Statistical analysis on the effect of substrate stiffness, EC type, and culture period 

on 2D hCB-EPC microvessel formation were performed with a three-factor analysis of 

variance (ANOVA) followed by a post-hoc Tukey honest significant difference (HSD) test 

for multiple comparisons.  The effect of coculture ratio, EC type, and culture period on 

3D hCB-EPC microvessel formation was also analyzed by a three-factor ANOVA and 

post-hoc Tukey HSD test.  Differences in hCB-EPC proliferation within 3D microvessels 

over time were analyzed with a one-factor ANOVA followed by a post-hoc Tukey HSD 

test.  JMP® statistics software (SAS) was used for all analysis.   
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3.4 Results 

3.4.1 PEG Hydrogels Containing Immobilized RGDS Support Network 
Formation of hCB-EPCs in Coculture with Mural Cells 

Cell adhesion upon 2D tissue culture glass or plastic substrates is mediated by 

serum proteins that non-specifically adsorb to the surface (Curtis et al., 1983; Dupont-

Gillian et al., 2000).  In contrast, due to their hydrophilic properties that resist non-

specific protein adsorption, PEG hydrogels have controlled adhesion such that cells are 

directed to interact with specific sequences of adhesive peptides if they are covalently 

immobilized (Hubbell, 1998).  ]. hCB-EPC microvessel formation may be affected by 

differences in cell adhesion between tissue culture substrates and PEG hydrogels 

through engagement of dissimilar integrin receptors (Stupack et al., 2004; Eming et al., 

2011; Senger et al., 2011).  Before moving the coculture system from 2D tissue-culture 

treated substrates into a 3D synthetic hydrogel, we wanted to first validate the ability of 

the adhesive component, RGDS, to support EPC microvessel formation upon PEGDA 

hydrogels.  Specifically, we hypothesized that PEG hydrogels containing RGDS could 

support EPC microvessel formation to the same extent as tissue culture-treated glass.   

We tested this hypothesis by synthesizing a 2D PEG hydrogel platform 

comprised of PEG diacrylate (PEGDA) and acryl-PEG-RGDS (PEG-RGDS) using the 

schematic shown in Figure 3.2.  PEG-RGDS was immobilized to the surface of the 

PEGDA hydrogels of 5% w/v and 10% w/v which had elastic modulus values of 12.5 ± 3 

kPa and 37.5 ± 2.8 kPa, respectively.  EPCs or HUVECs were mixed with SMCs and 



 

116 

plated atop the PEG hydrogel substrate and the resulting EC network formation 

compared to cocultures plated upon tissue-culture plastic glass which has an elastic 

modulus of 63 GPa (Corning Pyrex® 7740 Borosilicate Glass), under identical culture 

conditions.  We found RGDS-immobilized to PEG hydrogels could support hCB-EPC 

network formation to the same extent as tissue culture glass by 2 weeks of culture 

(Figure 3.4A-B) based on the lack of significant differences (p>0.54) in network 

morphology parameters of total tubule length per image area (averages near 12 

mm/mm2), branch points per image area (averages near 103/mm2), and average segment 

diameter (averages near 35 µm). Cells failed to adhere upon PEGDA substrates without 

PEG-RGDS. 

No striking differences in SMC localization to hCB-EPC networks was observed 

between PEGDA and tissue-culture glass substrates, with similar patterns of SMC 

dispersion upon the substrates and surrounding the hCB-EPC networks (Figure 3.5).  

Both cocultures of ECs and SMCs contacted the surface of both PEGDA and tissue 

culture glass, evidenced by cross-sectional views of the substrate (Figure 3.6).  PEGDA + 

PEG-RGDS substrates supported stable hCB-EPC network formation based on the lack 

of significant decreases in total tubule length (Figure 3.4B) between day 7 and day 14 of 

culture.  The PEGDA gels of intermediate stiffness (37.5 kPa) supported faster hCB-EPC 

network formation on their surfaces than the softer PEGDA gels (12.5 kPa) shown by 

greater tubule length at day 7 (p=0.02) (Figure 3.4B).  However, by day 14, no significant 
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differences (p>0.99) were seen in hCB-EPC network morphology parameters between the 

12.5 kPa and 37.5 kPa PEGDA gels.  In addition, hCB-EPCs formed networks in a similar 

manner as HUVECs upon PEGDA substrates, based on lack of significant differences 

(p>0.38) in morphology parameters of total tubule length, branch points, and average 

tubule thickness at day 14 of culture (Figure 3.4B).  Interestingly, on tissue culture glass 

substrates, the hCB-EPC-generated networks had a greater amount of connectivity than 

HUVEC-generated networks, demonstrated by significantly higher (p = 0.008) number 

of branch points (Figure 3.4A-B).  Taken together, these data demonstrate RGDS 

covalently immobilized to PEGDA hydrogels can support robust, stable network 

formation by hCB-EPCs in mural cell coculture.  As well, the coculture system of hCB-

EPCs or HUVECs with SMCs generated similar networks upon substrates spanning 

several orders of magnitude in elastic modulus.  
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Figure 3.4: Evaluation of RGDS to support EC network formation by hCB-

EPCs: (A) Representative images of network formation by fluorescent protein-

transduced hCB-EPCs (EPCs) and HUVECs in coculture with SMCs (not visible) at 7 

and 14 days after plating upon PEGDA hydrogels containing immobilized RGDS at 

varying stiffness (12.5 kPa and 37.5 kPa).  Networks formed on tissue-culture treated 

glass (63 GPa) served as a comparison.  Scale bar = 200 µm.  (B) Quantitative analysis 

of EPC and HUVEC network morphology during the first 14 days of culture between 

PEGDA and tissue culture glass substrates through total tubule length, branch points, 

and average tubule thickness.  Conditions not connected by the same letter (A,B, or C) 

are significantly different.  n=5-6 images analyzed per condition from 2 separate 

experiments.  Image area analyzed is 0.57 mm2 per image. 
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Figure 3.5: Comparison of perivascular localization by SMCs on PEGDA + 

PEG-RGDS (12.5 kPa and 37.5 kPa) and tissue-culture glass substrates (63 GPa): 

Representative images of network formation by hCB-EPCs (EPC) and HUVECs in 

SMC coculture systems atop PEGDA substrates containing immobilized RGDS (12.5 

kPa and 37.5 kPa elastic modulus) and tissue culture glass substrates (63 GPa elastic 

modulus) at 7 and 14 days after plating.  ECs were transduced with tomato-fluorescent 

protein and SMCs transduced with GFP prior to coculture.  Scale bar equals 100 µm. 
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Figure 3.6: Cross-sectional views of ECs and SMCs atop PEGDA + PEG-RGDS 

and tissue culture glass substrates: Representative images of HUVEC and hCB-EPC 

(EPC), transduced with tomato fluorescent protein, after 14 days of coculture with 

SMCs (transduced with GFP).  Scale bar equals 50 µm on 3D image (A) and 20 µm for 

cross-sectional image (B). 
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3.4.2 Protease-Sensitive PEG Hydrogels Support 3D Microvessel 
Formation by hCB-EPCs 

We validated the ability of soft (12.5 kPa) PEGDA hydrogels containing 7.62 

nmol/cm2 of surface-immobilized RGDS to support hCB-EPC network formation for at 

least 2 weeks in vitro.  Extension of this 2D system into a 3D hydrogel model could 

provide a more biomimetic environment for EPC microvessel formation and clinically 

translatable system.  Matrix metalloproteinases (MMPs) are the key proteins for 

degrading the ECM during angiogenesis, regulating microvessel formation by 

uncovering new ECM adhesive sites that activate ECs towards an angiogenic 

phenotype, as well as creating protease byproducts that can inhibit angiogenesis 

(Stupack et al., 2004; Senger et al., 2011). We hypothesized that PEG hydrogels 

containing an MMP-sensitive peptide sequence and RGDS could provide the 

appropriate degradative and adhesive cues to support 3D microvessel formation by 

hCB-EPCs in coculture with SMCs.  We synthesized and incorporated an MMP-sensitive 

peptide sequence, GGGPQG↓IWGQGK (abbreviated as “PQ”), into PEG by reacting the 

PQ peptide with Acryl-PEG-SVA (Figure 3.3A).  The amino group on the lysine side 

chain allowed conjugation of the peptide on both terminal ends (Acryl-PEG-PQ-PEG-

Acryl), enabling crosslinking between polymer chains to create a solid hydrogel.  PEG-

RGDS is incorporated into this hydrogel system as pendant groups.  The resulting 

hydrogels containing 3.5 mM PEG-RGDS and 6 mM PQ, had a compressive moduli of 18 

± 5 kPa.  The cells were resuspended in the polymer solution and encapsulated within 
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the hydrogel through cross-linking of PEG-PQ chains upon exposure to visible light in 

the presence of cytocompatible photoinitiators (Figure 3.3B).  

3.4.2.1 Intermediate Coculture Ratios of hCB-EPCs to SMCs Favors 3D Microvessel 

Formation 

Forming microvessels within a 3D system is more complex than a 2D system 

because it requires the additional step of cell-mediated gel degradation before cell 

spreading and ECM deposition can occur.  Higher EC to SMC ratios may be required for 

microvessel formation in the 3D system than the 1:4 ratio employed in the 2D system.  

We tested EC to SMC ratios of 4:1 and 1:1 as well as 1:4 and evaluated their effect on 

microvessel morphology by comparing total tubule length, branch points, and average 

tubule thickness during the first 14 days of culture.  The synthetic hydrogel system 

supported microvessel formation by hCB-EPCs, as well as HUVECs, in coculture with 

SMCs by two weeks of culture (Figure 3.7A).  An EC to SMC coculture ratio of 1:1 best 

supported microvessel formation by hCB-EPCs, evidenced through significantly higher 

total tubule lengths than the 1:4 (p=0.0003) and 4:1 (p=0.0004) ratios by 14 days of culture 

(Figure 3.7A).  The hCB-EPC microvessels were also more connected in the 1:1 coculture 

ratio shown by significantly higher amounts of branch points than the 1:4 (p=0.002) and 

4:1 (p=0.006) ratios (Figure 3.7B).  The hCB-EPC microvessel structures in the 1:1 ratio 

did not regress, indicated by a lack of significant decreases in total tubule length (p=0.79) 

between days 7 and 14 of culture.  A similar trend was observed with the microvessel 

formation by HUVECs (Figure 3.7A-B).  Increasing the EC to SMC ratio to 4:1 resulted in 
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clustering of ECs rather than microvessel formation (Figure 3.7A).  By 14 days of culture, 

the morphology of hCB-EPC microvessels  were similar to HUVEC microvessels, at the 

1:1 coculture ratio, based upon a lack of significant differences in total tubule length 

(p=1.00), branch points (p=1.00), and average tubule thickness (p=0.064).  HUVECs were 

more angiogenic than hCB-EPCs within the 3D PEG hydrogel system due to their ability 

to form microvessels at 4:1 as well as 1:4 ratios.  While there existed clusters of HUVECs 

in the 4:1 ratio coculture condition, there was still evidence of microvessel formation, 

with no significant differences observed in total tubule length (p>0.22), number of 

branch points (p>0.73), or average tubule thickness (p>0.99) in comparison to the 1:1 and 

1:4 ratios, by 14 days of culture.  

The majority of microvessel structures were found within 50 µm-depths from the 

gel surface (Figure 3.8A).  The presence of SMCs was required to support EC 

microvessel formation within the 3D synthetic hydrogel systems, demonstrated by the 

lack of microvessels formed in in hCB-EPC monoculture controls (Figure 3.8B).  The 

SMCs were dispersed throughout the gel and around the EC networks, similar to 

patterns observed in 2D culture (Figure 3.8C).  As well, the hCB-EPC microvessels 

formed within 3D hydrogels, after 2 weeks of coculture, were similar to structures 

formed on 2D substrates based on network morphology parameters of total tubule 

length per image area (12 mm/mm2), branch points per image area (127/mm2), and 

average tubule thickness (27 µm).  The hCB-EPC microvessels were observable for at 
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least 30 days of in vitro culture (Figure 3.8D).  Taken together, these observations 

demonstrate 3D PEG hydrogels containing an MMP-sensitive peptide and RGDS can 

support robust, stable hCB-EPC microvessel formation from coculture with SMCs at a 

ratio of 1:1 which are similar in morphology to microvessels formed by vascular-derived 

ECs. 

 

Figure 3.7: Effect of EC:SMC coculture ratio upon 3D microvessel formation 

within a synthetic hydrogel system: (A) Representative images of microvessel 

formation from GFP-transduced HUVECs and hCB-EPCs (EPCs) in 4:1, 1:1, and 1:4 

coculture with SMCs (not visible) during the first 7 and 14 days of culture. Images 

were taken within a 50-µm depth from the gel surface. Scale bar equals 250 µm. (B) 

Quantification for differences in total tubule length, branch points, and average 

tubule thickness in microvessels formed by varying coculture ratios and use of EPCs 

or HUVECs at days 7 and 14 of culture. Conditions not connected by the same letter 
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are significantly different.  n=4-5 images analyzed per condition from a minimum of 2 

separate experiments.  Image area analyzed is 2.4 mm2. 

 

 

Figure 3.8: Characterization of EC microvessel formation within 3D synthetic 

hydrogels: (A) Representative images of microvessel formation throughout the 

hydrogel by GFP-transduced HUVECs and hCB-EPCs (EPCs) in 1:1 coculture with 

SMCs (not visible) after 14 days of culture. Scale bar equals 50 µm. (B) Representative 

images of hCB-EPC (EPC) monoculture controls at days 7 and 14 after encapsulation.  



 

126 

Images were taken within a 50-µm depth from the gel surface. Scale bar equals 250 

µm. (C) Representative images depicting the localization of SMCs, transduced with 

GFP, near microvessels formed by hCB-EPCs (EPCs) or HUVECs, transduced with 

tomato-fluorescent protein, after 14 days of culture. Images were taken within a 50-

µm depth from the gel surface. Scale bar equals 250 µm. (D) Representative image of 

EPC microvessels, transduced with GFP, after 30 days of in vitro coculture with SMCs 

(not visible) at a 1:1 ratio. Images were taken within a 50-µm depth from the gel 

surface. Scale bar equals 250 µm. 

3.4.2.2 hCB-EPC Microvessels Formed within Synthetic Hydrogels In Vitro Contain 

Features of In Vivo Physiological Angiogenesis 

To prepare for anastomosis with the host circulatory system, the tissue 

engineered microvessels must contain lumen and express junctional proteins associated 

with maintaining permeability and anti-thrombotic function of the vasculature (Adams 

et al., 2007).  As well, the microvessels should demonstrate features of physiological, 

rather than pathological, microvessel formation by arrest of hCB-EPC proliferation after 

initial network formation, perivascular localization of mural cells, and the presence of 

basement membrane adjacent to microvascular structures (Belvisi et al., 2005; Kut et al., 

2007). 

We characterized the hCB-EPC microvasculature structures formed from the 1:1 

coculture ratio with SMCs, for these aspects of physiological microvessel formation and 

found evidence of complete lumen formation by day 12 of coculture, shown through 

cross-sectional images of microvessels which contained closed, circular structures, lined 

with VE-cadherin positive cells in (Figure 3.9A).  In addition to VE-cadherin, an 

adherens junctional protein critical to maintaining EC permeability (Dejana et al., 2008), 
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the hCB-EPC microvessels also expressed the gap-junctional protein connexin 32, 

(Figure 3.9B) an important component to EC intercellular communication and tube 

formation (Okamoto et al., 2009; Okamoto et al., 2014).  As well, the hCB-EPC 

microvessels expressed eNOS (Figure 3.9C), which helps prevent thrombosis of vascular 

structures by discouraging platelet adhesion (Tziros & Freedman, 2006). 

 

Figure 3.9: hCB-EPCs within 3D microvessels form lumen and express proteins 

associated with maintaining permeability and anti-thrombotic function: (A) 

Representative cross-sectional hCB-EPC microvessels, immunostained with VE-

cadherin (green), formed after 12 days of coculture with SMCs.  Nuclei are indicated 

by 4’,6-diamidino-2-phenylindole (DAPI) (blue).   Scale bar, located on the bottom left 

corner, equals 10 µm. (B) Representative image hCB-EPC microvessels after 14 days of 

coculture with SMCs depicting expression of connexin 32 gap junction (Cyan) 

between two adjacent hCB-EPCs, identified through VE-cadherin expression (red).  

Nuclei are depicted through incorporation of DAPI (blue).  Scale bar equals 200 µm 
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for the image and 20 µm for the inset.  (C) Representative images depicting the 

expression of eNOS localized the hCB-EPC microvessels, formed after 14 days of 

coculture with SMCs.  Nuclei are depicted through incorporation of DAPI (blue). 

Scale bar equals 100 µm 

To evaluate proliferation of hCB-EPCs within microvessels, we added 

fluorescently-labeled 5-ethynyl-2’-deoxyuridine (EdU), a thymidine analog that 

incorporates into the DNA of dividing cells, at 7, 14, and 22 days after encapsulation.  

hCB-EPCs showed significant decrease in proliferation (p=0.0002), assessed through 

number of cells in the S-phase, between days 7 (5.8%) and 14 (0.5%) of coculture with 

SMCs (Figure 3.10A-B).  This quiescent state of hCB-EPCs within microvessel structures 

was maintained through 22 days of culture with an average of 0.1% proliferating cells, 

which was not significantly different differ from the number of proliferating hCB-EPCs 

at day 14 (p=0.59). To provide further evidence of a stable microvascular phenotype, we 

found evidence of perivascular localization by α-SMA and PDGFR-β expressing cells as 

well as deposition of basement membrane proteins laminin and collagen IV adjacent to 

the hCB-EPC microvessel structures by two weeks of coculture with SMCs within the 3D 

synthetic hydrogel system (Figure 3.10C-D).  These results demonstrate PEG hydrogel 

systems containing MMP-sensitive and RGDS adhesive peptides can support 3D 

microvessel formation by hCB-EPCs and SMC cocultures that are representative of 

physiological, rather than pathological, microvessel formation based on quiescence of 

hCB-EPCs after initial network formation, recruitment of perivascular localization by 

mural cells, and formation of basement membrane adjacent to the microvasculature.  
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Figure 3.10: hCB-EPCs in microvessels arrest proliferation by 2 weeks of 

coculture with SMCs, contain pericyte investment, and formation of basement 

membrane: (A) Representative images of EdU assay analysis on during the first 22 

days of hCB-EPC microvessel formation.  EdU (green, select proliferating cells are 

indicated by white arrows) was incorporated into the DNA of cells undergoing the S-

phase of mitosis and distinguished between cell types with tomato fluorescent 

protein-transduced hCB-EPCs in coculture with SMCs (not visible).  Nuclei are 

indicated through DAPI (Blue).  Scale bar equals 200 µm. (B) Quantitative results for 

hCB-EPC proliferation from the EdU assay. * indicates p<0.05. n=3 images analyzed 

per time point. (C) Representative images of hCB-EPC microvessels, after 14 days of 

coculture with SMCs, immunostained for pericyte investment based upon expression 

of α-SMA (cyan), PDGFR-β (green) adjacent to microvessel structures (VE-cadherin, 

red).  Nuclei are indicated with DAPI.  Scale bar equals 50 µm.  (D) Representative 

images of hCB-EPC microvessels, after 14 days of coculture with SMCs, 

immunostained for the presence of basement membrane based upon expression of 

laminin (green) and collagen IV (cyan) protein deposition adjacent to microvessel 

structures (VE-cadherin, red).  Nuclei are indicated with DAPI.  Scale bar equals 100 

µm. 
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3.5 Discussion 

Endothelial progenitor cells (EPCs) are capable of differentiating into the 

endothelium of all microvasculature niches within the body (Herbert et al., 2011; Yoder 

et al., 2013).  The use of EPCs derived from umbilical cord blood (hCB-EPCs) (Yoder et 

al., 2007) could provide significant advances to the field of regenerative medicine 

through its use in cell-based pro-angiogenic therapies as well as serving as the EC source 

to vascularize tissue engineered organs in vitro.  Development of these pre-vascularized 

structures in vitro could also provide novel insights into mechanisms of vasculogenesis 

by EPCs.  In order to harness this potential, however, a biomaterial that can provide 

similar mechanical and chemical cues found within the developing embryo is required.  

