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Abstract 

Synthetic small diameter vascular grafts fail clinically due to thrombosis and 

intimal hyperplasia. The attachment of endothelial cells (ECs) onto the inner lumen of 

synthetic small diameter vascular grafts can improve graft patency; however, significant 

challenges remain that prevent wide clinical adoption.  These issues include difficulties 

in the autologous sourcing of ECs, the lack of attachment, growth and retention of the 

layer of ECs to the graft lumen, and the maintenance of an anti-thrombotic and anti-

inflammatory profile by the layer of ECs.     

This dissertation describes the isolation, characterization, and use of endothelial 

progenitor cells (EPCs) to improve the performance of small diameter vascular grafts.  

First, EPC isolation efficiency and expression of critical EC markers was compared 

between young healthy volunteers and patients with documented coronary artery 

disease (CAD).  EPCs were isolated and expanded from patients with CAD and had a 

similar phenotype to EPCs isolated from healthy donors, and a control population of 

human aortic ECs.  Second, we assessed the ability to enhance the anti-thrombotic 

activity of patient derived EPCs through the over expression of thrombomodulin (TM).   

In vitro testing showed TM-transfected EPCs had significantly increased production of 

key anti-thrombotic molecules, reduced platelet adhesion, and extended clotting times 

over untransfected EPCs.     Finally, native and TM-transfected EPCs were seeded onto 
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small diameter vascular grafts and tested for their ability to improve graft performance.  

EPCs sodded onto the lumen of small diameter ePTFE vascular grafts had strong 

adhesion and remained adherent during graft clamping and exposure to flow.  TM-

transfected EPCs improved graft anti-thrombotic performance significantly over bare 

grafts and grafts seeded with native EPCs.  Based on these promising in vitro results, 

grafts were implanted bilaterally into the femoral arteries of athymic rats.  Bare grafts 

and grafts with air removed clotted and had only 25% patency at 7 days.  In contrast, 

graft sodded with native EPCs or TM-transfected EPCs had 87% and 89% respective 

patency rates.  High patency rates continued with 28 day implant testing with EPC 

sodded grafts (88% Native; 75% TM).  There were no significant differences in patency 

rates at 7 or 28 days between native and TM-transfected grafts.  These in vivo data 

suggest patient blood-derived EPCs can be used to improve the performance of small 

diameter vascular grafts. 
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1. Specific Aims  

 

1.1 Significance 

Cardiovascular disease remains the number one cause of death in the United 

States (1).  Bypass surgery, the use of autologous vessels to re-route blood flow around 

an obstructed vessel, is a leading treatment option for coronary artery and peripheral 

vascular disease.  Each year, however, over 100,000 patients lack the healthy autologous 

venous or arterial vessels necessary for this critical procedure (2). While synthetic grafts 

are suitable for large diameter vessels (>6 mm), small diameter synthetic grafts remain 

incapable of being used clinically due to unacceptable patency rates caused by luminal 

surface thrombosis and intimal hyperplasia.   

Several studies have shown that the presence of a functional endothelium 

improves the patency of synthetic small diameter grafts.  However, endothelialized 

synthetic grafts have not received widespread adoption due to three major factors: (1) 

difficulties in the autologous sourcing of endothelial cells (ECs), (2) lack of attachment, 

growth and retention of the layer of ECs to the graft lumen, and (3) the maintenance of 

an anti-thrombotic and anti-inflammatory profile by the layer of ECs.   
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1.2 Hypotheses 

This project attempted to utilize clinically relevant autologous sources of ECs 

and test three hypotheses.  The first hypothesis was that autologous late outgrowth 

endothelial progenitor cells (EPCs) could be obtained noninvasively and expanded from 

peripheral blood of patients with coronary artery disease (CAD) and function similarly 

to those isolated from healthy individuals.  Expression of the appropriate EC phenotype 

for endothelialization of small diameter synthetic vascular grafts was assessed.  The 

second hypothesis was that transfection of EPCs with the gene for human 

thrombomodulin would improve the anti-thrombotic and anti-inflammatory response of 

EPCs isolated from CAD patients.  Third, small diameter vascular grafts sodded with 

EPCs transfected with thrombomodulin would have improved in vivo performance in 

terms of reduced thrombosis and intimal hyperplasia compared to unsodded grafts and 

grafts sodded with untransfected EPCs.  

 

1.3 Specific Aims 

 

Specific Aim 1: Isolate and characterize late outgrowth EPCs derived from peripheral 

blood of patients with coronary artery disease  

This aim examined the isolation and expansion of late outgrowth EPC samples of 

peripheral blood drawn from patients with significant coronary artery disease (CAD) 
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and healthy young volunteers.  In cases where late outgrowth EPCs were successfully 

isolated, the cells were analyzed in vitro for their expression of EC markers, proliferation 

potential, ability to endothelialize synthetic materials, and produce key active molecules 

such as nitric oxide.   The phenotype of late outgrowth EPCs were compared to a control 

population of human aortic ECs.  These experiments were designed to determine the 

suitability of using late outgrowth EPCs from patients with CAD for the 

endothelialization of synthetic vascular grafts. 

 

Specific Aim 2: Optimize the transfection of EPCs and assess the functional state of 

the thrombomodulin 

Late outgrowth EPCs isolated from patients with CAD were transfected to over-

express thrombomodulin.  Thrombomodulin is a key anti-thrombotic molecule 

expressed on the surface of ECs that also has anti-inflammatory properties.  The optimal 

transfection protocol for EPCs from CAD patients was determined with an adenoviral 

vector.  Transfected cells were assessed for expression of TM over time, ability to 

produce activated protein C, reduction in clotting times, and resistance to neutrophil 

adhesion. Neutrophil interactions with the endothelium were quantified by dynamic 

adhesion experiments and inflammatory molecule expression by EPCs.  
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Specific Aim 3: Patency testing of native and TM-transfected endothelialized ePTFE 

vascular grafts in athymic nude rats. 

Endothelialization of ePTFE vascular grafts was accomplished using a cell 

sodding method.  EPC graft overage was assessed through experiments attempting to 

mimic the surgical conditions that grafts would be exposed to during in vivo testing.  

Grafts were tested in vitro for their ability to produce activated protein C.   Sodded 

grafts were tested in vivo through a femoral artery interpositional model in athymic rats. 

Graft conditions will included: bare grafts, denucleated grafts, EPC sodded, EPC sodded 

and transfected with TM, EPC sodded and transfected with an adenoviral control (β-

galactosidase).  Grafts were explanted after 7 and 28 days and assessed for patency, EC 

coverage, and intimal hyperplasia. 
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2. Background 

 

2.1 Cardiovascular Disease and Surgical Treatment 

Coronary artery disease (CAD) affects approximately 14 million people in the 

United States and was responsible for more than 400,000 deaths in 2007 (3). Surgical 

treatments for CAD and peripheral vascular disease include angioplasty, stent 

placement, and artery bypass surgery.  Stent placement is a first option treatment and is 

used in 70% of angioplasty procedures to limit proliferative restenosis.  Coronary bypass 

of arterial blockage using autologous vein grafts remains a surgical mainstay although 

the grafts occlude over time, with patency rates of 85% after the first year and 60% at 10 

years (4). When these bypasses undergo stenosis they must be replaced; however, 

100,000 patients per year needing surgery are unable to undergo the procedure due to 

their lack of a healthy autologous mammary artery or saphenous vein (2).  Accordingly, 

the development of an engineered small-diameter vascular graft has been an area of 

intense interest.   

 

2.2 Tissue Response to Synthetic Vascular Grafts 

Synthetic grafts made out of expanded polytetrafluoroethylene (ePTFE) and 

woven or knitted polyethylene terephthalate fiber (Dacron) have been the most widely 

used materials to date for large diameter vessel applications that have high blood flow 
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rates.  The host’s biological response to either implanted graft materials are similar 

(reviewed by Davids et al. (5)).  Minutes after implantation non-specific protein 

adsorption occurs as serum proteins, albumin, fibrinogen, and antibodies attach to the 

graft.  Within days, a fibrillar layer of fibrin covers the graft surface and platelets become 

interspersed.  The thickness of the fibrin layer increases and may not reach a steady state 

until after a year and a half in humans (6, 7).  Neutrophils and monocytes interrogate 

and attach to the fibrin layer, secreting cytokines and growth factors leading to EC and 

smooth muscle cell (SMC) ingrowth.  In grafts with high porosity (pore diameter >45 

µm), ECs and SMCs are able to migrate from the adventitia inward towards the lumen 

(transmural ingrowth).  EC ingrowth occurs after 3-4 weeks in dogs whereas in human 

is may take over 3-6 months, if at all (8).  ECs and SMCs are also capable of undergoing 

transanastomotic growth whereby the cells grow into the graft from the host’s adjacent 

vessel at the anastomosis.  EC migration and growth from the host to the synthetic graft 

is limited in humans however. For example, 1 cm transanastomotic endothelialization 

can occur after 4-8 weeks in dogs (9), while taking 56 weeks to achieve an equivalent 

distance in humans (10).  

The lack of a confluent endothelium on vascular grafts becomes a critical 

problem in small diameter applications as the lower flow rate results in thrombus 

formation on the surface of the graft (11, 12).  In addition to the immediate risk of 

thrombus that causes occlusion, adherent platelets and leukocytes release wide array of 
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molecules including: ET-1, thromboxane A2, serotonin, platelet derived growth factor, 

platelet factor VI, fibrinogen, fibronectin, thrombospondin, vWF, β thromboglobulin, 

and reactive oxygen species.  Not only can these molecules initiate a thrombotic 

response but can also trigger SMC migration and proliferation, leading to intimal 

hyperplasia near the graft anastomosis (13, 14).  Thrombus formation occurs within the 

first week while intimal hyperplasia progresses over weeks to months (15).  Due to the 

risks of thrombosis and intimal hyperplasia, the use of synthetic vascular grafts are 

currently limited to large diameter applications having high flow rates. 

 

2.3  Strategies to Minimize Vascular Graft Failure 

Researchers have focused on three key methods to improve the performance of small 

diameter synthetic vascular grafts: 1) creating a biological coating lined with 

endothelium capable of resisting platelet and leukocyte adhesion, 2) attaching or 

releasing bioactive molecules from the graft to mimic the endothelium, and 3) 

improving the mechanical properties of the graft so that they mimic those of a native 

elastic artery (16).  

2.3.1 Endothelial Cell Attachment and Coverage 

2.3.1.1 Direct Seeding of ECs 

ECs makeup the inner lining of all natural blood vessels and perform several 

crucial functions: act as a structural barrier between the circulation and the surrounding 
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tissue, control vascular hemodynamics and vascular tone, modulate platelet adhesion 

and clotting, and express receptors that mediate the interaction of circulating leukocytes 

with the vessel wall (17).  Given the key role the endothelium plays in vascular health, 

researchers have investigated seeding synthetic grafts with autologous cells as early as 

1978 (18).   Initial seeding studies used a single-stage technique whereby cells were 

isolated from the patient’s saphenous vein, seeded onto the graft, and implanted into the 

patient -- all in the same day. These initial clinical studies had mediocre results due to 

the lack of complete EC coverage on the graft before implantation (19, 20).  Fluid shear 

stress caused by blood flow recently harvested ECs, with up to 70% of the cells detached 

from the lumen within 35-40 minutes (21).  Autologous ECs are generally obtained from 

tissue using methods involving high proteases such as collagenase and trypsin.  These 

isolation conditions cleave critical cell adhesion integrins, reducing the ability for cells to 

strongly adhere to the graft surface (22).  Our groups have shown that EC adhesion can 

be improved through the use of the “dual-ligand” system (23, 24) or mild trypsinization 

conditions (22). 

The majority of the successful clinical vascular graft endothelialization studies 

have since focused on two-stage seeding, where ECs are extracted from the patient and 

cultured for 2-3 weeks to expand the cells before they are seeded onto the graft lumen 

Kannan et al (25).  The endothelialized graft itself may also be cultured in vitro before it 

is implanted back into the patient.  In vitro culture allows cells to form the mature 
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adhesions to the graft necessary to prevent cellular loss upon establishment of blood 

flow and typically results in greater EC graft coverage (26).  While the two stage process 

precludes the use of the technique in emergency procedures, the clinical patency rates of 

the grafts are increased.  Synthetic coronary artery bypass grafts engineered using 

ePTFE grafts seeded with ECs from the saphenous vein have 91% patency after 2.5 years 

(27).   For peripheral bypass, ePTFE grafts seeded with vein or microvascular ECs have 

significantly increased patency over bare grafts and similar patency rates to autologous 

veins (28, 29). Small diameter grafts that are unseeded, in contrast, undergo stenosis are 

less significantly effective than autologous artery or vein grafts.   For example, for  

coronary artery bypass, bare grafts had one year patency of 60% versus 86% for 

saphenous vein grafts (30). For below the knee infrapopliteal bypass, bare grafts had 

three year patency of 55% versus 73% for arm veins (31).  Finally, for hemodialysis 

access, bare grafts have a 41% higher risk of failure than vein grafts (32).   

 

2.3.1.2 Recruitment of Blood-Derived ECs 

 
Another approach to obtain EC coverage on synthetic vascular grafts involves in 

vivo endothelialization via the recruitment of autologous ECs found in circulating blood. 

For decades, researchers have described finding discrete islands of ECs on the lumen of 

unseeded synthetic grafts that had been exposed to flowing blood (33). These 

observations have since been built upon as Asahara et al. (34) reported that peripheral 
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blood contains populations of circulating cells that could differentiate into cells with EC 

characteristics and defined these cells as endothelial progenitor cells (EPCs).  

Researchers hypothesized that bare graft lumens could be endothelialized in vivo with 

autologous endothelium by coating the graft with both soluble and bound attracting 

agents that recruit EPCs directly from the blood stream (reviewed by Avci-Adali et al. 

(35)). 

Multiple methods have been developed to recruit and retain EPCs on the surface 

of synthetic grafts.  The first approach involves immobilizing molecules onto a vascular 

material that attempt to specifically capture circulating ECs within the blood.  Coating 

stents with cyclic Arg-Gly-Asp peptides (cRGD), important ligands for cell adhesion 

integrins (α5β1, αVβ3, αvβ1 and αvβ5), increased the recruitment of ECs from circulation 

and reduced intimal hyperplasia area and percent area stenosis after 12 weeks versus 

bare metal stents (36).  Another method exploits the cell surface antigen CD34, a cell 

surface marker that is believed to be expressed by late outgrowth EPCs as well as other 

cells derived from the bone marrow.  Researchers have covalently attached anti-CD34 

antibodies to ePTFE grafts with pig studies showing anti-CD34 grafts having rapid 

endothelialization after 3 days (95% EC coverage for anti-CD34) versus 5% for bare 

grafts (37).  However, hyperplasia was not reduced.  One explanation is that CD34+ is 

also expressed by lymphoid progenitor cells (immature B-cells, T-cells, natural killer 

cells, dendritic cells, monocytes, or granulocytes) and hematopoietic cells (immature 
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erythrocytes, platelets, basophils, or mast cells) (reviewed by Civin et al. (38)).   CD34+ 

cells remain relatively rare in peripheral blood, making up less than 0.1% all cells in the 

blood versus 1.5% in the bone marrow.   Once captured, CD34+ cells are also capable of 

differentiating into SMCs and myofibroblasts, both of which are known to contribute to 

intimal hyperplasia (35).   In a different approach, researchers have used short single-

stranded nucleic acid sequences called aptamers in the attempt to specifically recruit 

ECs (39).  These sequences can be engineered to bind with high affinity to a wide range 

of target molecules including circulating EPCs, although it was unclear whether the 

aptamers bound specifically to early or late outgrowth EPCs (39).  

The second strategy attempts to increase the concentration of CD34+ cells in the 

blood so that there is a greater opportunity for progenitor cells to adhere to and 

endothelialize the synthetic vessel.  Cytokines such as granulocyte colony stimulating 

factor (G-CSF) are known to mobilize cells within the bone marrow and enhance 

neovascularization of ischemic tissue.  Administration of G-CSF after implantation of 

bare synthetic grafts  enhanced endothelialization by 60% in dogs (40). In a second 

study, synthetic grafts pre-seeded with ECs exposed to G-CSF treatment had better 

endothelialization and significantly reduced intimal hyperplasia compared to seeded 

control grafts (41). 
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2.3.2 Immobilization of Bioactive Molecules on Vascular Grafts 

Small diameter vascular grafts are inherently thrombogenic due to their lack of 

endothelium.  There are a wide variety of molecules available that can inhibit clot 

formation, platelet adhesion, and increase tissue vascularization when administered 

systemically.   These molecules may improve synthetic graft patency; however, they 

have side effects with systemic administration so researchers have focused on ways to 

mobilize these molecules on the graft surface to restrict their localization. 

 

2.3.2.1 Thrombin Inhibitors 

Researchers have attempted to mimic the antithrombic activity of ECs through 

the attachment of molecules that inhibit thrombin.  Heparin, which binds and increases 

the activity of anti-thrombin to prevent clotting, was first added to a biomaterial surface 

in 1963 (42).  More recent clinical studies of heparin-bonded Dacron grafts showed 

disappointing results at 5 years versus uncoated ePTFE grafts (43).  However, new 

attachment methods have been used to mobilize heparin on the graft more effectively. 

Preclinical studies with aortoiliac bypass in baboons show reduced platelet deposition 

and decreased intimal hyperplasia at both proximal and distal anastomosis with these 

grafts (44).  Two year clinical patency rates for above and below the knee bypasses were 

similar to uncoated grafts (45, 46).  While heparin coated grafts may reduce some aspects 

of the thrombotic and inflammatory response, their clinical benefit has not been proven. 
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Direct thrombin inhibitors such as recombinant hirudin (47, 48) and thrombomodulin 

(49) have also been conjugated to grafts but there have been no clinical studies to date. 

 

2.3.2.2. Nitric Oxide  

Nitric oxide (NO) releasing materials prevent the adhesive platelet receptor-

ligand interactions that promote thrombus formation and growth.  NO is also 

responsible for causing vessel dilation and suppressing SMC proliferation which is 

critical in preventing intimal hyperplasia.  NO-releasing polyurethanes had decreased 

thrombus formation when used as arteriovenous grafts over 21 days (50).  Interestingly, 

studies have not supported the use of NO to prevent hyperplasia in stents (51, 52) 

potentially due to short term release at insufficient concentrations.  Newer NO-releasing 

materials are able to release NO over a more sustained period by converting 

endogenous nitrites and nitrosothiols to NO (53).   

 

2.3.2.3 Vascular Endothelial Growth Factor 

Vascular endothelial growth factor (VEGF) is important for stimulating 

endothelial cell proliferation and migration.  Because endothelialization from the native 

blood vessel across the anastomosis and into the synthetic vascular graft is limited in 

humans, researchers have attempted to immobilize VEGF on synthetic grafts to improve 

the rate of graft endothelialization (54).  In animal studies, coating grafts with a 
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laminin/collagen mixture containing VEGF increased endothelialization rates (55, 56) but 

also increased SMC density within the neointima (56).  VEGF gene transfer at the host-

synthetic graft interface has also had mixed results (57). 

 

2.3.3 Effect of Graft Compliance   

The influence of mechanical properties on vascular graft performance is 

controversial.  While maintaining ample burst strength for the application is critical, the 

effect of vascular compliance and elasticity is debated.  Natural blood vessels are 

distensible while many synthetic grafts are stiffer and unable to undergo deformation 

during exposure to pulsatile blood flow.  It has been hypothesized that this compliance 

mismatch between the native vessel and the prosthetic graft is responsible for graft 

failure (58, 59).  However,  the effect of graft compliance on shear stresses is modest in 

end-to-end anastomoses (60) and there has been no direct demonstration that graft 

failure is due directly to compliance mismatch.   Therefore, while graft compliance 

similar to native arteries is desirable, it is still unclear if it is critical. 

 

2.3.3.1 Polyurethanes 

Porous polyurethane (PU) have been pursued as an alternative to Dacron/ePTFE 

due to PU’s compliance being more similar to that of natural arteries (25).  PU graft 

tensile strength and tensile modulus is tunable by changing material hard and soft 
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segments.   Microfibrous weaves of polyurethanes and polyurea-urethanes have been 

used to produce composite grafts that have been endothelialized for implantation 

animal studies (61, 62).  However, first generation PU-based grafts have been slow to 

gain acceptance due to in vivo degradation which can result in graft occlusion (63) as 

well as the release of toxic byproducts (25).  A biodegradable poly (ester urethane)urea  

and another phospholipid polymer having anti-thrombotic properties have been 

combined to make a compliant, biodegradable biomaterial, with improved anti-

thrombotic performance over standard poly(ester urethane)urea material (64). 

 

2.3.3.2 Decellularized Vessels 

Decellularized grafts have emerged as a promising vascular prosthesis that more 

effectively mimics the mechanical structure a natural blood vessels while providing the 

added benefit of an off-the-shelf alternative to tissue engineered grafts.   Creating a 

decellularized vessel involves removing the host’s cells from donor artery or intestinal 

submucosa while preserving the structure of the biological scaffold to maintain the 

graft’s mechanical properties (65, 66). Compliance, burst strength, and suture retention 

strength of decellularized vessels have been reported to be equivalent to their native 

counterparts (67, 68).  These materials have been reported as intrinsically thrombogenic, 

thus EC seeding may be necessary to promote normal vessel function (69).  In addition, 
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although all host cells are removed from decellularized vessels, grafts are still capable of 

inducing chronic inflammatory responses leading to graft degradation (70). 

 

2.3.3.3 Tissue Engineered Grafts   

The engineering of a completely biological blood vessel that contains a viable 

endothelium and layers of smooth muscle to provide sufficient mechanical strength 

remains the holy grail of vascular graft research.  Although tissue engineered 

approaches are encouraging, most current grafts are limited as the mechanical strength 

of vessels derived from human cells is not sufficient (71-73).  Other challenges include 

the ability to isolate sufficient numbers of autologous cells — specifically ECs and SMCs 

from patients with advanced cardiovascular disease (72) — as well as the 24 week 

culturing time needed for some vascular tissue engineering methods before a graft is 

ready for implantation (73).   

 Recent promising studies by Dahl et al. showed SMCs obtained from cadavers 

could be used to create a tissue engineered blood vessel (74).  SMCs were harvested 

from human aortas and seeded onto degradable PGA tubular scaffolds and placed in a 

bioreactor.   At the end of 7-10 weeks of culture, the graft was placed in a detergent to 

decellularize the graft and remove all antigenic material, allowing it to be used in any 

patient.  Mechanical testing revealed the tissue engineered grafts had similar burst 

strength and suture retention as human internal mammary artery.  Testing 6 mm inner 
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diameter grafts in a baboon arteriovenus shunt model, seven out of eight grafts were 

patent at time points ranging from one to six months.  Note that for the duration of the 

protocol baboons were given anti platelet and anti-clotting medication.  In additional in 

vivo testing of 3-4mm diameter grafts in dogs, three out of four tissue engineered grafts 

that had been seeded with autologous ECs were patent at time points ranging from one 

to 12 months (74). 