Vasculogenesis of EPCs occurs within a fibronectin-rich provisional matrix that is 

degradable by cell-secreted matrix metalloproteinases (MMPs) (Senger, 1996; Hynes, 

2007).  Embryonic mechanical properties, estimated from the chick embryo between 

days 5.5 and 17 of development, involve an elastic modulus on the order of 10 kPa 

(Marturano et al., 2013).  

In this study, we hypothesized synthetic hydrogels comprised of poly(ethylene 

glycol), could provide the minimal adhesive and degradative cues to support 3D 

vasculogenesis of EPCs.  To test this hypothesis, we utilized a PEG hydrogel system 

containing covalently-attached to RGDS adhesive and MMP-sensitive peptides, which 

can support microvessel formation by vascular-derived ECs (Moon et al., 2010).  Due to 
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the need for mural cells to support EPC microvessel formation for several weeks in vitro 

(Jain, 2003; Moon et al., 2010; Chwalek et al., 2014; Peters et al., 2015a), we incorporated 

into the PEG hydrogel a previously established coculture system of hCB-EPCs and 

vascular SMCs (Peters et al., 2013; Peters et al., 2015a; Peters et al., 2015b), which 

produces robust microvessels stable for several weeks in vitro without the need for 

exogenous angiogenic cytokines beyond those present in serum.   

We found PEG hydrogels of 18 kPa in stiffness containing 3.5 mM RGDS and 6 

mM of the MMP-sensitive peptide, GGGPQG↓IWGQGK, could support 3D microvessel 

formation by hCB-EPCs from a 1:1 coculture ratio with SMCs by 1 week of culture 

(Figure 3.7).  The hCB-EPCs showed characteristics of physiological microvessels 

through the presence of lumen, quiescence (<0.1% proliferating cells) of hCB-EPCs 

within microvascular structures by 3 weeks of culture, expression of gap junctional 

protein connexin 32 and adherens junctional protein VE-cadherin as well as eNOS  

(Figure 3.9).  The hCB-EPC microvessels were stabilized by perivascular localization of 

PDGFR-β+/α-SMA+ cells and a basement membrane containing of laminin and collagen 

IV (Figure 3.10).  While hCB-EPC microvessel formation within a 3D hydrogel system 

has been shown (Wu et al., 2004; Yee et al., 2011), the reports consisted of proof-of-

concept findings that did not fully characterize the microvessels for physiological 

characteristics of hCB-EPC quiescence, expression of proteins associated with EC 

function, basement membrane formation, and pericyte investment.  Our study shows 



 

132 

the safety of utilizing hCB-EPCs through their maturity towards physiological 

microvessels within a clinically translatable, synthetic biomaterial. 

Interestingly, we found the morphology of EC networks formed by both 

HUVECs and hCB-EPCs, within SMC cocultures, did not vary significantly when 

cultured on substrates spanning 6 orders of magnitude in stiffness (Figure 3.4).  This 

result is surprising considering the well-documented effects of substrate stiffness upon 

cell function (Wang et al., 2001; Paszek et al., 2005; Engler et al., 2006).  One explanation 

is the cross-talk between the ECs and SMCs overrides any mechanotransductional cues 

between ECs and the underlying substrate.  In support of this hypothesis, ECs in 

coculture with SMCs in a 2D lamellar spatial arrangement were shown to lack focal 

adhesions, evidenced by the absence of vinculin expression in the cell periphery, which 

was in contrast to monocultures of ECs plated upon fibronectin-coated tissue culture 

plastic (Wallace et al., 2007b).  Further, adhesion of ECs to SMCs is independent of EC 

αvβ3, an integrin critical for supporting mechanotransductive effects via talin 

dependent binding (Roca-Cusachs et al., 2009).  Instead, these EC to SMC adhesions 

were dependent on α5β1, an integrin that supports angiogenesis through support of 

bFGF-effects and modulating activation of the Tie2 receptor from the Ang-1 ligand (Kim 

et al., 2000; Cascone et al., 2005).  Plating ECs upon fibronectin-coated polyacrylamide 

substrates of equivalent SMCs stiffness (2 kPa) did not recapitulate the same patterns of 

focal adhesion observed in lamellar cocultures, indicating the presence of SMCs induces 
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additional affects upon ECs than the matrix stiffness and fibronectin (Wallace et al., 

2007b). 

One possible mechanism explaining how interactions between the ECs and 

SMCs to promote microvessel formation could supersede mechanotransductional cues 

between ECs and the underlying substrate is that intracellular levels of yes-associated 

protein (YAP) are enhanced upon EC and SMC coculture.  Expression of YAP has been 

shown to over-ride physical cues on MSC differentiation (Dupont et al., 2011).  

Specifically, knock-down of YAP resulted in MSC differentiation to adipocytes on stiff 

(40 kPa) fibronectin-coated acrylamide substrates, which induce osteogenic, but not 

adipogenic, differentiation in MSC controls.  Correspondingly, 10-fold overexpression of 

endogenous levels of YAP resulted in osteogenic differentiation of MSCs upon soft (1 

kPa) substrates, which support adipogenic, but not osteogenic, differentiation in MSC 

controls.  

The MMP-sensitive peptide sequence used in this study was derived from 

substitution of the alanine peptide in the native α1(I) collagen chain oligopeptide, 

GPQG↓IAGQ, with tryptophan (GPQG↓IWGQ), which significantly enhanced its 

degradation rate by MMPs  (Nagase et al., 1996).   This peptide has seen been 

incorporated into synthetic PEG-based hydrogel systems to support 3D growth by 

fibroblasts, HUVECs, and MSCs (Lutolf et al., 2003; Moon et al., 2010; Bahney et al., 

2011).  Based on the results of this study, we found 6 mM of this MMP-sensitive peptide, 
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incorporated with 3.5 mM RGDS within a PEG hydrogel system, supports microvessel 

formation of EPCs within mural cell coculture.  Despite the change from a 2D to a 3D 

system, the coculture system of hCB-EPCs and SMCs generated microvessels that were 

similar in structure, evidenced by network morphology parameters of total tubule 

length per image area (averages near 12 mm/mm2 for both 2D and 3D systems), branch 

points per image area (averages near 103/mm2 for 2D and 127/mm2 for 3D), and average 

segment diameter (averages near 35 µm for 2D and 27 µm for 3D). 

Although the cells were dispersed throughout the gel at the time of 

encapsulation, the majority of microvessel growth was limited to the first 50 µm from 

the gel surface, most likely due to the greater availability of oxygen.  The hydrogels were 

cultured under ambient oxygen levels of 21% (Bugbee & Blonquist, 2006).  Hypoxia 

conditions of 1-10% oxygen are required for microvessel formation during wound 

healing in vivo. (Knighton et al., 1981).  Culturing the hydrogels in a hypoxic 

environment can stimulate accumulation of hypoxia-inducible factor-1 alpha, increasing 

synthesis of VEGF that may permit homogeneous growth of microvessels throughout 

the construct (Pugh & Ratcliffe, 2003). 

The optimal ratio of ECs to stromal cells that supports microvessel formation 

within PEG-based hydrogels varies among studies from 10:1 to 1:1 (Moon et al., 2010; 

Turturro et al., 2013; Chwalek et al., 2014; Vigen et al., 2014). We found a 4:1 ratio of ECs 

to SMCs decreased microvessel formation in comparison to 1:1 ratios, with hCB-EPCs 
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showing more sensitivity to coculture ratios than HUVECs (Figure 3.7).  Differences in 

the choice of stromal cells, which can include fibroblasts, MSCs, pericytes, or SMCs; as 

well as the composition of culture media, may explain these discrepancies.  For example, 

MSCs best support EC microvessel ratio at ratios greater than 4:1 EC to MSC (Chwalek 

et al., 2014; Rao et al., 2012) with pericytes and 10T1/2 cells also supporting microvessels 

at the higher 4:1 EC to stromal cell ratio (Moon et al., 2010; Saik et al., 2011a).  In 

contrast, fibroblasts derived from the human lung and SMCs are most frequently 

reported to support 3D microvessel formation at 1:1 ratios of ECs to SMCs (Turturro et 

al., 2013; Vigen et al., 2014).  As well, the addition of supplemental growth factors in the 

culture media, such as bFGF and VEGF, may alter the balance of angiogenic cytokines 

needed to regulate microvessel formation (Adams et al., 2007).  A comparison of stromal 

cell effects on EC microvessel formation under basal media conditions containing no 

additional growth factors beyond those present in serum would assist efforts to reveal 

the mechanism behind their differences.  

Although the SMCs are  classified with pericytes as types of mural cells (Jain et 

al., 2003; Armulik et al., 2011), and were dispersed throughout the hydrogel surface and 

surrounding the hCB-EPC microvessels, we found only those cells adjacent to hCB-EPC 

microvessels expressed pericyte-associated phenotype assessed by PDGFR-β and α-

SMA expression.  While the EPCs used in this study did not express the MSC marker 

CD90, it is possible that a subset of EPCs maintain progenitor phenotype and could 
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differentiate towards pericyte phenotype.  Future studies examining EPC differentiation 

in mural cell coculture by separating populations of cocultures based on surface-

expressed CD31+/PDGFR-β+, through flow cytometry or antibodies conjugated to 

magnetic microparticles, could help resolve this question. 

One explanation for the greater angiogenic potential of HUVECs over hCB-EPCs 

observed within the 3D hydrogel system is their microenvironment prior to use in 

microvessel tissue engineering.  The HUVECs are functioning as part of the vasculature, 

with exposure to blood flow, in contrast, the EPCs are presumed to be present as 

circulatory cells which may have origins in the vasa vasorum (Kawabi et al., 2014).  This 

may allow for the differentiation of HUVECs to a more activated EC phenotype than the 

EPCs, which would offer an explanation for their higher expression of intercellular 

adhesion molecules ICAM1, ICAM2, and vascular cell adhesion molecule, VCAM1, than 

EPCs (Bagley et al., 2003).  Perhaps preconditioning the EPCs prior to use in microvessel 

tissue engineering by exposure to flow utilizing a parallel plate system could upregulate 

the expression of EC proteins associated with angiogenic function.  

Applications for this 3D microvessel system include screening drugs for 

angiogenic therapies, with a particular emphasis on reducing off-target consequences by 

comparing the drug effects on physiological microvessels to a 3D system of pathological 

microvessel formation (Gill et al., 2012).  In addition, this system can serve as a positive 

control to validate novel bio-conjugation strategies for directing EPC microvessel 
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formation.  Specifically, strategies to promote EPC differentiation towards tissue-specific 

endothelium.   This model could also help stem cell biologists working to integrate 

iPSCs, or other stem cell sources, into microvessels by screening the candidate stem cell 

through its ability to support EPC microvessel and in comparison to SMCs utilized in 

this coculture system (Peters et al., 2015a, Peters et al., 2015b). 

3.6 Conclusions 

In conclusion, we found PEG hydrogels containing RGDS and MMP-sensitive 

peptides can support microvessel formation by EPCs that recapitulate aspects of 

physiological angiogenesis. Future studies can utilize this novel reductionist system to 

elucidate mechanisms vasculogenesis by vascular progenitor cells. 
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4. Isolation and Characterization of Mesenchymal 
Progenitor Cells (MPCs) from Umbilical Cord Blood to 
Support EPC Microvessel Formation In Vitro 

Sections of this chapter are re-printed with permission from Springer Publishers for: 

Peters E.B., Liu B., Christoforou N., West J.L., & Truskey G.A. (2015). Umbilical cord 
blood-derived mononuclear cells exhibit pericyte-like phenotype and support network 
formation of endothelial progenitor cells in vitro. Annals of Biomedical Engineering, doi: 
10.1007/s10439-015-1301-z. 

4.1 Chapter Overview 

Umbilical cord blood represents a promising cell source for pro-angiogenic 

therapies.  In Aim 1 (Chapter 2), we standardized methods to isolate and characterize 

hCB-EPCs for microvessel tissue engineering applications.  We also identified 

parameters to develop a positive control model for microvessel formation by hCB-EPCs 

in coculture with SMCs.  In Aim 2 (Chapter 3), we extended this model by defining 

parameters for its translation into a 3D, synthetic hydrogel system.  However, the SMCs 

are not a practical mural cell source for tissue engineering applications because they 

require an invasive isolation procedure from the human aorta.  In this chapter, we 

sought to isolate an alternative mural cell source from mononuclear cells (MNCs) from 

umbilical cord blood to support hCB-EPC microvessel formation.  MNCs were isolated 

from the cord blood of 20 separate donors and selected for further characterization based 

upon their proliferation potential and morphological resemblance to human vascular 

pericytes (HVPs).  MNCs were screened for their ability to support hCB-EPC network 

formation using an in vitro assay (MatrigelTM) as well as a reductionist, coculture system 
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consisting of no additional angiogenic factors beyond those present in serum.  In less 

than 15% of the isolations, we identified a population of highly proliferative MNCs that 

phenotypically resembled HVPs as assessed by expression of PDGFR-β, NG2, α-SMA, 

and ephrin-B2.  Within a MatrigelTM system, MNCs demonstrated pericyte-like function 

through colocalization to hCB-EPC networks and similar effects as HVPs upon total 

hCB-EPC tubule length (p = 0.95) and number of branch points (p = 0.93).  In a 

reductionist coculture system, developed in Aim 1, MNCs served as pro-angiogenic 

mural cells by supporting hCB-EPC network formation to a significantly greater extent 

than HVPs cocultures, by day 14 of coculture, as evidenced through total tubule length 

(p < 0.0001) and number of branch points (p < 0.0001).  These findings are significant as 

we demonstrate mural cell progenitors can be isolated from umbilical cord blood and 

develop culture conditions to support their use in microvascular tissue engineering 

applications. 

List of Key Terms 

EC: Endothelial cell 

EndMT: Endothelial-to-mesenchymal transition method for isolating 
mesenchymal progenitor cells from cord blood 
 
EPC: Endothelial progenitor cell 

hCB-EPC: Human umbilical cord blood-derived endothelial progenitor cell 

HUVEC: Human umbilical vein-derived endothelial cell 
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HVP: Human vascular pericyte 

MNC: Mononuclear cell 

MPC: Mesenchymal progenitor cell 

MSC: Mesenchymal stem cell 

SMC: Smooth muscle cell 

SS-MNC Spindle-shaped mononuclear cell 

TM: Traditional method 

4.2 Introduction 

Vascularization of tissue engineered-constructs remains an important goal for 

advancing the field of regenerative medicine (Novosel et al., 2011).  Tissues developed in 

vitro are limited to a thickness of 150-200 µm due to the dependence on diffusion to meet 

oxygen and nutrient demands (Zarem et al., 1969; Orr et al., 2003).  One solution to 

remove this size restriction placed upon scaffolds is to preform microvessel structures 

within the tissue-engineered constructs in vitro.  Upon implantation, these microvessel 

structures could anastomose with the host vasculature, perfuse the construct, and enable 

function of the engineered tissue. 

Current methods to engineer microvessel structures in vitro aim to recapitulate 

processes of angiogenesis and vasculogenesis through coculture systems of the two 

vascular cell types required for stable microvessel formation: endothelial and mural cells 
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(Adams et al., 2007; Evensen et al., 2009; Saik et al., 2011; Peters et al., 2013).  During 

physiological microvessel formation, the release of angiogenic paracrine factors, such as 

vascular endothelial growth factor (VEGF), stimulates endothelial cells (ECs) from a 

quiescent state to an activated state (Adams et al., 2007; Butler et al., 2010; Herbert et al., 

2011).  The activated ECs degrade their basement membrane, proliferate, and arrange 

into lumenized microvessel structures.  The ECs within these nascent capillary 

structures secrete cytokines, such as platelet-derived growth factor beta (PDGF-B), that 

act to recruit mural cells, comprised of pericytes and vascular smooth muscle cells 

(SMCs) (Adams et al., 2007; Butler et al., 2010; Herbert et al., 2011).  These mural cells 

form tight associations with ECs (Adams et al., 2007; Butler et al., 2011; Herbert et al., 

2011) functioning to stabilize the newly-formed capillary structures by offering 

structural support, preserving the integrity of the EC permeability barrier, and 

providing cellular signals that prevent EC proliferation and apoptosis. 

The choice of vascular progenitor cells is vital to the clinical translation of pre- 

vascularized tissues.  The ideal progenitor cell source should enable isolation of both 

endothelial and mural progenitor cell types without requiring invasive surgery, be 

readily expandable in vitro, and carry a low risk of immunogenicity to the patient.  

Umbilical cord blood has the potential to meet these criteria due to its non-invasive 

isolation, capacity to undergo human leukocyte antigen (HLA) matching to improve 

immune tolerance, and potential to yield highly proliferative populations of vascular 
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progenitor cells (Melero-Martin et al., 2008; Roura et al., 2012; Stanevsky et al., 2009).  

For example, cord blood derived- endothelial progenitor cells (hCB-EPCs) and 

mesenchymal progenitor cells (MPCs) can mimic the angiogenic role of mature 

endothelial cells and pericytes, respectively (Covas et al., 2008; Melero-Martin et al., 

2008; Bhang et al., 2012; Peters et al., 2013).  Specifically, cocultures of MPCs and EPCs 

embedded within a MatrigelTM matrix successfully generated microvessel structures in 

vivo as demonstrated through anastomosis to host vasculature that remained functional 

for 4 weeks (Melero-Martin et al., 2008).  In order to utilize MPCs and hCB-EPCs for 

angiogenic therapies, however, there remains a need to clearly define their isolation and 

characterization methods.   

While isolation and characterization procedures for obtaining angiogenic hCB-

EPCs are well defined and largely consistent among groups (Ingram et al., 2004; Hirschi 

et al., 2008; Yee et al., 2011; Medici et al., 2012), there exists several methodologies for 

isolating MPCs that vary by the mononuclear cell (MNC) isolation technique, expansion 

medium, and substrate coating (Lee et al., 2004; Laitinen et al.., 2011; Zhang et al., 2011).  

The most common method for MPC isolation utilizes density gradient centrifugation of 

cord blood to isolate MNCs with the subsequent selection of MPCs based upon their 

adherence to uncoated tissue-culture plastic (Lee et al., 2004; Covas et al., 2008; Roura et 

al., 2012).  Derivation of MPCs can also occur through inducing endothelial-to-

mesenchymal transition (EndMT) (Medici et al., 2010; Moonen et al., 2010; Medici et al., 
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2012).  In this approach, EPCs are first derived from MNCs before treatment with 

transforming growth factor-beta proteins.  The MPCs resulting from EndMT procedures 

exhibit a contractile, SMC phenotype with pro- angiogenic paracrine properties 

(Moonen et al., 2010).  In addition, isolation methods employing EndMT have 

demonstrated success rates near 100% for achieving MPCs (Medici et al., 2010; Moonen 

et al., 2010) an improvement over traditional isolation methods success rates which vary 

from 10-60% (Lee et al., 2004; Secco et al., 2008; Morigi et al., 2010). 

Regardless of the isolation technique chosen to derive MPCs, there exists 

heterogeneity in the resulting MPC populations.  For example, two distinct populations 

of MPCs, characterized as flattened or spindle-shaped morphology, can arise from 

MNCs and demonstrate variances in growth kinetics and differentiation capacity 

(Markov et al., 2007).  This observation, combined with recent reports demonstrating 

that not all MSCs exhibit pericyte function (Caplan et al., 2008; Blocki et al., 2013) make 

evident the need to functionally characterize the pericyte-potential of MPCs to ensure 

successful translation into angiogenic therapies.  In this study, we sought to define a 

population of mural progenitor cells arising from cord blood MNCs that could support 

robust, network formation of hCB-EPCs.  Our criteria for defining mural progenitor cells 

included:  (1) spindle-shaped population with phenotypic similarity to human vascular 

pericytes (HVP) through expression of pericyte- associated markers alpha-smooth 

muscle actin (α-SMA), PDGFR-β, chondroitin sulfate proteoglycan 4 (NG2) and ephrin-
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B2 (Armulik et al., 2005; Foo et al., 2006; Armulik et al., 2011)  (2) a highly proliferative 

population demonstrating a minimum 10-fold increase in cell yield from primary 

culture over 8 weeks of culture in vitro  (3) perivascular localization to, and support of, 

EPC networks evaluated through in vitro angiogenesis assays. 

4.3 Materials and Methods 

4.3.1 Isolation of Mesenchymal (MPCs) and Endothelial (hCB-EPCs) 
Progenitor Cells from Umbilical Cord Blood  

To investigate the hypothesis that mesenchymal progenitor cells (MPCs) 

morphologically resembling pericytes could be derived from umbilical cord blood, we 

employed two isolation techniques commonly used to isolate MPCs, denoted as the 

traditional method (TM) (Lee et al., 2004), and endothelial-to-mesenchymal  transition  

method (EndMT) (Medici et al., 2010).  Umbilical cord blood from 20 separate biological 

donors was obtained through the Carolina Cord Blood Bank, which were qualified for 

exempt status by the Duke University Institutional Review Board.  Cord blood was 

diluted with Hank’s Balanced Salt Solution (HBSS) (Gibco®, Life Technologies) at a 1:1 

ratio and carefully layered atop Histopaque-1077 (Sigma-Aldrich) solution.  The 

resulting blood/HBSS mixture was separated into erythrocyte, MNC, and plasma layers 

through centrifugation at 740 x g.  The traditional method of MPC isolation (Lee et al., 

2004) consisted of plating MNCs onto T-75 flasks supplemented with Iscove’s Modified 

Dulbecco’s Medium (IMDM) (Sigma-Aldrich) containing 10 ng/mL fibroblastic growth 

factor-basic (R&D systems), 2mM L-glutamine (Lonza), 20% v/v fetal bovine serum 
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(FBS) (Atlanta Biologics), and 1% v/v penicillin streptomycin solution (Corning).  After 

30 days of culture, adherent MNCs were passaged using 0.25% trypsin-EDTA (Gibco®) 

and expanded at a seeding of 1.33 x 104 cells/cm2. 

In contrast, the EndMT method first required the isolation of hCB-EPCs.  EPCs 

were isolated as previously described in Chapter 2 (Section 2.3.1).  MNCs were plated 

onto 6-well polystyrene plates, pre-coated for 1 hour with 50 µg/mL of collagen I (BD 

Biosciences), and supplemented with complete endothelial growth media (EBM2 with 

EGM2 bullet kit), a total of 50 mL (8.9% v/v) of FBS, and 5 mL (0.9% v/v) of penicillin 

streptomycin solution.  To obtain MPCs using the EndMT method (Moonen et al., 2010), 

confluent, primary passage hCB-EPCs were treated with RPMI 1640 media (Sigma-

Aldrich) supplemented with 20% v/v FBS, 2 mM L-glutamine, and 10 ng/mL of TGF-β2 

(R&D systems).  After 21 days of treatment, the media was changed to RPMI 1640 media 

(Sigma-Aldrich) supplemented with 20% v/v FBS and 2 mM L-glutamine. EndMT-

derived MNCs were passaged using 0.25% trypsin-EDTA and expanded at a density of 

1.33 x 104 cells/cm2. 

To obtain hCB-EPCs for angiogenesis coculture assays, adherent MNCs 

displaying cobblestone-like EC morphology were passaged by 22 days, after initial MNC 

plating using the EPC method, with 0.025% trypsin-EDTA and confirmed for EPC 

phenotype through flow cytometry analysis and immunofluorescence.  Endothelial 

outgrowth cells from hCB-EPCs were expanded at a seeding density of 6.67 x 103 
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cells/cm2 with endothelial growth media.  MNCs morphologically resembling pericytes 

from three separate donors were used between passages 3-5 for all experiments.  hCB-

EPCs derived from 3 separate donors were used between passages 3-6 for all 

experiments.  The population doubling time (PDT) for MNCs was determined by the 

following formula: 

PDT = Time interval between cell seeding and harvest/ PD 

PD = population doubling = log CH/CS (CH= cell number at harvest, CS= cell number at 

seeding) 

4.3.2 Cell Culture  

In order to characterize the pericyte potential of MNCs, human brain vascular 

pericytes (HVPs) (ScienCell) were cultured in medium containing 10 mL of FBS, 5 mL of 

pericyte growth supplement, and 5 mL of penicillin/streptomycin solution (ScienCell).  

Pericytes were seeded at a density of 1.33 x 104 cells/cm2 on tissue-culture plastic, pre-

coated for 1 hour with 2 µg/cm2 poly-l-lysine (Sigma).  HVPs were used between 

passages 5-8 for all experiments.  Human umbilical vein-derived endothelial cells 

(HUVECs) from pooled donors (Lonza) were used as an EC reference to characterize 

hCB-EPCs.  HUVECs were expanded in the same medium as hCB-EPCs with a total FBS 

concentration of 2% v/v and used between passages 3-6 for all experiments.  To further 

evaluate the mural cell potential of MNCs, we utilized human aortic vascular smooth 

muscle cells (SMCs, Lonza) cultured in smooth muscle basal medium supplemented 
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with smooth muscle growth media-2 SingleQuots (SmGM-2, Lonza) and 1% v/v 

penicillin streptomycin solution.  SMCs were used between passages 6-8 for all 

experiments. 

4.3.3 Characterization of Umbilical Cord Blood-derived Mononuclear 
Cells (MNCs) for Mesenchymal and Endothelial Gene Expression 

We employed quantitative real-time polymerase chain reaction (qRT-PCR) 

methods to assess the expression of genes associated with mesenchymal stem cells 

(alpha smooth muscle actin/α-SMA, fibroblast-specific protein 1/FSP-1) and endothelial 

cells (vascular endothelial cadherin/VE-cadherin, platelet endothelial cell adhesion 

molecule/ PECAM-1) (Table 4.1) (Medici et al., 2010).  A two-step cycle configuration 

was performed with an initial denaturation for 3 minutes at 95°C and 50 cycles at 95°C 

for 15 seconds and 61°C for 1 minute.  All samples were performed in triplicate for all 

genes.  The 2 (-Delta Delta C(T)) method was used to determine relative gene expression 

to SMCs.  The housekeeping gene was 18s rRNA. 

Table 4.1: Primer sequences for evaluating EPC and MPC identity of MNCs 

PECAM-1 
 
 
 

α-SMA 
 
 
 
 

VE-Cadherin 

5’-TGA GTC TAG GTC GGG            5’-GAG CAT ATA CTG 

GTCGAG TG-3’                                            GCC CC-3’ 

5’-AGC GAC CCT AAA GCT            5’-CAT AGA GAG ACA 

GCATCC CA-3’                                            CCG CC-3’ 

5’-CGG CTA GGC ATA GCA            5’-TGT TGG CCG TGT 

TAT TTG GA-3’                                            CGT GA-3’ 
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FSP-1 

18s rRNA 

5’-GGT GAA GAA GAT GGG           5’-CTG CAG CCA CCT 

GGT TGG GG-3’                                            CTA TT’-3’ 

5’-CCG CTT TCT GCC GAG            5’-GCT GCC CAA TCC 

CCG ATG CC-3’                                            TGT TG-3’ 

 

4.3.4 Surface Antigen Characterization of MNCs 

To evaluate the mesenchymal phenotype of SS-MNCs, we performed flow 

cytometry analysis using a BD FACSCaliburTM cell analyzer (BD Biosciences) for the 

expression of mesenchymal lineage-associated surface antigens CD105, CD73, CD90 and 

lack of expression for hematopoietic lineage-associated surface antigens CD45, CD34, 

HLA-DR, CD19, and CD14 (Biolegend).  IgG mouse isotype (Biolegend) served as a 

negative control.  FITC-conjugated antibodies were added to SS-MNCs at a 

concentration of 2 µL/105 cells.  To confirm EC phenotype of hCB-EPCs derived from 

MNCs, hCB-EPCs at passage 3 were analyzed with flow cytometry for expression of EC-

associated markers CD31, CD146, CD105, CD309/VEGFR2; expression of hematopoietic 

progenitor cell markers CD34, CD133; lack of expression for leukocyte markers CD45, 

CD14, and the MSC/fibroblast- associated marker CD90.  Pre-conjugated antibodies to 

FITC or PE (Biolegend) were added at a concentration of 2 µL/105 cells.  CD133 (Miltenyl 

Biotec, San Diego, CA, USA) was used at a concentration of 10 µL/105 cells.  HUVECs 

served as an EC control.  IgG mouse isotype conjugated to FITC or IgG goat isotype 
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conjugated to PE (Biolegend) served as negative controls.  A minimum of 9000 gated 

events were analyzed per condition. 

4.3.5 Differentiation of Spindle-Shaped MNCs (SS-MNCs) Towards 
Adipogenic, Osteogenic, and Chondrogenic Lineages 

In order to evaluate mesenchymal function of the SS-MNCs, we assessed their 

ability to differentiate towards adipogenic, osteogenic, and chondrogenic lineages with 

StemPro® differentiation kits (InvitrogenTM, Life Technologies).  Following the 

manufacturer’s suggestions, SS-MNCs were cultured in osteogenic, adipogenic, or 

chondrogenic induction media for 24 days, 10 days, and 15 days, respectively.  At the 

end of induction, cultures were rinsed twice with Dulbecco’s Phosphate Buffered Saline 

(PBS), without calcium chloride and magnesium chloride (Sigma-Aldrich) and 

preserved through the addition of 10% formalin for 1 hour.  Alizarin Red (Sigma-

Aldrich) staining was used to indicate osteoblast mineralized matrix. Oil Red O staining 

(Sigma-Aldrich) was employed to visualize lipid vacuole formation. To demonstrate 

chondrogenic differentiation of SS-MNCs, Alcian blue (Sigma-Aldrich) was used to stain 

for the presence of proteoglycans.  Alcian blue was prepared at a 1% concentration in 

0.1N HCl and added to preserved samples for 30 minutes before rinsing with distilled 

water. The resulting samples were imaged with a Nikon® Eclipse Inverted Microscope 

system (Nikon Instruments Inc.). 

4.3.6 Immunofluorescence to Evaluate Pericyte Phenotype of SS-

MNCs 
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To evaluate the potential pericyte phenotype of the SS-MNCs, we performed 

immunofluorescence to detect expression of PDGFR-β, α-SMA, NG2, and ephrin-B2.  To 

confirm the SS-MNCs as a population separate from hCB-EPCs, we examined the SS-

MNCs for expression of VE-cadherin.  hCB-EPCs were further characterized for 

expression of EC functional proteins endothelial nitric oxide synthase (eNOS) and von 

Willebrand Factor (vWF).  Cultures of SS-MNCs, HVPs, or hCB-EPCs were plated on 8-

well chamber slides (Nunc™ Lab-Tek™ II Chamber Slide™, Thermo Fisher Scientific) 

and allowed to reach confluency prior to fixation with 4% paraformaldehyde for 10 

minutes. 

To prevent non-specific binding, cultures were incubated overnight at 4°C with 

3.5% bovine serum albumin (BSA) (Thermo  Fisher  Scientific).  Primary antibodies of 

PDGFR-β (2 µg/mL, Santa Cruz Biotechnology, sc-432, Santa Cruz, CA, USA), α-SMA (2 

µg/mL, Abcam, ab7817, Cambridge, MA, USA), NG2 (6 µg/mL, Abcam, ab83178), 

ephrin-B2 (10 µg/mL, Abcam, ab131536) VE-cadherin (2 µg/mL, Santa Cruz 

Biotechnology, sc-6458), eNOS (2 µg/mL, Santa Cruz Biotechnology, sc-654), vWF (2 

µg/mL, Santa Cruz Biotechnology, sc-53466) were diluted with BSA and added to 

preserved cultures for overnight incubation at 4°C.  To prevent non-specific secondary 

antibody binding, cultures were then rinsed twice with PBS containing 0.01% Tween®20 

(Sigma-Aldrich) and once with PBS prior to adding secondary antibodies (donkey anti-

mouse/ donkey anti-rabbit/ donkey anti-goat AlexaFluor 488 and donkey anti-rabbit 



 

151 

AlexaFluor 555, InvitrogenTM) diluted 1:200 in BSA for overnight incubation at 4°C.  To 

observe nuclei, cells were incubated with 4,6-diamidino-2-phenylindole (DAPI) 

(Molecular Probes®, Life Technologies) for 2 hours before rinsing twice with PBS. 

An inverted confocal microscope (Leica DMI6000CS, Leica Microsystems Inc.) 

captured immunofluorescence images with a 40x oil-immersion objective.  To avoid 

spectral bleed-through, we performed sequential scanning with separate channels for 

excitation of the 405 nm, 488 nm, and 561 nm lasers.  Four images were taken per 

condition at a depth of 12 µm, compiled from 2 µm slices, using 1024 x 1024 pixels, and a 

line and frame average of 2.  Images were reconstructed with Imaris software (Bitplane).  

To quantitatively compare the intensity of protein expression between SS-MNCs, HVPs 

and EPCs, integrated pixel measurements were taken on immunofluorescence images 

with FIJI software and normalized to cell number per image.  

4.3.7 MatrigelTM In Vitro Angiogenesis Assay to Evaluate the Pericyte 
Function of SS-MNCs 

MatrigelTM (Corning) was coated upon tissue-culture treated µ-slides designed 

for investigating angiogenesis (ibidi) at 10 µL per well, resulting in an 800 µm-thick gel.  

To visualize network structures, SS- MNCs, HVPs, HUVECs, and hCB-EPCs were 

transduced with either green fluorescent protein (GFP) or tdTomato red fluorescent 

protein using a previously established protocol (Peters et al., 2013).  Monoculture 

controls of each cell type were plated at 1x104 cells/well.  Cocultures of SS-MNCs and 

HVPs with either HUVECs or hCB-EPCs were plated at a 1:1 ratio using the same total 
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cell number as the monoculture conditions.  Cultures were supplemented with EBM2 

media containing 2% v/v FBS and 1% v/v penicillin streptomycin solution.  After 6 hours 

of culture, samples were preserved with 4% paraformaldehyde for 10 minutes.  Network 

formation was captured through confocal imaging (Leica) using a 10x objective with an 

image depth of 200 µm compiled from 10 µm sections.  Network images were 

reconstructed with Imaris software and analyzed for total tubule length and number of 

branch points using Metamorph® Angiogenesis Tube Formation Application (Molecular 

Devices).  The minimum and maximum widths for defining tubules were 13 µm and 84 

µm, respectively. 

4.3.8 Coculture In Vitro Angiogenesis Assay to Evaluate the Pericyte 
Function of SS-MNCs 

To assess whether SS-MNCs could form perivascular associations under 

conditions that mimicked physiological microvessel formation, we utilized the in vitro 

angiogenesis assay established in Aim 1, composed of angiogenic mural cells (SMCs) 

mixed with hCB-EPCs upon uncoated tissue culture plastic at seeding numbers of 8 x 104 

cells/cm2 and 4.8 x 104 cells/cm2, respectively.  SS-MNCs were added to hCB-EPCs and 

SMCs at ratios varying from 1:16:4 to 1:0.1:4  hCB-EPC to SS-MNCs to SMCs.  The total 

number of SS-MNCs and SMCs was maintained at 8 x 104 cells/cm2 and EPC numbers 

were kept constant at 4.8 x 104 cells/cm2 for all ratios of SS-MNCs.  These tri-cultures 

were plated upon 24-well tissue-culture plastic plates (Corning) and maintained in 

EBM2 media containing 9% v/v of FBS, and 0.9% v/v of penicillin streptomycin solution.  
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After 9 days of cultures, images were taken of SS-MNCs (transduced with GFP) and 

hCB-EPCs (transduced with tdTomato) using a Nikon® Eclipse Inverted Microscope 

system.  hCB-EPC networks were quantified using Metamorph’s Angiogenesis Tube 

Formation module using the same parameters as the MatrigelTM assay analysis.  To 

evaluate the effect of SS-MNCs on the ability of hCB-EPCs to form loop structures, we 

measured the angle of curvature between adjacent hCB-EPC segments that comprised a 

branch point with ImageJ software. 

SS-MNCs were also investigated for their ability to support hCB-EPC networks 

upon coculture in comparison to SMCs and HVPs.  hCB-EPCs were mixed with SS-

MNCs, SMCs, or HVPs at a 1:4 ratio for a total cell number of  1.28 x 105 cells/cm2 on 24-

well tissue-culture plastic plates (Corning) and maintained in EBM2 media containing 

9% v/v of FBS, and 0.9% v/v of penicillin streptomycin solution.  Images of tdTomato-

transduced hCB-EPCs were taken during the first 14 days of coculture using a Nikon® 

Eclipse Inverted Microscope system.  To evaluate whether media conditions could 

enhance the rate of hCB-EPC network formation in SS-MNC cocultures, osteogenic 

media conditions were used in place of EBM2 media conditions (Pedersen et al., 2012).  

Osteogenic media (STEMCELLTM Technologies) consisted of MSC basal medium 

containing an osteogenic stimulatory supplement, 1M β-glycerophosphate, 1 mg 

dexamethasone, and 100 mg ascorbic acid.  hCB-EPC monocultures (4.8 x 104 cells/cm2) 

supplemented with osteogenic media were used as a control.  Images of the resulting 
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hCB-EPC microvascular structures were taken with an inverted confocal microscope 

(Leica) at a depth of 100 µm depth with 2 µm slices. 

4.3.9 Statistical Analysis 

To investigate statistical significance between conditions, we used one or two-

factor analysis of variance (ANOVA) followed by a post-hoc Tukey HSD (honest 

significant difference) test for multiple comparisons using the JMP® statistical software 

platform (SAS).   

4.4 Results 

4.4.1 SS-MNCs Morphologically Resemble Human Vascular Pericytes 

We observed MNCs with distinct morphologies arising from each isolation 

method (Figure 4.1).  The EPC method yielded MNCs exhibiting a cobblestone 

morphology.  In contrast, fibroblast-like cells were observed with TM techniques.  

EndMT methods yielded cells exhibiting a mix of phenotypes seen in both EPC and TM 

isolations.  Interestingly, in all of the isolation methods, we discovered a subpopulation 

of MNCs, described as spindle-shaped MNCs (SS-MNCs), which bore a striking 

resemblance to human vascular pericytes shown by morphological comparisons at 

subconfluent and confluent conditions (Figure 4.1A-B).  These SS-MNCs were not 

dependent on the isolation method nor individual donors.  For instance, SS-MNCs 

obtained using EPC isolation methods were not consistently observed in the TM and 

EndMT isolations that were performed in parallel using the same donor.  Further, the 
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EPC method resulted in slightly higher isolation success rates, near 15%, in comparison 

to the 10% isolation success rate observed with TM and EndMT methods.  While 

treatment of MNCs with TGF-β2 during primary passage (EndMT method) to induce 

the EndMT process did not result in significant increases in SS-MNC increases of gene 

expression for mesenchymal-associated markers α-SMA and fibroblast-specific protein 1 

(FSP-1), and corresponding decreases in endothelial cell markers VE-cadherin (p<0.002) 

and PECAM-1 was observed in TGF-β2-treated MNCs in comparison to untreated 

MNCs (Figure 4.2). 