  Tissue engineered vessels with biodegradable scaffolds have been used clinically 

in 42 patients for low-pressure applications where the pulmonary outflow tract was 

reconstructed in pediatric patients (75).  A separate group has recently performed safety 

studies using completely biological tissue engineered grafts (i.e. no material scaffold) for 

hemodialysis access and reported five out of eight grafts were patent 6 months post-

implantation (76).  The mechanical properties of these grafts, which have media 

composed of dermal fibroblasts from patients with advanced vascular disease, have 

similar burst pressures to native mammary arteries (77).  Despite this, two of the three 

graft failures were due to dilation of the vessel which the authors suggested was due to 

high blood flow and the host’s inflammatory response to the graft (76). 
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2.4 Use of Clinically Relevant ECs: Endothelial Progenitor Cells  

Protocols involving EC transplantation have not gained wide clinical utility in 

part because the technical challenges involved with harvesting sufficient numbers of 

autologous ECs.  The two most common sources of autologous ECs are cells harvested 

by trypsin and collagenase digestion from excised jugular or saphenous vein (78), and 

microvascular ECs isolated from liposuctioned fat (79) – both of which require 

significant interventional surgical procedures.  Cell contamination, while often not a 

problem with EC isolation from excised vessels, is a concern with adipose-derived cells 

that are often heterogeneous and contaminated with other cell types (e.g. macrophages 

and fibroblasts) that are responsible for intimal hyperplasia and inflammation (80).  

Autologous ECs isolated from peripheral blood would be an essentially non-

interventional source for endothelialization therapies.   

Asahara et al. (34) were first to report that peripheral blood contains a population 

of bone marrow derived circulating cells that could differentiate into cells with some EC 

characteristics ex vivo, although the cells also displayed monocytic cell markers.  These 

cells have been collectively termed endothelial progenitor cells (EPCs).  Recent reports 

describe isolation of distinctly different EPC subpopulations from blood mononuclear 

cells (MNCs) dependent on the method of ex vivo culture (81-86).  “Early outgrowth” 

EPCs (also known as Colony Forming Unit ECs) form spindle-shaped clusters of cells 

after only a few days following plating on fibronectin in angiogenic growth factor 
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enriched media.  Early outgrowth EPCs express multiple EC markers and secrete high 

levels of angiogenic cytokines (87); however, these cells have limited proliferation 

potential, express markers typical of macrophages, and show the ability to ingest 

bacteria indicating hematopoietic origin (88). In contrast, “late outgrowth” EPCs (also 

called endothelial colony forming cells or endothelial outgrowth cells) are a much rarer 

subpopulation isolated from MNCs (89).  Late outgrowth EPCs are highly proliferative 

cells that express EC markers (83), exhibit no hematopoietic or monocytic character (90), 

and are capable of forming capillaries (89) and endothelializing denuded vessels when 

injected in vivo (91).  Late outgrowth EPCs have been described as “true” EPCs because 

they are capable of generating ECs that express typical endothelial surface markers and 

exhibit typical EC function (92).  It still needs to be clarified whether these cells are 

derived from the bone marrow or dislodged from the vessel wall (81, 93).  

Late outgrowth EPCs have recently been pursued as an alternative cell source for 

endothelialization strategies (94-99).  However, if late outgrowth EPCs are to be used as 

an autologous source of ECs for vascular conduits, they will likely be procured from 

patients with extensive vascular disease.  To date there has been little work in 

demonstrating whether autologous late outgrowth EPCs can be isolated and expanded 

in sufficient numbers from patients with significant coronary artery disease (CAD)(100, 

101).  It is also unclear if late outgrowth EPCs isolated from CAD patients exhibit 
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differences in proliferation, adhesion, and anti-thrombotic potential compared to healthy 

individuals.  This dissertation seeks to address this gap in the field. 

   

2.5 Genetic Modification of ECs  

Effective EC seeding of the luminal surface of a vascular graft requires that a 

fully confluent monolayer of cells remain adherent or that the system is compensated for 

less than confluent ECs coverage.  Gene therapy is an appealing therapeutic approach 

for cardiovascular disease because it has the potential to offset the lack of confluent 

coverage during graft seeding or cell loss due to flow and provide the sustained 

expression of proteins over a defined and predictable duration.   

A variety of delivery systems have been tested for vascular gene therapy 

including naked plasmid DNA, DNA encapsulated within liposomes, recombinant 

retrovirus, adeno-associated virus, hepesvirus, and adenovirus vectors (reviewed by 

Chandiwal et al. (102)). Adenoviral vectors are the most commonly used for 

cardiovascular studies as they are able to transfect non dividing cells effectively and 

yield high transgene expression levels for a short time period (1 to 2 weeks in vivo) (102) 

(103).  Long term in vivo gene augmentation is problematic as repeated gene delivery is 

prevented by the host immune response generated against the virus.  Adeno-associated 

and lentiviral systems are limited by low transduction efficiency of vascular cells but are 

promising due to their long term expression with decreased immune response (103). 
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The feasibility of seeding genetically transfected ECs on synthetic vascular grafts 

was first demonstrated two decades ago with sustained expression of the genetic 

product β-galactosidase through a retroviral vector (104).  Subsequent results using 

grafts seeded with retrovirally transfected cells have been mixed.  Some studies have 

shown no changes in EC phenotype following transfection while others have even 

shown reduced EC retention and cell proliferation (105-108).  Note that in certain cases 

the reduced adhesion was attributed to the gene — tissue plasminogen activator — 

acting as a nonspecific protease and cleaving extracellular matrix proteins responsible 

for attaching ECs to the graft (107).  Vascular SMCs transfected with eNOS seeded onto 

LVAD grafts decreased platelet deposition and remained adherent (109). 

The use of gene therapy augmented EPCs for cellular therapy has been a more 

recent therapeutic development.  Early outgrowth EPCs have been transfected with 

genes to improve graft patency (plasminogen activator and hirudin (110)), 

neovascularization and blood flow recovery (VEGF and glycogen synthase kinase-

3β(111)), and pulmonary hypertension (adrenomedullin (112)).  Late outgrowth EPCs 

have been transduced with genes to reduce intimal hyperplasia (eNOS and heme 

oxygenase (113)), improve neovascularization (glycogen synthase kinase-3β) (111), and 

treat hemophilia (coagulation factor VIII)(114).  Results have been promising as the 

EPCs can be easily isolated from peripheral blood and transfected ex vivo before 

therapeutic use, limiting the inflammatory response that occurs with in vivo vascular 
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transfection (115).  To the best of our knowledge, there have been no studies to date 

utilizing transfected EPCs seeded on synthetic vascular grafts. 

 

2.6 Thrombomodulin 

Surface thrombogenicity is a significant problem for vascular grafts, particularly 

in the early healing stages after implantation arising from a thrombogenic graft surface 

that lacks intact endothelium or has adherent ECs that down regulate the expression of 

key anti-thrombotic and anti-inflammatory molecules (116-118).  Systemic 

administration of anti-coagulants bears the risk of significant hemorrhagic complications 

(110), thus local administration of anticoagulant molecules is an appealing therapeutic 

option.  Dr. Jeffery Lawson has proposed offsetting the down regulation of anti-

thrombotic genes that occur in cardiovascular disease ((119-121)) by augmenting the 

expression of thrombomodulin (TM) in ECs.  TM is a transmembrane glycoprotein 

expressed on the surface of ECs.  TM is a major component in the protein C anti-

coagulation pathway that includes the endothelial protein C receptor and protein C.  

During clot formation, TM binds thrombin, inhibiting its pro-coagulant potential while 

accelerating the conversion of protein C (PC) into activated protein C (APC). The 

thrombin-TM complex increases the rate of APC formation more than 1000-fold.  APC in 

turn exerts anti-coagulant effects by binding protein S and inactivating factors Va and 

VIIIa which are responsible for generating thrombin (122, 123).   
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Thrombomodulin also has several important anti-inflammatory functions.  When 

TM binds and inactivates thrombin, it prevents thrombin’s activation of platelets, SMCs, 

and ECs (124).  Second, TM acts as a critical cofactor in the production of APC which has 

anti-inflammatory properties of its own.  For example, APC operates upstream to limit 

thrombin generation (122), reduces the expression of  inflammatory cytokines (125-127), 

down regulates EC expression of adhesion molecules to block leukocyte adhesion (128), 

and inhibits EC apoptosis (129).   Third, TM’s lectin-like domain has been shown to 

inhibit leukocyte attachment to the activated endothelium (130).   

During vascular injury or inflammation, pro-inflammatory cytokines such as 

TNF-α and IL-1β inhibit synthesis and promote the degradation of TM, predisposing the 

graft to thrombotic complications (131, 132).  Furthermore, vessel distension caused by 

wall shear stress reduces TM production and leads to graft failure in autologous vein 

grafts for coronary artery bypass surgery (133).  Researchers have used gene therapy to 

augment TM expression to improve the immediate vascular response after vessel injury.  

Local over expression of TM significantly decreased thrombosis after vein grafting (134) 

and vascular injury due to angioplasty in rabbit studies (135, 136).  TM has also been 

shown to reduce intimal hyperplasia after 1) transfection of vein graft ECs (135),  2) 

mobilization of TM protein on a graft surface (137), or 3) systemically administration of 

soluble TM (138).  Although hyperplasia was reduced in only selected studies, this may 

be because transfection was performed simultaneously with implantation so that acute 
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thrombosis or mechanical injury may already have initiated secondary growth factor 

and cytokine release (139).  TM gene transfer prior to grafting may be more effective for 

preventing intimal thickening (139).  
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Chapter 3. Comparison of Endothelial Cell Phenotypic 
Markers of Late Outgrowth EPCs Isolated from Coronary 
Artery Disease Patients and Healthy Volunteers. 

 

Original article co-authored with BS Grant, MA Brown, TJ Povsic, GA Truskey, and WM 

Reichert.  Text excerpts and Figures are reprinted with permission from Mary Ann 

Liebert, Inc.   

 

Stroncek JD, Grant BS, Brown MA, Povsic TJ, Truskey GA, Reichert. Comparison of 

Endothelial Cell Phenotypic Markers of Late Outgrowth EPCs Isolated from Coronary 

Artery Disease Patients and Healthy Volunteers, Tissue Engineering Part A. 15(11): 

3473-86. 2009. 

 

3.1 Synopsis 

The lack of easily isolated autologous endothelial cell (EC) sources is one of the 

major challenges with vascular tissue engineering interventions.  This manuscript 

examines the isolation and expansion of late outgrowth endothelial progenitor cells 

(EPCs) from 50 mL samples of peripheral blood drawn from patients with significant 

coronary artery disease (CAD) (n=13) versus healthy young adult volunteers (n=13).  In 

cases where late outgrowth EPCs were successfully isolated, the cells were assayed in 

vitro for their expression of EC markers, proliferation potential, ability to endothelialize 

synthetic materials, form new blood vessels, and produce nitric oxide.  Late outgrowth 

EPCs from patients with CAD and healthy volunteers exhibited critical endothelial cell 

markers and morphological characteristics that were analogous to a control population 

of human aortic ECs. To our knowledge, this is the first study to examine the suitability 
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of late outgrowth EPCs from patients with CAD for autologous endothelialization 

applications.   

 

3.2 Introduction 

A fully functional endothelial cell (EC) monolayer adherent to the lumen of 

synthetic or tissue engineered vascular grafts has been shown to increase the patency of 

the replacement vessel (29).  Graft endothelialization requires harvesting autologous ECs 

that are: 1) isolated with minimal patient morbidity, 2) expandable to cell densities 

suitable for the application, 3) minimally contaminated with other cell types, 4) strongly 

and contiguously adherent to the vessel lumen, and 5) are functionally similar to intact 

endothelium.   

The two most common sources of autologous ECs are cells harvested by trypsin 

and collagenase digestion from excised jugular or saphenous vein (78), and 

microvascular ECs isolated from liposuctioned fat (79) – both of which require 

significant interventional surgical procedures.  Cell contamination, while often not a 

problem with EC isolation from excised vessels, is a concern with adipose-derived cells 

that are often heterogeneous and contaminated with other cell types (e.g. macrophages 

and fibroblasts) that are responsible for intimal hyperplasia and inflammation (80).  

Autologous ECs isolated from peripheral blood would represent an essentially 

non-interventional source for endothelialization therapies.  Asahara et al. (34) were first 



 

27 

to report that peripheral blood contains a population of bone marrow derived 

circulating cells that could differentiate into cells with some EC characteristics ex vivo, 

although the cells also displayed monocytic cell markers.  These cells have been 

collectively termed endothelial progenitor cells (EPCs).  Recent reports describe isolation 

of distinctly different EPC subpopulations from blood mononuclear cells (MNCs) 

dependent on the method of ex vivo culture (81-86).  “Early outgrowth” EPCs (also 

known as Colony Forming Unit ECs) form spindle-shaped clusters of cells after only a 

few days following plating on fibronectin in angiogenic growth factor enriched media.  

Early outgrowth EPCs express multiple EC markers and secrete high levels of 

angiogenic cytokines (87); however, these cells have limited proliferation potential, 

express markers typical of macrophages, and show the ability to ingest bacteria 

indicating hematopoietic origin (88). In contrast, “late outgrowth” EPCs (also called 

endothelial colony forming cells or endothelial outgrowth cells) are a much rarer 

subpopulation isolated from MNCs (89).  Late outgrowth EPCs are highly proliferative 

cells that express EC markers (83), exhibit no hematopoietic or monocytic character (90), 

and are capable of forming capillaries (89) and endothelializing denuded vessels when 

injected in vivo (91).  Late outgrowth EPCs have been described as “true” EPCs because 

they are capable of generating ECs that express typical endothelial surface markers and 

exhibit typical EC function (92).  It still needs to be clarified whether these cells are 

derived from the bone marrow or dislodged from the vessel wall (81, 93).  
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Flow cytometry has been used to sort and enumerate the abundant early 

outgrowth EPCs from MNC fractions through the use of a combination of surface 

markers, such as CD34+ /CD133+ /KDR+ that are predictive biomarkers for the extent of 

cardiovascular disease (140-144); in contrast, late outgrowth EPCs are too scarce to 

enumerate by cell sorting directly from peripheral blood, and are difficult to identify 

due to lack of unique cell markers to this cell subgroup (145).  However, late outgrowth 

EPCs can be cultured to yield large numbers of cells that express endothelial cell 

antigens (84), which suggests suitability for endothelialization therapies. To date there 

has been little work in demonstrating whether autologous late outgrowth EPCs can be 

isolated and expanded in sufficient numbers from patients with significant coronary 

artery disease (CAD).  It is also unclear if late outgrowth EPCs isolated from CAD 

patients exhibit differences in proliferation, adhesion, and angiogenic potential 

compared to healthy individuals. 

In this study late outgrowth EPCs were isolated and expanded from peripheral 

blood drawn from patients undergoing cardiac catheterization in the Duke University 

Medical Center who had documented advanced coronary artery disease by 

angiography.  In cases where EPCs were successfully isolated, the cells were assayed in 

vitro for their expression of EC markers, proliferation potential, ability to endothelialize 

synthetic materials, form new blood vessels, and produce nitric oxide (NO).   

 



 

29 

3.3 Methods and Materials 

 

3.3.1 Donor Subjects 

The Duke University Institutional Review Board approved the protocol for 

collection and use of human blood employed in the study.  Patients undergoing left 

heart catheterization were approached for consent at Duke University Medical Center 

(n=13).  In brief, all patients who have undergone cardiac catheterization, percutaneous 

coronary intervention, or cardiac surgery have had their demographic, clinical, 

angiographic, and procedural data entered into a standard database. All cardiac 

catheterization procedures are systematically reviewed in a standardized fashion by two 

operators, and the extent of coronary artery disease is documented. Enrolled CAD 

patients had documented advanced coronary artery disease by angiography.  Clinical 

data was extracted from the patient’s medical chart. 

Young control individuals were normal healthy volunteers (n=13).  Individuals 

had no history of chest pain and were surveyed for CAD risk factors including body 

mass index, smoking history, diabetes, smoking, hypertension, hyperlipidemia, and 

medication use.  
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3.3.2 Cell Isolation and Culture 

Approximately 50 ml peripheral blood was drawn after arterial sheath insertion 

for patients with CAD and stored in K2 EDTA tubes (BD Labware, Franklin Lakes, NJ).  

For healthy individuals, approximately 50 ml peripheral blood was drawn by vein 

puncture.  Blood samples were processed the same day of collection.  Late outgrowth 

EPCs from CAD patients and healthy individuals were isolated and grown according to 

a previously described protocol (146).  Mononuclear cells were resuspended in 12 ml 

complete EBM-2 + EGM-2 SingleQuots (Cambrex, Walkersville, MD) medium with 1% 

antibiotic/antimycotics solution (Gibco, Carsbad, CA) and seeded onto 3 separate wells 

of a 6-well tissue culture plate coated with type 1 rat tail collagen (BD Biosciences) at 

37°C, 5% CO2, in a humidified incubator.  An average of 34x106 MNCs were seeded per 

well.  After 24 hours of culture, nonadherent cells were removed and complete EGM-2 

medium was added to each well.  Medium was changed daily for 7 days and then every 

other day following.  Cells were used at passages 5-10 for all experiments.   

Human aortic endothelial cells (HAECs) (Cambrex) were grown to confluence in 

T-25 or T-75 polystyrene flasks with endothelial basal media-2 supplemented with EGM-

2 SingleQuots, 10% FBS, and 1% antibiotic/antimycotics solution.  HAECs were used at 

passage 7-10 for all experiments.  
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3.3.3 Doubling Time 

A 12-well plate was coated with 3.33 µg/ml of fibronectin (Millipore, Billerica, 

MA).  Cells were trypsinized and seeded at an initial density of 5x103 cells/cm2 in 

complete EGM-2 media.  After three days, cells were fixed with 3.7% paraformaldehyde 

and cell nuclei were stained with DAPI (Sigma, St. Louis, MO).   Four pictures per well 

were taken and the number of EPCs were counted using ImageJ computer software 

(version 1.37a, National Institutes of Health).  

 

3.3.4 Flow Cytometry 

Cells were detached using 0.025% trypsin (Cambrex).  Detached cells were 

resuspended in 10% goat serum with antibodies against: CD14 (BD Pharmingen), CD31 

(Invitrogen), CD45 (BD Pharmigen), CD105-PE (Invitrogen) and CD133 (Miltenyi Biotec, 

Auburn, CA).  Alexa Fluor 488 goat anti-mouse IgG (H+L) (Invitrogen) or Phycoerythrin 

(Sigma) goat anti-mouse IgG (H+L) were used as secondary antibodies.  Appropriate 

control isotype antibodies were used.  Flow cytometric analysis was performed with 

FACStar Plus flow cytometer (BD Biosciences).  

 

3.3.5 Substrate for Measuring Cell Spreading and Adhesion 

To test cell behavior on a material with similar chemistry to polytetra-

fluoroethylene (ePTFE) vascular grafts, Teflon-AF™ (DuPont, Wilmington, DE) films 
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were spun-cast onto standard glass microscope slides (Gold Seal, Portsmouth, NH) as 

described previously (23). Prior to use, glass slides were cleaned by sonication with 2% 

PCC-54 detergent cleaning solution (pierce, Rockford, IL) and a 1:1 mixture of 

MeOH:HCl.  

 

3.3.6 Cell Spreading  

Teflon-AF™ coated slides were incubated with 3.3 µg/ml human fibronectin 

(Millipore) in DPBS for 1 hour at 37°C.  Cells were detached with 0.025% trypsin 

(Clonetics) for 5 minutes at 37ºC and neutralized with trypsin neutralizing solution 

(Clonetics) (twice as much trypsin neutralizing solution was used compared to trypsin), 

spun down, and stained with 5 µM Cell Tracker Orange (Invitrogen).  Cells were 

washed, plated onto the fibronectin-coated Teflon- AF™ slide.  10 random images were 

taken, using fluorescence microscopy at 200X magnification (Nikon), at 1, 2, 3, 4, and 24 

hours after seeding. The projected cell area was measured using ImageJ software. On 

average 50-100 cells were examined for each time point for each condition and four 

experiments were performed for each condition. 

 

3.3.7 Strength of Adhesion 

The strength of cell adhesion to Teflon-AF™ was measured as previously 

described (22).  Briefly, Teflon-AF™ coated slides were incubated with 3.3 µg/ml 
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fibronectin in DPBS for 1 hour at 37°C.  Cells were incubated with 0.025% trypsin for 5 

minutes at 37ºC and neutralized with trypsin neutralizing solution (Clonetics), spun 

down, and stained with Hoechst 33342 (Invitrogen). The cells were then seeded onto 

slides for 10 minutes at room temperature.  The slide was placed in a variable height 

flow chamber (147) and 5 pre and post flow images were taken at 5 different channel 

heights along the chamber. Steady laminar flow was applied for two minutes through 

the use of a programmable syringe pump (Harvard Apparatus, Holliston, MA). The 

total elapsed time from initial cell attachment to the onset of flow was typically 20 

minutes. The flow media consisted of DPBS with varying amounts of dextran (average 

molecular weight 500,000; Fischer Scientific, Pittsburg, PA) in order to increase the 

viscosity to 2-5 centipoise. Four experiments were performed per cell type.   

 

3.3.8 Surface Expression of α5β1 and αVβ3 Integrins 

The relative expression of α5β1 and αVβ3 integrins present on each cell type was 

measured after using 0.025% trypsin. Detached cells were resuspended in DPBS, and 

incubated for 5 min. The cells were then incubated with 10 µg/ml of cycloheximide for 

30 min in order to block protein synthesis (148). The cells were then rinsed, incubated 

with 10% goat serum (Sigma), incubated with either 10 µg/ml mouse-anti-α5β1 or 

20 µg/ml mouse-anti-αVβ3 antibodies (Chemicon), rinsed, incubated with Alexa fluor 488 

goat-anti-mouse secondary antibody (Invitrogen), rinsed, and fixed in 3.7% 
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paraformaldehyde. The antibody concentration used was determined as the 

concentration to saturate the integrin binding sites (data not shown). 

Fluorescence intensity per cell produced by the bound antibody was measured 

using a FACStar Plus flow cytometer (Becton Dickinson, San Jose, CA).  Typically 1x104 

cells were collected and measured for fluorescence intensity.  In addition, an isotype 

control was used for each sample condition, and the geometric mean fluorescent 

intensity found for the isotype control was subtracted from the geometric mean 

fluorescent intensity of the antibody bound cells in order to compensate for background 

fluorescence. 

 

3.3.9 In Vitro Vasculogenesis Assay 

Endothelial tube formation was assessed in MatrigelTM (BD Biosciences) (94).  150 

µl MatrigelTM was pipetted into a 48-well plate and was incubated at 37ºC for 30 minutes 

to allow the polymerization of collagen. After solidification, 4x104 cells per well were 

resuspended in 150 µL growth media and added to the well and incubated at 37ºC.  At 

4, 6, and 24 hours, three representative images were taken per well at 40x magnification 

(Nikon TE2000U, Tokyo, Japan). The total tube length per field was measured using 

ImageJ.  Four to five independent experiments were performed for each cell type.   
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3.3.10 Effect of Shear Stress on Cell Morphology and Nitric Oxide 
Expression 

Flow Setup. Cells were seeded onto SlideFlasks (NUNC, Rochester, NY) at a 

density of 50x103 cells/cm2.  The following day, the slides were placed in a parallel plate 

flow chamber and connected to a circular flow consisting of a peristaltic pump (Cole 

Palmer, Vernon Hills, IL), pulse dampener (Cole Palmer), and flow chamber as 

described previously (147).  The flow media used consisted of EBM-2 + 10% FBS + 1% 

antibiotic/antimycotic. Cells were exposed to 15 dyn/cm2 for 48 hours.  Controls 

consisted of cells under identical culture conditions, but not exposed to flow (static).  

 

Staining. After exposure to flow, slides were removed from flow chambers and 

the cells were washed with DPBS and fixed in 3.7% paraformaldehyde for 10 minutes.   