The SS-MNCs derived from the EPC isolation method contained the greatest 

expansion potential in comparison to SS-MNCs isolated by the TM and EndMT 

methods, as demonstrated by a 10-fold increase in cell number to over 10 million cells 

after 8 weeks of culture (Figure 4.1C).  This result indicates the media composition 

affects the proliferative potential of SS-MNCs with endothelial growth media favorable 

for expansion over basal media conditions.  The average population doubling time for 

SS-MNCs using the EPC method was 21 ± 5 days (Figure 4.1D), which was not 

significantly different (p=0.11) from the doubling time for the traditional method (47 ± 20 

days) or the EndMT method (40 ± 2 days) over a culture period of 45 days.   

To examine the extent of pericyte phenotype displayed by the SS-MNCs derived 

from EPC isolation methods, we performed immunostaining for the following panel of 

markers expressed by pericytes: PDGFR-β, α-SMA, NG2, and ephrin-B2 (Armulik et al., 
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2005; Foo et al., 2006; Armulik et al., 2011).  Due to the use of endothelial cell isolation 

techniques and growth medium for the expansion of SS-MNCs, we sought to 

demonstrate the unique phenotype of SS- MNCs through immunostaining for VE-

cadherin and corresponding immunostaining for pericyte markers on hCB-EPCs.  

Approximately 100% of the SS-MNCs expressed PDGFR-β, α-SMA, and NG2 (Figure 

4.3A).  VE-cadherin was also expressed in up to 17% of the total SS-MNC population.  

We observed similar expression for PDGFR-β (p=0.27) and α-SMA (p=0.56) between SS-

MNCs and HVPs based on the intensity of fluorescence, evaluated through the 

integrated pixel density per cell (Figure 4.3B).  SS-MNCs contained significantly lower 

levels of NG2 expression (p=0.006) and higher levels of ephrin-B2 (p=0.02) and VE-

cadherin (p=0.007) than HVPs.   

Although the fluorescence intensity of VE-cadherin in SS-MNCs did not 

significantly differ from hCB-EPCs (p=0.18), the pattern of expression was diffuse in 

contrast to distinct localization within adjacent cell-cell contacts seen in hCB-EPCs 

(Figure 4.3A).  HVPs lacked observable VE-cadherin expression.  The hCB-EPCs 

contained significantly lower levels of PDGFR-β (p=0.018), NG2 (p=0.005), and ephrin-B2 

(p=0.004) expression in comparison to SS-MNCs.  As well, hCB-EPC expression for 

PDGFR-β, NG2, and ephrin-B2 was localized near the nucleus, in contrast to the 

membrane-localized expression patterns observed in HVPs and SS-MNCs.  Further 

characterization of hCB-EPCs supported their EC phenotype based on expression of 
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vWF and eNOS.  In addition, flow cytometry analysis demonstrated the majority of the 

hCB-EPC population expressed EC markers CD31 (92.1%), CD146 (95.9%), CD105 

(99.9%), and as well as expression for CD309/VEGFR2 (35.8%).  In addition, hCB-EPCs 

contained higher amounts of the hematopoietic stem cell marker CD34 (16.9%) in 

comparison to HUVECs (3.9%); and lack of expression (< 0.1%) for the leukocyte 

markers CD45, CD14, and the fibroblast/MSC-associated marker CD90. (Figure 4.4-4.5).  

Therefore, despite the use of EPC isolation techniques, the SS-MNCs are distinct from 

EPCs based on their expression for pericyte-associated proteins PDGFR-β, NG2, and 

ephrin-B2. 
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Figure 4.1: Comparison of isolation methods for obtaining mural cells from 

umbilical cord blood:  (A) Mononuclear cells (MNCs) resulting from traditional (TM), 

endothelial-to- mesenchymal transition (EndMT), and endothelial progenitor cell 

(EPC) isolation methods.  A subpopulation of spindle-shaped MNCs (SS-MNCs) were 

observed in all isolation methods (B) Comparison of the morphology of SS-MNCs, 

derived using EPC isolation methods, with human vascular pericytes (HVPs) at 

subconfluent and confluent densities. Scale bars equal 200 µm. (C) The expansion 

potential of SS-MNCs derived from EPC (n=3), TM (n=2), and EndMT (n=2) isolation 

methods were assessed during the first 60 days in culture.  (D) Population doubling 

time (PDT) for SS-MNCs derived using TM, EndMT, and EPC isolation methods 

during the first 45 days of culture. Error bars in panels (C) and (D) indicate standard 

deviation. 

 

Figure 4.2: Effect of TGF-β2 treatment on gene expression of MNCs:  To 

examine whether induction of the Endothelial-to-Mesenchymal Transition (EndMT) 

process could improve the isolation success rate of spindle-shaped MNCs, TGF-β2 was 

added to primary passage MNCs, derived using EPC isolation methods, 21 days after  

EPC-like colonies reached confluence (EndMT method).  qRT-PCR gene expression 
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analysis on MNCs derived from EPC, TM, and EndMT methods indicate significant 

differences between groups for α-SMA, FSP-1, VE- cadherin, and PECAM-1.  Fold 

changes in gene expression for each condition are in comparison to SMCs.  *indicates 

p<0.002 in comparison to EPC MNC, # indicates p<0.002 in comparison to TM MNC. 

 

Figure 4.3:  Evaluation of SS-MNCs for pericyte phenotype.  (A) Representative 

immunofluorescence images comparing expression of pericyte-associated markers 

PDGFR-ββββ, αααα-SMA, NG2, and ephrin-B2 and endothelial cell marker (VE-cadherin) 
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between HVPs, SS-MNCs, and hCB-EPCs.  Nuclei were counterstained with DAPI 

(blue).  Scale bar equals 100 µµµµm. (B) Quantitative comparison of immunofluorescence 

expression for PDGFR-ββββ, αααα-SMA, NG2, ephrin-B2, and VE-cadherin between HVPs, 

SS-MNCs, and hCB-EPCs assessed by integrated pixel density per cell.  * p<0.05 in 

comparison to SS-MNCs, # p<0.05 in comparison to HVPs. Error bars indicate 

standard error of the mean.  n=3 images analyzed per condition.  Image area analyzed 

is 0.15 mm2. 

 

Figure 4.4:  Surface antigen characterization of hCB-EPCs for EC phenotype: 

Representative histograms from flow cytometry analysis on passage 3 hCB-EPCs (A) 

and passage 3 HUVECs (B) depicting expression of EC-associated surface antigens 

CD31, CD105, CD146, CD309/VEGFR2; hematopoietic stem cell antigens CD34 and 

CD133; and lack of expression for leukocyte antigens CD45, CD14 as well as the 

fibroblast/MSC marker CD90.  The y-axis is the cell count normalized as the 

percentage of the maximum count within the fluorescence channel of interest.  A 

minimum of 9000 events were counted per condition.  The x-axis indicates the relative 

fluorescence intensity, measured by the integrating the area fluorescence of each cell.  
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Negative fluorescence controls for hCB-EPCs and HUVECs are mouse IgG antibodies 

conjugated to FITC or goat IgG antibodies conjugated to PE. 

 

Figure 4.5:  Characterization of EPCs for EC protein expression: 

Immunofluorescence images demonstrating expression of functional EC markers, 

endothelial nitric oxide synthase (eNOS) and von Willebrand Factor (vWF), by EPCs.  

HUVECs were employed as a positive control.  Scale bar equals 100 µµµµm. 

4.4.2 SS-MNCs Contain Functional Properties of Mesenchymal Stem 
Cells and Pericytes 

In order to clarify the identity of the spindle-shaped MNCs, we analyzed cell 

markers and functions associated with mesenchymal stem cell (MSC) and pericyte 

phenotypes.  The minimum standards for defining MSCs (Dominici et al., 2006) include: 

(1) adherence to plastic (2) surface antigen expression positive ( > 95%) for CD105, CD73, 

CD90, and negative (< 2%) for CD45, CD34, HLA-DR, CD19, CD14 and (3) in vitro 

differentiation towards osteoblasts, adipocytes, and chondroblasts demonstrated 

through von Kossa, Oil Red O, and Alcian blue staining, respectively. SS-MNCs could 

adhere to plastic and were expanded in uncoated tissue-culture flasks. SS-MNCs 
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showed positive expression (> 98%) for CD73, partial expression for CD105 (27%) and 

CD90 (14.5%), and lack of expression (< 1%) for CD45, CD34, HLA-DR, CD19, and CD14 

(Figure 4.6A).  To assess their differentiation potential, we cultured SS-MNCs with 

media formulated for the induction of MSCs towards adipogenic, chondrogenic, and 

osteogenic media.  Although the SS-MNCs lacked adipogenic differentiation potential, 

shown by the absence of lipid vacuole formation indicated by Oil Red O staining, they 

were shown to differentiate into osteoblasts and chondroblasts through positive von 

Kossa staining for mineralized matrix and Alcian blue staining for the presence of 

proteoglycans (Figure 4.6B).  Therefore, the SS-MNCs, while demonstrating 

mesenchymal-like function through differentiation towards osteogenic and 

chondrogenic lineages, are not MSCs as defined by the International Society for Stem 

Cell Research (Dominici et al., 2006) due to their lack of adipogenic differentiation and 

surface antigen expression for CD90 and CD105. 

To determine whether the SS-MNCs exhibit pericyte function, we employed the 

use of a MatrigelTM in vitro assay (Chen et al., 2013).  After 6 hours of plating, SS-MNCs 

colocalized to EC networks in a similar manner as HVPs, at depths up to 100 µm from 

the gel surface (Figure 4.7A).  Specifically, SS-MNCs demonstrated perivascular 

localization to HUVEC networks in the same manner as HVPs and had no significant 

differences in total tubule length (p=0.85) and number of branch points (p=0.96) (Figure 

4.7B-C).  To further support the use of cord blood as a single cell source for 
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angiogenesis-based therapies, we also evaluated the network formation potential of 

EPCs in comparison to HUVECs.  EPCs showed significantly (p < 0.0001) higher network 

formation potential than HUVECs based on a three-fold increase in total tubule length 

and near four-fold increase in number of branch points (Figure 4.7B-C).  While we 

observed a decrease in EPC total tubule length and number of branch points in SS-MNC 

cocultures, these inhibitory effects upon EPC network formation were also observed 

with HVPs, shown through a lack of significant differences between EPC total tubule 

length (p=0.95) cocultures and number of branch points (p=0.93) in SS-MNCs and HVPs.  

In addition, cocultures of EPCs and SS- MNCs were able to form network structures to 

the same extent as cocultures of mature endothelial cells (HUVECs) and pericytes 

(HVPs) based on similar values for total tubule length (p=0.98) and number of branch 

points (p=0.99). 

Taken together with the MSC and pericyte characterization results, these 

observations suggest SS-MNCs represent a distinct phenotypic population of vascular 

progenitor cells that contains functional properties of both MSCs and HVPs. 



 

164 

 

Figure 4.6:  Evaluation of SS-MNCs for MSC phenotype and function: (A) 

Representative histograms depicting SS-MNC surface marker expression though 

median fluorescence intensity (MFI) for CD105, CD73, CD90, CD45, CD34, HLA-DR, 

CD19, CD14 in comparison to mouse IgG isotype control.  (B) Representative images 

of SS-MNCs after culture with induction media towards adipogenic, osteogenic, or 

chondrogenic lineage and staining with Oil Red O, von Kossa, or Alcian blue, 

respectively.  Insets represent control conditions.  Scale bar equals 100 µm. 
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Figure 4.7:  Evaluation of SS-MNCs for angiogenic pericyte function within a 

MatrigelTM system.  (A) Representative images of network formation from 3 

independent experiments between monocultures and cocultures of SS-MNCs, HVPs, 

HUVECs, and EPCs upon MatrigelTM 6 hours after plating.  To visualize networks, 

HUVECs and EPCs were transduced with tdTomato lentivirus and SS-MNCs and 

HVPs transduced with GFP.  Images are 3D projections from a 200-µm thick z-stack, 

taken at 10 µm intervals. Scale bar equals 100 µm.  (B-C) Quantification of network 

morphology for total tubule length and branch points over an image area of 2.4 mm2.  

n=4 images analyzed per condition, * indicates p < 0.0001. 

4.4.3 In the Absence of Biologically-derived Matrix Substrates and 
Supplemental Growth Factors, SS-MNCs, When Combined with SMCs 
at Low Ratios, Demonstrate Perivascular Localization to EPC 
Networks 

While MatrigelTM substrates provide a useful screening assay to assess the 

angiogenic potential of progenitor cells, insights gained from these results were limited 
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to 24 hours of observation, after which we saw regression of EC networks.  As well, the 

MatrigelTM matrix is derived from tumor-basement membrane (Kleinman et al., 1982), 

promoting potential cancer-like vessels.  Therefore, to further examine the effect of SS-

MNCs on hCB-EPC network formation, we combined SS-MNCs in a tri-culture system 

with hCB-EPCs and SMCs.  The SMCs can replace the use of biologically-derived matrix 

substrates to support robust, stable microvessel formation of hCB-EPCs that closely 

mimics physiological processes of microvessel formation seen in vivo (Korff et al., 2001; 

Saik et al., 2011; Peters et al., 2013). 

SS-MNCs added simultaneously to hCB-EPCs and SMCs, and examined 9 days 

after formation of tri-cultures, inhibited vessel formation in a concentration-dependent 

manner, as evidenced through a decrease in the number of branch points, average 

segment length, and angle of curvature (Figure 4.8A-C).  Tri- cultures containing low 

amounts of SS-MNCs (below 1:4:4 EPC: SS-MNC: SMC) enabled the formation of hCB-

EPC networks that contained perivascular localized SS-MNCs.  HVPs demonstrated 

similar perivascular-like localization to hCB-EPC networks as SS-MNCs at a low HVP: 

SMC ratio (Figure 4.9).  A 10-fold reduction in SS-MNC, from 1:1:4 to 1:0.1:4 hCB-EPC: 

SS-MNC: SMC, resulted in extensive connectivity of hCB-EPC networks shown by a 

three-fold increase in the number of branch points (Figure 4.8B-C).  These observations 

indicate SS-MNCs, placed in tri-culture with SMCs and hCB-EPCs, may secrete 

inhibitory factors that prevent EC network formation.  The presence of SMCs, at several 
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fold higher ratios than SS-MNCs, counteracts this inhibitory effect of SS-MNCs on hCB-

EPC network formation without affecting the ability of SS-MNCs to interact with hCB-

EPC networks in a pericyte-like manner. 
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Figure 4.8: Evaluation of SS-MNC on EPC network formation when placed in 

tri-culture with angiogenic mural cells: (A) Representative images at day 9 of culture 

depicting hCB-EPCs, transduced with tdTomato lentivirus, and SS-MNCs, transduced 
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with GFP lentivirus.  SMCs are unlabeled.  The ratio of SS-MNCs to SMCs was 

varied while the number of hCB-EPCs remained constant. Scale bar equals 500 µm.  

(B) Enlarged representative image depicting intimate pericyte-like association of SS-

MNCs (green) to hCB-EPCs (red) at a 1:1:4 ratio of hCB-EPCs to SS- MNCs to SMCs. 

Scale bar equals 200 µm.  (C) Quantification of average segment length, number of 

branch points, and angle of curvature for microvessel networks as a function of hCB-

EPC: SS-MNC: SMC ratio in triculture experiments.  Image area analyzed is 7 mm2.  

n=4 images analyzed per condition.  *statistical significance (p < 0.05) against the 1:16:4 

ratio, ^ statistical significance against the 1:4:4 ratio, # statistical significance against 

the 1:1:4 ratio, & statistical significance against the 1:0.1:4 ratio. 

 

Figure 4.9: Similar perivascular localization of HVP and SS-MNCs to hCB-EPC 

networks at day 9 of culture: The HVPs, SS-MNCs, and hCB-EPCs are within a tri-

culture system containing 1:0.1: 4 ratios of hCB-EPCs to HVPs or SS-MNCs to SMCs.  

Scale bar equals 200 µm. 

4.4.4 SS-MNCs Contain the Potential to Serve as an Angiogenic, 
Mural Cell Source for the In Vitro Formation of hCB-EPC 
Networks 

During vascular development, ECs secrete PDGF, recruiting mesenchymal 

precursor cells to stabilize the developing microvessel structure (ten Dijke et al., 2007).  

Once contact is established between ECs and MSCs, latent TGF-β1 is released, resulting 

in differentiation of MSCs towards a mural cell phenotype that can support microvessel 
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formation by hCB-EPCs (Ferrara et al., 2005).  Although the SS-MNCs express mural cell 

markers, NG2, PDGFR-β, α-SMA, and ephrin-B2; extended coculture with hCB-EPCs 

may provide the necessary microenvironmental cues to elicit their pro-angiogenic 

function.  To test this hypothesis, we examined the effect of SS-MNCs upon hCB-EPC 

network formation for 2 weeks under coculture in vitro conditions that did not contain 

supplemental growth factors, biologically-derived matrix, or additional angiogenic 

mural cells.  We compared our findings to hCB-EPCs in coculture with mural cell types 

of SMCs or HVPs.  SS-MNCs appeared to inhibit hCB-EPC network formation for the 

first 6 days of culture, when compared to SMC cocultures, as evidenced through the 

presence of hCB-EPC clusters that did not elongate to form capillary-like networks 

(Figure 4.10A-B).  hCB-EPCs in coculture with HVPs showed similar morphology to SS-

MNC cocultures.  However, by day 10 of culture, the clusters of hCB-EPCs present in SS-

MNC conditions developed highly connected, mesh-like structures of networks not 

observed with HVP cocultures. 

 Overlay images of hCB-EPCs in cocultures of SMCs, SS-MNCs, or HVPs 

revealed homogeneous distribution of SMCs and SS-MNCs in contrast to HVPs which 

were localized adjacent to hCB-EPCs (Figure 4.10C).  By day 14 of culture, SS-MNC 

coculture conditions demonstrated significantly higher number of branch points (p < 

0.0001) and increased total tubule length (p < 0.0001) than HVP coculture conditions.  

The hCB-EPC networks formed in coculture with SS-MNCs persisted for at least 18 days 
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(Figure 4.11).  We conclude from these observations that SS-MNCs have the potential to 

act as an angiogenic mural cell source to support network formation by hCB-EPCs.  
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Figure 4.10:  Evaluation of the angiogenic, mural cell function of SS-MNCs 

through support of EPC network formation: (A) Representative images of hCB-EPCs 

transduced with tdTomato lentivirus in coculture with SMCs, SS-MNCs, or HVPs 

over 14 days of culture.  Scale bar equals 100 µm.  (B) Quantification of hCB-EPC 

networks for total tubule length and number of branch points. * p < 0.05, # p < 0.05 in 

comparison to day 10 of SMC coculture, % p < 0.05 in comparison to day 14 of SMC 

coculture, $ p < 0.05 in comparison to day 14 of SS-MNC coculture. Image area 

analyzed equals 0.57 mm2.  (C) Overlay images of SMCs, SS-MNCs, or HVPs (green) 

at day 10 of coculture with hCB-EPCs (red).  Scale bar equals 200 µm. 

 

Figure 4.11:  hCB-EPC networks from coculture with SS-MNCs persist to at 

least 18 days after coculture: Representative image of hCB-EPC networks (tdTomato-

transduced) at day 18 of coculture with SS-MNCs (GFP-transduced).  Scale bar equals 

250 µm. 

4.4.5 hCB-EPC Network Formation in SS-MNC Cocultures Can 
Occur under Osteogenic Media Conditions 

While SS-MNCs supported network formation of hCB-EPCs, network structures 

took nearly twice as long to develop with SS-MC cocultures than with SMC cocultures.  

The substitution of osteogenic media, in place of basal media conditions, enhances the 

ability of mesenchymal progenitor cells to support EC network formation by increasing 

the total tubule length within 6 days of coculture (Pedersen et al., 2012).  We 

hypothesized the addition of osteogenic media could also enhance the rate of hCB-EPC 
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network formation in SS-MNC cocultures in comparison to basal media conditions, 

which contain no additional growth factors beyond those present in serum.  

To test our hypothesis, we repeated coculture experiments of SS-MNC and EPCs 

using osteogenic media conditions, which contained, in addition to serum, 

dexamethasone, β-glycerophosphatase, and ascorbic acid.  We observed no increase in 

the onset of network formation with SS-MNC and hCB-EPC cocultures containing 

osteogenic media (Figure 4.12A) in comparison to coculture conditions containing basal 

media with serum (Figure 4.10A).  However, the hCB-EPCs in osteogenic media 

conditions formed 3D nodules containing microvasculature structures (Figure 4.12A-C).  

The SS-MNCs both surrounded and incorporated into the 3D nodules, where they 

appeared to function as a matrix support to the 3D EPC microvessel structures (Figure 

4.12B).  Therefore, while the use of osteogenic media does not enhance the rate of EPC 

network formation in SS-MNCs cocultures, it causes the formation of 3D vascularized 

nodules not seen in EPC monocultures or EPC and SS-MNC cocultures utilizing basal 

media. 



 

174 

 

Figure 4.12:  Evaluation of osteogenic media conditions to enhance the ability 

of SS-MNCs to support hCB-EPC network formation in vitro.  (A) Representative 

images of hCB-EPCs transduced with tdTomato lentivirus, in monoculture or 

coculture with SS-MNCs within osteogenic media conditions during the first 14 days 

of culture.  Scale bar equals 200 µm.  (B) Brightfield and fluorescent overlay depicting 

3D nodule formation of tdTomato-transduced hCB-EPCs in coculture with SS-MNCs 

at day 10 of osteogenic media coculture.  Scale bar equals 100 µm.  (C) 3D 

reconstruction of hCB-EPC microvessel structures after 10 days of coculture with SS-

MNCs containing osteogenic media.  Scale bar equals 100 µm.  Image depth equals 75 

µm. 

4.5 Discussion 

In this study, we isolated a population of spindle-shaped MNCs from human 

umbilical cord blood that phenotypically resemble pericytes based on their expression of 

PDGFR-β, α-SMA, ephrin-B2, NG2, and perivascular localization to EC network 
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structures.  Further, these SS-MNCs possessed angiogenic mural cell function, shown 

through their ability to support network formation of hCB-EPCs under coculture 

conditions containing minimal angiogenic stimulants.  Interestingly, we found 

osteogenic media conditions stimulated the development of 3D vascularized-nodules of 

hCB-EPCs in SS-MNC cocultures. 

Increasing the isolation success rate and purity of mesenchymal-like cells from 

tissues is a major focus for regenerative medicine (Sharma et al., 2014).  Isolation of 

MSCs from umbilical cord blood as an allogenic cell source is of interest due to their 

availability and ease of procurement.  Recently, groups have reported methods to 

improve the purity of MSCs by using surface antigens (Attar et al., 2013; Hirvonen et al., 

2013).  While this approach can yield pure populations of MSCs, the time and cell 

doubling rate required to reach therapeutically-relevant cell numbers can lead to 

senescent cells that no longer possess angiogenic characteristics of MSCs observed at 

earlier passages (Crisostomo et al., 2006; Kretlow et al., 2008; Wagner et al., 2009).   

In this work, we found a highly proliferative population of MNCs from cord 

blood morphologically resembling pericytes was possible.  The lack of difference in 

isolation success rates between TM and EndMT methods was surprising, considering the 

previously reported successes of the EndMT method (Lee et al., 2004; Medici et al., 2010; 

Melero-Martin et al., 2008).   In addition to possessing a spindle-shaped phenotype, we 

identified isolation success of SS-MNCs by requiring the SS-MNCs obtained from a 
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single donor to expand in cell numbers of over 10 million cells by 8 weeks of culture.  

Surprisingly, we found pre-coating with collagen I and the use of EGM2 growth factors 

utilized in EPC isolation techniques not only supported SS-MNC attachment but also 

resulted in rapid cell expansion to over 10 million cells in a period of 8 weeks (Figure 

4.1).  One explanation for this effect is that the presence of growth factors within EGM2 

media, such as VEGF and FGF2, simulate an angiogenic microenvironment which 

stimulates both EPC and pericyte growth (Adams et al., 2007; Armulik et al., 2011; 

Herbert et al., 2011).  Further investigations are needed to support this hypothesis as 

well as to optimize the media conditions for the isolation and expansion of SS-MNCs. 

Although the SS-MNCs did not meet the minimum criteria to be defined as a 

pure source of MSCs (Dominici et al., 2006), they demonstrated near 100% expression of 

pericyte markers PDGFR-β, NG2, α-SMA (Figure 4.3).  The SS-MNCs also exhibited 

diffuse VE-cadherin expression, indicating the possibility of an EPC origin.  The 

heterogeneous expression of SS-MNCs in our study for both SMC-like (α-SMA) and 

fibroblast-associated (CD90) markers may indicate the potential for fibroblast 

differentiation, impacting their end-use as pericytes in tissue-specific applications such 

as myogenesis (Blocki et al., 2013).  Therefore, characterization of MSC-like cells for 

pericyte and fibroblast-associated markers, in addition to in vitro angiogenesis assays 

assessing their ability to function as mural cells, may be the best approach for the 

selection of these cells in angiogenic therapies. 
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As well, more stringent assays are needed to identify SS-MNCs as true “mural 

progenitors”, such as those previously employed to define hCB-EPCs (Ingram et al., 

2004).  For example, single cell proliferation assays and clonogenic capacity, as well as 

the ability of SS-MNCs to integrate and function alongside mural cells in vivo, will help 

support their mural progenitor cell identity. 

While our MatrigelTM assay results indicated a greater sensitivity of hCB-EPCs to 

the addition of SS-MNCs than HUVECs (Figure 4.7), there was no significant difference 

in the resulting total tubule length and number of branch points in comparison to 

HUVEC and SS-MNC cocultures.  Inhibitory factors secreted by SS-MNCs to prevent 

further hCB-EPC network formation is consistent with the physiological function of 

pericytes to stabilize nascent microvessel structures (Adams et al., 2007; Armulik et al., 

2005).  The MatrigelTM matrix is also limited in its ability to offer thorough analysis of SS-

MNC pericyte function due to the lack of EC network stability we observed after 24 

hours.  The immature SS-MNCs may require additional time to differentiate towards a 

pro-angiogenic mural cell type, which we observed by 2 weeks of coculture with hCB-

EPCs based on the support of hCB-EPC network formation (Figure 4.10).  

Interestingly, the patterns of hCB-EPC clusters observed upon coculture with SS-

MNC, and their subsequent development into a mesh-like structure of microvascular 

networks by day 10 of coculture (Figure 4.10), resembles patterns of hCB-EPCs observed 

during vasculogenesis where aggregates of EPCs form blood islands that fuse to form 
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primary capillary plexus (Adams et al., 2007; Herbert et al., 2011).  In vivo, the 

development of capillary sprouts from vascular buds is observed after 4 days of 

angiogenesis induction by corneal suture (Bourghardt Peebo et al., 2011).  The extended 

time for hCB-EPC network formation observed in our study may be explained by the 

absence of the angiogenic microenvironment stimulated during the inflammatory 

response caused by corneal suture in vivo.  Another possible explanation for the delayed 

onset of hCB-EPC network formation found in SS-MNC cocultures in comparison to 

SMC cocultures could be due to differences in Angiopoietin-1 and Tie-2 signaling, 

critical for the regulation of pericyte and EC interactions (Armulik et al., 2005).  There 

may also exist differences in the extracellular matrix composition between SMC and SS-

MNC cocultures that could affect subsequent hCB-EPC network formation.  For 

example, collagen I can induce EC capillary morphogenesis whereas laminin-1 can 

suppress EC activation and subsequent microvessel formation (Senger et al., 2011).  To 

be thorough, an investigation into the contributions of different ECM components, as 

well as the role of their corresponding integrin ligands within hCB-EPC and SS-MNC 

coculture systems, should be analyzed in a future study.  While further investigations 

are needed to characterize hCB-EPCs as undergoing vasculogenesis, the cocultures of 

SS-MNCs and hCB-EPCs may provide a novel in vitro model for investigating de novo 

microvessel formation. 
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An unexpected finding from our study was the difference in angiogenic potential 

between mural cell subtypes HVPs and SMCs.  While employing HVPs and SMCs as a 

positive control to evaluate the mural cell potential of SS-MNCs in supporting hCB-EPC 

network formation within a minimalist coculture system, we observed HVPs were not 

able to support hCB-EPC network formation over 14 days of coculture in contrast SMCs 

(Figure 4.11).  Although both pericytes and SMCs are included in the class of mural cells 

(Adams et al., 2007; Armulik et al., 2011; Herbert et al., 2011) their distinct roles in 

supporting hCB-EPC microvessel formation are not well understood.  Previously 

reported studies demonstrated the ability of HVPs to support angiogenesis of ECs 

utilized biologically-derived gels (Butler et al., 2010) or supplemental, angiogenic 

growth factors (Saik et al., 2011).  Based on our findings, SMCs are a more angiogenic 

mural cell than HVPs due to their ability to sustain hCB-EPC network formation without 

additional stimulants provided in the culture media or tissue-culture substrate.  

Although the SS-MNCs were shown in this study to possess characteristics of both SMC 

and HVPs, further characterization in defining mural cells is needed before any 

definitive classifications can be made regarding the identity of SS-MNCs.   

Another unanticipated finding from this study was the intriguing formation of 

3D microvessel structures upon induction of SS-MNC and hCB-EPC cocultures within 

osteogenic media (Figure 4.12).  These microvascular structures are similar to results 

found utilizing human fetal bone marrow-derived MSCs in coculture with EPCs (Liu et 
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al., 2013).  In addition, the networks formed using our SS-MNC conditions were stable 

for up to 18 days in culture, an improvement over microvasculature formed using fetal-

derived MSCs, which regressed by 14 days of culture (Liu et al., 2013). 

4.6 Conclusions 

In conclusion, our findings identify an angiogenic population of mononuclear 

cells that phenotypically resemble pericytes and support the formation of microvascular 

networks from hCB-EPCs.  The results of our study strengthen the use of umbilical cord 

blood as a single tissue source for the isolation of both endothelial and mural progenitor 

cells to use in microvascular tissue engineering application. 
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5. Evaluation of Bone Marrow-derived MSCs to Support 
EPC Microvessel Formation In Vitro 

Sections of this chapter are re-printed with permission from Mary Ann Libert Publishers for: 

Peters E.B., Christoforou N., Moore E., West J.L., & Truskey G.A. (2015). CD45+ cells 
present within mesenchymal stem cell populations affect network formation of blood-
derived endothelial outgrowth cells. Bioresearch Open Access, 4.1, 
doi:10.1089/biores.2014.0029 

5.1 Chapter Overview 

While mononuclear cells derived from umbilical cord blood demonstrated the 

potential to serve as angiogenic mural cells in Chapter 4, their low isolation success rate 

(<15%), and need for further characterization led us to examine an alternative mural cell 

progenitor source: human bone marrow-derived MSCs.   

Mesenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs) 

represent promising cell sources for angiogenic therapies.  There are, however, 

conflicting reports regarding the ability of MSCs to support network formation of 

endothelial cells.  The goal of this study was to assess the ability of human bone 

marrow-derived MSCs to support network formation of endothelial outgrowth cells 

derived from umbilical cord blood EPCs (hCB-EPCs).  We hypothesized that upon in 

vitro coculture, MSCs and hCB-EPCs promote a microenvironment conducive for EC 

network formation without the addition of angiogenic growth supplements.  

hCB-EPC networks formed by coculture with MSCs underwent regression and 

cell loss by day 10 with a near 4- and 2-fold reduction in branch points and mean 
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segment length, respectively, in comparison to networks formed by coculture vascular 

smooth muscle cell (SMC) cocultures.  hCB-EPC network regression in MSC cocultures 

was not caused by lack of VEGF-A or changes in TGF-β1 or Ang-2 supernatant 

concentrations in comparison to SMC cocultures.  Removal of CD45+ cells from MSCs 

improved hCB-EPC network formation through a 2-fold increase in total segment length 

and number of branch points in comparison to unsorted MSCs by day 6.  These 

improvements, however, were not sustained by day 10. CD45 expression in MSC 

cocultures correlated with hCB-EPC network regression with a 5-fold increase between 

day 6 and day 10 of culture.  The addition of supplemental growth factors VEGF, FGF-2, 

EGF, hydrocortisone, IGF-1, ascorbic acid, and heparin to MSC cocultures promoted 

stable hCB-EPC network formation over 2 weeks in vitro, without affecting CD45 

expression, as evidenced by a lack of significant differences in total segment length (p = 

0.96).  These findings demonstrate the ability of MSCs to support hCB-EPC network 

formation correlates with removal of CD45+ cells and improves upon the addition of 

soluble growth factors. 

5.2 Introduction 

Recent studies have demonstrated the ability of mesenchymal stem cells (MSCs) 

to serve as pericyte-progenitor cells, revealing novel opportunities for the use of MSCs 

in vascular therapies (Caplan, 2008; Feng et al., 2010; Dar et al., 2012; Mills et al., 2013)  

For example, human bone marrow-derived MSCs enhance early stages of angiogenesis 
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in vitro through upregulation of angiogenesis-associated genes, such as vascular 

endothelial growth factor (VEGF) and matrix metalloproteinases (MMPs), allowing 

endothelial cells (ECs) to migrate and elongate (Melero-Martin et al., 2008; Huang et al., 

2008; Burlacu et al., 2013; Sharma et al., 2012; Goerke et al., 2012; Aguirre et al., 2010)  

These in vitro observations of MSCs’ function as mural cells are extended in vivo where 

MSCs, combined with umbilical cord blood endothelial progenitor cells (hCB-EPCs) 

within a MatrigelTM system and implanted in a murine model, demonstrated 

perivascular localization and supported hCB-EPC vascular networks for 4 weeks post-

implantation (Melero-Martin et al., 2008; Kang et al., 2011).   

However, there exist reports identifying the anti-angiogenic potential of MSCs 

(Otsu et al., 2009; Ho et al., 2013; Menge et al., 2013; Nassiri et al., 2014).  For example, 

MSCs added to preformed EC networks within an in vitro MatrigelTM system increased 

the production of reactive oxygen species, resulting in EC network regression and 

apoptosis (Menge et al., 2013).  Further, MSC injection to pre-formed microvessels 

within an in vivo murine tumor model inhibited angiogenesis by decreasing 

microvascular density (Menge et al., 2013).  These contradictory results for the effect of 

MSCs upon EC network formation raise concerns in the clinical efficacy of utilizing 

MSCs for angiogenic therapies.   

The conflicting pro- and anti-angiogenic effects of MSCs upon ECs may be due, 

in part, to the variability of conditions within in vitro and in vivo model systems of 
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microvessel formation (Melero-Martin et al., 2008; Otsu et al., 2009; Kang et al., 2011).  

The presence of additional cell types, supplemental growth factors, and biologically-

derived matrices vary between studies, confounding interpretations of MSC behavior.  

For instance, biologically-derived gels containing collagen derivatives can engage a 

greater range of integrins than tissue-culture polystyrene (TCPS) substrates, potentially 

activating EC signaling pathways that promote microvessel formation (Davis et al., 

2005).  The absence of biologically-derived extracellular matrix components, or 

angiogenic stimulating growth factors, may hinder the ability of MSCs to support EC 

network formation.  In addition, conventional methods for MSC selection from bone 

marrow aspirates are based upon adherence to tissue culture plastic.  This selection 

criteria, however, is not unique to MSCs and can result in co-expansion with additional 

adherent cell populations, such as macrophages (Pevsner-Fischer et al., 2011; 

Sivasubramanivan et al., 2012).  The absence of positive controls during fluorescently 

activated cell sorting (FACS) procedures to purify MSC populations, may enable trace 

populations of pro-inflammatory, polynuclear CD45+ cells, such as macrophages, to 

escape detection, causing issues with the ability of MSCs to promote stable, robust 

network formation of ECs.   

One approach to fully characterize the role of MSCs upon EC network formation 

is to employ a reductionist experimental system that compares observations of MSC 

effects on EC network formation against a positive control model of ECs and mural cells.  
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The highly angiogenic ability of vascular smooth muscle cells (SMCs) renders them an 

appropriate positive control for evaluating the angiogenic potential of MSCs. SMCs have 

been shown to support stable, robust microvessel formation of ECs under culture 

conditions that require minimal supplemental growth factors (Evensen et al., 2009; Korff 

et al., 2011; Peters et al., 2013; Turturro et al., 2013).   EC networks derived from 

coculture with SMCs are observable for over one month in vitro, demonstrate lumen 

formation, and mimic in vivo physiological processes of angiogenesis by preventing 

continuous proliferation of ECs (Evensen et al., 2009; Peters et al., 2013; Turturro et al., 

2013).  

Despite their promising pro-angiogenic function, SMCs are not a practical source 

of cells for large scale fabrication of tissue engineered microvessels due to the additional 

donor-site morbidity associated with cell harvest and enhanced risk of immunogenicity 

in allogeneic transplants.  MSCs represent a promising source of mural cells due to their 

SMC differentiation potential, immunoregulatory properties, and ease of isolation from 

several tissues (Caplan, 2008; Huang et al., 2008; Watt et al., 2013;).  Furthermore, EPCs 

obtained from umbilical cord blood represent a promising allogenic EC source for 

angiogenic therapies (Melero-Martin et al., 2008; Aguirre et al., 2010; Kang et al., 2011; 

Goerke et al., 2012; Burlacu et al., 2013; Peters et al., 2013).  In this study, we evaluated 

the ability of MSCs to support hCB-EPC network formation through a reductionist, in 

vitro coculture model containing no additional growth factors beyond those present in 
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serum.  Network formation by hCB-EPCs in coculture with MSCs was observed over a 2 

week period with an analysis of the effects of MSCs upon hCB-EPC network 

morphology, supernatant concentrations of angiogenic cytokines, and gene and protein 

expression of endothelial and mural cell markers.  In addition, positive controls of 

CD45+ monocytes were employed during FACS of MSCs to evaluate the impact of 

potential macrophage populations on hCB-EPC network formation. 

5.3 Materials and Methods 

5.3.1 Culture and Characterization of MSCs 

Human bone marrow-derived MSCs used in this study were obtained from both 

Lonza and generously provided by Darwin J. Prockop of Texas A&M Institute for 

Regenerative Medicine.  MSCs were expanded in Minimum Essential Medium Alpha 

Medium (500 mL, Gibco) supplemented with 100 mL fetal bovine serum (FBS) (Atlanta 

Biologics), 5 mL penicillin streptomycin solution (100x concentration, Corning), and 5 

mL L-Glutamine (200 mM, Lonza).  Upon 80% confluence, MSCs were rinsed with 

Dulbecco’s Phosphate Buffered Saline (PBS) (without calcium chloride and magnesium 

chloride, Sigma) and detached with 0.25% trypsin-EDTA (Gibco) and subcultured at a 

density of 3000 cells/cm2.  MSCs from 2 donors were used between passages 3 and 5 for 

all experiments.   
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5.3.1.1 Flow Cytometry Analysis 

MSCs were characterized for positive expression of markers CD90, CD105, CD73, 

and negative expression of CD45, CD34, CD14, CD19, and HLA-DR in comparison to a 

mouse IgG isotype control using antibodies pre-conjugated with FITC or PE (Biolegend) 

at a concentration of 2 µl per 1 x 105 cells.  MSCs were detached with 0.25% tryspin-

EDTA (Gibco) and centrifuged at 200 x g before resuspension in MSC culture media 

containing antibodies and incubated for 30 minutes at room temperature.  The MSCs 

and antibody mixture underwent a rinsing step with PBS added at an equal volume as 

the antibody solution and the entire mixture was centrifuged at 200 x g for 7 minutes.  

MSCs were resuspended in 4% paraformaldehyde and stored at 40C prior to analysis.  

Analysis was performed using a BD FACSCaliburTM cell analyzer with the minimum 

number of gated events for analysis as 9000. 