Cells were permeabilized with 0.1% triton X, rinsed with DPBS, and incubated with 10% 

goat serum (Sigma) for 30 min at 37°C to block non-specific binding. Primary antibodies 

(PECAM 1:100, F-actin 1:20 (Invitrogen)) were incubated with the cells for 1 h at 37°C in 

10% goat serum. Cells were rinsed multiple times and then incubated with a goat anti-

mouse Alexa488-conjugated secondary antibody (1:500) (Invitrogen).  Nuclei were 

stained with 10 µg/ml Hoechst 33342.  Images were captured using a Nikon Eclipse 

TE2000-U (Nikon, Tokyo, Japan) inverted fluorescent microscope and a digital camera 

(DS-Qi1Mc, Nikon).    
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3.3.11 Quantitative real-time RT-PCR 

Late outgrowth EPCs or HAECs were seeded onto polystyrene Slideflasks and 

placed to a parallel plate flow chamber flow loop as described above. The cells were 

exposed to shear stresses of 15 dyn/cm2 for 48 hours after which the cellular RNA was 

isolated using the RNeasy Minikit (Qiagen, Germantown, MD). The quantity and purity 

of all RNA samples were measured using a NanoDrop Spectrophotometer (NanoDrop 

Technologies, Wilmington, DE). Reverse transcription of 50 ng total RNA was 

performed with cDNA kit (Bio-Rad, Hercules, CA) and a MyCycler (Bio-Rad). RT-PCR 

was performed using a SYBR-Green RT-PCR kit (Bio-Rad) and the MyIQ™ iCycler 

Optical Module (Bio-Rad). Whole-gene cDNA sequences of the target genes were 

obtained from PubMed, and primer sequences for Beta-2 microglobulin, KLF2, and 

endothelial nitric oxide synthase (eNOS) were generated using the online design 

program Primer3 (149). The melt curves of the primers were examined after reaction 

with reference RNA, and primers were selected that had uniform and single-product 

melt curves. After results were obtained, fold change from the reference RNA was 

calculated by the 2-∆∆CT method.  All samples were preformed in quadruplicate for all 

genes at each condition.  Primer sequences are available upon request. 
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3.3.12 Nitric Oxide Assay 

Media aliquots from 48 hour shear stress experiments were frozen and were 

lyophilized (Heto CT110, Appropriate Technical Resources, Laurel, MD).  Nitric oxide 

concentration was determined by measuring breakdown products NO2− and NO32 using 

a commercial assay (Active Motif, Carlsbad, CA) according to the manufacturers’ 

instructions.  Media samples were filtered through a 10,000 Dalton micropore filter 

(Millipore) prior to assay.  

 

3.3.13 Statistical Analysis 

Patient clinical characteristics are presented as mean and standard deviation.  All 

other results are presented as means and standard errors. Categorical differences among 

clinical characteristics were analyzed by Fisher’s exact test.  Differences among cell 

sources, between cultures from patients with CAD, cultures from healthy individuals, 

and HAECs were carried out by multivariate ANOVA, with the significance of 

individual differences established by post hoc Fisher's Protected Least Significant 

Difference Test or t-test for comparing only two groups. For cell spreading and in vitro 

vasculogenesis assay, a repeated measure ANOVA was performed. P values below 0.05 

were considered to indicate a statistically significant difference. 
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3.4 Results 

3.4.1 Characteristics of Study Subjects and EPC Proliferation 
Potential 

Twenty six total individuals were enrolled, 13 patients with extensive coronary 

artery disease and 13 healthy volunteers.  The characteristics of the two donor groups 

are shown in Table 1. Enrolled patients with CAD had a mean age of 61.5 ± 10.5 years, 

while healthy donors had an average age of 26.2 ± 2.2. The patients with CAD averaged 

2.1 ± 0.3 vessels with significant vessel stenosis and had significantly higher frequency of 

tobacco use, diabetes, hypertension, hyperlipidemia, and medication use.  The healthy 

volunteers had no symptomatic indicators or self-reported any disease.  
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Table 1. Baseline donor characteristics of young healthy donors versus patients 

with coronary artery disease (CAD). 

Characteristic Healthy Donors 
(n=13) 

Patients 
with CAD 

P-
Value 

Male, n (%) 9 (69) 9 (69)  
Race, n (%)    

White 12 (92) 10 (77)  
Other (2 black, 2 Asian) 1 (8) 3 (23)  

Age, mean ±SD  
(range) 

26±3 
(23–31) 

62±11 
(44–75) 

<0.001 

Body mass index, mean±SD 24.3±2.6 29.0±4.1 0.01 
Smoking history, n (%) 0 5 (39) 0.04 
Diabetes, n (%) 0 (0) 7 (54) 0.005 
Hypertension, n (%) 2 (15) 10 (77) 0.005 
Hyperlipidemia, n (%) 1 (8) 11 (85) <0.001 
Number of vessels with significant 
CAD, mean ±SD 

— 2.1±1.0  

Percutaneous transluminal coronary 
angioplasty, n (%) 

0 (0) 9 (69) <0.001 

Coronary artery bypass graft, n (%) 0 (0) 7 (54) 0.005 
Medication use, n (%)    

Beta blockers 0 (0) 13 (100) <0.001 
Statins 0 (0) 10 (77) <0.001 
Angiotensin-converting enzyme 

inhibitors 
1 (8) 9 (69) 0.004 

 

 

3.4.2 Frequency of Isolation 

Table 2 shows the success rate of late outgrowth EPC isolation from CAD 

patients. No single clinical characteristic precluded the isolation of late outgrowth EPCs 

from patients with CAD.  Colonies appeared after approximately 3 weeks in culture 

(Figure 1A).  Colonies were successfully isolated in 7 out of 13 patients with CAD (54% 
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of total): 5 of 9 male CAD patients and 2 of 4 female CAD patients. Isolation success was 

not dependent on any of the measured variables. Late outgrowth EPC colonies were 

isolated in 9 of 13 healthy donors (69% of total): 6 of 10 from male donors and 2 of 3 

from female donors. 

 

Figure 1. Representative growth and expansion of late outgrowth EPCs 

isolated from peripheral blood of CAD patients and healthy donors.  Cultures had 

either high proliferation potential, low proliferation potential, or no colonies (A).  

Late outgrowth EPCs colonies appeared 2-3 weeks after plating peripheral blood 

mononuclear cells (C). Upon passaging, some cultures from CAD and healthy donors 

showed exponential growth.  Cells typical EC cobblestone morphology while 

growing to confluence and were defined as high proliferation potential (A,B).  In four 

healthy donors, cultures were unable to be expanded to over 107 cells and the cultures 

were defined as low proliferation potential (A).   Cells from low proliferation cultures 

had a larger area and more irregular shape (D).  Low proliferation cultures stained 

positive for β-galactosidase, a marker of cell senescence (E).  Scale bar 100 µm (B,D,E), 

200 µm (C). 
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Table 2. Characteristics of donor population with coronary artery disease. 

  Late-Outgrowth EPC 
Colonies Obtained 

 

Characteristic All Subjects 
with CAD 

Yes No P-
Value 

Subjects, n 13 7 6  
Male, n (%) 9 (69) 5 4  
Female, n (%) 4 (31) 2 2  
Race, n (%)     

White 10 (77) 5 5  
Other (2 Black, 1 Asian) 3 (23) 2 1  

Age, mean ±SD  
(range) 

62±11 
(44–75) 

61±11 
(44–75) 

62±10 
(45–75) 

0.80 

Body mass index, mean±SD 29.0±4.1 27.9±4.8 30.2±3.0 0.25 
Smoking history, n (%) 5 (39) 2 3 0.59 
Diabetes 7 (54) 3 4 0.59 
Plasma glucose, mg/dL 127±45 126±41 128±52 0.94 
Hypertension 10 (77) 4 6 0.19 
Hyperlipidemia 11 (85) 5 6 0.46 
Familial hypercholesterolemia, n 
(%) 

4 (31) 2 2 >0.99 

Number of vessels with significant 
CAD, mean ±SD 

2.1±1.0 1.7±1.1 2.5±0.8 0.18 

Percutaneous transluminal coronary 
angioplasty, n (%) 

9 (69) 5 4 >0.99 

Coronary artery bypass graft, n (%) 7 (54) 3 4 0.59 
Medication use, n (%)     

Beta-blockers 13 (100) 7 6 — 
Statins 10 (77) 4 6 0.19 
Angiotensin-converting enzyme 

inhibitors 
9 (69) 4 5 0.56 
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Endothelial colonies grew in the original culture plates until 75% confluence and 

were passaged into T25 or T75 Flasks (Figure 1C). Passaged cells that grew to a cell 

population of over 107 cells over the course of 3-6 passages were defined as “highly 

proliferative” (Figure 1A,B) (Table 3).  All 7 of the late outgrowth EPC cultures 

successfully isolated from CAD patients were highly proliferative.   Five of 13 healthy 

donors yielded highly proliferative colonies: 3 of 10 from male donors and 2 of 3 from 

female donors; while the other 4 colonies isolated from healthy donors never attained > 

107 cells (Figure 1A) (p = 0.096).  These “limited proliferation” cultures displayed 

differing growth characteristics with cells which became larger and more irregular, and 

stained positively for β-galactosidase, a marker of senescence (Figure 1D,E) (150). 

 

Table 3. Isolation frequency of late-outgrowth endothelial progenitor cells 

(EPCs). 

 Young Healthy 
Donors 

Patients with Coronary 
Artery Disease 

Late-Outgrowth EPC Isolation 
Frequency 

n (%) 

Highly proliferative colonies (>107 
EPCs) 

5 (38) 7 (54) 

Limited proliferation colonies (<107 
EPCs) 

4 (30) 0 (0) 

No colonies (no EPCs) 4 (30) 6 (46) 

 

It took an average of 36 ± 5 days to reach 107 cells from CAD donors versus 40 ± 4 

days for healthy donors (p = 0.64). There were no significant differences among donor 

groups in the initial number of MNCs counted (p = 0.54), nor were there significant 
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differences between the number of MNCs counted and the ability to isolate late 

outgrowth EPC colonies (i.e. high proliferation, low proliferation, or no colony cultures) 

(p = 0.69) (Table 4).  

Table 4. Number of Mononuclear cells in collected peripheral blood samples. 

 Young Healthy 
Donors 

Patients with Coronary 
Artery Disease 

 Number of Mononuclear cells (x107), (n) 
All cultures 98±7 (13) 107±12 (13) 
Highly proliferative colonies (>107 
EPCs) 

113±12 (5) 105±22 (7) 

Limited proliferation colonies (<107 
EPCs) 

83±9 (4) N/A (0) 

No colonies (no EPCs) 93±12 (4) 109±9 (6) 

 

Highly proliferative late outgrowth EPC colonies from CAD and healthy subject 

groups were passaged 4-6 times and frozen. The doubling times of thawed late 

outgrowth EPCs from CAD patients and from healthy volunteers were 2.3 ± 0.7 days 

and 2.5 ± 0.6 days, respectively (p = 0.79).  Doubling time for control HAECs was 1.2 ± 0.1 

days (p = 0.15 versus outgrowth EPC from patients with CAD).   

 

3.4.3 Culture Phenotype 

Flow cytometic studies were performed to assess the marker expression of 

expanded actively proliferating EPCs from several donors.  Late outgrowth EPCs 

derived from CAD patients and healthy volunteers showed uniform expression of EC 

markers CD31, CD105.  Cells were negative for the stem cell marker CD133 as well as 
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hematopoeitic markers CD45 and CD14, indicating the cultures were not contaminated 

with hematopoietic or monocytic cells (Figure 2).  HAEC histograms were similar to 

both EPC groups for all markers. 

 

Figure 2.  Immunotypic analysis of expanded late-outgrowth EPCs from 

patients with CAD (CAD EPCs), late-outgrowth EPCs from healthy donors (EPCs), 

and control human aortic ECs (HAECs) (black lines: fluorescent signals of isotypic 

controls, bold green lines: fluorescence signals of specific antigens).  CAD EPCs, 

EPCs, and HAECs were positive for endothelial markers CD31 and CD105.  CAD 

EPCs, EPCs, and HAECs showed no positive fraction for stem cell marker CD133 or 

hematopoietic markers CD45 and CD14.  Shown are representative data from three 
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independent experiments using different CAD EPCs and healthy EPCs with similar 

results.  

 

3.4.4 Cell Attachment to Teflon-AFTM 

3.4.4.1 Cell Spreading 

Teflon-AFTM was used as a surrogate for ePTFE vascular graft material (23). 

Spreading rates of late outgrowth EPCs from patients with CAD were compared with 

cells isolated from healthy individuals on Teflon-AFTM surfaces that have the same 

hydrophobicity and nearly the same chemistry as expanded ePTFE. Teflon-AFTM 

surfaces were incubated with 3.3 µg/mL fibronectin for 1 hour to permit cell attachment.  

EPCs from healthy volunteers spread the fastest.  Healthy EPCs were significantly larger 

in area than HAECs at 4 and 24 hours and significantly larger than EPCs from CAD 

patients at 24 hours (p<0.05) (Figure 3A).     
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Figure 3. Cell spreading and adhesion on fibronectin-coated Teflon-AF.  Late 

outgrowth EPCs from healthy donors spread at a higher rate than EPCs from CAD 

patients and HAECs (A).  EPCs from healthy donors had a significantly larger area at 

4 hours and 24 hours (*p<0.05 EPC vs HAEC, # p<0.05 EPC vs. CAD EPC).  ECs were 

seeded onto Teflon-AF coated with fibronectin for 20 minutes.  All three cell types 

had over 95% adhesion after exposure up to 187 dynes/cm2 (B). 

 

3.4.4.2 Cell retention 

The ability of late outgrowth EPCs to remain adherent after exposure to fluid 

shear stress was tested by exposing the cells to short term super-physiological flow.  

Late outgrowth EPCs from CAD patients, healthy donors, and HAECs adhered firmly to 

fibronectin-coated Teflon-AFTM after exposure to high shear stresses in a variable height 

flow chamber.  Both cell types showed greater than 95% retention after exposure to 

shear stress of 187 dynes/cm2 (Figure 3B).   
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3.4.5 Integrin Expression 

The primary integrins that mediate cell adhesion to extracellular matrix proteins 

such as fibronectin and collagen are αvβ3 and α5β1.  Late outgrowth EPCs from both 

donor groups expressed significantly higher levels of α5β1 than HAECs (p<0.05).  Late 

outgrowth EPCs from CAD patients expressed significantly higher levels of αvβ3 than 

cells from healthy donors and HAECs (p<0.002) (Figure 4).  

 

Figure 4. Late outgrowth EPCs from CAD patients and healthy donors 

expressed significantly higher levels of α5β1 compared to HAECs. αvβ3 was expressed 

at significantly higher levels in CAD EPC (* p<0.05 versus HAEC, # p<0.05 versus 

EPC). 

3.4.6 In vitro Vasculogenesis Assay 

Both late outgrowth EPCs from CAD patients and healthy individuals 

spontaneously formed capillaries when plated on three-dimensional MatrigelTM 

extracellular matrix.  At 4 hours, tube structures began to form (Figure 5A).  After 24 

hours, the cells coalesce and form more discrete tubes (Figure 5B).  Vessel length was 
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significantly higher at 6 hours than 4 or 24 hours (p<0.003) but no significant differences 

between CAD EPCs, EPCs, and HAECs were observed (p = 0.46) indicating that kinetics 

of the of the vasculogenesis properties of the cell types in MatrigelTM are similar (Figure 

6C).   

 

Figure 5.  In vitro vasculogenesis assay.  Representative image of late 

outgrowth EPCs from CAD patient seeded onto MatrigelTM and viewed after 4 hours 

by phase contrast microscopy (A).  Tubes were more defined after 24 hours (B).  There 

were no significant differences in total vessel length versus cell type when measured 

at 4, 6, and 24 hours (C). Scale bar 200 µm (A), 100 µm (B). 
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3.4.7 Effect of Shear Stress on Cell Morphology and Nitric Oxide 
Expression 

Late outgrowth EPCs from both donors had typical EC cobblestone morphology 

under static conditions (Figure 6A,B). CD31 staining was similar in both donor groups 

and was localized to the cell-cell borders.  After exposure to 48 hour laminar shear stress 

of 15 dynes/cm2, cells elongated and f-actin oriented parallel to flow (Figure 6C,D).   

 

 

Figure 6.  Effect of shear stress on cell morphology.  Representative 

immunoflourescent images of late outgrowth EPCs from patient with CAD under 

static conditions stained for f-actin (A) and CD31 (B).  Cultures were exposed to 

laminar shear stress (15 dynes/cm2) for 48 hours.  Late outgrowth EPCs tended to 

elongate and align parallel to the direction of flow (C,D).  Scale bar 100 µm. 
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Late outgrowth EPCs from both healthy donors and donors with CAD cultured 

under static conditions expressed significantly lower levels of KLF2 and eNOS mRNA 

than HAECs (Figure 7A,B) (p<0.05).  Upon exposure to laminar shear stress of 15 

dynes/cm2 for 48 hours, all cell groups increased mRNA levels for the flow responsive 

transcription factor KLF-2 and eNOS. EPCs from patients with CAD expressed 

significantly higher levels of KLF-2 than late outgrowth EPCs from healthy donors.  

However, all cell types cultured under static conditions expressed similar low basal 

levels of NO products (Figure 7C). Laminar shear stress of 15 dynes/cm2 for 48 hours 

increased NO expression 150-fold over static conditions.  No significant differences in 

NO production were observed between cell types (p = 0.88). 
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Figure 7.  Effect of shear stress on flow responsive genes and nitric oxide 

expression.  KLF2 and eNOS gene expression by patients with CAD and healthy 

donors were significantly lower than HAECs (A,B).  Upon exposure to 48 hr laminar 

shear,  KLF-2 and eNOS mRNA levels increased for all cell types, though expression 

was significantly reduced for healthy donors compared to HAECs (A,B) (* p<0.05 

versus HAECs, # p<0.05 versus CAD EPCs).      Late outgrowth EPCs from CAD 

patients, healthy individuals, and HAECs all increased their production of nitric 

oxide during exposure to flow (C).  No significant differences were observed in NO 

release between the three cell groups. 

 

3.5 Discussion 

The lack of easily isolated autologous endothelial cell sources is one of the major 

challenges of vascular tissue engineering (78). The ability to isolate late outgrowth EPCs 

non-invasively from peripheral blood and expand the colonies in long term cultures is a 
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major development for autologous cell therapies. Late outgrowth EPCs have been 

pursued as an alternative cell source for endothelialization strategies (94-99).  The 2-3 

week time interval before EPC colonies are observed is a clinical drawback for 

emergency interventions, however the cells are highly proliferative, capable of 

undergoing over 30 population doublings while maintaining a stable endothelial 

phenotype during long-term culture justifying their use for elective procedures (84, 94). 

If late outgrowth EPCs are to be used as an autologous source of ECs for vascular 

conduits, they will likely be procured from patients with extensive vascular disease.  To 

our knowledge, the characteristics of late EPCs from these patients have not been fully 

characterized. 

In the present study we compared the ability to isolate late outgrowth EPCs from 

peripheral blood donated by older patients with coronary artery disease and younger 

healthy volunteers.  EPC isolation and expansion, EC marker expression, cell 

contamination, cell adhesion, and NO expression provided an essential set of 

characteristics needed to demonstrate the suitability of  late outgrowth EPCs from 

patients with CAD for autologous endothelialization applications.  

The frequency that late outgrowth EPC colonies were observed was similar for 

CAD and young healthy donors, though no limited proliferation potential colonies were 

recovered from patients with CAD.  While the observation was initially surprising, it 

was not at odds with recent reports finding that the number of late outgrowth EPCs 
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isolated in culture increases with the extent of patient coronary artery stenosis (100). 

Another study quantifying late outgrowth EPCs from patients with age-related macular 

degeneration showed only 11% of the young control subjects had cultures of more than 

107 cells, whereas 38% of patients with neovascular age-related macular degeneration 

had highly proliferative colonies (101).   

Cell contamination is an important issue in EC harvesting as cultures can be 

contaminated with fibroblasts and myofibroblasts that are capable of outgrowing EC 

cultures.  Moreover, endothelialization methods using heterogeneous cell sources 

increased the extent of neointimal hyperplasia (80).  Highly proliferative late outgrowth 

EPC cultures from both donor types appeared homogeneous, with flow cytometry 

profiles closely resembling HAECs that were used as a positive EC control.  Late 

outgrowth EPCs from both groups were mature and fully differentiated, displaying 

antigenic characteristics of ECs, but negative for stem and hematopoietic markers.  

Additionally, late outgrowth EPCs grown under static conditions had typical 

cobblestone morphology but were sensitive to shear stress, reorienting parallel to the 

direction of flow upon application of laminar flow at 15 dynes/cm2 for 48 hours.   

Since one of the causes of failure of endothelialized vascular grafts is cell 

detachment upon exposure to blood flow (21, 151), seeded ECs must rapidly adhere, 

spread, and withstand physiological stresses.  Previously reported low trypsin 

conditions during subculture were used to maximize the extent of cell adhesion to 
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Fibronectin-coated Teflon-AFTM (22). In the current study, late outgrowth EPCs from 

CAD patients and healthy donors rapidly attached to the substrate and assumed a larger 

area than HAECs. All EPCs maintained firm adhesion as over 95% of seeded cells 

remained adherent after exposure to superphysiological shear stresses as high as 187 

dynes/cm2.  Although only the highly proliferative EPC cultures were used for all 

experiments, the increased cell area of late outgrowth EPCs from healthy individuals 

compared to late outgrowth EPCs from CAD patients and HAEC could be due to 

decreased proliferation potential as seen in other studies where cell area increases with 

passage number and cell senescence (152).   

The initial adhesion strength is dependent on the number of α5β1 and αVβ3 

interactions with the material (22). Late outgrowth EPCs from CAD patients and healthy 

individuals expressed more elevated levels of α5β1 and αVβ3 than HAEC, helping to 

explain the high levels of attachment to Teflon-AFTM.  Late outgrowth EPCs from CAD 

patients had increased expression of αVβ3 over both HAECs and EPCs from healthy 

individuals.   These integrins are not only important for cell-biomaterial adhesion but 

also adhesion to denuded arteries (153) and angiogenesis (154) and thus the high levels 

of α5β1 and αVβ3 present may aid late outgrowth EPC homing and vessel formation.   

We speculated that with increased expression of αVβ3 in late outgrowth EPCs 

from CAD patients, there may be differences in vessel forming ability between cell 

types.  Capillary formation is important not only for revascularization of ischemic tissue 
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but also may improve performance of porous materials (5). The presence of CAD 

showed no effect cell vessel forming ability, as all cell types were able to spontaneously 

form vessels at comparable densities during in vitro vasculogenesis assays.  Recent 

studies have shown that with late outgrowth EPCs, vessel formation decreases after cells 

are exposed to oxidative stress though it remains to be seen if there are differences 

versus patient disease state (155).  A more selective vessel forming assay involving co-

culture with fibroblasts may be more appropriate to evaluate the differences between 

cell types (156).   

Vascular ECs are known to release NO when challenged with fluid shear stress. 

Reduction in nitric oxide production is believed to lead to early development of 

atherosclerosis (157).  KLF2, a key transcription factor that regulates key factors in 

maintaining an antithrombotic EC surface, was significantly reduced in late outgrowth 

EPCs versus HAECs.  EPCs exposed to 48 hours shear increased their transcription of 

KLF2 and eNOS, in agreement with studies showing that KLF2 acts as a regulator of 

eNOS and can be induced by biomechanical stimulation (158, 159). Late outgrowth EPCs 

from CAD patients and healthy individuals cultured under static culture conditions 

expressed low basal levels of NO end products; whereas outgrowth EPCs exposed to 

laminar shear stress over 48 hours expressed approximately 150-fold more NO over 

static conditions.  No significant differences were observed between late outgrowth 

EPCs from CAD patients and healthy donors indicating that EPCs from both groups are 
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responsive to shear stress and have similar NO secretion rates in vitro. Levels of NO 

secreted by both donor groups were similar to HAECs, comparable to recent studies 

demonstrating no differences in NO release between porcine late outgrowth EPCs and 

porcine aortic ECs grown under static conditions (95).  