5.3.1.2 Differentiation Towards Osteogenic, Adipogenic, and Chondrogenic Lineages 

StemPro® differentiation kits (Invitrogen) were used to confirm osteogenic, 

adipogenic, and chondrogenic differentiation of MSCs.  Following the manufacturer’s 

suggestions, MSCs were cultured in osteogenic induction media for 24 days, adipogenic 

induction media for 10 days, and chondrogenic induction media for 15 days before 

fixation with 10% formalin for 1 hour.  As an indicator of osteoblast mineralized matrix, 

Alizarin Red (Sigma) was diluted to a concentration of 2 g/mL in distilled water and 

adjusted to a pH of 4.1 before addition to fixed samples for 2 minutes before rinsing with 
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PBS.  To visualize lipid vacuole formation as an indicator for adipogenic differentiation, 

Oil Red O at a concentration of 0.3 g/mL in isopropanol and diluted at 3:2 volumetric 

ratio with distilled water and filtered over Whatman filter paper (Sigma).  Adipogenic 

media-cultured MSCs were incubated with 60% isopropanol for 5 minutes before adding 

the Oil Red O working solution for 5 minutes.  After rinsing twice with PBS, the samples 

were incubated with Mayer Hematoxylin for 1 minute to visualize nuclei.  To visualize 

proteoglycans as an indicator for chondrogenic differentiation, Alcian Blue solution 

(Sigma) was prepared at 1% concentration in 0.1N HCL and added to fixed samples for 

30 minutes before rinsing with distilled water.  The resulting immunohistochemical 

samples were captured under light microscope conditions with a Nikon® Eclipse 

Inverted Microscope system. 

5.3.2 Cell Culture  

Umbilical cord blood was obtained from the Carolina Cord Blood Bank 

following exempt status from the Duke University Institutional Review Board. EPCs 

were isolated and characterized using methods from Chapter 2 (Section 2.3.1).  hCB-

EPCs from 3 donors were used between passages 3 and 5.  Human aortic vascular 

smooth muscle cells (SMCs) were purchased from Lonza and maintained in smooth 

muscle basal medium supplemented with smooth muscle growth media-2 SingleQuots 

(Lonza) and 1% antibiotic-antimycotic solution. SMCs from 2 donors were used at 

passages 5-8.  Human monocytes were purchased from ATCC and maintained in 
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suspension culture with RPMI-1640 (ATCC) growth media containing 10% FBS, 1% 

antibiotic-antimycotic solution, and 0.05 mM of 2-mercaptoethanol.  Media was changed 

every 48 hours to monocytes by centrifuging cells at 200 x g for 7 minutes with re-

suspension at a concentration of 1 x 106 cells/mL.  To induce macrophage differentiation, 

monocytes were plated at a density of 20 x 106 cells/mL and cultured in RPMI-1640 

growth media supplemented with 320 nM phorbol myristate acetate (PMA, Santa Cruz 

Biotechnology) for 72 hours.  Adherent macrophages were removed for experiments 

using AccutaseTM (BD Biosciences) added at 6 mL per T-75 flask for 1 hour, centrifuged 

with 6 mL of growth media at 200 x g for 7 minutes.  Detached macrophages were then 

processed for flow cytometry analysis using CD45-FITC and Mouse IgG Isotype-FITC 

following identical procedures as MSCs. 

5.3.3 Characterization of hCB-EPC Network Formation within 
Coculture Systems 

To form cocultures, hCB-EPCs, 4.8 x 104 cells/cm2, were mixed with 8 x 104 

cells/cm2 of MSCs or SMCs and plated on polystyrene 24-well plates (BD Falcon).  These 

seeding densities were chosen using a previously established coculture system of SMCs 

and hCB-EPCs that resulted in extensive endothelial network formation (Peters et al., 

2013).  The coculture media consisted of EBM-2 supplemented with 9% v/v fetal bovine 

serum (FBS), and 0.9% v/v antibiotic-antimycotic solution.  The media was changed 

every 48 hours.   
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To visualize the cells, hCB-EPCs were transduced with tdTomato-expressing 

lentivirus while MSCs and SMCs were transduced with GFP-expressing lentivirus.  The 

lentivirus vector system used packaging vectors psPAX2 (Addgene #12260) and pMD2G 

(Addgene #12259).  For GFP expression, the vector FUGW (Addgene #14883) was used. 

For the FU tdTomato.W, we replaced GFP in the FUGW with the tdTomato gene.  The 

transduction efficiency was nearly 100% for the hCB-EPCs, MSCs, and SMCs.  Images of 

cocultures were taken on a Nikon® Eclipse Inverted Microscope system.  Quantitative 

analysis of hCB-EPC network formation was performed using Metamorph’s 

Angiogenesis Tube Formation module with a maximum capillary width of 50 µm and a 

minimum width of 3 µm for hCB-EPCs in coculture and 13.1 µm for hCB-EPCs in 

monoculture.  

To evaluate the viability of cells within MSC and SMC cocultures, we performed 

a live/dead assay (LIVE/DEAD® Viability/Cytotoxicity Kit, Life Technologies) after 8 

days of culture.  Coculture media containing 4 µM ethidium homodimer-1 (EthD-1) and 

4 mM calcein AM solution were added to SMC and MSC cocultures and incubated for 2 

hours prior to imaging.  EthD-1 expression was quantified by calculating the raw 

integrated pixel density per image with FIJI software and normalized to the image area.  

To characterize levels of angiogenic proteins within coculture conditions, supernatant 

samples were collected at time points of day 2, 6, 10, 14 and 18 after plating with media 

changes occurring 24 hours before each time point.  Quantitative determination of 
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VEGF-A, TGF-β1, and Ang-2 levels was performed using Quantikine® ELISA (#DVE00, 

#DB100B, #DANG20 respectively, R&D Systems) according to the manufacturer’s 

suggested protocol.   

To evaluate whether mural cell and EC differentiation were present in MSC and 

hCB-EPC cocultures, qRT-PCR was performed on the following markers associated with 

mural cell differentiation and EC differentiation after 18 days of culture: EC 

differentiation-VEGFR-2 (Adams et al., 2007; Shibuya et al., 2006), Tie-1, Tie-2, (Seegar et 

al., 2010; Wu et al., 2010; Thurston, 2003) mural cell differentiation-myosin heavy chain 

11 (MYH11), platelet-derived growth factor β receptor (PDGFR-β), chondroitin sulfate 

proteoglycan-4 (CSPG-4) (Adams et al., 2007; Lindskog et al., 2006)).  The housekeeping 

gene was 18s rRNA.  Total RNA (50 ng) was reverse transcribed using the cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA) and a MyCycler (Bio-Rad) thermal cycler.  Primers 

(Integrated DNA Technologies, Coralville, IA) were confirmed for specificity to targets 

using conventional PCR.  The sequences for each primer are listed in Table 5.1.  The 2 (-

Delta Delta C (T)) method was used to determine relative gene expression to SMCs.  

Table 5.1: Primers for qRT-PCR analysis 

Gene  Forward Primer (5’-3’) Reverse Primer (5’-3’) 

VEGFR-2 CCT GCC ATC TGA TGA ATT CTG 

TCC C 

TGG GGA GCA AAA CCT TCC 

TCT TCT A 

CSPG-4 GTC CGA CGG GCA ACA CCA GG GCC ACG CGA CAC CAT CAC 
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CA 

PDGFR-β TGC CCC GTC CAA CAA CAC GG CCT CCA GTG GGC CCT CGT CA 

MYH11 GCA GTG GAT AAG CTC TTC CCA 

ACC C 

CCT GAG CAG ACG CTG CCA 

CAT 

TIE-1 GCT GCA TGG CCG GTG TTG AGA 

A 

GGC TTT GGG CTC CGA TGG 

CA 

TIE-2 CTG CGG CCA CAT GAC CTC ACA 

AT 

CAG CGT GGT GGC ACT GCA 

TC 

18s rRNA CCG CTT TCT GCC GAG ATG CC GCT GCC CAA TCC CCG TGT TG 

 

 To further evaluate mural cell and EC differentiation, immunofluorescence for 

protein expression of alpha-smooth muscle actin (α-SMA), PDGFR-β, and platelet 

endothelial cell adhesion molecule (PECAM/ CD31) was performed on MSC and hCB-

EPC cocultures.  Cocultures were plated on 35 mm glass dishes (FluoroDishTM, World 

Precision Instruments, Inc.), pre-coated with 3.3 µg/mL of fibronectin for 1 hour.  After 

10 days of culture, samples were fixed in methanol for 3 minutes and blocked in a 10% 

solution of goat serum in PBS for 1 hour. Primary antibodies were diluted with blocking 

solution (α-SMA 1:100 (Abcam), PDGFR-β 1:50 (Santa Cruz), NG2/CSPG-4 1:50 (Santa 

Cruz), TIMP-3 1:1000 (Abcam), PECAM 1:100 (Invitrogen)) and incubated with the 

cultures at 4°C for 5 hours.  Samples were washed with PBS and incubated with the 

appropriate secondary antibody (Alexa Fluor 488 or Alexa Fluor 594 1:1000 (Invitrogen)) 
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overnight.  After another wash with PBS, samples were incubated with a 5 µg/mL DAPI 

solution for 30 minutes in order to visualize nuclei.  The cultures were imaged on a Leica 

SP5 confocal microscope at 20X magnification, 1280 x1280 resolution with a line 

scanning average of 6.  

5.3.4 Evaluation of CD45+ cells within MSC Populations Effect upon 
hCB-EPC Network Formation 

Supernatant samples were collected at time points of day 2, 6, 10, 14 and 18 after 

plating with media changes 24 hours before each time point and we measured the levels 

of the inflammatory markers IFN-γ, IFN-α, and TSP-1 (Friesel et al.,1987; Tsuruoka, N., 

Heyns et al., 1985; Sato et al., 1990; Good et al., 1990; Iruela-Arispe et al., 1991; 

Sunderkötter et al., 1994) through ELISA assays (R&D systems) between MSC and SMC 

cocultures according to the manufacturer’s suggested protocol.  To investigate whether 

phagocytosis occurred in hCB-EPC and MSC cocultures, we performed a phagocytosis 

assay over the first 10 days of coculture (Vybrant® Phagocytosis Assay Kit, Life 

Technologies).  E. coli, fluorescently tagged with fluorescein, was added to MSC 

cocultures at day 2, 6, and 10 of coculture and allowed to incubate for 2 hours before 

quenching with trypan blue prior to analysis.  Murine macrophage cells (J774 cells, 

ATCC) and DMEM media containing no cells served as positive and negative controls, 

respectively.  Fluorescence analysis was performed on a Infinite® 200 Pro (TECAN) 

fluorescence plate reader using 480 nm excitation and 520 nm emission.  The 

phagocytosis effect was calculated by dividing the net experimental reading by the net 
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positive reading.  The net experimental reading is the fluorescence intensity of the 

negative-control wells subtracted from the experimental wells.  The net positive reading 

is the fluorescence intensity of negative-control wells subtracted from positive control 

wells.  

FACS was performed on MSCs against a monocyte positive control for CD45 to 

improve the purity of MSC populations.  Detached MSCs were incubated with CD105-

PE, CD45-FITC, and mouse IgG isotype controls at a concentration of 5 µL per 1x106 

cells for 30 minutes at 4°C.  As a rinsing step, culture media was added to each sample 

and centrifuged at 200 x g for 5 minutes before the media was aspirated and samples 

resuspended in fresh culture media at a concentration of 1 x 106 cells/mL.  Samples were 

filtered (PARTEC, CellTrics® 30 µm filter) and sorted with BD FACSVantageTM SE flow 

cytometry system sorted for CD45- populations with gating for relative fluorescence 

intensity against CD45-FITC positive monocytes.  Eluted cells were captured in MSC 

culture media, centrifuged at 200 x g for 5 minutes, and plated at 3000 cells/cm2.  CD45- 

MSCs were cocultured with hCB-EPCs using EBM-2 media supplemented with 10% FBS 

and 1% antibiotic-antimycotic solution and compared to unsorted MSC and SMC 

cocultures for effects on hCB-EPC network formation.  Immunofluorescence for CD45, 

PECAM, and α-SMA was performed on days 2, 6, and 10 of coculture.  Cultures were 

fixed and imaged following methods described for characterization of hCB-EPC 

network formation with. CD45 (Abcam) added at a 1:500 dilution in 10% goat serum in 
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PBS.  Quantification of CD45+ cells within cocultures was done through integrated pixel 

density normalized to the total number of cells per image area using FIJI software. 

5.3.5 Statistical Analysis 

 All data are presented as means and standard errors with differences among 

coculture conditions established by ANOVA using factors of coculture condition, day, 

and time.  Post-hoc tests for individual treatment effects were done using a Student’s t-

test.  A p-value of less than 0.05 was used to indicate significance.  For the qRT-PCR 

studies, the global intensity normalization method was performed to account for 

variation among donors (Smyth et al., 2003).  To correct for donor variability, the 

normalization factor was calculated as the ratio of average mRNA expression for each 

condition to the global average cDNA expression of all conditions.  After confirming the 

variance of the qRT-PCR samples as nonhomogeneous by the Welch’s test for unequal 

variances, nonparametric testing was performed using the Kruskal-Wallis Test. JMP® 

9.0 software was used for all statistical analysis. 

5.4 Results 

5.4.1 In the Absence of Supplemental Growth Factors, hCB-EPCs 
Undergo Regression and Cell Loss in MSC Cocultures 

 To determine whether MSCs are able to function as mural cells by supporting 

stable, robust hCB-EPC network formation in vitro, we cocultured MSCs and hCB-EPCs 

using conditions previously determined to support hCB-EPC network formation while 

being cocultured with SMCs, 24 over a period of 18 days (Figure 5.1).  MSCs supported 
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initial migration and elongation of hCB-EPCs achieving a 2-fold increase in average 

segment length in comparison to SMC cocultures by day 6 of culture.  However, the 

hCB-EPC network structures were not stable, undergoing regression and cell loss by day 

10 of culture as evidenced by a near 4-fold decrease in the number of branch points and 

significant decreases in average segment length (p=0.0007) and percentage of PECAM-

positive cells (p=0.015) in comparison to day 6 of culture. (Figure 5.1A-B).  

 In contrast, cocultures of SMCs and hCB-EPCs demonstrated significant 

increases in branch points (p < 0.0001) and average segment length (p < 0.0001) between 

day 6 and 10 and cell number (p=0.019) between day 2 and 6, which were maintained 

through day 18 of culture.  Both the SMCs and MSCs were dispersed throughout the 

coculture system at day 10 of culture, excluding the possibility of MSC loss contributing 

to hCB-EPC regression (Figure 5.2).  We observed a significant increase in EthD-1 

expression, an indicator cell death, in MSC cocultures in comparison to SMC cocultures 

(p=0.01) at day 8 of culture (Figure 5.3).  The lack of supplemental endothelial growth 

factors, such as VEGF, within the coculture media did not cause hCB-EPC loss as 

evidenced through hCB-EPC monoculture controls (Figure 5.1A-B).  These observations 

demonstrate that under these culture conditions, MSCs are not able to support long-

term hCB-EPC network formation to the same extent as SMCs and instead cause hCB-

EPC loss.  
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Figure 5.1: Comparison of MSC and SMC coculture upon hCB-EPC network 

formation in vitro: Images are representative of 3 independent experiments. Scale 

bars equal 100 µm. (A) hCB-EPCs (denoted as endothelial outgrowth cells, EOCs) 

were transduced with tomato-expressing lentivirus and combined with either MSCs 

or SMCs for observation over 18 days of coculture.  Changes in hCB-EPC (EOC) 

network morphology between MSC and SMC coculture conditions over time were 

quantified through analysis of the number of branch points (B) and mean segment 

length (C).  (D-E) hCB-EPCs in MSC cocultures underwent cell loss over 10 days of 

culture in contrast to SMCs as evidenced by the percentage of PECAM positive cells, 

normalized to total cell number.  Image area analyzed is 0.57 mm2 with n =3 images 

analyzed per condition. * indicates p < 0.05, # indicates p < 0.05 in comparison to Day 6 

of MSC coculture, ^ indicates p < 0.05 in comparison to Day 6 of SMC coculture, $ 

indicates p < 0.05 in comparison to Day 2 of SMC coculture, & indicates p < 0.05 in 

comparison to Day 10 of MSC coculture. 
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Figure 5.2: Representative images of hCB-EPCs (red) at day 10 of coculture 

with (A) SMCs (green) and (B) MSCs (green). Scale bar equals 250 µm. 

 

Figure 5.3:  Evaluation of cell viability in cocultures of hCB-EPCs with SMCs 

or MSCs:  (A) Representative images depicting cell viability within MSC and SMC 
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cocultures through the absence of ethidium homodimer-1 (EthD-1) expression (red) 

after 8 days of culture.  Live cells are depicted through calcein AM expression (green).  

Scale bar equals 200 µm  (B) Quantification of EthD-1 expression after 8 days of  hCB-

EPCs in coculture with MSCs or SMCs. * indicates p < 0.05 in comparison to SMC 

coculture condition.  n=4 images analyzed per condition.  Image area analyzed is 0.57 

mm2. 

5.4.2 MSC Cocultures Contain Higher Levels of VEGF-A than SMC 
Cocultures and Demonstrate Gene Expression of Mural Cell Markers  

 Due to the complexity of processes involved in angiogenesis (Adams et al., 2007), 

there are several factors that may contribute to the impaired ability of MSCs to promote 

network formation of hCB-EPCs observed in Figure 5.1.  For example, soluble growth 

factors serve a critical role in angiogenesis with VEGF acting as a key regulator in the 

early stages of angiogenesis, initiating endothelial cell migration and tube formation 

(Adams et al., 2007).  Latent forms of transforming growth factor beta 1 (TGF-β1) 

produced by ECs become activated upon contact with mural cells, serving to 

differentiate the recruited cells into pericytes, which act to stabilize the newly formed 

capillary networks by preventing apoptosis (Adams et al., 2007; Walshe, 2010).  

Overexpression of angiopoietin-2 (Ang-2) disrupts pericyte-EC contacts, leading to EC 

network regression and apoptosis (Nag et al., 2005; Cao et al., 2007).  We hypothesized 

the impaired ability of MSCs to promote EC network formation may be due to 

differences in levels of angiogenic proteins VEGF, TGF-β1, and Ang-2 in comparison to 

SMC cocultures.  To test our hypothesis, supernatant was collected from MSC and SMC 

cocultures over 18 days of culture and analyzed using enzyme-linked immunosorbent 

assays (ELISA). 
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 We observed a nearly 2-fold increase in VEGF-A supernatant levels in MSC 

cocultures in comparison to SMC cocultures which persisted through day 18 of culture 

(Figure 5.4A).  In contrast, supernatant levels were nearly identical between MSC and 

SMC cocultures for Ang-2 (p=0.97) and showed no significant difference in TGF-β1 after 

Day 2 of culture (Figure 5.4A).  These findings indicate impaired hCB-EPC network 

formation within MSC cocultures in vitro is not due to decreased VEGF-A, TGF-β1 or 

increased Ang-2 protein levels in comparison to SMC cocultures.  

 Co-cultivation of hCB-EPCs and MSCs can increase gene expression of mural cell 

markers such as α-SMA (Goerke et al., 2012; Lobi et al., 2014).  Incomplete differentiation 

of MSCs towards an SMC phenotype may result in impaired angiogenic function.  MSCs 

have also been shown to have the potential to differentiate towards an EC lineage 

(Oswald et al., 2004; Janeczek Portalska et al., 2012).  While hCB-EPCs underwent cell 

loss by 10 days of culture (Figures 40A and 40E), populations of MSCs within coculture 

may have differentiated towards an EC lineage in addition to a mural cell lineage.  We 

performed qRT-PCR on hCB-EPC:MSC cocultures for gene expression of mural cell 

markers CSPG-4, PDGFR-β, and MYH-11 and EC markers associated with angiogenesis: 

TIE-2, TIE-1, and VEGFR-2 (Figure 5.4B).  After 18 days of coculture, we observed a 40-

fold increase in PDGFR- β, 5-fold increase in MYH-11, and no change in CSPG-4 gene 

expression in comparison to SMCs.  In contrast, we found a significant decrease in gene 

expression for TIE-1 (p=0.030) and VEGFR-2 gene expression (p=0.030) with no 
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significant change in TIE-2 expression after 10 days of coculture.  Immunofluorescence 

at day 10 of MSC coculture confirms the expression of α-SMA, PDGFR-β, and lack of 

ECs through PECAM staining (Figure 5.4C).  

The decrease in EC gene expression correlates to the loss of hCB-EPCs observed 

in coculture with MSCs.  Our findings demonstrate agreement with previously reported 

findings of hCB-EPC and MSC coculture leading to increased gene expression of mural 

cell markers MYH-11 and PDGFR- β, over several days of culture.  In addition, the loss 

of hCB-EPCs observed upon coculture with MSCs (Figure 4.10) was not replaced by ECs 

differentiated from remaining MSC populations.  
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Figure 5.4:  Evaluation of angiogenic cytokines VEGF-A, TGF-β1, Ang-2 and 

mural cell gene expression in MSC and hCB-EPC cocultures (A) Measured 

supernatant levels for VEGF-A, TGF-β1, Ang-2 in cocultures of EOCs with MSCs or 

SMCs during the first 18 days of culture. * indicates p < 0.05 in comparison to SMC 

conditions at the same day of coculture as MSC conditions, n=3 supernatant samples 
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analyzed per time point, per coculture condition (B) Fold difference in RNA 

transcription levels of MSC cocultures relative to SMCs. # indicates p < 0.05 in 

comparison to day 2 MSC cocultures within the gene group analyzed, n=4 RNA 

transcription levels analyzed per time point, per gene analyzed (C) 

Immunofluorescence at day 10 of MSC coculture for α-SMA, PDGFR-β, and PECAM.  

Scale bar equals 100 µm. 

5.4.3 The Presence of CD45+ Cells is Correlated with the Extent of 
hCB-EPC Network Formation in MSC and SMC Cocultures 

 Based on our findings, the observed cell loss of hCB-EPCs in coculture with 

MSCs in comparison to SMC cocultures is not caused by a lack of VEGF-A or TGF-β1 or 

increase of Ang-2 protein levels in the supernatant, or the lack of differentiation towards 

a mural cell phenotype based on the increased gene expression of α-SMA and PDGFR- β 

over 2 weeks of coculture.  Another explanation for hCB-EPC cell loss could be due to 

the presence of contaminating pro-inflammatory cells, such as macrophages, within the 

MSC population.  The role of macrophages in angiogenesis is complex and dependent 

on the context of the local microenvironment (Dalton et al., 2014).  For example, in the 

presence of the cytokine interferon gamma (IFN-γ), macrophages are induced into a pro-

inflammatory phenotype which possess phagocytic ability that may disrupt microvessel 

formation (Sica et al., 2007).  In contrast, interleukin-4 (IL-4) stimulates macrophages 

towards a pro-angiogenic phenotype through the secretion of growth factors such as 

VEGF-A, and basic fibroblastic growth factor (FGF-2) (Sica et al., 2007).  

 We tested the hypothesis that hCB-EPC regression and cell loss in MSC 

cocultures is caused by elevated levels of inflammatory cytokines IFN-γ, IFN-α, and 



 

204 

thrombospondin (TSP-1), which are known to inhibit EC growth and angiogenic 

function (Pauleau et al., 2004; Sica et al., 2007; Davies et al., 2013a; Davies et al., 2013b; 

Dalton et al., 2014).  We found no significant increases in the levels of IFN-γ (p=0.77), 

IFN-α (p=0.97), or TSP-1 (p=0.90) in the supernatant from MSC cocultures in comparison 

to SMC cocultures during the first 18 days of culture (Figure 5.5A).  We also found 

evidence of phagocytic activity within MSC cocultures based upon uptake of fluorescent 

E.coli particles throughout the first 10 days of culture (Figure 5.5B). 

 

Figure 5.5:  Evaluation of MSC and hCB-EPC cocultures for anti-angiogenic 

macrophage effects:  (A) Measured supernatant levels for thrombospondin-1 (TSP-1), 

interferon-gamma (IFN-γ), and interferon-alpha (IFN-α) in cocultures of hCB-EPCs 

with MSCs or SMCs during the first 18 days of culture. (B) Analysis of phagocytosis 

response within hCB-EPC and MSC cocultures during the first 10 days of culture. n=4 
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wells analyzed per condition (C) Representative phagocytosis assay images depicting 

intracellular, fluorescein-labeled Escherichia coli within MSC cocultures during the 

first 10 days of coculture. Positive controls consisted of macrophages and negative 

controls were experimental wells containing only DMEM media. Scale bar equals 200 

µm. 

 Resident tissue macrophages may be present in trace amounts within isolated 

MSC populations (Davies et al., 2013a).  These macrophages could escape detection 

during FACS if a positive control for CD45+ expressing macrophages was not employed.  

We hypothesized CD45+ cells may represent potential macrophages present within the 

MSC population which could contribute to hCB-EPC loss upon coculture and explain 

the observed phagocytic response.  To test our hypothesis we performed FACS on 

MSCs, employing a positive control of CD45-expressing monocytes, and cocultured the 

resulting CD45- MSCs with hCB-EPCs.  We compared the effect on hCB-EPC network 

formation against unsorted MSC and SMC cocultures over 2 weeks in vitro. 

We observed the presence of CD45+ contaminating cells within both SMC and 

MSC populations (Figure 5.6A).  MSCs contained nearly 8-fold higher amounts of 

CD45+ cells (12.2%) than SMCs (1.60%) (Figure 5.6B).  The use of a positive monocyte 

control for CD45 resulted in an additional 12% of the MSC population gated for negative 

selection (Figure 5.6C).  MSCs resulting from sorting displayed unique phenotypes 

between CD45- and CD45+ eluted populations with the CD45+ conditions resembling a 

multi-nucleated macrophage phenotype (Figure 5.6D). 
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Upon coculture with the CD45- sorted MSC population, hCB-EPCs demonstrated 

significant enhancement in network formation by day 6 in comparison to unsorted MSC 

cocultures as shown by a 2 fold increase in the total segment length and number of 

branch points (Figure 5.7A).  However, the enhancement in hCB-EPC networks resulting 

from CD45- sorting of MSCs was not maintained by 2 weeks of culture, as evidenced 

through the absence of significant differences in network morphology to unsorted MSCs 

(p=0.54) (Figure 5.7B).  To ascertain whether the enhanced hCB-EPC network formation 

in CD45- MSC cocultures was caused by CD45 subtraction rather than an increase in the 

number of MSCs, we increased the number of unsorted MSCs to 12 x 104 cells/cm2 prior 

to coculture with hCB-EPCs and imaged the resulting network formation over 14 days 

(Figure 5.8A-B).  However, this 50% increase of MSCs caused no significant 

enhancement of hCB-EPC network throughout the culture period, indicating subtraction 

of CD45+ cells caused the increase in hCB-EPC total segment length and connectivity 

observed at day 6 of coculture.  

Immunofluorescence staining of coculture conditions revealed an increase in 

CD45 expression in both unsorted and sorted MSC cocultures between day 2 and day 10 

of culture in contrast to SMC cocultures (Figure 5.7C-D).  These findings suggest 

interaction between hCB-EPCs and MSCs may cause proliferation of CD45+ cells, not 

observed in hCB-EPC and SMC interactions, that is associated with hCB-EPC network 

regression and cell loss.  CD45+ macrophages have been shown to undergo proliferation 
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during inflammation (Davies et al., 2013b; Pauleau et al., 2004).  Therefore, despite the 

use of FACS, trace amounts of CD45+ cells may still be present within the CD45- MSC 

condition, which, upon coculture with hCB-EPCs isolated from a separate donor, could 

be stimulated towards an inflammatory phenotype inflammatory response observed in 

vivo, inducing MSC-macrophage proliferation and phagocytosis of hCB-EPCs.  While the 

hCB-EPCs contained trace amounts of CD45 + cells (3%–8%) (Figure 5.10), the presence 

of CD45 + cells within hCB-EPC and SMC cocultures did not lead to the loss of hCB-

EPCs that was observed in the MSC cocultures (Figure 5.7). 
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Figure 5.6:  Removal of CD45+ cells from MSC populations:  (A) 

Representative dot plot of CD45 expression of SMCs and MSCs relative to monocyte 

positive controls. FSC-H represents forward scatter, an indicator of cell size (B) 

Representative histogram demonstrating potential CD45+ cells present within MSC 

and SMC populations (C) Representation of percent purity analysis after CD45+ cell 

subtraction in MSC samples (D) CD45- and CD45+ MSCs after 24 hours of plating. 

Scale bar equals 200 µm. 
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Figure 5.7:  Evaluation of the effect of CD45+ cells within MSC populations 

upon hCB-EPC network formation in vitro:  (A) hCB-EPCs  were transduced with 

tomato-expressing lentivirus and combined with either CD45- MSCs, unsorted MSCs 

or SMCs for observation over 14 days of coculture.  Scale bar equals 200 µm. (B) 
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Changes in hCB-EPC network morphology between MSC and SMC coculture 

conditions over time were quantified through analysis for total segment length, mean 

segment length, and number of branch points.  *p < 0.05 in comparison to SMC 

coculture, #p < 0.05 in comparison to Day 6 MSC (FACS) coculture, ^p < 0.05 in 

comparison to Day 6 MSC (No FACS).  Image area is 0.57 mm2 with n=8 images 

analyzed per condition. (C) Representative images of immunofluorescence staining 

for CD45, PECAM, and α-SMA expression at day 6 and day 10 of coculture.  Nuclei 

are shown through DAPI staining. (D) CD45 expression was quantified through 

integrated pixel density and normalized to the total cell number of each image 

analyzed.  *p < 0.05 in comparison to SMC coculture, #p < 0.05 in comparison to day 14 

of MSC (FACS) coculture, ^p < 0.05 in comparison to day 14 of MSC (No FACS).  n=4 

images analyzed per condition, image area analyzed is 0.65 mm2. 
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Figure 5.8:  Evaluation of the effect of increasing MSC amounts upon hCB-EPC 

network formation within a coculture system:  (A) Representative images of hCB-

EPCs transduced with tomato-expressing lentivirus and combined at 4.8 x 104 cells/cm2 

with 12x104 cells/cm2 unsorted MSCs (MSC Additional), 8x104 cells/cm2 of unsorted 

MSCs (MSC unsorted), or 8x104 cells/cm2 of MSCs subtracted for CD45+ populations 

(MSC CD45-).  Scale bar equals 200 µm.  (B) Quantification of hCB-EPC networks for 
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total tubule length and number of branch points among MSC coculture conditions.  

*indicates p < 0.05, # indicates p < 0.05 in comparison to Day 14 of MSC (unsorted) 

coculture, ^ indicates p < 0.05 in comparison to Day 6 of MSC (unsorted) coculture, $ 

indicates p < 0.05 in comparison to Day 14 of MSC (CD45-) coculture, ƚ indicates p < 

0.05 in comparison to Day 6 of MSC (CD45-) coculture, & indicates p < 0.05 in 

comparison to Day 14 of MSC (Additional) coculture, % indicates p < 0.05 in 

comparison to Day 6 of MSC (Additional) coculture.  n=6 images analyzed per 

condition.  Image area analyzed is 0.57 mm2. 

 

Figure 5.9:  Trace amounts of CD45+ cells can exist within angiogenic hCB-EPC 

populations: Representative dot plot (A) and histogram (B) from flow cytometry 

analysis of hCB-EPCs (denoted as endothelial outgrowth cells, EOCs) at passage 2 

that demonstrates trace populations (3%) of CD45 + cells. 
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5.4.4 The Addition of Supplemental Growth Factors Prevents hCB-
EPC Network Regression and Cell Loss within MSC Cocultures 
without Affecting CD45 Expression 

 Robust EC network formation previously reported with MSC cocultures 

employed media conditions containing supplemental angiogenic growth factors 

(Kachgal et al., 2012; Rao et al., 2012).  To test the hypothesis that the addition of 

angiogenic growth factors improves the ability of MSCs to support hCB-EPC network 

formation, we included the full endothelial growth media supplement (EGM2, Lonza) 

containing VEGF, FGF-2, endothelial growth factor, hydrocortisone, insulin growth 

factor-1, ascorbic acid, and heparin to cocultures of MSCs and hCB-EPCs and observed 

changes in hCB-EPC network morphology over 2 weeks.  Addition of these growth 

factors resulted in robust hCB-EPC network formation to levels observed in our positive 

control, SMC coculture conditions at day 6 of culture and  no significant differences in 

total segment length over time (p=0.96) (Figure 5.10A-B).  These hCB-EPC networks, 

however, were not as connected as those found in SMC coculture conditions based on 

the decrease in the number of branch points by day 14 of coculture. 

Immunofluorescence of EGM2-containing MSC cocultures at day 14 indicates the 

presence of CD45+ cells (Figure 5.10C) were not significantly different from MSC 

cocultures without EGM2 supplements (p=0.40) (Figure 5.10D), indicating the improved 

response of hCB-EPC networks was not caused by a decrease in CD45+expression. 
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Figure 5.10:  The effect of growth factor addition to unsorted MSC cocultures 

upon hCB-EPC network formation in vitro:  (A) hCB-EPCs were transduced with 

tomato-expressing lentivirus and combined with MSCs culture conditions with (+GF) 

or without (-GF) supplemental growth factors. SMCs cocultures (-GF) and hCB-EPC 

(EOC) monocultures (+GF) were used as controls.  (B) hCB-EPC network morphology 

was observed over 14 days of coculture and quantified. Scale bar equals 200 µm. # p < 

0.05 in comparison to SMC coculture, $ p < 0.05 in comparison to MSC (+GF) 

coculture. Image area analyzed is 0.57 mm2.  (C) Representative immunofluorescence 

staining of MSC (+GF) for CD45, PECAM, and α-SMA expression at day 14 of 

coculture.  Nuclei are shown through DAPI staining.  Scale bar equals 100 µm.  (D) 

CD45 expression was quantified through integrated pixel density and normalized to 

the total cell number of each image analyzed.  n=6 images analyzed per condition, 

image area analyzed is 0.65 mm2. 

5.5 Discussion 
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Regulation of microvessel development is critical for the healthy function of all 

organs in the body and the management of several types of disease (Adam et al., 2007; 

Watt et al., 2013).  One approach for investigating of the role of mural cells upon EC 

network formation is through tissue engineering, which recapitulates angiogenic 

processes in vitro by means of co-culturing vascular cells upon biomaterials under pro-

angiogenic conditions (Kirkpatrick et al., 2011).  In addition to serving as a non-invasive 

research tool for testing novel hypotheses, in vitro tissue engineered-microvascular 

models show promise for direct translation into pro-angiogenic therapies (Melero-

Martin et al., 2008; Kang et al., 2011; Chen et al., 2012; Culver et al., 2012).  MSCs and 

hCB-EPCs are promising allogenic sources for tissue engineered-microvessel structures 

due to their noninvasive isolation and proliferative potential (Ingram et al., 2004; Hirschi 

et al., 2008; Huang et al., 2008;). 

In this study, we evaluated the ability of MSCs to function as SMCs in the 

support of hCB-EPC network formation through employment of a reductionist, in vitro 

coculture system.  Under these conditions, we found coculture of MSCs with hCB-EPCs 

led to hCB-EPC loss by day 10 of culture (Figure 5.1).  The cause for hCB-EPC loss was 

not due to a lack of angiogenic cytokines VEGF and TGF-β1, or significant increases in 

supernatant levels of anti-angiogenic cytokines Ang-2, TSP-1, IFN-γ, and IFN-α (Figure 

5.4).  Instead, we found MSC cocultures displayed evidence of phagocytosis (Figure 5.5) 

which led us to investigate whether trace amounts of CD45+ cells within MSC 
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populations were the cause of hCB-EPC loss.  However, subtraction of CD45+ cells 

within MSCs only led to short-term improvements upon hCB-EPC network formation as 

evidenced through total segment length and number of branch points (Figure 5.7).  The 

addition of growth factors VEGF, FGF-2, EGF, hydrocortisone, IGF-1, ascorbic acid, and 

heparin to MSC cocultures, promoted stable hCB-EPC network formation over 2 weeks 

in vitro, despite the presence of CD45+ cells, as evidenced by a lack of significant 

differences in total segment length (p=0.96) (Figure 5.10).  Further studies are needed to 

understand whether one, or a combination, of these growth factors is responsible for the 

enhanced ability of hCB-EPCs to form networks upon coculture with MSCs.  

The enhancement of hCB-EPC networks within MSC cocultures observed upon 

addition of EGM2 supplements, may be caused by the induction of the potential CD45+ 

macrophage-like cells towards a neutral or pro-angiogenic phenotype.  This result offers 

the intriguing hypothesis that a combination of growth factors can be incorporated 

within a biomaterial scaffold to enable robust, stable microvessel formation of allogenic 

progenitor cell sources by preventing phagocytosis through the modulation of CD45+ 

pro-inflammatory cells towards a neutral, or pro-angiogenic state.  

5.6 Conclusions 

 In this study, we observed the presence of CD45+ cells present within MSC 

populations is correlated with EOC network regression and cell loss. The addition of 

supplemental growth factors can eliminate this effect. To improve the success of cell-
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based angiogenic therapies, further studies are needed to determine the macrophage 

identity of CD45+ cells within MSC populations and investigate their response to 

angiogenic growth factors with the aim of improving progenitor cell-driven microvessel 

formation.  
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6. Dissertation Summary and Future Work 

6.1 Dissertation Summary 

 This dissertation was motivated by efforts to clinically translate tissue-

engineered organs, which are limited without incorporation of functional, stable 

microvasculature that can maintain viability of the construct, through oxygen and 

nutrient transport, upon implantation in vivo.  My approach to meet this need was to 

develop a reductionist, in vitro system of tissue engineered microvasculature, comprised 

of clinically translatable components which are readily amenable to qualitative and 

quantitative analysis, as well as mechanistic studies and create a foundation for 

advanced, microvascular tissue engineering research.  The guiding hypothesis to 

achieve this aim was endothelial and mesenchymal progenitor cells derived from 

umbilical cord blood (hCB-EPCs and MPCs, respectively) could serve as vascular 

progenitor cells to form stable, robust microvessels in an in vitro coculture system of 

synthetic hydrogels that did not require angiogenic growth factors beyond those present 

in serum. 

Through incorporation into a synthetic, PEG-based hydrogel system, this system 

could translate descriptive studies into biochemical and biophysical modifications of the 

hydrogel, allowing continuous feedback on the success of engineering parameters to 

promote microvessel formation for a desired vascular niche.  Due to the limited number 

of studies investigating microvessel formation by hCB-EPCs and umbilical cord blood-
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derived MPCs, as well as testing vascular progenitor cell-driven microvessel formation 

in synthetic hydrogel systems, the following sub-hypotheses were needed to evaluate 

the overall hypothesis: 

1. Cocultures of hCB-EPCs with mural cells can produce the microenvironmental cues 

necessary to support physiological microvessel formation in vitro;   

2. PEG hydrogel systems can serve as a synthetic biomaterial to support 3D 

microvessel formation by hCB-EPCs in coculture with mural cells by incorporating 

components of the provisional matrix in embryonic vasculogenesis;  

3. Mesenchymal cells, derived from umbilical cord blood or bone marrow, can serve as 

mural cells upon coculture with hCB-EPCs to enable robust, stable microvessel 

structures under culture conditions that do not require angiogenic cytokines beyond 

those present in serum  
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These hypotheses were evaluated in three specific aims:  

Aim 1: Creation and validation of a 2D coculture system to promote microvessel 

formation utilizing hCB-EPCs  

Aim 2: Extension of the 2D hCB-EPC microvessel model to a 3D synthetic hydrogel 

system  

Aim 3: Evaluation of mesenchymal cells from umbilical cord blood (MPCs) and bone 

marrow (MSCs) to serve as mural cells for microvascular tissue engineering. 