A drawback of using autologous late outgrowth EPCs for endothelialization 

applications is their exceedingly rare presence in peripheral blood MNC populations.  

The frequency of late outgrowth EPCs in healthy volunteers was estimated by Yoder et 

al. as 0.017 colonies per 106 plated MNCs (89).  With an average of 103 ± 7 x106 MNCs per 

subject observed in our study, we would estimate 1.75 endothelial colonies per 50 mL 

peripheral blood sample would be recovered.  Others have similarly estimated 2.5 late 

outgrowth EPC colonies per 50 ml blood (100).  Simply doubling the volume of blood 

collected should also increase the frequency of isolation. Alternatively, preselecting 

CD34+ CD45- MNCs before plating can enrich cell populations of late outgrowth EPCs 

by as much as 300-fold over non-sorted cord blood cultures (160).  Methods to 

specifically capture late outgrowth EPCs using novel peptide ligands are also under 

development (161).   

Limitations of this study 

The goal of the current study was to assess the feasibility of isolating therapeutic 

late outgrowth EPCs from patients with known CAD, as indicated by angiography.  Not 

surprisingly, this patient population differed in a range of clinical characteristics from 
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our healthy donor population.  The majority of the patients were also on a range of 

medications at the time of catheterization. As such, we feel this study reflects the pool of 

patients with CAD that would likely be candidates for autologous endothelialization 

therapies. 

Because the sample was small and random, we were unable to systematically 

determine the impact of clinical factors or medication use on the isolation and 

characterization of late outgrowth EPCs.  Having said this, the impact of patient-specific 

factors merits consideration.  It has previously been shown that acute myocardial 

infarction (162, 163) can cause mobilization of late outgrowth EPCs and that statin 

treatment can maintain elevated levels of late outgrowth EPCs within the vasculature 

(164).  Patient age may also affect the ability to isolate late outgrowth EPCs (165).   Our 

CAD population included only patients with stable CAD, therefore, we do not believe 

that this represents a population in which EPCs were mobilized by acute injury.  It may 

be of interest in future work to assess the impact of acute or chronic statin therapy before 

isolation of EPCs.  Our data shows that we were able to isolate functional late outgrowth 

EPCs from patients with CAD on and off statin therapy.   

Finally, mononuclear cells derived from the bone marrow are multipotent with 

the ability to generate vascular or muscular cells (166).    As such, culture conditions 

strongly influence their phenotypic destination (167, 168).  Also, even mature ECs are 

known to change their surface marker expression during culture (169).  Therefore, 
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subjecting both CAD and healthy late outgrowth EPCs to the same long-term culture 

conditions may have influenced the cells acquiring the same EC phenotypic 

characteristics.  Practically speaking, this concern is less important than the ability to 

non-invasively obtain healthy cells suitable for autologous endothelialization therapy 

from the peripheral blood of patients with significant CAD. 

 

3.6 Conclusions 

Late outgrowth EPCs isolated from CAD patients are a potentially clinically 

relevant cell source for autologous endothelialization applications.  The isolation of 

EPCs from peripheral blood is less invasive than harvesting endothelial cells from 

excised blood vessels and adipose tissue or late outgrowth EPCs isolated from bone 

marrow.  Late outgrowth EPCs were capable of attaching, spreading, and maintaining 

firm adhesion to the underlying substrate and showed a functional response to flow by 

reorienting and increasing expression of NO.  Once colonies were established and 

expanded from small volumes of peripheral blood, few differences were observed 

between late outgrowth EPCs isolated from CAD patients and those isolated from 

healthy individuals.   

 



 

59 

Chapter 4. In Vitro Functional Testing of Endothelial 
Progenitor Cells that Overexpress Thrombomodulin 

Original article co-authored with Y Xue, N Haque, JH Lawson, and WM Reichert.  Text 

excerpts and all figures are reprinted with permission from Mary Ann Liebert, Inc.  

Figure 12  and Figure 13 were added since the original manuscript submission. 

 

Stroncek JD, Y Xue, N Haque, JH Lawson, and WM Reichert. In Vitro Functional Testing 

of Endothelial Progenitor cells that Overexpress Thrombomodulin, Tissue Engineering 

Part A [accepted]. 

 

4.1 Synopsis 

This study investigated the augmentation of endothelial progenitor cell (EPC) 

thromboresistance by using gene therapy to overexpress thrombomodulin (TM), an 

endothelial cell membrane glycoprotein that has potent anti-coagulant properties.  Late 

outgrowth EPCs were isolated from peripheral blood of patients with documented 

coronary artery disease and transfected with an adenoviral vector containing human 

TM.  EPC transfection conditions for maximizing TM expression, transfection efficiency, 

and cell viability were employed.  TM-overexpressing EPCs had a 5-fold increase in the 

rate of activated protein C production over native EPCs and EPCs transfected with an 

adenoviral control vector expressing β-galactosidase (p<0.05).  TM upregulation caused 

a significant 3-fold reduction in platelet adhesion compared to native EPCs, and a 12-

fold reduction compared to collagen I coated wells.  Additionally, the clotting time of 

TM-transfected EPCs incubated with whole blood was significantly extended by 19% 

over native cells (p<0.05).  These data indicate that TM-overexpression has the potential 
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to improve the anti-thrombotic performance of patient-derived EPCs for 

endothelialization applications. 

 

4.2 Introduction 

Endothelial cells (ECs) make up the inner lining of all natural blood vessels and 

perform critical functions in thromboregulation and mediation of vascular health. The 

seeding of ECs onto the blood-contacting surface of synthetic materials has been shown 

to improve the performance of biomedical implants such as synthetic vascular grafts 

(170), vascular assist devices (109), and heart valves (171).  Effective endothelialization of 

the material surface requires that a fully confluent monolayer of ECs remain adherent 

and express a healthy, quiescent EC phenotype (25).  A subconfluent monolayer of ECs 

can lead to a thrombogenic surface (172), while injured or activated adherent ECs expose 

tissue factor and down regulate key anti-thrombotic and anti-inflammatory molecules 

(117, 118), increasing the risk of thrombosis and intimal hyperplasia due to smooth 

muscle cell activation. 

We and others have shown that rare peripheral blood-derived EC-like cells, 

termed late outgrowth endothelial progenitor cells or endothelial colony forming cells, 

can be isolated from patients with coronary artery disease (CAD) (100, 173).  In this 

study EC-like late outgrowth endothelial progenitor cells are simply referred to as 

“EPCs”.  
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The isolation of EPCs from peripheral blood, a method less invasive than 

surgical harvest of ECs from large veins or adipose tissue, is a significant development 

for autologous endothelialization of vascular grafts (34, 81, 84).  EPCs can be expanded 

to higher densities with minimal contamination with other cell types, maintain firm 

adhesion to the underlying substrate, and can express a healthy quiescent EC phenotype 

in vitro (173).   EPCs have been shown to mediate clot formation, releasing anti-

thrombotic molecules to prevent platelet activation and reduce thrombus formation 

(174, 175).  Proof-of-principle studies have shown that animal-derived EPCs can 

improve the patency rates of synthetic small diameter vascular grafts (96, 97, 176).   

While harvesting EPCs from CAD patients is attractive, there is concern that both CAD 

and aging may lead to decreased functional activity of these cells (119) and detract from 

a healthy anti-thrombogenic phenotype (120, 121).  

Thrombomodulin (TM) is an endogenous anti-thrombotic molecule that is 

expressed at the surface of ECs that plays a key role in mediating endothelial 

thromboresistance. TM acts in two manners: first by scavenging excess thrombin, and 

second by accelerating the production of activated protein C (APC). Inhibiting thrombin 

activity reduces fibrin formation and the activation of platelets, leukocytes, and smooth 

muscle cells (124); whereas increased APC production acts upstream and limits 

thrombin generation (123), reduces the expression of inflammatory cytokines (125-127), 
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down regulates EC expression of adhesion molecules to prevent leukocyte adhesion 

(128), and inhibits EC apoptosis (129).  

Because TM is decreased in patients with diabetes and atherosclerosis (177, 178) 

we hypothesized that overexpression of TM by patient-derived EPCs would enhance 

their performance for vascular graft endothelialization protocols.  The inhibition of 

thrombin activity through TM overexpression may reduce the number of thrombosis-

caused failure events occurring in vascular constructs within the first week post-implant 

while also reducing inflammation and the progression of atherosclerosis (179, 180).  The 

objective of the current study was to assess in vitro the feasibility of augmenting the 

expression of TM in patient-derived EPCs to create a short-lived enhancement of the 

intrinsically anti-thrombotic phenotype of healthy ECs.   EPCs isolated from patients 

with documented CAD were transfected ex vivo with the gene for human TM in the 

attempt to create a transient increase in TM expression. EPCs were evaluated for their 

expression of TM over time and their ability to (1) remain adherent after exposure to 

laminar flow, (2) produce APC, (3) prevent platelet adhesion, and (4) extend the clotting 

time of whole blood. 
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4.3 Methods and Materials 

 

4.3.1 EPC Isolation and Cell Culture 

All cells designated as “EPCs” in the current study were late outgrowth EPCs 

isolated and expanded from peripheral blood drawn from patients undergoing cardiac 

catheterization in the Duke University Medical Center who had documented advanced 

coronary artery disease by angiography.  Patient clinical characteristics have been 

described previously (173).  The Duke University Institutional Review Board approved 

the protocol for collection and use of human blood employed in the study.    

EPC cultures were isolated and expanded (n=5) from 50 mL of peripheral blood 

as previously described (181).  Late outgrowth EPCs were grown in endothelial 

complete media consisting of EBM-2 supplemented with EGM-2 SingleQuots (Lonza, 

Walkersville, MD), 10% FBS (HyClone, Logan, UT) and 1% antibiotic/antimycotics 

solution (Gibco, Carsbad, CA).  Cells were used at passages 5-10 for all experiments. 

EPC cultures were previously characterized to confirm EC phenotype, which has 

been published elsewhere (173).  EPCs expressed a similar phenotype to a control 

population of human aortic ECs (Lonza).  EPCs had uniform expression of EC markers 

CD31, CD105.  Cells were negative for the stem cell marker CD133 as well as 

hematopoietic and monocytic markers CD45 and CD14.  EPCs also expressed nitric 

oxide and were capable of forming tubular structures in Matrigel. 



 

64 

4.3.2 Virus Production  

Two different adenoviral vectors were used in this study. First, replication 

deficient adenoviral expressing human thrombomodulin (AdTM) was a gift from Dawn 

Bowles, Duke University.  Human cDNA for the TM gene was obtained from American 

Type Culture Collection (ATCC). The AdEasy system (Stratagene, La Jolla, CA) was 

used to insert the human TM gene with a cytomegalovirus promoter into an adenoviral 

vector. Recombinants plasmids were identified by restriction digest and mass-produced 

in the recombination-deficient XL10-Gold ultracompetent bacterial strain (Stratagene). 

Purified recombinant Ad plasmid DNA was linearized and used to transfect an 

adenovirus packaging cell line, AD–293 cells, for large scale viral production.  

Recombinant adenovirus was purified using cesium chloride gradients, aliquoted, and 

stored at -80ºC for later use. The presence of replication-competent adenovirus was 

excluded by assessment of infectivity in COS1 cells and tested for replication competent 

virus by PCR for E1a prior to use.   

Second, replication deficient β-galactosidase adenovirus “control vector” (AdCV) 

was purchased (Eton Bioscience, San Diego, CA).  AdCV stained cells blue after 

incubation with X-gal in proportion to the degree of transfection and also served as an 

experimental control to account for effects associated with transfection. 



 

65 

4.3.3 Adenoviral Transfection Optimization 

Transfection.  EPCs were transfected in EBM-2 with 2% FBS, and 1% 

antibiotic/antimycotics solution for either 4 or 24 hours at 37 ºC with multiplicity of 

infections per cell (MOI) of 500, 100, 20, or 0.  After transfection, cells were washed three 

times with DPBS and fresh endothelial complete media was added.   Following 

transfection optimization testing, a viral concentration of 100 MOI for 4 hrs was used for 

all subsequent experiments (n=4). 

 

Transfection Efficiency and Thrombomodulin Surface Expression.  Transfection 

efficiency of EPCs was assessed by flow cytometry.  EPCs were seeded into 12-well 

plates and transfected at confluency.  24 hours after AdTM transfection, EPCs were 

detached using 0.025% trypsin (Lonza).  Detached cells were resuspended 1:4 by volume 

with PE-conjugated mouse anti-human CD141 (BD Biosciences, San Jose, CA) and 10% 

goat serum for 40 minutes at 37 ºC. Cells were fixed in 3.7% formaldehyde and flow 

cytometric analysis was performed with FACSCalibur (BD Biosciences). A fluorescence 

intensity threshold gate was set so that 1% of single native EPC cell events had 

fluorescence intensities falling above the gate.  For all AdTM-EPC transfection 

conditions, the percentage of cells gated with respect to the initial threshold gate was 

recorded (n=4).    
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In the same experiment, surface expression of TM after transfection was assessed 

by flow cytometry with CD141-PE as described above.  Mouse PE conjugated IgG1 was 

used as isotype control (BD Biosciences).  Geometric mean fluorescence intensity of 

CD141-PE each sample was subtracted from the respective isotype control for all 

experiments (n=4). 

 

Cell Proliferation. EPCs were seeded into 12-well plates and allowed to grow for one 

day to reach a confluent density of 50,000 cells/cm2.  The cells were transfected with 

AdTM for 4 or 24 hours with 500, 100, 20, or 0 MOI.  24 hours later, in order to mimic 

seeding the transfected cells onto new material at less than confluent density, EPCs were 

trypsinized and each well was transferred to a T-25 flask to allow room for cell 

expansion.  Media was changed the following day.  Four days after transfection (three 

days after typsinization from 12-well plate), EPCs within T-25s were trypsinized and 

counted in trypan blue solution to exclude dead cells (n=3). 

 

4.3.4 Long-term Thrombomodulin Expression 

EPCs were seeded into 6-well plates at a density of 30,000 cells/cm2.  Cells were 

transfected with AdTM on the following day.  Cultures were trypsinized 1, 3, 7, 14, and 

21 days after transfection.  Detached cell populations were divided into two groups: half 

were used to evaluate mRNA expression of TM, and half were used for evaluate surface 
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expression of TM as described above using PE-conjugated mouse anti-human CD141 

primary antibody (BD Biosciences).  Media was changed every other day during the 

experiment (n=3). 

Cellular RNA was isolated using the RNeasy Minikit (Qiagen, Germantown, 

MD). The quantity and purity of all RNA samples were measured using a NanoDrop 

Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Reverse transcription of 

50 ng total RNA was performed with cDNA kit (Bio-Rad, Hercules, CA) and MyCycler 

(Bio-Rad). RT-PCR was performed using a SYBR-Green RT-PCR kit (Bio-Rad) and the 

MyIQ™ iCycler Optical Module (Bio-Rad). Whole-gene cDNA sequences of the target 

genes were obtained from PubMed, and TM and Beta-2 microglobulin primer sequences 

were generated using the online design program Primer3 (149). The melt curves of the 

primers were examined after reaction with reference RNA, and primers were selected 

that had uniform and single-product melt curves. After results were obtained, fold 

change from the reference Beta-2 microglobulin RNA was calculated by the 2-ΔΔCT 

method  (n=3). 

 

4.3.5 Effect of Shear Stress on Cell Adhesion and Morphology 

Cells were seeded onto SlideFlasks (NUNC, Rochester, NY) at a density of 50,000 

cells/cm2 and transfected at confluency.  The following day, the slides were placed in a 

parallel-plate flow chamber and connected to a circular flow setup consisting of a 
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peristaltic pump (Cole Palmer, Vernon Hills, IL), pulse dampener (Cole Palmer), and 

parallel-plate flow chamber as described previously (147). The flow media used 

consisted of EBM-2 + 5% FBS + 1% antibiotic/antimycotic. Cells were exposed to 15

dynes/cm2 for 48  hours.  A mean shear stress of 15 dynes/cm2 represented a mean wall 

stress value larger or comparable in magnitude to human medium to large arteries such 

as the common carotid artery, aorta, femoral artery, and brachial artery (182).  Controls 

consisted of cells under identical culture conditions, but not exposed to flow (static).  

After exposure to flow, cells were fixed with 3.7% paraformaldehyde, 

permeabilized with 0.1% Triton X, and non-specific binding was blocked with 10% goat 

serum (Sigma).  Primary antibodies for CD31 (Invitrogen) (1:100) were incubated with 

the cells for 1 hour at 37°C.    Cells were rinsed multiple times and then incubated with a 

goat anti-mouse Alexa488-conjugated secondary antibody (1:500) (Invitrogen).  F-actin 

was visualized with rhodamine phalloidin according to the manufacturers’ instructions 

(Invitrogen).  Nuclei were stained with 10 µg/ml Hoechst 33342 (Invitrogen). Images 

were captured using a Nikon Eclipse TE2000-U (Nikon, Tokyo, Japan) inverted 

fluorescent microscope and a digital camera (DS-Qi1Mc, Nikon).   The angle of cellular 

orientation was determined using ImageJ for 50 cells across 4 locations for each 

condition (n=4).   
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4.3.6 Assessment of TM Function 

APC production.  The biological activity of EPC TM was assessed by measuring 

the rate protein C is cleaved by the TM-thrombin complex to form APC (n=4).  EPCs 

were seeded into 24-well plates and transfected when confluent.  One day after 

transfection, cultures were washed with Tyrodes buffer and 5nM thrombin 

(Haematologic Technologies Inc (HTI), Essex Junction, VT) was added for 5 min at 37ºC. 

400nM human protein C (HTI) was added and duplicate 50µL supernatant aliquots were 

removed at 0, 1, 5, 10, 15, 20, 30, 40, 50, and 60 minutes. Free thrombin was inhibited 

with equal volumes of TM stop solution (5U/mL hirudin (Calbiochem, San Diego, CA), 

1µM human antithrombin III (HTI), and 5U/mL porcine heparin (Sigma-Aldrich, St. 

Louis, MO) in Hank’s buffered salt solution. A standard curve of APC (HTI) ranging 

from 0 to 25nM was prepared and added to the 96-well plate. The APC formed was 

quantified with the addition of 100µL/well of 400mM Spectrozyme PCa (American 

Diagnostica, Stamford, CT) in a microtiter plate reader (BioTek Instruments, Winooski, 

VT) by the change in absorbance with time at 405nm (n=4). 

Leukocyte adhesion.  EPCs were seeded onto SlideFlasks (Nunc, Rochester, NY) 

and transfected at confluency.  The following day, Slideflasks were incubated for 4 hr 

with endothelial complete media or endothelial complete media with IL-1β (10 µg/mL).  

Slides were placed in a parallel plate flow chambers and HL-60 cells (2 x 106 cells/mL) 

stained with Cell Tracker Orange (Invitrogen) were infused over the EPCs for 5 minutes 
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at a shear rate of 55s-1 and shear stress of 0.5 dynes/cm2 using a syringe pump (Harvard 

Apparatus, Holliston, MA).  The slide was then washed by infusing DPBS for 5 minutes 

at a shear rate of 110 s-1 and fixed in 3.7% paraformaldehyde.  A series of 12 images per 

slide were captured on a fluorescent microscope (Nikon Eclipse TE2000-U, Tokyo, 

Japan) and the number of adherent HL-60 cells were quantified with ImageJ (n=5). 

Platelet adhesion.  EPCs were seeded onto 12-well plate and transfected at 

confluency, 24 hours before blood collection.  For use as a positive control, rat-tail 

collagen I (BD Biosciences) at 100µg/mL in DPBS, was plated overnight at 37°C. Blood 

from healthy human volunteers was drawn from the antecubital vein directly into blood 

collection tubes containing acid citrate dextrose for anticoagulation.  All blood samples 

were used the same day. 

Blood samples were centrifuged at 300g for 10 min at room temperature and 

platelet-rich plasma was collected.  Platelet-rich plasma (0.5 ml per well) was gently 

pipetted into each well. After incubation for 30 min at 37°C, wells were washed with 

DPBS three times to thoroughly remove free platelets and the wells were fixed with 3.7% 

paraformaldehyde.  Wells were blocked with 10% goat serum then incubated for 30 min 

with mouse anti-human CD41 primary antibody (BD Pharmingen).  Cultures were 

rinsed in DPBS 3x and incubated with a goat anti-mouse Alexa488-conjugated secondary 

antibody (1:500) (Invitrogen).  Five fields from each well were randomly selected and 

imaged with phase contrast and fluorescence to view EPC and platelet coverage 
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respectively. The percent area covered with adherent platelets was assessed with ImageJ 

(n=4). 

Clotting assay.  EPCs were seeded into 6-well plates and transfected at 

confluency.  The following day, blood was drawn from healthy individuals who had not 

taken any anti-coagulant medication within the past week and placed into vacutainers 

filled with 3.2% buffered sodium citrate (BD).  Wells were washed twice with DPBS 

without calcium chloride and magnesium chloride.  The anti-coagulant citrate was 

reversed just prior to the assay by adding calcium chloride (0.105M) at a 1:10 ratio to 

blood. Blood was added to each well and the plate was placed on a digital shaker (IKA, 

Staufen, Germany) at 200 rpm at room temperature and the time required for clot 

formation was recorded.  All donated blood was used within 4 hours after drawing 

(n=4). 

 

4.3.7 Statistics 

Differences among groups were carried out by multivariate ANOVA, with the 

significance of individual differences established by post hoc Fisher's Protected Least 

Significant Difference Test. P values below 0.05 were considered to indicate a statistically 

significant difference. 
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4.4 Results 

 

4.4.1 EPC Isolation and Transfection Optimization  

Cultures of EPCs from patients with CAD were isolated and expanded in 7 out of 

13 donors from 50 mL of blood, obtaining over 10 million late outgrowth EPCs in 7 out 

of 13 patients (173).  Although EPCs cultures were typically frozen at lower passages 

(P3-P5), extrapolating the number of cells capable of being expanded from a frozen vial, 

it would be possible to have over 30 million cells in less than six weeks for 5 out of 7 

CAD patients having EPC colonies.  Some patient-derived cultures could be expanded 

to significantly higher number of cells; in one patient for example, over 350 million EPCs 

could be obtained after 6 weeks.   A total of 20-30 million EPCs would likely be sufficient 

for seeding the lumen of a small diameter synthetic vascular graft used for coronary 

artery bypass surgery (10-15 cm long x 0.4 cm inner diameter, with seeding density of 

1.5 x 106 cells/cm2) (183) . 

After confirming that EPC cultures expressed EC markers and were negative for 

hematopoietic and monocytic markers as previously described (173), the cells were 

transfected with an adenoviral vector.  Transfection efficiency was determined by 

infecting EPCs with an adenoviral vector expressing human thrombomodulin (AdTM) 

and performing flow cytometry Figure 8A,B.  The percentage of transfected cells having 

fluorescent intensities higher than native cells increased significantly with dosage of 
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viral particles (20, 100 and 500 MOI) (p<0.0001).  There was no significant difference in 

percent transfected versus incubation time (4 hr versus 24 hr; p=0.78).  At the 

intermediate vector dosage of 100 MOI, 4 hour incubation resulted in 83% cellular 

transfection, while 24 hour incubation increased efficiency to 91%.   

 

Figure 8: Optimization of adenoviral transfection of EPCs.  EPCs were 

assessed for transfection efficiency after AdTM by flow cytometry for CD141-PE.  

Representative image of native EPCs (black line) and EPCs transfected 4 hours with 

100 MOI (green bold line) (A). The percentage of EPC expressing CD141 higher than 

native EPCs increased with viral concentration (white bars: 4 hour transfection time; 

gray bars: 24 hour transfection time) (B).  Surface expression of CD141 was increased 

with greater vector concentrations (C).   Four days after transfecting EPCs with AdTM, 

EPC numbers were decreased versus native EPCs (all cultures initially had 1.9 x 105 

cells at transfection) (D). 
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Transfection of EPCs with the gene for human TM (AdTM) increased the surface 

expression of TM substantially above the basal level measured of native EPCs (p<0.0001) 

(Figure 8).  CD141 geometric mean fluorescence intensity, measured by flow cytometry, 

was used to determine the TM expression at the cell surface.  Transfection with AdTM 

resulted in augmentation of TM expression with increasing viral dosage; however, this 

increase was essentially the same at 4 and 24 hour incubation times.  Specifically, 4 

hours incubation with 20 MOI had a 9-fold increase, 100 MOI had a 53-fold increase, and 

500 MOI had a 140-fold increase, with similar increases observed with 24 hour 

incubation  (p = 0.16).  

Transfection of EPCs with AdTM also caused a decrease in overall cell numbers 

as measured by average live cells per flask post transfection (Figure 8D). EPCs were 

transfected in a 12-well plate using 20, 100 and 500 MOI for 4 and 24 hours.  To mimic 

the seeding of the transfected cells onto a new material at subconfluent density, 24 hours 

post transfection 190,000 cells were transferred to a T-25 flask and allowed to grow for 

three additional days before they were detached and counted.  EPCs designated 0 MOI 

referred to those that underwent the same 4 day procedure minus the actual transfection 

step.   

For 0 MOI EPCs, the number of cells increased by more than 4-fold from the 

initial number of cells before transfection (Figure 8D). In contrast, other than 20 MOI for 

4 hours, all AdTM dosages and incubation times inhibited the growth and decreased 
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viability of EPCs relative to the 4-day proliferation of native cells. There was no 

significant difference in cell numbers overall between 4 and 24 hour transfection (p = 

0.43). Control experiments with the replication-deficient AdCV revealed a similar 

decrease in cell numbers (data not shown), indicating that this effect arose from the 

transfection and not TM expression. 

Clearly, an increase in per cell TM expression and loss of cell proliferation and 

viability presented a trade-off.  A viral concentration of 100 MOI for 4 hours was used 

for all subsequent experiments. 

 

4.4.3 Time Course of TM Expression 

Figure 9 shows the three week time course of TM expression for EPCs with a 4-

hour incubation of 100 MOI AdTM for fold changes in both TM mRNA expression 

measured by RT-PCR and surface TM protein expression measured by flow cytometry.  

Both mRNA and protein expression peaked at 3 days before decreasing to close to native 

levels after 21 days.  All cultures remained confluent over the course of 21 days, 

indicating that there was no loss in cell coverage over time due to transfection. 
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Figure 9.  Long-term thrombomodulin expression measured through TM 

mRNA expression (A) and TM surface expression (B) in native and AdTM-transfected 

EPCs (*p<0.05 versus native EPCs). 

 

4.4.4 Orientation of EPCs Subject to Flow 

Figure 10 shows EPCs transfected with 100 MOI AdTM for 4 hours before and 

after exposure to 48 hour in vitro laminar shear stress of 15 dynes/cm2.  Cells were 

stained with CD31 (green) to indicate cell-cell borders, rhodamine phalloidin (red) to 

indicate F-actin, and Hoechst (blue) to indicate nuclei.  Pre-flow cells show a typical 

cobblestone morphology (Figure 10A) while post-flow cells became elongated in the 

direction of flow (Figure 10B).  Table 5 contains the angle between the major and minor 

axis of the cells averaged over 50 cells for native untransfected cells, and cells transfected 

with AdCV and AdTM.    All pre-flow cases exhibited average angles of 42-47 degrees 

indicating random cellular orientation, while all post-flow cases showed average angles 

of 10-17 degrees indicating cellular alignment parallel to the direction of flow. The 

change in cellular orientation pre and post-flow for all conditions was significant 
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(p<0.0001), although there was no significance between native and transfected cells (p = 

0.78).  EPCs across all transfection conditions remained adherent during 48 hour 

exposure to flow. 

 

Figure 10. Transfected EPCs maintain firm adhesion and reorient in the 

direction of flow.  Before the exposure to flow, AdTM EPCs had a random orientation 

and stained for PECAM (green), F-actin (red), and nuclei (blue).  After 48 hours of 

laminar flow, AdTM-transfected EPCs remained adherent and aligned with the 

direction of flow (white arrow) (B) (scale bar 100 µm). 

 

Table 5.  EPC angle of orientation pre and post exposure to 48 hour laminar 

flow (*p<0.0001 vs static condition). 

 Average Angle of Cell Orientation 
 Static Flow 

EPC 46.9 ± 3.0 *16.6 ± 4.4 
EPC + AdCV 41.9 ± 4.4 *10.5 ± 1.0 

EPC + AdTM 
45.6 ± 4.3 *11.7 ± 2.7 
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4.4.5 APC Activity  

Figure 11 shows the biological activity of TM protein expressed by EPCs 

transfected with 100 MOI AdTM or AdCV for 4 hours, compared to basal expression 

measured for untransfected cells EPCs.  Bare tissue culture polystyrene (TCPS) wells 

were used as the negative control. All cells expressed significantly higher rate of APC 

production than did TCPS bare wells. TM activity of AdTM-transfected EPCs was 5-fold 

greater than both native EPCs (p<0.05) and EPCs transfected with AdCV.  

 

Figure 11.  APC production rate of bare wells, EPCs, EPCs + AdCV, and EPCs + 

AdTM (*p<0.05 versus bare well, #p<0.05 versus native EPCs and EPCs + AdCV). 

 

4.4.6 Leukocyte Adhesion 

Neutrophil adhesion onto EPC cultures was tested under short term laminar 

flow.  Neutrophils derived from a human neutrophil cell line, HL-60 cells, were infused 



 

79 

at a rate of 0.5 dyne/cm2 for 5 minutes and washed at a rate of 1 dynes/cm2 for 5 minutes 

before fixing and imaging.    Without IL-1β stimulation, few HL-60 cells were able to 

adhere to native EPCs or transfected EPCs.  When cells were pre-stimulated with IL-1β, 

TM-transfected EPCs had 43% fewer neutrophils per cm2 compared to native EPC 

cultures (p<0.05) (Figure 12).  
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Figure 12.  Dynamic neutrophil adhesion to confluent layers of EPCs. 

Unstimulated EPCs had low levels of neutrophil adhesion.   IL-1β prestimulation 

resulted in increased neutrophil adhesion (*p<0.0001 versus no stimulation) and TM-

transfected EPCs had significantly fewer neutrophils compared to native EPCs 

(#p<0.05 versus native EPCs). 

 

We attempted to determine if there were differences in pro-inflammatory 

molecule expression in native versus transfected cells in order to explain why 
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differences were observed in leukocyte adhesion.  Flow cytometry data showed that the 

expression of proinflammatory EC markers ICAM-1, VCAM-1, and E-Selectin increased 

after stimulation with IL-1β but there was no difference in expression between native 

and transfected EPCs (Figure 13). 

 

 

Figure 13.  Surface expression of ICAM-1, VCAM-1, and E-Selectin on native 

or transfected EPCs assessed by flow cytometry.  EPCs were either unstimulated 

(Media) or stimulated (Media + IL-1β) for four hours prior to running the assay. 
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4.4.7 Platelet Adhesion 

Figure 14 contains overlaid fluorescent and phase contrast images of 

immunolabeled platelets adherent to collagen I positive control (Figure 14A) and to 

confluent layers of untransfected EPCs (Figure 14B), AdCV transfected EPCs (Figure 

14C) and AdTM transfected EPCs (Figure 14D).  The collagen control and AdTM 

transfected EPCs showed the highest and lowest levels of platelet coverage, respectively, 

with platelets on collagen having appearing the most spread.    

 

Figure 14. Platelet area coverage was determined after 30 minute incubation 

with platelet rich plasma.  Representative phase contrast and fluorescent images 

showing EPCs and CD41-labeled platelets (green).  Collagen I coated wells had 

highest coverage (A), followed by EPCs (B), EPCs+AdCV (C), and EPCs+AdTM (D). 

The percent area covered by platelets was averaged over five fields of view for 

each of the conditions is shown in Figure 15.  Native EPCs and EPCs transfected with 
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AdCV both had reduced platelet adhesion compared to collagen I coated wells (p<0.05), 

while EPCs with AdTM showed a 3-fold reduction in platelet adhesion compared to 

native EPCs (p<0.05) and a 12-fold reduction compared to collagen-coated wells 

(p<0.0001). 

 

Figure 15.  Percent platelet area coverage was determined after 30 minute 

incubation with platelet rich plasma (* p<0.0001 versus collagen coated well, #p<0.05 

versus native EPCs or EPCs+AdCV). 

 

4.4.7 Clotting times 

Figure 16 demonstrates the anticoagulant character of TM overexpressing EPCs 

by determining whole blood clotting times in TCPS wells seeded with EPCs.  Wells 

coated with native, untransfected EPCs and AdCV-transfected EPCs both extended the 

clotting time of bare wells by two minutes (p<0.05); whereas wells coated with AdTM-
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transfected EPCs extended clotting times of bare wells by four minutes (p<0.01). 

Collagen-coated wells had longer clotting times than both bare TCPS wells and EPC-

coated wells (EPCs clotted approximately 1 minute before collagen-coated wells; data 

not shown) and were not considered as a positive control. 

 

Figure 16.  The clotting time of activated whole blood was measured on TCPS, 

and confluent layers of EPCs, EPCs+AdCV, and EPCs+AdTM (* p<0.05 versus bare 

well, #p<0.05 versus native EPCs and EPCs+AdCV). 

 

4.5 Discussion 

Lining biomaterials with autologous ECs is well-known to improve the anti-

thrombogenicity of blood-contacting implants.  Human EPCs are an attractive 

autologous cell source for endothelialization  therapy because they express key anti-

thrombotic molecules and maintain adhesion to vascular materials while under 
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physiological flow (174, 175), and because they can be harvested non-invasively.  EPC 

expression of thrombomodulin in an important intrinsic anti-thrombotic mediator; 

however, aging and the presence of cardiovascular disease can alter cellular EC 

phenotype (10-12) and reduce overall TM expression (20,21).  Because cells isolated from 

patients with cardiovascular disease would be used for autologous vascular material 

endothelialization strategies, we investigated whether it was beneficial to augment the 

antithrombotic properties of patient-derived EPCs with the human gene for TM. 

In the present study, patient-derived EPCs were transfected with an adenoviral 

vector for human TM.   This system provided high levels of TM mRNA and TM protein 

expression over the first week, followed by a decrease in expression to basal levels over 

21 days, which may be beneficial for the initial pro-thrombotic and pro-inflammatory 

environment found following the surgical implantation of a vascular construct.  

TM expressed by EPCs transfected with AdTM was biologically active and 

increased the rate of APC production relative to untransfected EPCs by five-fold, an 

increase similar in magnitude to previous studies with TM-transfected vein graft 

segments (134-136, 139) and twice that of a human aortic endothelial cell control group 

(data not shown).    

Functional testing of transfected EPCs involved reduction of platelet adhesion on 

TM-transfected EPC by three-fold compared to untransfected EPCs, and by 12-fold 

compared to a collagen-coated well.  We also observed that platelets adhering to 
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collagen had increased spreading whereas platelets on EPCs tended to appear rounded 

and attached preferentially at cell-cell junctions, a trend observed elsewhere (184).  

The significantly increased clotting time with TM-transfected EPCs was in 

agreement with prior studies demonstrating extended clotting time by ECs with 

adenoviral overexpression of the TM-promoter (159), and by material surfaces 

immobilized with TM at high densities (185).  Surprisingly, blood clotting time on 

collagen-coated wells was longer than both TCPS and untransfected EPCs.  The 

difference in clotting times between bare TCPS and collagen-coated wells may be due to 

the increased surface concentration of oxygen on TCPS which has been shown to reduce 

clotting times (186).  The disparity in clotting times of endothelialized surfaces and 

collagen-coated materials has also been observed elsewhere (187).  Overall the relatively 

modest differences in clotting time observed between conditions in this work may be 

due to a large fraction of the blood-contacting surface area being TCPS versus the EPC 

monolayer in all cases (188).  

We contend that the reduced platelet adhesion and extended clotting times by 

AdTM transfected EPCs was due to increased thrombin inactivation and production of 

APC.  This observation is similar in trend to the reduced platelet adhesion observed 

with biomaterials coated with thrombin inhibitors such as heparin and hirudin (189-

192).  Clotting studies of materials presenting anithrombotic molecules such as tissue 

plasminogen activator, hirudin, and heparin can also delay clot formation (193-196).   
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Maintaining cell adhesion under flow conditions is also critical for long-term 

performance of endothelialized constructs that will be placed within the vasculature.  

TM-transfected EPCs remained adherent and reoriented during long term physiological 

flow, showing no deleterious effects on cell adhesion due to TM gene overexpression.  

Some strategies to bolster  the anti-thrombogenicity of ECs involve the overexpression 

expression of proteolytic anti-thromboic molecules such as tissue plasminogen activator, 

but this technique results in reduced EC adhesion due to the gene product cleaving 

extracellular matrix proteins responsible for attaching ECs to the material (107).  

TM overexpression may improve the in vivo performance of EPC-endothelialized 

vascular materials such as small diameter vascular grafts.  Previous studies using TM 

overexpressing autologous vein grafts have reduced thrombosis (135, 136), decreased 

intimal hyperplasia (135), and the endothelium may also be protected from 

inflammatory conditions that attenuate expression of TM (131, 132).  TM also has been 

immobilized on biomaterials (49, 137, 197) with recent studies showing decreased 

thrombosis and intimal thickening in stent grafts (137).  

In sum, this study showed the feasibility of using TM-overexpression to improve 

the anti-thrombotic performance of patient-derived late outgrowth EPCs.  The 

adenoviral vector system employed here allowed us to deliver the TM gene to EPCs 

with high transfection efficiencies and robust protein expression similar to previous 

work (198).    Transfection at an optimal viral concentration of 100 MOI for 4 hours 
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resulted in 83% EPC transfection.   This viral concentration was 5 to 10 fold lower than 

that used in previous adenoviral gene therapy studies and human EPCs (199). While 

adenoviral vectors are well suited for examining efficacy in vitro, as we did here, there 

are several limitations with the use of this transfection vector that may prohibit their 

adoption for cardiovascular therapies in the clinic.   

First, EPCs in the current study had altered cell growth following transfection 

and were unable to undergo subsequent expansion when replated at subconfluent 

density.  The decreased cell numbers contrasts to work with lentiviral vectors where 

transfection results in no decrease in EC proliferation with cells capable of undergoing 

many population doublings following transfection (200).  These data indicate that 

approximately 2-fold greater EPC numbers (compared to native EPCs) would be 

required before adenoviral transfection and material seeding.  When transfected EPCs 

were seeded at confluent densities, we did not observe any change in total cell coverage 

over 21 days in our long term TM expression tests or 2 day laminar flow experiments, 

suggesting that the transfected cells remain adherent.   

Second, adenoviral transfection can also result in adaptive immune responses 

against viral proteins produced by the transfected cells resulting in inflammation and 

tissue necrosis (201).  Third, transfection may be inhibited in many patients as the body 

contains preexisting immunity against the adenoviral vector.    Approximately 50% of 

adults in the United States  have neutralizing antibodies towards adenovirus type 5 (202, 
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203).   Clearly another transfection vehicle will have to be employed before human trials 

can be considered. 

 

4.6 Conclusion 

This study showed the feasibility of using TM-overexpressing ECs to improve 

the anti-thrombotic performance of patient-derived late outgrowth EPCs.  A combined 

cellular and gene therapy approach whereby blood-contacting materials such as small 

diameter vascular grafts are endothelialized with autologous cells exhibiting enhanced 

function may help avoid the systemic administration of anticoagulants while effectively 

preventing graft thrombosis though local expression of anti-thrombotic molecules. These 

data provide support for future in vivo testing of endothelialized synthetic vascular 

grafts overexpressing thrombomodulin.     
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Chapter 5. In Vivo Testing of Small Diameter Vascular 
Grafts Lined with Endothelial Progenitor Cells that 
Overexpress Thrombomodulin 

 

5.1 Synopsis 

This study investigated the use of patient-derived late outgrowth endothelial 

progenitor cells (EPCs) on small diameter expanded polytetrafluoroethylene (ePTFE) 

vascular grafts.  Grafts (1mm inner diameter) were denucleated and sodded with native 

EPCs, EPCs transfected with an adenoviral vector containing the gene for human 

thrombomodulin, or EPCs transfected with an adenoviral vector containing the gene for 

β-galactosidase.  Native and transfected EPCs maintained robust adhesion to grafts after 

in vitro testing.  TM-transfected EPCs improved the rate of activated protein C (APC) 

production by the graft 4-fold over grafts sodded with untransfected EPCs (p<0.05).   

Grafts were implanted bilaterally into the femoral arteries of athymic rats for 7 or 28 

days.  Bare and denucleated grafts had low patency rates after 7 days, failing due to 

graft thrombosis (patency rate 25% (2/8) for bare grafts and 25% (2/8) for denucleated 

grafts).  EPC sodding increased the patency rates to 89% (8/9) over 7 days.  Grafts 

implanted for 28 days showed high patency rates with EPC sodded grafts had 88% (7/8) 

patency versus 75% (6/8) patency for grafts containing TM-transfected EPCs.  

Neointimal hyperplasia was observed near both the proximal and distal anastomoses in 

all EPC sodded graft conditions.  Hyperplasia was most extensive in grafts sodded with 
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EPCs transfected with β-galactosidase (p<0.05).  These in vivo data suggest human 

blood-derived EPCs can be used to improve the performance of small diameter vascular 

grafts. 

 

5.2 Introduction 

Vascular bypass surgery is a leading treatment option for coronary artery and 

peripheral vascular disease.  Each year, however, over 100,000 patients lack the healthy 

venous or arterial vessels necessary for this critical procedure (2). While synthetic grafts 

are suitable for large diameter vessels (>6 mm), small diameter synthetic grafts remain 

incapable of being used clinically due to unacceptable patency rates caused by luminal 

surface thrombosis and neointimal hyperplasia.   

The presence of a functional endothelium improves the patency of synthetic 

small diameter grafts (27, 170).  However, endothelialized synthetic grafts have not 

received widespread adoption in part due to difficulties with the autologous sourcing of 

endothelial cells (ECs).  ECs with high proliferation potential can be isolated non-

invasively from the peripheral blood (81, 84).  These cells, termed late outgrowth 

endothelial progenitor cells (EPCs) or  endothelial colony forming cells, are capable of 

being isolated from patients with extensive cardiovascular disease (100, 173).  Late 

outgrowth EPCs can be expanded to higher densities with minimal contamination by 

other cell types, maintain firm adhesion to the underlying substrate, and express a 
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healthy quiescent EC phenotype in vitro (173).  Human EPCs can mediate clot formation, 

releasing anti-thrombotic molecules to prevent platelet activation and reduce thrombus 

formation (174, 175).   

A key mediator in EC thromboresistance is thrombomodulin (TM), a membrane-

bound glycoprotein that is central to the protein C anti-coagulation pathway (122).  

During clot formation, TM binds with free thrombin, inducing a conformational change 

in thrombin that inhibits its pro-coagulant potential.   The TM-thrombin complex then 

acts as a cofactor that binds with protein C, catalyzing its conversion to activated protein 

C (APC).  APC in turn inhibits clotting by binding protein S and proteolytically cleaving 

two coagulation factors responsible for generating thrombin: Factor Va and Factor VIIIa 

(122, 123).   

While proof-of-principle studies have shown that animal-derived late outgrowth 

EPCs can improve the patency rates of synthetic small diameter vascular grafts (96, 97, 

176), there has been limited in vivo testing of patient-derived EPCs.   Because TM 

expression by ECs is decreased in patients with diabetes and atherosclerosis (177, 178), 

we previously showed the feasibility of augmenting the expression of TM in EPCs 

isolated from patients with CAD (Chapter 4).    The benefit of TM-overexpression to 

improve the performance of small diameter synthetic vascular grafts is uncertain; 

however, autologous vein grafts with ECs overexpressing TM had reduced thrombosis 

(135, 136) and decreased intimal hyperplasia (135).  
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In the current study, EPCs derived from patients with CAD overexpressing TM 

were sodded onto small diameter expanded polytetrafluoroethylene (ePTFE) grafts and 

tested in vivo.  Grafts were implanted into the femoral artery of athymic rats for 7 or 28 

days and the performance of the grafts were compared between the following 

conditions:  1) bare grafts, 2) bare grafts with air removed, 3) grafts sodded with patient-

derived EPCs, 4) grafts sodded with patient-derived EPCs overexpressing β-

galactosidase, and 5) grafts sodded with patient-derived EPCs overexpressing TM.  We 

hypothesized that grafts sodded with EPCs overexpressing TM would have the highest 

patency rates with reduced thrombosis and intimal hyperplasia. 

  

5.3 Methods and Materials 

5.3.1 EPC Isolation and Cell Culture 

All cells designated as “EPCs” in the current study were late outgrowth EPCs 

isolated and expanded from 50 mL of peripheral blood drawn from patients undergoing 

cardiac catheterization in the Duke University Medical Center who had documented 

advanced coronary artery disease by angiography.  EPCs were grown (n=5) and 

characterized as described in Chapter 3.  EPCs were used at passages 5-10.  The Duke 

University Institutional Review Board approved the protocol for collection and use of 

human blood employed in the study.    
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5.3.2 Adenovirus Virus and Transfection Conditions 

Two different adenoviral vectors were used in this study as described in Chapter 

4. First, replication deficient β-galactosidase adenovirus “control vector” (AdCV) was 

purchased (Eton Bioscience, San Diego, CA).  Second, replication deficient adenoviral 

expressing human thrombomodulin (AdTM) was a gift from Dawn Bowles, Duke 

University.  EPCs were transfected with AdTM or AdCV for 4 hours at 100 MOI 

(multiplicity of infection) one day before graft sodding. 

 

5.3.3 Vascular Graft Conditions 

Five vascular graft conditions were tested in the study:  1) bare off the shelf 

ePTFE vascular grafts  (1mm inner diameter, 30 µm internodal distance, International 

Polymer Engineering, Tempe, AZ), 2) denucleated grafts (grafts having air removed by 

immersing in 100% ethanol and drawing a vacuum until no bubbles were released from 

the graft), 3)  grafts endothelialized with native EPCs, 4) grafts endothelialized with 

EPCs transfected with AdCV, and 5) grafts endothelialized with EPCs transfected with 

AdTM.   

 

5.3.4 Vascular Graft Endothelialization 

The graft endothelialization method used in this study was similar to Kidd et al. 

(204) where cells are sodded onto the porous graft lumen.  ePTFE vascular grafts were 
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placed in vacutainers containing 2.5 mg/mL tridodecylmethylammonium chloride 

(TDMAC, Polysciences, Warrington, PA), a cationic surfactant, in ethanol at room 

temperature.  A vacuum was drawn to remove residual air.  Complete denucleation was 

assumed when air bubbles were no longer released from the graft and the graft sank to 

the bottom of the solution.  Denucleation reduces material thrombogenecity (205) and 

TDMAC increases protein adsorption on hydrophobic materials such as ePTFE (206).  