 In Chapter 2, we accomplished Aim 1 by establishing isolation, characterization, 

and coculture methods to utilize an angiogenic population of hCB-EPCs to serve as a 

positive-control model of microvessel formation.  The hCB-EPCs were isolated using a 

previously established method (Ingram et al., 2004) that was expanded upon to isolate a 

highly-proliferative population of endothelial colony forming units through plating of 

primary EPC colonies at <400 cells/cm2 on tissue culture flasks coated with 8 µg/cm2 of 

collagen I.  To account for loss of progenitor cell phenotype as well as contamination 

with fibroblasts or leukocytes during in vitro expansion, hCB-EPCs at each passage were 

characterized by flow cytometry to express >90% of EC markers CD31, CD105, CD146; 

for EPC-associated markers, >30% CD309/VEGFR-2, and >10% CD34;  <1% of leukocyte 

markers CD14, CD45, CD115, and <1% of MSC/fibroblast-associated marker CD90.  The 

hCB-EPCs were also characterized for angiogenic potential through a MatrigelTM 
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network formation assay and immunofluorescence for proteins associated with EC 

function, VE-cadherin, eNOS, vWF; against a HUVEC control.  SMCs were also 

characterized for mural cell phenotype through protein expression of α-SMA, calponin, 

PDGFR-β, and ephrin-B2. 

 We determined coculture ratios between 0.2 (16,000 cells/cm2) and 0.6 (48,000 

cells/cm2) of hCB-EPCs plated with SMCs (80,000 cells/cm2) upon 3.3 µg/mL of 

fibronectin-coated tissue culture plastic, resulted in robust microvessel structures that 

were stable for several weeks in vitro.  We found a media composition of endothelial 

basal media (EBM-2, Lonza) containing 9% v/v FBS and 0.9% v/v penicillin-streptomycin 

could support viability of both hCB-EPCs and SMCs during hCB-EPC network 

formation.  We standardized methods to dynamically visualize and quantify the 

capillary-like networks through transduction with FU tdTomato.W and FUGW lentiviral 

systems using packaging vectors psPAX2 and pMD2G.   

The coculture spatial arrangement of hCB-EPCs and SMCs significantly affected 

cell migration, overall network morphology, and angiogenic cytokine levels.  

Specifically, during the first 24 hours of coculture, hCB-EPCs in lamellar conditions had 

over 15 fold increase in persistence time, 2 fold decrease in speed and random motility 

coefficient in comparison to mixed conditions.  These effects on hCB-EPC motility 

translated into differences for overall network morphology, by 12 days of coculture, 
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with greater connectivity in mixed conditions indicated by higher angle of curvature (85 

degrees versus 52 degrees), and higher number of branch points (>200 versus <150) than 

lamellar systems.  As well, the mixed systems were less sensitive to changes in coculture 

ratios, seen through a lack of significant difference in the percentage of image area 

covered by networks than the lamellar systems.  The mixed coculture spatial 

arrangement increased the solution, but not the intracellular levels, of IGFBP-2, MCP-1, 

IL-8, TIMP-1, MMP-8, FGF-acidic, and FGF-basic in comparison to lamellar systems at 

the 0.2 ratio by day 3 of coculture. 

In comparison to vascular-derived ECs from the human aorta (HAECs), the hCB-

EPCs were more angiogenic based on the lack of EC clusters (>30 µm in width) that did 

not incorporate into microvessel structures by day 12 of coculture.  This 2D system was 

also verified for aspects of physiological microvessel formation such as lumen formation 

by 2 weeks of coculture, evidenced by uptake of 10,000 MW dextran into hCB-EPC 

microvessels, and quiescence of hCB-EPCs after initial network formation with <2% of 

proliferating cells by day 4 of coculture.  The results from this aim validated sub-

hypothesis 1 through demonstrating cocultures of hCB-EPCs with mural cells produce 

the microenvironmental cues necessary to support microvessel formation in vitro, which 

contained properties of physiological microvessel formation. 

In Chapter 3, we extended this model of hCB-EPC microvessel formation into a 

biomaterial with stiffness closer to that observed during angiogenesis in vivo.  We tested 
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the hypothesis that PEG hydrogel systems can mimic the provisional matrix during 

embryonic vasculogenesis to support 3D microvessel formation by hCB-EPCs in 

coculture with mural cells through incorporating the fibronectin-derived adhesive 

peptide, RGDS, and an MMP-sensitive peptide, GGGPQG↓IWGQGK (abbreviated as 

“PQ”), into the PEG system.  To evaluate this hypothesis, we first examined whether 

RGDS, immobilized to the surface of PEG diacrylate (PEGDA) hydrogels could support 

hCB-EPC network formation from SMC coculture to the same extent as tissue culture 

glass, using culture parameters from Aim 1.  We found PEGDA hydrogels of 12.5 kPa 

and 37.5 kPa in elastic modulus, containing surface-immobilized RGDS could support 

hCB-EPC network formation.  By 2 weeks of coculture with SMCs, the morphology of 

the hCB-EPC networks was not significantly different (p>0.54) to networks formed on 

uncoated tissue culture-treated glass (63 GPa) based on a lack of significant differences 

in total tubule length per image area (averages near 12 mm/mm2), branch points per 

image area (averages near 103/mm2), and average segment diameter (averages near 35 

µm). 

These findings were translated into 3D by encapsulating a 1 to 1 ratio of hCB-

EPC and SMCs (30,000 cells/µl) simultaneously with PEG-RGDS (3.5 mM RGDS) and 

PEG-PQ (6 mM PQ) with 1.5% v/v TeOA, 10 µM eosin Y, and 31.7 nM NVP under white 

light (514 nm) for 40 seconds at 120 mW/cm2.  Robust hCB-EPC microvessels formed 

within 50 µm from the surface of the hydrogel and displayed invasion up to 150 µm 
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depths.  By 2 weeks of coculture, the microvessel formed within 3D hydrogels of 18 kPa 

in elastic modulus, were similar to structures formed on 2D substrates based on network 

morphology parameters of total tubule length per image area (12 mm/mm2), branch 

points per image area (127/mm2), and average tubule thickness (27 µm).  Further, these 

3D hCB-EPC microvessels contained aspects of physiological angiogenesis with hCB-

EPC quiescence (<1% proliferating cells) achieved after 2 weeks of coculture, lumen 

formation, expression of EC proteins connexin 32 and VE-cadherin, eNOS, basement 

membrane formation by collagen IV and laminin, and perivascular investment of 

PDGFR-β and α-SMA positive cells.  These results validated sub-hypothesis 2.  

In Chapter 4, we sought to enhance the clinical translatability of the tissue-

engineered microvessel system by replacing the mural source from SMCs to umbilical 

cord blood-derived MPCs.  We tested the hypothesis that cocultures of umbilical cord 

blood-derived MPCs with hCB-EPCs results in robust, stable microvessel structures 

under identifical coculture conditions as hCB-EPCs and SMCs, which do not require 

angiogenic cytokines beyond those present in serum  In order to evaluate this 

hypothesis, we first identified methods to isolate a highly proliferative population of 

MPCs by comparing two approaches for MPC isolation: adhesion to plastic (traditional 

method, TM) through plating the mononuclear cell fraction (MNC) of umbilical cord 

blood upon uncoated tissue culture flasks and culturing with basal media containing no 

additional cytokines beyond those present in serum,  and inducing endothelial-to-
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mesenchymal transition (EndMT method) by first isolating EPCs from MNCs via plating 

upon collagen-I coated tissue culture plastic and culturing with media containing VEGF, 

FGF-2, EGF, hydrocortisone, IGF-1, ascorbic acid, and heparin.  The resulting EPC-like 

colonies were treated with TGF-β2 a primary passage to induce EndMT. 

Suprisingly, we found our controls of MNCs, isolated through the EPC method 

without TGF-β2 treatment, displayed a population of spindle-shaped cells (SS-MNCs) 

that closely resembled pericytes.  The appearance of these spindle-shaped cells was 

present in near 15% of the isolations, a higher success rate than the 10% isolation success 

rate observed with TM and EndMT methods.  The SS-MNCs derived from the EPC 

isolation method contained the greatest expansion potential in comparison to SS-MNCs 

isolated by the TM and EndMT methods, as demonstrated by a 10-fold increase in cell 

number to over 10 million cells after 8 weeks of culture.  The average population 

doubling time for SS-MNCs using the EPC method was 21 ± 5 days over a culture period 

of 45 days.   

Further characterization of the SS-MNCs derived from the EPC isolation 

procedures showed phenotypic resemblance to human vascular pericytes with 

approximately 100% of the SS-MNCs expressing PDGFR-β, α-SMA, at levels similar to 

pericytes (p>0.27).  A distinguishing property of these SS-MNCs from pericytes was 

their expression for VE-cadherin (17% of cell population) and significantly lower 

expression for NG2 (p=0.006).  The SS-MNCs also showed properties similar to MSCs 
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based on their expression for CD73 for (> 98%), partial expression for CD105 (27%) and 

CD90 (14.5%), and lack of expression (< 1%) for CD45, CD34, HLA-DR, CD19, and CD14.  

Although the SS-MNCs lacked adipogenic differentiation potential, they could 

differentiate toward osteogenic and chondrogenic lineages evidenced by positive von 

Kossa staining for mineralized matrix and Alcian blue staining for the presence of 

proteoglycans. 

After establishing parameters to characterize a pericyte-like population of cord 

blood-derived MNCs, we sought to establish parameters to evaluate their ability to 

support network formation by hCB-EPCs.  We established a series of methods, starting 

with an angiogenic system of MatrigelTM matrix before gradually moving towards the 

reductionist, tissue-culture plastic system established in Aim 1.  Within a MatrigelTM 

system, MNCs demonstrated pericyte-like function through colocalization to hCB-EPC 

networks and similar effects as HVPs upon total hCB-EPC tubule length (p=0.95) and 

number of branch points (p=0.93).  In a reductionist coculture system, developed in Aim 

1, MNCs served as pro-angiogenic mural cells by supporting hCB-EPC network 

formation to a significantly greater extent than pericyte cocultures, by day 14 of 

coculture, as evidenced through total tubule length per image area (p < 0.0001 in 

comparison to pericytes, average near 12 mm/mm2) and number of branch points (p < 

0.0001 in comparison to pericytes, average near 140/mm2).  We also found the addition 

of osteogenic media containing 1M β-glycerophosphate, 1 mg dexamethasone, and 100 



 

227 

mg ascorbic acid, would result in the formation of 3D vascularized nodules, observable 

for at least 18 days in vitro, adding an additional parameter to validate this angiogenic 

population of MNCs from umbilical cord blood.  

Although these results with cord blood-derived MNCs were promising, the low 

isolation success rate and variability among donors led us to evaluate an alternative 

mural cell source with the well-characterized bone marrow-derived MSCs.  In chapter 5, 

we evaluated the ability of MSCs to support network formation by hCB-EPCs under 

minimal culture conditions using the coculture system developed in Aim 1.  We were 

surprised, however, to discover MSCs not only failed to support hCB-EPC network 

formation but appeared to actively cause their regression and cell loss by day 10 with a 

near 4- reduction in branch points, 2-fold reduction in mean segment length, and 4-fold 

reduction in CD31/PECAM+ cells, in comparison to controls of hCB-EPCs in coculture 

vascular smooth muscle cell (SMC) cocultures.  We determined the hCB-EPC network 

regression in MSC cocultures was not caused by lack of angiogenic cytokines VEGF-A or 

TGF-β1 or by an increase in anti-angiogenic Ang-2 solution levels in comparison to SMC 

cocultures.   

Due to the active loss of hCB-EPCs in MSC cocultures, we investigated the 

hypothesis that trace amounts of contaminating inflammatory cells, such as 

macrophages, was the cause of this effect.  In support of this hypothesis, we found 

evidence of phagocytic activity in MSC cocultures based upon uptake of fluorescent 
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E.coli particles throughout the first 10 days of culture.  We analyzed the MSCs for 

expression of CD45, a common leukocyte marker expressed on macrophages, and found 

a greater amount in MSCs (12.2%) than SMCs (1.6%).  Removal of CD45+ cells from 

MSCs through FACS improved hCB-EPC network formation through a 2-fold increase 

in total segment length and number of branch points in comparison to unsorted MSCs 

by day 6.  These improvements, however, were not sustained by day 10 with a 5-fold 

increase in CD45 expression between day 6 and day 10 correlating with hCB-EPC 

network regression.  Suprisngly, we found changing the coculture media (EBM2 + 9% 

v/v FBS) to endothelial growth media (EBM-2 + 2% v/v FBS + EGM-2 supplement 

containing VEGF, FGF-2, EGF, hydrocortisone, IGF-1, ascorbic acid, and heparin), 

promoted stable hCB-EPC network formation in MSC cocultures over 2 weeks in vitro, 

without affecting CD45 expression, to network morphology parameters similar to SMC 

cocultures in total segment length per image area (9 mm/mm2).   

The significant findings from this dissertation are: 

(1) hCB-EPCs, when cocultured with SMCs, can form robust, stable microvessel 

structures in vitro that mimic aspects of microvessels formed through physiological 

angiogenesis in vivo. 

(2) PEG hydrogel systems containing RGDS adhesive and MMP-sensitive 

peptides can support provide a biomimetic, angiogenic provisional matrix to support 3D 

microvessel formation by hCB-EPCs cocultured with SMCs.  



 

229 

(3) Umbilical cord blood can serve as a tissue source for endothelial and mural 

progenitor cells to utilize in microvessel tissue engineering.  

(4) The presence of CD45+ populations within MSCs can impair microvessel 

formation by hCB-EPCs and its effects eliminated by the addition of angiogenic 

cytokines VEGF, FGF-2, EGF, hydrocortisone, IGF-1, ascorbic acid, and heparin. 

These findings support the overall hypothesis that endothelial and mesenchymal 

progenitor cells derived from umbilical cord blood can serve as vascular progenitor cells 

to form stable, robust microvessels.  Specifically, hCB-EPCs in coculture with SMCs can 

serve as a positive-control, in both 2D and 3D synthetic biomaterial platforms, for 

developing physiological microvessels in vitro.  However, further work is needed to 

characterize the progenitor cell coculture system and the ability of PEG hydrogels to 

support their subsequent microvessel formation.   

The broader impacts from this research expand current knowledge on vascular 

progenitor cells for angiogenic therapies by defining parameters for isolating and 

characterizing vascular progenitor cells from umbilical cord blood, characterizing 

physiological 3D microvessel formation by EPCs within a synthetic biomaterial, 

investigating the mural cell potential of MSCs through coculture with EPCs.  The 

insights gained from this thesis can improve the design of biomaterials to integrate 

microvessel formation, generated by vascular progenitor cells, into engineered tissues. 
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6.2 Future Work Needed to Complete Research Aims 

 Additional work is required to incorporate mural progenitor cells into the model.  

We found that cells of mesenchymal lineage, derived from umbilical cord blood and 

bone marrow, differed drastically in their ability to support microvessel formation by 

hCB-EPCs.  These differences may be due to the heterogeneous population of cells 

present within mesenchymal populations residing within each tissue.  Instead of 

characterizing populations of progenitor cells, which can undergo dynamic changes in 

phenotype during in vitro culture, a better focus of efforts would be to differentiate 

mesenchymal cells towards a homogeneous population of mural cells.  The human 

aortic-derived SMCs have proven their ability to serve as a mural cell control 

throughout the results of this dissertation. 

A potential candidate for mural cell differentiation of mesenchymal cells is 

retinoic acid, an active metabolite of retinol (vitamin A).  Retinoic acid expression is 

critical to organgenesis in the developing embryo through spatiotemporally-controlled 

uptake by cells expressing cytochrome P450 enzymes and cellular-retinoic acid binding 

protein (Duester et al., 2008).  Su and colleages (2010) demonstrated the potential for 

retinoic acid to induce SMC differentiation MSCs.  In this study, retinoic acid added at 

40 µM to 6000 cells/cm2 of rabbit bone marrow-derived MSCs, at passage 3, for 4 days 

significantly increased expression of SMC-associated genes myocardin, caldesmon, 

SM22α, and SM-myosin heavy chain relative to untreated controls (Su et al., 2010).  In 
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addition, a contractile phenotype was observed in > 47% of retinoic-acid treated MSCs 

upon the addition of 10-6 M of angiogentensin II (Su et al., 2010).  

As well, retinoic acid added at 1 µM to to cocultures of HUVECs and fibroblasts, 

plated upon uncoated 24-well tissue culture plastic plates, improved EC network 

formation by 9 days of culture evidenced by a 1.5 fold increase in tube length and 

explained in part by a 6-fold increase in VEGF gene expression and over 2-fold increase 

in VEGF secretion from the supportive fibroblasts (Saito et al., 2007).  Recent work by 

from Jennifer West’s laboratory by Lynda Thomas, showed all trans retinoic acid 

(ATRA) could be conjugated to PEG (PEG-ATRA) and covalently incorporated into 

PEGDA to create hydrogels with well-defined release kinetics to differentiate MSCs 

towards an SMC lineage hydrogels (Figure 6.1).  These initial studies could be 

incorporated into a 3D vasculogenesis model by assessing the angiogenic potential of 

the differentiated MSCs through the ability to support hCB-EPC network formation.  If 

the findings were promising, the system could be enhanced by encapsulating both hCB-

EPCs and MSCs into a PEG hydrogel system containing PEG-RGDS, PEG-PQ, and PEG-

ATRA to create a novel system of in vitro vasculogenesis that could be translated directly 

into pro-angiogenic therapies.  
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Figure 6.1: (reprinted with permission by Dr. Lynda Thomas) All trans retinoic 

acid (ATRA) covalently immobilized to PEGDA hydrogels can induce differentiation 

of MSCs towards an SMC lineage: Immunostaining images of human bone marrow-

derived MSCs (hBMSCs) seeded on PEGDA hydrogels incorporating PEG-ATRA and 

PEG-RGDS and the control (PEGDA hydrogel incorporating PEG-RGDS) for 5 day 

and 14 day time points. The staining shows positive expression of SMC contractile 

markers αSMA, SM22α and calponin. Nuclei was stained using DAPI .  The rate of 

expression was quantified from the images by measuring Alexa Fluor 488 pixel 

intensity in ImageJ (National Institutes of Health, Bethesda, MD) and normalizing to 

cell number using the DAPI pixel intensity. (Data is represented as Mean ± Standard 
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Error, n=3, **p < 0.01, *p < 0.05, Two way ANOVA with Tukey HSD post hoc analysis 

was performed) 

6.3 Applications for the Tissue-Engineered Microvessel System 

 The 3D system of hCB-EPC microvessel formation from coculture with SMCs 

within a PEG hydrogel system can be utilized for screening of pro- and anti-angiogenic 

drugs.  The incorporation of a cancerous stromal cell line in replacement of the SMCs, 

could allow for a system of hCB-EPC microvessel formation in a pathological setting, 

which could be tested in parallel to the physiological microvessel model to ensure anti-

angiogenic drugs target cancerous, and not healthy, microvessels.  In addition, the 3D 

model could be incorporated into a microfluidic device, as demonstrated previously a 

microvessel system of HUVECs and 10T1/2 cells (Cuchiara et al., 2010), which would 

allow for studies to design drug delivery particles.  For example, in anti-cancer 

treatments, nanoparticles containing drug loads could improve their specificity to the 

target site by PEGylation that contains covalently-immobilized ligands specific for the 

tumor vasculature (Figure 6.2).  
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Figure 6.2: Schematic of a microfluidic platform utilizing the 3D tissue 

engineered microvascular system to optimize drug-loaded nanoparticles for cancer 

treatment through selective localization to pathological, rather than physiological, 

microvessels. 
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