The graft was washed three times in DPBS and transferred to a solution of human 

fibronectin (20 µg/mL).  The grafts were incubated in fibronectin at 37 °C for 

approximately 1 hour.    

EPCs were detached (0.025% trypsin, Lonza, Walkersville, MD) in preparation 

for graft sodding.  EPCs had been transfected with AdTM or AdCV the day prior at 100 

MOI.  The graft was cannulated with a 19-guage needle and the distal end of the graft 

was clamped with titanium vascular clips (Teleflex medical, Research Triangle Park, 

NC).  Detached cells were resuspended in 5 mL media and placed into a 5 mL syringe to 

achieve an effective graft luminal seeding density of 1.5x106 cells/cm2.  The cell 

suspension was infused into the graft at a rate of 0.5 mL per minute using a 

programmable syringe pump (Harvard Apparatus, Holliston, MA).  The cell solution 

was flushed through the graft and cells were trapped in the graft interstices.  The flow-

through solution was collected into a separate container and showed few cells, 

indicating the majority of the cells were present on the graft.    Optimal sodding density 
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was determined by sodding cells at densities ranging from 0.5 - 2.5x106 cells/cm2.  

Following sodding, the cannula and vascular clamps were removed and the graft was 

placed into a 6-well plate containing EBM-2 complete media and cultured for 2 days 

before in vitro or in vivo testing. 

 

5.3.5 EPC Adhesion Assessment 

To assess the potential extent of EPC loss during handling, cell coverage on the 

graft was assessed after exposure to surgical clamping and super-physiological flow.  

Grafts were sodded as described above.  Fresh EBM-2 complete media was used to cover 

the graft while in a 6-well plate.  Microvascular clamps (S&T AG, Neuhausen, 

Switzerland) were placed each end of the graft.  Every 5 minutes, the position of the 

clamps were adjusted along the length of the graft to simulate the suturing movements.  

This procedure was performed for 30 minutes and the 6-well plate was maintained at 

37°C using a heated stage (Pathology Devices, Westminster, MD).  After 30 minutes, the 

graft was either fixed with 3.7% paraformaldehyde (Clamped+Static) or exposed to 5 

minutes of laminar flow at 100 dynes/cm2 with a peristaltic flow setup as described 

above and fixed (Clamped+Flow).  SEM was used to obtain images at 4 randomly 

selected visual fields of the graft luminal surface at 1000x magnification.  Cell coverage 

was quantified by overlaying a 10 x 13 grid on the image and counting the fraction of 

grid intersection points occupied by cells. 



 

96 

5.3.6 APC Production   

The biological activity of EPCs on vascular grafts was assessed by measuring the 

rate at which protein C was cleaved by the TM-thrombin complex to form activated 

protein C (APC).  EPCs were sodded onto 7 mm long grafts as described above.  Grafts 

were placed into wells of a 24-well plate and incubated with 5mM thrombin 

(Haematologic Technologies Inc (HTI), Essex Junction, VT) and 400 mM human protein 

C (HTI) as previously described (Chapter 4).     

 

5.3.7 In Vivo Testing 

5.3.7.1 Animal Selection 

 The experimental protocol was approved by the Duke University Institutional 

Animal Care and Use Committee. Thirty-two male athymic rats weighing 180-280g 

(Charles River Laboratories, Wilmington, MA) underwent bilateral femoral artery 

interpositional grafting with ePTFE grafts.  One of two identical grafts (1 mm diameter, 

7 mm long and same experimental condition) was implanted into each side of the 

animal.  Grafts were explanted at 7 or 28 days.  

 

5.3.7.2 Femoral Artery Interposition Grafting   

Animals were anesthetized with isoflurane (4% induction, maintained with 2%). 

The ventral side of the rat was shaved and the femoral artery was dissected from the 



 

97 

femoral vein.  The femoral artery was clamped with vascular clamps and approximately 

3 mm of the artery was excised.  A 7 mm length ePTFE graft was anastomosed 

interpositionally using standard microsurgical technique with 10-0 nylon interrupted 

sutures (Ethicon, Somerville, NJ) under an operating microscope.   The graft and surgical 

site was bathed in heparanized saline (12.5 U/mL) throughout the procedure.  Once the 

sutures were in place the vascular clamps were released and hemostasis was achieved 

within 2-3 minutes.  Blood flow through the graft was monitored using a Laserflo BPM2 

Blood Perfusion Monitor (Vasamedics, St. Paul, MN) for 30 minutes following suturing.  

Patency was additionally confirmed distal to the graft though a “milking test” where the 

artery distal to the graft was clamped a section further downstream was gently milked 

with a forceps to push the remaining blood distally.  When clamp closest to the graft 

was removed, the distal artery was observed.  If it filled with blood, the graft was 

considered patent. No anticoagulants were administered post-operatively and pain was 

managed by bupivacaine and flunixin (2 mg/kg) for 2 days post-operative.   

 

5.3.7.3 Explant  

After 7 or 28 days, grafts were explanted.   Rats were placed under general 

anesthesia, grafts were isolated, and graft patency was evaluated by laser Doppler flow 

measurements and the milking test.  Grafts were explanted and washed in heparinized 

saline for 5 minutes, placed in 10% formalin overnight, and transferred to 70% ethanol 
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prior to paraffin embedding.  No differences in animal behavior were observed prior to 

explant with animals having patent versus non patent grafts. 

 

5.3.8 Histology 

Tissue samples were embedded in paraffin and sectioned for histological 

evaluation.  A series of 5 µm cross-sections were obtained so that each graft was 

assessed by visualizing four to five unique cross-sections covering the length of the 7 

mm graft.  Additional sections were obtained of the native artery (proximal to the graft), 

the proximal artery-graft anastomosis, the distal graft-artery anastomosis, and the native 

artery (distal to the graft).  All sections were removed of paraffin using Sub-X (Surgipath 

Medical, Richmond, IL) and stained with H&E.   Masson’s trichrome staining was used 

to evaluate neointimal hyperplasia of 28 day graft samples.   

The thrombosis index for each sample was calculated by measuring the area of 

clot within the graft lumen divided by the area of the graft.  The hyperplasia index was 

calculated by measuring the area of intimal hyperplasia divided by the area of the graft.  

Sections were stained for endothelial cells after antigen retrieval with a rabbit 

anti human von Willebrand Factor (vWF, 1:50 dilution) (Dako, Carpinteria, CA) 

antibody.  vWF sections were incubated with a biotinylated horse anti rabbit secondary 

antibody for peroxidase staining (1:200 dilution) (Vector Labs, Burlingame, CA).   

Human cells were distinguished after antigen retrieval though staining with mouse anti 
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human MHC class I antibody (1:50 dilution) (Santa Cruz Biotechnology, Santa Cruz, 

CA).  MHC-I staining was visualized with Alexaflour goat anti mouse secondary 

antibody (1:500 dilution) (Invitrogen).  Negative controls in both cases consisted of 

sections with no primary antibody incubation. 

Sections were imaged with a Nikon TE2000U microscope and NIS Elements 

software (Nikon).  The percent graft thrombosis was measured by the area of the clot 

divided by the luminal area of the ePTFE graft. The percent graft hyperplasia was 

defined as the area of the neointima divided by the luminal area of the ePTFE graft.   

 

5.3.9 Computational Model 

An idealized geometry of the femoral artery interpositional graft was created in 

three dimensions.  The femoral artery had a vessel diameter of 0.62 mm and the ePTFE 

graft diameter was 1 mm by 7 mm long (diameter mismatch of 1:1.6).  Walls were 

considered non-compliant. The flow was mathematically characterized by Navier-Stokes 

equations and solved using CFDesign software (Blue Ridge Numerics Inc, 

Charlottesville, VA).  Blood was considered incompressible and non-Newtonian.  Flow 

was considered laminar.  

The inlet boundary condition was based on blood flow rates measured through 

the right femoral artery of a 410 g rat as described previously by Rickard et al. (207).  The 

outlet boundary condition was set to a gauge pressure of zero.  The velocity values at all 
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wall boundaries were set to zero.  A time step size of 0.001 seconds was used for all 

simulations.   

 

5.3.10 Statistics 

Statistical differences in graft patency were assessed with Fisher’s Exact Test.  All 

other statistical analysis was performed with a one-way ANOVA  followed by a Tukey-

Kramer post hoc test.  All error bars represent the standard error of the mean.  P values 

below 0.05 were considered to indicate a statistically significant difference. 

 

 

5.4 Results 

 

5.4.1 Vascular Graft Sodding 

EPCs formed a confluent endothelial layer onto small diameter vascular grafts 

within two days after graft sodding.   EPCs transfected with the control vector could be 

visualized by β-galactosidase staining with positive cells labeled blue (Figure 17A,B).  

We previously showed that approximately 50% of EPCs stained positively for β-

galactosidase following 100 MOI for 4 hours (Chapter 4).  Cell coverage was uniform 

throughout the length of the graft (Figure 17A) and SEM images showed that sodded 

grafts typically contained approximately 90% endothelial coverage (Figure 17D). 
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Figure 17: EPC sodding of 1 mm inner diameter ePTFE vascular grafts.  

Transfection with AdCV one day prior to sodding allowed the visualization of 

transfected EPCs grossly (A) and though bright field microscopy at 100x 

magnification (B) (scale bar 500 µm).  SEM images show the lumen structure of a bare 

graft (C) and a graft sodded with EPCs (D) (scale bars 50 µm). 

 

5.4.2 EPC Adhesion on ePTFE Grafts 

An in vitro experiment was designed assess EPC graft coverage after exposure to 

conditions attempting to mimic a surgical implantation procedure.  After allowing EPCs 

to culture on grafts for two days, sodded grafts were exposed to 1) clamping along the 

length of the graft for 30 minutes and 2) short term super-physiologic flow of 100 
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dynes/cm2 for 5 minutes.   Figure 18 shows that EPCs sodded onto vascular grafts had 

approximately 90% graft coverage in the control static conditions.  EPCs maintained 

strong adhesion to the fibronectin-coated ePTFE grafts as 100 dynes/cm2 flow caused 

little decrease in overall cell coverage versus static conditions (p=0.35).  Clamping along 

the length of the graft with vascular clips and exposing the grafts to flow reduced EPC 

graft coverage a maximum of 5%.  There was no difference in cell coverage between 

native and transfected EPCs (p=0.78). 

 

Figure 18: EPC graft coverage after 30 minutes of vascular clamping and 

exposure to short term flow at 100 dynes/cm2 (n =4). 
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5.4.3 APC Production 

EPCs sodding improved the anti-thrombotic performance of small diameter 

vascular grafts.  Figure 19 shows the rate of graft APC production.  Sodding grafts with 

native EPCs or EPCs transfected with AdCV had significantly higher rates of APC 

production over bare grafts (p<0.05).  The rate of APC production between native and 

AdCV EPCs was similar, showing no detrimental effect of the adenoviral control vector 

on APC production.  Sodding grafts with EPCs overexpressing TM increased the rate of 

APC production an additional 4-fold over grafts containing native EPCs (p<0.05). 

 

Figure 19: APC production rate of Bare, EPC, EPC + AdCV, and EPC+ AdTM 

sodded grafts (* p<0.05 versus bare grafts, #p<0.05 versus grafts with native EPC and 

EPC+AdCV) (n=4). 
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5.4.4 In Vivo Testing 

To determine the impact of graft sodding with native EPCs and TM-transfected 

EPCs in vivo, grafts were implanted bilaterally into the femoral arteries of athymic rats.  

Standard microsurgical technique was used to suture 7 mm grafts as interpositional 

segments (Figure 20A, B).  Upon removal of the vascular clamps, bleeding was limited 

to the anastomosis site for 1-2 minutes before hemostasis was achieved (Figure 20C).  

Grafts were observed for approximately 30 minutes before closing of the surgical site. 

 

Figure 20: Surgical procedure for implanting 1 mm ID grafts into the femoral 

arteries of athymic rats (A).  7 mm long grafts were sutured interpositionally (B).  

Vascular clamps were removed allowing grafts to fill with blood (C). 

 

Table 6 shows the patency rates of grafts implanted 7 or 28 days.  Non-

endothelialized grafts had poor patency after 7 days: 25% (2/8) bare grafts and 25% (2/8) 

denucleated grafts were patent.  Grafts sodded with EPCs transfected with AdCV had 

improved patency rates versus the bare and denucleated grafts (62.5% (5/8)). Sodding 

with native EPCs or EPCs overexpressing TM significantly improved 7 day patency 
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rates, with 89% (8/9) of EPC sodded grafts patent and 88% (7/8) of AdTM grafts patent 

(p<0.05).     It should be noted that within the same animal subject, graft patency in one 

leg did not appear to affect the patency in the other leg.   

Table 6: Patency rates of grafts implanted 7 or 28 days (*p<0.05 versus Bare 

Graft and Denucleated Graft). 

Condition 7 Day Implant 
Patency 

28 Day Implant 
Patency 

Bare Graft 25% (2/8) --- 
Denucleated Graft 25% (2/8) --- 
EPC 89% (8/9)* 88% (7/8) 
EPC + AdCV 63% (5/8) 75% (6/8) 
EPC + AdTM 88% (7/8)* 75% (6/8) 

 

Figure 21 shows the presence of cells within the graft vascular wall after 7 days 

in vivo.  The interstitial space of the ePTFE of the bare grafts appeared filled with red 

blood cells (Figure 21A).  Non-sodded denucleated grafts contained greater numbers of 

mononuclear cells (Figure 21B).  EPC sodded grafts contained high number of 

mononuclear cells throughout the thickness of the wall and additionally had a cellular 

lining on the luminal surface of the graft (Figure 21C-E). 
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Figure 21: Representative H&E vascular graft wall images of bare (A), 

denucleated (B), EPC sodded (C), EPC + AdCV sodded (D), and EPC + AdTM sodded 

(E) graft after 7 days in vivo (graft lumen: “L” and scale bar: 100 µm).  

 

Cross-sections from 7 day implants showed that the non-patent bare and 

denucleated grafts had extensive thrombus formation within the graft lumen, whereas 

grafts containing EPCs had patency and limited thrombus within the graft (Figure 22).  

Patent grafts were analyzed for thrombus coverage across the length of the graft.  

Because only 2/8 of each the bare grafts and denucleated grafts were patent, they were 

excluded from analysis.  Of the EPC sodded graft conditions, there were no significant 

differences in thrombosis coverage (p = 0.32); however, grafts sodded with AdTM EPCs 

had slightly less thrombus present than native EPCs or ADCV EPCs (Figure 23).   
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Figure 22: Representative midgraft H&E ePTFE vascular graft cross sections 

after 7 days in vivo.  Location of the serial graft cross-sections (A). Bare (B) and 

denucleated (C) grafts had extensive thrombus.  Grafts sodded with native EPCs (D), 

AdCV EPCs (E), and AdTM (F) had little thrombus present (scale bar 500 µm). 
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Figure 23: Analysis of graft cross-sectional thrombosis after 7 days (n=7 for 

EPC, n=5 for EPC+AdCV, n=6 for EPC+AdTM).   

EPC-sodded grafts maintained high patency rates after 28 days with no 

significant differences in patency rates between native EPCs (7/8), AdCV EPCs (6/8), and 
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AdTM EPCs (6/8) (Table 6).  Because the poor patency of bare and denucleated grafts, 

they were not utilized in 28 day implant experiments.   

Sectioning of the 28 day implants revealed intimal hyperplasia within the graft 

near both the proximal and distal anastomoses (Figure 24).  Grafts were evaluated for 

the index of intimal hyperplasia within three regions:  proximal, middle, and distal 

section as shown in Figure 25A.  The distal regions of the grafts had the greatest 

hyperplasia response followed by the proximal region.  Hyperplasia was significantly 

reduced in the proximal and mid graft regions for EPC sodded and EPC+AdTM sodded 

grafts versus EPC+AdCV (p<0.05). 

Proximal Distal

 

Figure 24: Representative of serial cross-sections of single EPC-sodded implant 

from the proximal to distal end.      
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Figure 25: Analysis of graft cross sectional neointimal hyperplasia split by 

section.    

 

Figure 26 shows H&E and Masson’s trichrome staining of the distal regions of 

EPC sodded grafts after 28 days.  Regions of hyperplasia tended to stain blue, a positive 

marker of extracellular matrix protein.  All grafts showed little thrombus formation at 28 

day time points. 
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Figure 26: Representative H&E and Masson’s Trichrome staining of distal 

ePTFE vascular graft cross sections after 28 days in vivo.  All EPC sodded graft 

conditions had regions of neointimal hyperplasia near the proximal and distal 

anastomosis. Scale bar 40x images: 250 µm; 100x images: 500 µm.    

 

Figure 27 shows representative H&E and Masson’s trichrome stains of the distal 

graft-to-artery anastomosis.  We were unable to obtain sections for analysis for all patent 

graft conditions due to difficulties in sectioning grafts perpendicular the graft axis at the 

anastomosis.  As a result, histologic analysis for the distal anastomosis was limited. 
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Cross section at distal 
anastomosis

 

Figure 27: Diagram showing the location of the distal graft-to-femoral artery 

anastomosis (A).  Representative H&E and Masson’s trichrome staining of distal 

anastomosis after 28 days (B).   

 

Confluent layers ECs remained present on the lumen of EPC sodded grafts after 

7 and 28 days, visualized through vWF staining (Figure 28).  Positive vWF staining was 

also present on the surface of grafts with neointimal hyperplasia( Figure 28C,D).  

Because vWF was non-specific for rat or human ECs, human MHC-I staining was 

performed to determine the contribution of the sodded EPCs.  Bare grafts were negative 

for MHC-I staining (Figure 29A) while grafts sodded with human EPCs showed positive 

staining within the graft lumen after 7 (Figure 29B) and 28 days (Figure 29C,D).  28 day 

A B 
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images showed that the neointimal area was likely made up of rat-derived cells as 

MHC-I staining was negative in the area of hyperplasia (Figure 29D).  

 

Figure 28: Representative images of von Willebrand Factor (vWF) staining.  

ECs lining the control femoral artery stained positively for vWF (A) (scale bar 200 

µm).  EPC Sodded grafts showed confluent EC coverage luminal coverage at 28 days 

(B) (scale bar 500 µm).   EPC sodded graft having neointimal hyperplasia also stained 

positive for vWF (C,D).  Arrows point to positive both within graft and along region 

of hyperplasia (scale bars were 200 µm (C) and 100 µm (D)). 
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Figure 29: Staining of ePTFE grafts for human MHC-I (green) and cell nuclei 

(blue).  Bare grafts had cell nuclei lining the outer walls of the graft and within the 

clot but showed no human MHC-I staining (A).  Grafts sodded with native EPCs 

showed positive MHC-I staining near the graft lumen 7 days after implantation and 

nuclei were observed on the lumen and within the graft wall (B).  After 28 days, 

sodded human EPCs remained on the graft original ePTFE lumen but not on the 

region of hyperplasia (C,D).    

 

5.4.5 Computational Modeling  

In order to better characterize the fluid profile though the interpositional graft, 

computational analysis was performed using a finite element method solver.  An 

idealized geometry of the femoral artery to graft anastomosis used for analysis can be 

seen in Figure 30.   
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Figure 30: Computational model geometry and mesh showing the entire 

construct (A) and at higher detail at the proximal graft anastomosis (B). 

  The model was run for 0.60 seconds with time steps of 0.001 seconds.  For 

clarity, a single pulse from 0.27 to 0.40 second was used for analysis.  Particle traces of 

blood flow over time are shown in Figure 31.  The corresponding wall averaged shear 

stresses over time are shown in Figure 32.   

At the start of the start of the pulse, recirculating flow is present at the proximal 

anastomosis as the diameter of the vessel abruptly changes from 0.62 mm to 1 mm.  At 

the peak of the systole at 0.29 seconds with 12.54 mL/min, flow is fully developed and 

maximal shear stresses are observed (150 dynes/cm2 in the femoral artery and 53 

dynes/cm2 in the graft). 

After the pulse,  the fluid flow rapidly decelerates to 3-4 mL/min and a region 

with increased shear stress is found near the proximal anastomosis.  Shear stresses 

continue to decrease until they reach their minimum values at 0.4 seconds, 30 dynes/cm2 

in the femoral artery and approximately 1 to 4 dynes/cm2 in the graft.  The flow 

recirculation zone at this point extended 1.2 mm from the proximal anastomosis. 
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A t= 0.27 s,  Q = 2.54 mL/min

B t= 0.28 s,  Q=9.60 mL/min

C t= 0.29 s,  Q=12.54 mL/min

D t= 0.31 s, Q=6.94 mL/min

E t= 0.33 s, Q=3.38 mL/min

F t= 0.35 s, Q=3.61 mL/min

G t= 0.36 s,  Q=4.00 mL/min

H t= 0.37 s,  Q=4.19 mL/min

I t= 0.39 s,  Q=3.62 mL/min

J t= 0.40 s, Q=3.21 mL/min

 

Figure 31: Fluid flow lines over one pulse from 0.27 to 0.40 seconds.  Lines are 

colored by fluid velocity.   

In contrast to the proximal anastomosis, no flow recirculation was observed at the distal 

anastomosis.  A small 0.2 mm long region at very distal end of the graft showed lowered 

shear stresses compared to the rest of the graft.  
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A t= 0.27 s,  Q = 2.54 mL/min

B t= 0.28 s,  Q=9.60 mL/min

C t= 0.29 s,  Q=12.54 mL/min

D t= 0.31 s, Q=6.94 mL/min

E t= 0.33 s, Q=3.38 mL/min

F t= 0.35 s, Q=3.61 mL/min

G t= 0.36 s,  Q=4.00 mL/min

H t= 0.37 s,  Q=4.19 mL/min

I t= 0.39 s,  Q=3.62 mL/min

J t= 0.40 s, Q=3.21 mL/min

 

Figure 32: Shear stress over one pulse from 0.27 to 0.40 seconds.  Color bar 

ranges from 150 to 0 dynes/cm2. 

 

5.5 Discussion 

Vascular graft endothelialization is well known to improve the patency of small 

diameter vascular grafts (27, 170).  These and other studies, however, rely on harvesting 

autologous blood vessels or microvascular tissue, an invasive procedure that introduces 

donor site morbidity. (27, 170, 208).    In contrast, EPCs can be isolated non-invasively 

from small samples of peripheral blood of patients with documented CAD (Chapter 3).   
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Previous studies using animal derived EPCs indicate EPCs can improve the 

performance of synthetic vascular grafts (96, 97, 176).  To date, however, only one study 

has tested the use of human peripheral blood-derived EPCs on vascular grafts in vivo 

(98).  The goal of the present study was to assess the patency rates of small diameter 

vascular grafts containing patient-derived EPCs in vivo.  To the best of our knowledge, 

this is the first in vivo study of testing vascular grafts utilizing human EPCs that were 

isolated from patients with CAD disease. We additionally assessed the impact 

enhancing the anti-thrombotic phenotype of patient EPCs prior to graft sodding.     

Previous in vitro work (Chapter 4) showed TM-transfected EPCs had increased APC 

production, reduced platelet adhesion, and prolonged clotting times over native EPCs.   

Bare ePTFE grafts and denucleated grafts serving as control groups had low 

patency rates.  While the removal of air from vascular graft materials can decrease clot 

formation (205) and enhance cell adhesion in vivo (209), no difference in patency rates 

were observed between the two control groups after 7 day testing.  Sodding EPCs on the 

graft lumen significantly increased graft patency rates over the control grafts after 7 

days.  High patency rates of sodded grafts were retained in long term 28 days testing.   

Sodded patent grafts across all groups generally had low levels of cross-sectional 

thrombosis.   While absent at 7 days, intimal hyperplasia was observed across all groups 

after 28 days.   
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Transfected EPCs appeared to remain adherent during in vitro testing.  These 

results agreed with our previous observations that transfected EPCs would remain 

adherent after both long term physiological flow (Chapter 4) and short term graft 

clamping and super-physiological flow (Figure 18).  Analysis of in vivo cross-sections  

remains unclear. Human specific MHC I staining results showed that a portion of graft 

EC coverage positive for vWF may have been attributed to the sodded human EPCs that 

were retained up to 28 days.  In regions of hyperplasia at 28 days, the lumen appeared to 

stain positively for vWF but negative for human MHC-1.  We speculate that the the 

inner lining may consist of ECs of rat origin rather than the originally sodded human 

EPCs.  The migration of ECs from the anastomosis is commonly observed in vivo, and is 

more pronounced in animal models than in humans (8).  It is less likely that the rat EC 

derived from rat circulating EPCs (210), or ECs from migrating through the graft wall as 

the ePTFE was low porosity (5).   

After sodding onto grafts, EPCs transfected with AdTM expressed TM that was 

biologically active and increased the rate of graft APC production 4-fold relative to 

grafts endothelialized with native EPCs.  APC production per graft luminal area was 

about 30% lower than APC production than on flat TCPS (Chapter 4).  The 4-fold 

increase in APC production rate due to TM-transfection was similar in magnitude to 

previous studies with TM-transfected vein graft segments (134-136, 139).   
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Previous in vivo studies with autologous vein grafts overexpressing TM had 

reduced thrombosis (135, 136) and intimal hyperplasia (135).  Knowing that the 

overexpressed TM was functional, it was surprising no differences in thrombosis or 

neointimal hyperplasia were observed between grafts containing TM-transfected versus 

native EPCs.   

There are a number of possible reasons for the lack of improvement in graft 

patency and intimal hyperplasia between native EPCs and TM-transfected cells.   Longer 

durations of TM expression may be necessary to reduce neointimal hyperplasia.   In vitro 

characterization studies of the AdTM showed TM levels were significantly upregulated 

for only one week (Chapter 3).  

Second, TM-mediated anti-thrombotic activity may have decreased due to the 

differences in human TM activity compared to the rat coagulation substrates.  Human 

TM is capable of binding rat thrombin and accelerating the conversion of human protein 

C to APC (data not shown).  It remains unknown, however, whether human TM bound 

to rat thrombin can accelerate the activation of rat protein C.  Pig TM, for example, 

activates human protein C at only 10% of the rate of human TM (211).    Roussel et al. 

suggested that the positioning and conformation of the pig TM active site may not be 

optimal for interacting with bound human protein C (211).  Additional studies using 

human TM in rats showed that soluble human TM was capable of binding thrombin but 

unable activate rat protein C (212).  That said, it is important to note that human TM 
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overexpression has been used in rat (139) and rabbit (135, 136) animal models with 

beneficial effects.    

Blood flow dynamics is another important consideration due to the femoral 

artery and vascular graft diameter mismatch.  As blood travels from the native artery 

into a graft of larger diameter, the sudden expansion results in a decrease in blood 

velocity that can result in eddy formation and reciprocating shear stress.  Blood in this 

region is described as disturbed blood flow.  Disturbed blood flow is often found at the 

vascular anastomosis and is widely acknowledged to contribute to intimal hyperplasia 

[reviewed by Chiu et al. (213)].  Computational simulations were performed to better 

characterize the flow characteristics of the end-to-end anastomosis between the rat 

femoral artery and the 1 mm inner diameter ePTFE graft. 

We utilized transient blood flow data from the rat femoral artery obtained by 

Rickard et al. to determine the flow profile though an idealized model of our in vivo 

graft geometry (207).  While intimal hyperplasia is most often observed at the distal 

graft-to-artery anastomosis, numerical modeling indicated the presence of disturbed 

blood flow in the proximal region of the graft which may have contributed the 

formation of intimal hyperplasia in the proximal region observed in the current study.    

Disturbed blood flow may have also caused a reduction in TM expression in our 

graft.  Animal models with narrowing lesions within their lumen have decreased 

expression of KLF-2, a key transcription factor that regulates TM expression, in regions 
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of disturbed flow (214).  Additional antithrombotic and anti-proliferative molecules such 

as eNOS are reduced (215) while pro-inflammatory molecules such as ICAMs and 

VCAMs that are involved in white blood cell recruitment are increased (216). 

Endothelialization of small diameter vascular grafts remains an effective method 

to improve the performance of small diameter vascular grafts.  Herein we show that 

patient-derived ECs called EPCs can be isolated noninvasively from small samples of 

peripheral blood, expanded to higher cell densities, and sodded onto the lumen of small 

diameter grafts to enhance graft patency in challenging animal models.  Additional 

work remains testing these cells in a larger animal model with more physiologically 

relevant geometries and flow profiles that more closely mimic an arteriovenous shunt or 

bypass surgery applications. 

 

5.6 Conclusion 

In conclusion, the present study shows that the sodding of EPCs derived from 

patients with CAD can effectively improve the patency rates of small diameter ePTFE 

vascular grafts.  Sodded vascular grafts with enhanced TM expression had augmented 

production of human APC.  In vivo testing indicated patient derived EPCs enhance short 

and long term graft patency with no detectable benefit to utilizing of TM-transfected 

EPC.   
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Chapter 6. Overview and Future Studies 

6.1 Overview 

The need for easily isolated autologous endothelial cell sources for vascular 

tissue engineering interventions was a major motivation for this work.  The ability to 

isolate ECs non-invasively from small samples of peripheral blood would potentially 

eliminate the need for a two-step procedure whereby, in the first step, ECs are surgically 

isolated from autologous tissue, and in the second step occurring weeks later, vascular 

grafts containing the autologous ECs are implanted.    

Researchers had recently demonstrated the possibility of obtaining late 

outgrowth EPCs from both umbilical cord blood and peripheral blood ((34, 81, 84)).  

EPCs were appealing for autologous regenerative medicine strategies because they are 

highly proliferative cells that express EC markers and exhibit no hematopoietic or 

monocytic character.   However, because EPCs capable of forming high proliferation 

colonies are exceedingly rare in peripheral blood, there was skepticism regarding the 

ability to isolate and expand these cells from older patients who may have 

cardiovascular disease and along with other co-morbidities.   For example, while flow 

cytometry had been used to sort and enumerate the abundant early outgrowth EPCs 

from mononuclear cell fractions as biomarkers for the extent of cardiovascular disease 

(140-144), late outgrowth EPCs were too scarce to enumerate by cell sorting directly 

from peripheral blood, and were difficult to identify due to lack of unique cell markers 
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to this cell subgroup.   Accordingly, there had been little work in demonstrating whether 

autologous late outgrowth EPCs could be isolated and expanded in sufficient numbers 

from patients with cardiovascular disease for tissue engineering applications.  It was 

also unclear if late outgrowth EPCs isolated from CAD patients exhibit differences in 

proliferation, adhesion, and angiogenic potential compared to healthy individuals. 

In Chapter 3, a study was designed to assess differences in EPC isolation 

frequency and cellular phenotype of EPCs isolated from young healthy individuals 

versus patients who had documented coronary artery disease.  Mononuclear cells were 

isolated from 50 mL blood samples of 26 people: 13 young healthy volunteers and 13 

patients with CAD.  Seeding mononuclear cells onto collagen-I coated plates, EPCs 

appeared after approximately 3 weeks and were expanded to higher numbers for 

characterization studies.  While we were able to obtain EPC colonies at a higher 

frequency from healthy patients, it was interesting that patients with CAD had a similar 

frequency of EPC isolates that could be expanded to high numbers.   After colonies were 

established and expanded from small volumes of peripheral blood, few phenotypic 

differences were observed between late outgrowth EPCs isolated from CAD patients 

and those isolated from healthy individuals.    EPCs were capable of attaching, 

spreading, and maintaining firm adhesion to the underlying substrate and showed a 

functional response to flow by reorienting and increasing expression of NO.   
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For the purposes of utilizing autologous EPCs in patients with cardiovascular 

disease, there was the concern that the environmental conditionals in which the cells are 

placed can lead to decreased functional activity of the cells (119) and detract from a 

healthy anti-thrombogenic phenotype (120, 121).  Chapter 4 describes the process of 

augmenting the anti-thrombotic capacity of patient derived EPCs though the 

overexpression of human thrombomodulin (TM).  Through the use of an adenoviral 

vector, TM expression was significantly increased over native untransfected EPCs.  TM-

transfected patient derived EPCs expressed increased levels of activated protein C, had 

reduced platelet adhesion, and prolonged clotting times. 

Chapter 5 describes the use of native and TM-transfected EPCs to improve the 

performance of synthetic small diameter vascular grafts.   EPCs were sodded onto the 

inner lumen of 1 mm inner diameter ePTFE vascular grafts.  The sodding technique 

resulted in approximately 90% graft cellular coverage.  Native and TM-transfected EPCs 

remained adherent to the ePTFE graft after in vitro surgical clamping and short term 

super-physiologic flow.  TM-overexpression improved graft anti-thrombogenicity as 

grafts containing TM-transfected cells had a 4-fold increased rate of APC production 

over grafts containing native cells.   Bare grafts and EPC sodded grafts were implanted 

bilaterally into the femoral arteries of athymic rats.  The femoral artery model had lower 

flow rates than the more commonly used aorta interpositional model, allowing for a 

rigorous assessment of graft thrombogenicity.  Bare and denucleated grafts had poor 



 

125 

patency rates after 7 days, whereas EPC sodding with native or AdTM-EPCs improved 

graft patency significantly.   Due to their poor patency, bare grafts were not tested for 

longer than 7 days.  28 day experiments showed EPC sodded grafts maintained high 

patency rates, and there was no detectable benefit to graft patency by incorporating TM-

transfected cells.  Histologic analysis at 7 days post-implant revealed the presence of 

graft thrombosis with increased frequency in unsodded versus EPC sodded grafts.  28 

day histology sections of EPC sodded grafts revealed the presence of neointimal 

hyperplasia near the proximal and distal anastomoses.  There was no significant 

difference in graft narrowing between native and TM-transfected EPCs.  

Endothelialization of small diameter vascular grafts is an effective method to 

improve the performance of synthetic small diameter vascular grafts.  The findings in 

the present study indicate patient-derived EPCs can be isolated noninvasively from 

small samples of peripheral blood, expanded to higher cell densities, and sodded onto 

the lumen of small diameter grafts to enhance graft patency in challenging vascular 

thrombosis animal models.   

 

6.2 An Ideal Small Diameter Vascular Graft 

We attempted to improve the performance of clinically utilized ePTFE vascular 

grafts though the incorporation of non-invasively isolated adult endothelial progenitor 

cells.  This project met many of the design criteria considered to be important for clinical 
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success of a small diameter vascular graft, but the graft was still less than ideal.  An ideal 

small vascular graft should satisfy the following essential parameters:  1) a tubular 

scaffold with correct diameter and mechanical properties necessary to prevent bursting, 

2) a non-thrombogenic lumen to prevent blood activation and clot formation throughout 

the lifetime of the implant, 3) a resistance to intimal hyperplasia that can gradually lead 

to graft failure, and 4) an ability to be easily handled and sutured.   Less than critical but 

still important features include: 5) graft compliance matching or similar to the native 

vessel, 6) ability to undergo remodeling and grow over time with the patient, and 7) 

available off-the-shelf with a long shelf life. 

In the present study a cellular approach to improve standard ePTFE vascular 

grafts.  Autologous cells ECs are appealing because they can produce a variety of 

therapeutic factors to maintain vascular patency.  Anti-thrombotic drug releasing grafts, 

while capable of reducing thrombosis and hyperplasia have yet to show robust enough 

performance for small diameter graft applications over the long term.  ePTFE vascular 

grafts were used as the scaffold material in the present work because they remain 

widely utilized clinically for grafts of medium diameter (6-8 mm ID) applications.  

Additionally, over the past decade, the labs of Monty Reichert, George Truskey, and 

Bruce Klitzman at Duke University have developed significant expertise in optimizing 

EC adhesion to ePTFE.  The mechanical properties of the grafts are well characterized 

with the strength and suturability sufficient for the application. 
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There are several limitations with the use of ePTFE for future studies.   The 

compliance of the ePTFE graft was not comparable to the intended location of the graft 

in the rat femoral artery.   In addition, because ePTFE is non-degradable, vascular graft 

remodeling was limited.  Remodeling is also influenced by the structure of the graft 

wall.  The low porosity ePTFE graft utilized in this study prevented significant 

remodeling as the small pore sizes present in ePTFE grafts with 30 µm internodal 

distance are too small to allow capillary ingrowth from the outer graft wall.  

Alternatively, grafts with higher porosity have the additional challenges of blood 

seepage and require altered methods of EC seeding.  

Until regenerative medicine technologies have a greater clinical presence, the 

ability have a graft that is ready off the shelf is an added benefit.   The time required 

before implantation of our EPC sodded graft depends on the time to isolate EPCs.  At 

the current rate, we would be able to obtain sufficient numbers of cells for seeding a 10-

15 cm long coronary artery bypass graft segment at high densities after approximately 1-

2 months.    That said, we were unable to isolate EPCs in 50% of the patients and thus 

there is a clear need for improvement of EPC isolation methods.  In a different scenario, 

it may be possible to draw blood for a patient before they necessitate surgery, isolate 

EPCs over a period of months, and bank the cells for future use.  As the regenerative 

medicine field continues to grow this approach may become more feasible as cellular 

therapy centers become more common. 
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6.2 Future Work 

6.2.1 Retrospective Evaluation of Experimental Design 

The overarching goal of the current work was to show the feasibility of using 

human EPCs from the patient population that would be candidates for vascular tissue 

engineering interventions.  Due to our focus on utilizing human cells, we were limited to 

animal models that would not mount an immune response and reject the cells.  An 

athymic rat model allowed us to test our human EPCs without the risk of rejection.  The 

use of human EPCs was promising as graft sodded with EPCs improved both short and 

long term graft patency.  One aspect we were unable to assess, however, was the 

difference in graft anti-thrombotic performance caused by utilizing human versus rat 

cells.  Human TM is capable of binding rat thrombin but may be unable activate rat 

protein C (212).  This may have impacted our in vivo studies as increased rat activated 

protein C would reduce thrombotic events by preventing the generation of thrombin 

and activation of platelets, leukocytes, and smooth muscle cells (124). 

Additional in vivo experiments with small diameter grafts containing EPCs over 

expressing rat TM could further our understanding of TM-overexpression.  Ideally the 

following conditions would be included for graft sodding:  1) native rat EPCs, 2) rat 

EPCs overexpressing rat TM, 3) rat EPCs overexpressing human TM.    In addition to the 

work involved to produce a new adenoviral vector containing the gene for rat TM, one 



 

129 

of the major challenges would be to obtain sufficient number of rat EPCs necessary to 

seed the graft.  Human EPCs were isolated from 50 mL of blood, a volume far exceeding 

the possibilities from a rat, with total blood volumes of 10-16 mL per animal (217).   

 Another modification to future in vivo studies would involve better tracking of 

the sodded cells.  Staining for human MHC class I antigens was used to differentiate 

between rat and human cells within the graft at time of explant.  A different approach 

would have entail transfecting EPCs with a lentiviral vector containing GFP to allow 

long term tracking of sodded EPCs.  We did use β-galactosidase to visualize EPCs that 

had been transfected with the control vector during in vitro testing.  For animal studies, 

however, grafts were embedded in paraffin to preserve morphology for histological 

analysis of thrombosis and intimal hyperplasia.  After fixation and paraffin embedding, 

we were unable to stain for β-galactosidase.   

 

6.2.2 Vector System Used for Gene Therapy 

 The adenoviral system used in the present study allowed high EPC transfection 

efficiencies with high levels of transgene expression.  Potential drawbacks of the vector 

system were the short duration of expression and the body’s potential immunogenic 

response to viral proteins.  The use of adeno-associated or lentiviral vectors could be 

used for long term expression with decreased immune response (103).  An additional 
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consideration is the use of an endothelial specific (218) or an inducible promoter to 

activate gene overexpression only in ECs or when overexpression is called upon (219). 

 

6.2.3 Vascular Graft Scaffold 

The primary goal of in vivo studies was to determine the benefit of EPC 

endothelialization of a small diameter vascular graft in a challenging animal model.  

ePTFE was used as the Klitzman, Truskey, and Reichert labs have extensive experience 

in obtaining strong EC adhesion, and ePTFE  remains a common clinically utilized 

vascular graft material.    ePTFE grafts were stiffer and less elastic than the native 

arteries.  This difference in compliance between the graft and the native artery has been 

suggested to contribute to the failure of synthetic vascular grafts (58, 59).  It would be of 

interest to perform additional in vivo experiments with a small diameter vascular graft 

with mechanical properties more similar to a native artery.  Porous polyurethanes and 

decellularized blood vessels are two example scaffold materials having better 

compliance properties that would be worth testing.  Compliant vascular grafts releasing 

anti-thrombotic molecules  also show promise (220) (221). 

 

6.2.4 EPCs Isolation Efficiency  

A drawback of using EPCs for material endothelialization applications is their 

exceedingly rare presence in peripheral blood MNC populations.    We were able to 
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obtain high proliferation EPC colonies in less than 50% of patients having CAD. The 

frequency of late outgrowth EPCs in healthy volunteers was estimated by Yoder et al. as 

0.017 colonies per 106 plated MNCs (89).  With an average of 103 ± 7 x106 MNCs per 

subject observed in our study, we would estimate 1.75 endothelial colonies per 50 mL 

peripheral blood.  A different study estimated 2.5 late outgrowth EPC colonies per 50 ml 

blood (100).  While simply doubling the volume of blood collected should increase the 

frequency of isolation, strategies are needed to increase EPC isolation frequency.    

Preselecting CD34+ CD45- MNCs before plating can enrich cell populations of 

late outgrowth EPCs by as much as 300-fold over non-sorted cord blood cultures (160).  

Other methods have been developed specifically capture late outgrowth EPCs using 

novel peptide ligands (161).  Finding a unique or combination of markers to enrich 

cellular populations for late outgrowth EPCs populations from peripheral blood could 

have clinical benefits. 

Finally, recent work has shown that late outgrowth EPCs may have lowered 

immunogenicity than mature ECs, suggesting that EPCs from mismatched donors could 

potentially be used when autologous ECs are unavailable.  Rat derived late outgrowth 

EPCs had low levels of immunogenicity, expressing significantly lowered levels of 

MHC-I and MHC-II molecules compared to a population of rat aortic ECs (222).  When 

cells were used in vivo in an abdominal aortic graft, use of allogeneic EPCs resulted in 

fewer T-cells and lowered neointima formation compared to allogeneic ECs.  It should 
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be noted that EPCs were only tested over the course of two weeks, and there was more 

T-cell staining with grafts seeded with allogeneic EPCs than autologous ECs (222). 

 

6.2.5 Induced Pluripotent Stem Cells (iPSCs) 

The generation of pluripotent cells directly from a patient’s own cells could be an 

enabling technology for the field of regenerative medicine.  These cells, termed induced 

pluripotent stem cells (iPSCs), are created through the introduction of multiple 

transcription factors directly into a patient’s own skin cells ex vivo, potentially avoiding 

the issue of immune rejection (223, 224).  Fibroblasts have been reprogramed and 

differentiated into a variety of cell types including neurons, cardiomyocytes, and 

endothelial cells (225-227).  Major challenges for clinical translation include preventing 

the formation of undifferentiated teratomas, generating iPSCs without the use of 

integrating viral vectors, developing more efficient methods to differentiate iPSCs, and 

eliminating the use of animal products in iPSC culture (228). 

Although we are likely years away from cellular therapy products using iPSCs 

for material endothelialization applications, there has been a recent preliminary study 

focusing on the creation of ECs from iPSCs.  Li et al. studied the differences in 

phenotype between ECs derived from embryonic stem cells (ESCs) versus  iPSCs (227).   

Both cell types were capable of differentiating into ECs, expressing critical EC markers 

and forming blood vessels in vivo.  iPSCs, however, gradually lost expression of key EC 
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markers over time and had lowered proliferation rates compared to ESCs.  Morphology 

of iPSC derived cells was also altered, appearing fibroblast-like while ESCs exhibited 

typical EC cobblestone morphology.  Both iPSCs and ESCs showed significantly lower 

expression of eNOS compared to a control EC population suggesting the cells were not 

fully differentiated.  While ECs derived from iPSC are promising, additional work is 

needed to achieve a phenotype closer to native ECs before these cells can be used for 

regenerative medicine applications.   
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Appendix A 

This is a write up of microarray experiments performed in collaboration with Dr. 

Ping Jin at the National Institutes of Health.  The work here was written by 

undergraduate researcher and Duke Pratt Fellow, Enping Hong, and was submitted for 

graduation with honors at Duke University in May 2009. 

 

Genetic Characterization of Late-Outgrowth Endothelial Progenitor 

Cells for Use in Synthetic Vascular Grafts 

Authors: Enping Hong, John D. Stroncek, Ping Jin, William M. Reichert 

ABSTRACT 

Late outgrowth endothelial progenitor cells (EPCs) present an autologous, easily 

obtained, and highly proliferative cell source for the endothelialization of small-

diameter synthetic vascular grafts. We investigate the possibility of using EPCs from 

patients with coronary artery disease (CAD) can be used to endothelialize synthetic 

bypass grafts implanted in these patients. To this end, we hypothesize that healthy and 

CAD EPCs will respond similarly to physiological shear stress in terms of gene 

expression and functional response. Using DNA microarray and RT-PCR techniques, we 

investigated the gene expression profiles of EPCs from healthy and diseased patients in 

response to 48 h of laminar shear stress at 15 dyn/cm2. We found that differences within 

the results were dominated by flow condition rather than cell type. Healthy and CAD 

EPCs appear to be very similar, especially in the areas of cell adhesion and the 
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vasodilatory response, which were confirmed by functional assays of adherence under 

superphysiological shear stress and a nitric oxide assay respectively. While our 

investigation is still ongoing, these results provide promising support for the use of 

CAD EPCs in synthetic vascular grafts. 

 

INTRODUCTION 

Small-diameter synthetic vascular grafts have had considerably lower success 

than their larger-bore brethren used in aortic or iliac grafts. While expanded 

polytetrafluoroethylene (ePTFE) and Dacron® grafts used as prostheses for these larger 

vessels have yielded good results (25), small- (< 4 mm) to medium-sized (< 7 mm) grafts 

still have low patency rates due to neointimal hyperplasia and ongoing surface 

thrombogenicity (8). In these smaller grafts, neither transmural ingrowth through the 

graft wall nor transanastomotic ingrowth from the adjacent artery is able to form a 

functional endothelium beyond the immediate anastomotic region. 

Over the last twenty years, it has been recognized that the presence of a 

functional endothelium improves the patency of synthetic small-diameter grafts. 

Endothelial cells (ECs) are highly antithrombotic and therefore provide an excellent local 

environment for preventing thrombus formation. When used in combination with 

synthetic materials of appropriate physical properties, ECs can result in synthetic 

vascular grafts having performance similar to autologous vein (229).  Studies by Peter 
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Zilla’s group have shown that medium-sized vascular grafts seeded with ECs maintain 

and intact endothelium even after several years, and show good patency rates four to 

seven years after implantation (170, 230). These and other studies, however, rely on 

harvesting autologous veins for endothelial cells, an invasive procedure that introduces 

donor site morbidity. Microvascular ECs taken from adipose tissue provides another 

common source, but these cells are often heterogeneous and contaminated with cell 

types that contribute to intimal hyperplasia and inflammation (80). 

Endothelial progenitor cells (EPCs) have emerged as a promising alternative cell 

source for mature ECs in tissue engineering applications. Derived from the bone 

marrow, EPCs circulate in the peripheral blood and can differentiate into cells with EC 

characteristics ex vivo (34). EPCs have since been shown to improve the patency of both 

synthetic and decellularized grafts (96, 97), forming an autologous, non-thrombogenic 

luminal surface with vasomotor activity to physiological stimuli (97), and also reducing 

intimal hyperplasia due to induced trauma (96). Recent studies have identified two 

subpopulations of EPCs depending on the method of culture, “early outgrowth” EPCs 

with limited proliferative potential and bear macrophage markers, and “late outgrowth” 

EPCs that are highly proliferative and have vasculogenic potential in vivo (92). 

In this study we continue our characterization of late outgrowth EPCs from 

patients with significant coronary artery disease (CAD) for the autologous 

endothelialization of synthetic small-diameter vascular grafts. To our knowledge, these 
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are the first such studies investigating the suitability of EPCs from CAD patients for 

graft seeding. In our previous work, we demonstrated that EPCs taken from such 

patients exhibited the same critical cell surface markers and morphological 

characteristics as EPCs from healthy patients and a control group from human aortic 

ECs (173). This manuscript compares the gene expression of healthy EPCs and EPCs 

taken from CAD patients in their response to sustained physiological shear stress, 

similar to conditions present in vivo. Late outgrowth EPCs were obtained from CAD 

patients and healthy donors, and the cells were exposed to laminar shear at 

physiological flow conditions in parallel plate flow chambers. RNA expression levels 

were compared using microarray and real-time reverse transcriptase polymerase chain 

reaction (RT-PCR), using RNA human aortic ECs as reference RNA. These results were 

also compared to several functional assays to verify the effects of the genes studied. 

 

MATERIALS AND METHODS 

Coronary Artery Disease Patient Enrollment. The use of human blood described in 

the study was approved by the responsible ethical committee at Duke University.  

Patients undergoing left heart catheterization were approached for consent at Duke 

University Medical Center. We studied 13 patients having coronary artery disease (9 

men and 4 women; mean age: 61.5 ± 10.5 years; range: 44-75 years). After arterial sheath 
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insertion, approximately 50 ml peripheral blood was removed and stored in EDTA 

tubes. 

Healthy Volunteer Enrollment. 50 ml of peripheral blood was drawn from 13 young 

healthy volunteers (9 men and 4 women; mean age: 26.2 ± 2.5 years; range: 23-31 years) 

and stored in EDTA tubes.  

Late outgrowth EPC isolation and culture. Each blood sample was processed on the 

same day it was collected. Blood was diluted 1:1 with Hanks balanced salt solution 

(HBSS; Invitrogen, Grand Island, NY) and overlaid onto an equivalent volume of 

Histopaque-1077 (Sigma, St. Louis, MO).  The mixture was centrifuged for 30 minutes at 

room temperature at 740g. Buffy coat mononuclear cells were isolated and washed 3 

times in EBM-2 (Cambrex, Walkersville, MD) with 10% fetal bovine serum (FBS; 

Hyclone, Logan, UT). Mononuclear cells were resuspended in 12 ml complete EBM-2 + 

EGM-2 SingleQuots (Cambrex) medium with 1% antibiotic/antimycotics solution (Gibco, 

Carlsbad, CA) and seeded onto 3 separate wells of a 6-well tissue culture plate coated 

with type 1 rat tail collagen (BD Biosciences, Bedford, MA) at 37°C, 5% CO2, in a 

humidified incubator. An average of 34x106 MNCs were seeded per well.  After 24 hours 

of culture, nonadherent cells were removed and complete EGM-2 medium was added to 

each well.  Medium was changed daily for 7 days and then every other day following.  

Cells were used at passages 5-10 for all experiments.   
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Human aortic endothelial cell culture. Human aortic endothelial cells (HAECs) 

(Cambrex) were grown to confluence in T-25 or T-75 polystyrene flasks with endothelial 

basal media-2 supplemented with EGM-2 SingleQuots, 10% FBS, and 1% 

antibiotic/antimycotics solution.  HAECs were used at passage 7-10 for all experiments, 

and were not cultured under exposure to shear stress.  

Flow experiments. Cells were seeded onto SlideFlasks (NUNC, Rochester, NY) at a 

density of 50x103 cells/cm2.  The following day, the slides were placed in a parallel plate 

flow chamber and connected to a circular flow setup consisting of a peristaltic pump 

and pulse dampener (Cole Palmer, Vernon Hills, IL), and a flow chamber.  The flow 

media used consisted of EBM-2 + 10% FBS + 1% AB/AM. Cells were exposed to 15 

dyn/cm2 for 48 hours in the incubator, also at 37oC and 5% CO2.  Controls consisted of 

cells under identical culture conditions, but not exposed to flow (static). For each cell 

type (diseased or healthy), 4 highly proliferative cell cultures were expanded and used. 

Isolation of cellular RNA. Cellular RNA was isolated using the RNeasy Minikit 

(QIAGEN) and stored at -80oC. Optional on-column DNase digestion was not employed. 

Reference RNA was obtained from human aortic endothelial cells (HAECs) of a 22-year 

old healthy male individual purchased from Cambrex (Walkersville, MD). 

Microarray performance and statistical analysis. Through a collaboration with Dr 

Ping Jin at the NIH Clinical Center, the extracted RNA was analyzed on an 

oligonucleotide microarray. RNA quality was tested with the Agilent Bioanalyzer 2000 
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(Agilent Technologies) and amplified into antisense RNA (aRNA)(231). Total RNA from 

PBMCs pooled from six normal donors was extracted and amplified into aRNA to serve 

as the reference. Pooled reference and test aRNA were isolated and amplified in 

identical conditions to avoid possible interexperimental biases. Both reference and test 

aRNA were directly labeled using ULS aRNA Fluorescent Labeling kit (Kreatech) with 

Cy3 for reference and Cy5 for test samples. Whole-genome human 36K oligo arrays 

were printed in the Infectious Disease and Immunogenetics Section of Transfusion 

Medicine, Clinical Center, NIH (Bethesda, MD) using oligos purchased from Operon. 

The Operon Human Genome Array-Ready Oligo Set version 4.0 contains 35,035 

oligonucleotide probes, representing approximately 25,100 unique genes and 39,600 

transcripts excluding control oligos. The design is based on the Ensembl Human 

Database build (NCBI-35c), with a full coverage on NCBI human Refseq 

dataset(04/04/2005). The microarray is composed of 48 blocks, with one spot printed per 

probe per slide.  

Hybridization was carried out in a water bath at 42°C for 18 to 24 hours. The 

arrays were then washed and scanned on a GenePix 4000 scanner at variable 

photomultiplier tube to obtain optimized signal intensities with minimum (<1% spots) 

intensity saturation. Resulting data files were uploaded to the mAdb 

database(http://nciarray.nci.nih.gov/) and further analyzed using BRBArrayTools 
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developed by the Biometric Research Branch, National Cancer Institute 

(http://linus.nci.nih.gov/BRB-ArrayTools.html) and Cluster and TreeView software.  

A brief summary of the microarray procedure is outlined as follows. The raw 

data set was filtered according to standard procedure to exclude spots with minimum 

intensity that arbitrarily was set to an intensity parameter of 200 for in both fluorescence 

channels. If the fluorescence intensity of one channel was great than 200 and that of the 

other but was below 200, the fluorescence of the low intensity channel was arbitrarily set 

to 200. Spots with diameters < 20µm and flagged spots were also excluded from the 

analyses. Filtered data was normalized using Lowess Smoother. 

The gene array data was analyzed using the Ingenuity® software, which 

examined key functions and pathways that were activated or suppressed. For data 

analysis, a univariate paired T-test was used at a normal significance level of 0.005. Only 

genes that had differences significant at this level were reported. 

RT-PCR. RT-PCR was used to investigate gene expression levels more closely. 

cDNA was produced using a cDNA kit (Biorad) and the RNA extract as a template, and 

stored at 4oC. RT-PCR was performed using a SYBR-Green RT-PCR kit (Biorad) and the 

MyIQ™ iCycler Optical Module (Biorad). Whole-gene cDNA sequences of the target 

genes were obtained from PubMed, and primer sequences generated using the online 

design program Primer3 (149). The melt curves of the primers were examined after 

reaction with reference RNA, and primers were selected that had uniform and single-
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product melt curves. After results were obtained, fold change from the reference RNA 

was calculated by the 2-∆∆CT method. 

The primer sequences for the genes described in this paper are listed in 

Appendix B. 

Nitric oxide assay. Flow experiments were conducted with EPCs as above, but 

using flow media consisting of phenol red-free EBM medium (Cambrex) + 10% FBS + 1% 

AB/AM.  After exposure to shear stress for 48 hours, the media was collected and frozen 

at -80oC.  Media aliquots were lyophilized and nitric oxide concentration was 

determined by measuring breakdown products NO2− and NO32 using a commercial 

assay (Active Motif, Carlsbad, CA) according to the manufacturers’ instructions.  Media 

samples were filtered through a 10,000 Dalton micropore filter (Millipore) prior to assay.  

 

RESULTS 

Gene array results 

Global differential gene expression. When healthy EPCs were exposed to 

physiological flow conditions, 740 genes were found to be differentially expressed as 

compared to the control (static) condition (Table 7). At the 0.005 significance level, the 

probability of getting at least this number of genes significant by chance is 0.03125. Of 

these genes, 337 of them had an expression level ratio >2 or <0.5. Thus, for 45.5% of the 
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differentially expressed genes, the difference between flow and static conditions 

dominates the difference between individual patients. 

Similar analyses were performed for EPCs isolated from patients with CAD, and 

differential gene expression between EPCs from CAD patients and healthy donors were 

separately compared for flow and static conditions. The results are shown below in 

Table 7. It can be immediately noticed that the number of differentially expressed genes 

is considerably smaller between CAD and healthy EPCs than in the comparison between 

flow and static conditions. 

 

Table 7: Differential gene expression from gene array across different 

conditions. 

Condition 

Comparison 

Differentially 

expressed genes 

Probability of 

this number by 

chance alone 

% of genes with 

expression levels 

>2 or <0.5 

Healthy EPC: 

Flow/Static 

740 0.03125 45.5% 

CAD EPC: 

Flow/Static 

575 0.125 40.7% 

Flow: 

CAD/Healthy 

117 0.2 47.9% 

Static: 

CAD/Healthy 

112 0.22857 54.5% 

 

When the four conditions above were compared for shared genes, it was found 

that CAD and healthy EPCs shared 225 genes that were differentially regulated by flow 

out of pools of 575 and 740 genes respectively; when genes were examined for 
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differential expression due to cell type, only 19 genes were found to be shared between 

cells exposed to flow and static conditions. These results are represented graphically in 

Figure 33. 

Functional analysis. Functional analysis by the Ingenuity® software grouped the 

genes by the processes they affected; these results are represented in Figure 2. We find 

significant differential regulation in genes that are related to cell death, the cell cycle, 

and cardiovascular system development and function. These broad functional categories 

help to identify the primary endothelial cell functions that are affected by physiological 

shear stress, and hence help us characterize the effect of such stress on EPCs.  

Tabulated data from the microarray is included in Appendix B. While not an 

exhaustive list, it provided the basis for our investigation by grouping the differentially 

regulated genes by function and cell type. 

 

 

Flow Static 

Differentially regulated genes in 

static vs flow conditions 

CAD EPC Healthy  EPC 

225 

740 575 117 

18 

Differentially regulated genes 

in CAD vs Healthy EPCs 

112 

Figure 33: Venn diagram representation of gene overlap under different 

experimental conditions. The left hand diagram shows that while a large 

number of genes (575 for CAD and 740 for healthy) are differentially regulated 

in response to flow condition, 225 of those genes are shared between the two cell 

types. In contrast, while much fewer genes are differentially regulated between 

cell types for flow vs static culturing, only 18 genes are always differentially 

regulated in these two groups. 
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Response of late outgrowth EPCs to shear stress  

Cell adhesion and the extracellular matrix (ECM). The adhesion molecules integrin 

α-V (ITGAV) and fibronectin-1 (FN1) are upregulated, indicating improved cell 

adhesion in response to flow. Collagen types Iα2, Vα1, and XV (COL1A2, COL5A1, 

COL15A1) are also upregulated, revealing increased production of both fibrillar (types I 

and V) and basement membrane-associated (XV) collagens (232). However, the tight 

junction-related proteins claudin 5 and claudin 11 are down regulated, indicating a 

reduction in cell-cell adhesion alongside an improvement in cell-matrix adhesion (233). 

Finally, the occurrence of matrix remodeling is evidenced by the upregulation of matrix 

metalloproteinase 2 (MMP2) (234). 

Vasodilatory regulation. A number of genes involved in vascular function have 

altered expression levels with shear stress. Krüppel-like factor 2 is upregulated with 

flow, possibly mediating communication between ECs and vascular smooth muscle cells 

(235). Nitric oxide signaling is found to be significantly regulated as well: the expression 

of VEGF receptor 2 (KDR) is increased, which would induce the expression of eNOS, 

producing the vasodilatory agent nitric oxide (NO) and contributing to the flow-induced 
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dilation response (236). At the same time, the expression of caveolin-1 (CAV1) is 

suppressed, further contributing to increased eNOS levels and NO activity (237). 

 

Figure 34: Functional analysis of differentially expressed genes. 
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Figure 35: Gene expression patterns of EPCs isolated from healthy donors 

(designated “EPC”) and EPCs isolated from patients with CAD (designated “CAD 

EPC”).  Global gene expression patterns were sorted by hierarchical clustering.  Red 

markers represent increased expression for a particular gene and green markers 

indicate reduced expression.  Color intensity indicates the level of such regulation.  

While expression of individual genes vary, static and flow conditions induce a clear 

difference in expression patterns in both EPC and CAD EPC conditions while the 

difference between the EPC and CAD EPC groups is substantially less clear. 

 

Regulation of cell growth. Physiological shear stress is known to be a regulator of 

the proliferation and survival of endothelial cells (238). Accordingly, we find that a 

number of genes related to cellular compromise and cell proliferation are affected. 

However, the genes show varying responses to shear stress: HMOX1 and SOD2, both of 

which function to protect the endothelium against oxidative stress (239, 240), are 

respectively upregulated and down regulated. A DNA repair gene, ERCC2, is down 

regulated. Inhibin A, which promotes cell proliferation (241), is upregulated in these 
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studies, but there are indications that both cell proliferation and apoptosis are reduced 

in a functional endothelium. The processes regulating cell proliferation and apoptosis 

need a closer look if we are to accurately determine the effect of shear stress therein. 

 

RT-PCR 

Regulation of key genes with flow. Genes of particular interest were further 

investigated using RT-PCR. The microarray data on its own was insufficient, since 

significant differences in gene expression were often obtained for either healthy or CAD 

EPCs, but not both cell types – hence, a meaningful comparison was rarely obtained. In 

addition, each spot on the microarray represents a different gene, so there is only a 

single data point per condition per gene and no representation of experimental variance. 

RT-PCR allowed for the further investigation of the mean and spread in expression of 

key genes identified through the microarray results, or through current literature. 

 

Cell adhesion. EPCs from CAD and healthy subjects responded similarly in their 

expression of representative cell adhesion and ECM genes under physiological shear 

stress (Figure 4). Collagen IV (COL4A1) expression was sharply increased in both cell 

types, showing that EPCs increase production of basement membrane collagen in 

response to shear stress. ECs bind to Collagen IV via fibronectin-1 (FN1) (242), which 

saw an increase in expression level for both cell types, as in the microarray. 
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Interestingly, the production of laminin, a key cell adhesion protein in the ECM, does 

not seem to be regulated by shear stress, with both healthy and diseased EPCs 

producing the same amount of laminin as mature ECs (control cells). 

 

Figure 36: Response of cell adhesion genes to shear stress. 

Previously, we found that CAD and healthy EPCs had excellent resistance to 

shear under short-term superphysiological flow. Both cell types adhered firmly to 

fibronectin-coated Teflon-AF™ after exposure to high shear stresses in a variable height 

flow chamber.  Both cell types showed greater than 95% retention after exposure to a 

shear of 187 dynes/cm2 (173). The increased production of fibronectin-1 and collagen IV 

contributes to such retention by increasing the adhesive forces between EPCs and 

Teflon-AF™. 

As a final point of interest, we tested the expression levels of fibrillar collagen 

(Collagen I, COL1A2) with RT-PCR as well. EPCs generally produced much less 

collagen I than mature endothelia, and samples generally showed an increase in 

collagen I production after exposure to physiological shear stress. However, the base 
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levels of collagen varied very widely between the different cell types, up to differences 

of an order of magnitude in fold change values. This made it difficult to draw any kind 

of definitive conclusion from the collagen I data. It is unclear if the variation between 

samples was due to experimental variation or disease characteristics in different 

individuals. 

Vasodilatory regulation. Both diseased and healthy cells showed increased 

expression of KLF2 and KDR, confirming results seen in the microarray (Figure 5). In 

addition, eNOS (NOS3) is confirmed to be upregulated, increasing the production of the 

vasodilatory gas nitric oxide (NO). NO causes the relaxation of vascular smooth muscle, 

and also maintains an antiproliferative and antiapoptotic environment in the vessel wall 

(243). COX-2 (PTGS2) is also upregulated in both cell types, showing that prostaglandins 

are involved in the vasodilatory response (244). While the expression levels of KDR and 

KLF2 did not vary significantly between healthy and diseased EPCs, those of eNOS and 

COX-2 did, with diseased EPCs having significantly greater expression of eNOS and 

COX-2 under physiological shear stress than healthy cells. 

Thrombomodulin. Thrombomodulin levels were similar between healthy and 

diseased individuals. However, thrombomodulin was more highly expressed when cells 

were exposed to physiological shear stress. 

Nitric oxide assay. As a means of assessing the functional effect of nitric oxide 

production by the EPCs, nitric oxide assays were conducted on the cell media after the 
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flow experiments were concluded. Although there is a significant difference in RNA 

levels of eNOS between CAD and healthy EPCs, the levels of nitric oxide products in the 

media remained largely the same for both static and flow conditions when compared 

between CAD and healthy EPCs, and even mature endothelia (Figure 6).  

 

DISCUSSION 

It is clear that the presence of shear stress is a much more significant regulator of 

endothelial gene expression than whether the cells were taken from healthy or diseased 

individuals. As identified in the microarray, hundreds of genes had their expression 

levels significantly altered by shear stress for both healthy and CAD EPCs. The 225 

genes that were shared in those two groups accounted for about half and two-thirds of 

those two gene populations respectively. This indicates a great amount of similarity 

between healthy and CAD EPCs in their response to physiological shear stress, and this 

is also evident in our confirmatory RT-PCR studies. In contrast, only a hundred or so 

genes had their expression significantly changed by cell type in either static or flow 

conditions, and only 18 of those genes were shared under both static and flow 

conditions; in addition, the 18 genes that are significantly regulated in both cell types do 

so in the same manner, with only some differences in magnitude. 
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Figure 37: RNA expression levels determined by real time RT-PCR. 

 

When healthy and CAD EPCs are exposed to prolonged physiological shear 

stress, their response in genes relating to cell adhesion are fairly similar. While the 
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microarray gives us evidence of increased cell anchorage through the upregulation of 

collagens, fibronectin, and integrin α-V, as well as evidence of matrix remodeling 

through MMP and claudin regulation, RT-PCR results show that the expression of key 

molecules involved in cell adhesion, namely fibronectin-1, laminin, and collagen IV, are 

very similar between healthy and CAD EPCs. In particular, the upregulation of 

fibronectin-1 and collagen IV indicate the enhancement of endothelial attachment to the 

basement membrane. This has been further supported by our previous findings of 

excellent cell retention for both healthy and CAD EPCs under superphysiological shear 

stress. These results are excellent indications that EPCs taken from CAD patients would 

have no trouble adhering to and retaining on synthetic bypass grafts in these patients. 
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Figure 38: Levels of nitric oxide products in media after flow experiments 
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We also note the reduced expression of claudins, as well as the remodeling of the 

endothelium in the direction of flow after prolonged exposure to laminar shear stress. 

While such remodeling is clearly the result of shear stress, indicated by the lack of such 

behavior under static (control) conditions, the reduced expression of tight-junction 

specific claudins may allow the cells to alter their orientation in order to allow for such 

realignment. The improved anchorage accorded by increased collagen and fibronectin 

expression would help the cells to maintain a stable endothelium even while undergoing 

such remodeling. 

Another important aspect of the endothelial response to shear stress is the 

vasodilatory response, which again is fairly similar between healthy and CAD EPCs. 

Vasodilation has long been recognized as a physiological response to increased blood 

flow in vivo; early canine studies compared vasodilation in vessels with healthy and 

damaged endothelia, and the importance of a functionally intact endothelium was 

established for this physiological response (245). The upregulation of KLF2, KDR, and 

eNOS indicate an increase in NO production (235, 236); the strong upregulation of COX-

2 indicates the activation of a prostaglandin-assisted vasodilatory pathway, as 

supported by its established role in maintaining flow-induced dilation in eNOS-

knockout mouse models (244).  

It is particularly interesting that expression levels of eNOS and COX-2 are 

strongly elevated in patients with CAD as compared to healthy EPCs. This would then 
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indicate that both the NO-mediated and prostaglandin-mediated pathways for rapid 

arterial dilation are enhanced in patients with CAD; to our knowledge, there is no 

explanation for this phenomenon in the current literature. There appears to be no 

significant disadvantage for such an elevation of the vasodilatory pathways: this could 

in fact help relieve local shear stress around the graft site, and the activation of eNOS in 

particular could also induce regression of intimal hyperplasia via several mechanisms 

(246). However, functional nitric oxide assays show similar results between CAD and 

healthy EPCs, and mature endothelia as well. While this is an indication that the 

functional response will remain the same regardless of cell type, it also suggests that 

functional data will not always match trends seen in RNA or protein expression. We 

need to look at all the data that we have together before we can pass judgment on the 

effect of a particular applied condition on an area of endothelial function. 

 

CONCLUSION  

In our results so far, we have determined that CAD EPCs are fairly similar to 

healthy EPCs in terms of both adhesive properties and vasodilatory response. While the 

expanse of data generated by the microarray still needs to be worked through, especially 

in the areas of cell proliferation and cellular compromise, we have good indications that 

CAD EPCs respond to shear stress in very similar ways as compared to healthy EPCs 

and even mature endothelia. Although much work still has to be done, this study 
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provides a useful first step towards using EPCs from patients with CAD in synthetic 

vascular grafts. 
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Appendix B 

RT-PCR Primers Sequences 

Gene Primer Sequence (5’-3’) Tm (oC) 
β2 
microglobulin*  

fwd GGC TAT CCA GCG TAC TCC AAA G 57.5 
rev CAA CTT CAA TGT CGG ATG GAT 52.9 

COS-II 
(PTGS2) 

fwd TGA GCA TGT ACG GTT TGC TG 55.7 
rev TGC TTG TCT GGA ACA ACT GC 55.9 

eNOS (NOS3) fwd ACC CTC ACC GCT ACA ACA TC 57.1 
rev GCT CAT TCT CCA GGT GCT TC 55.9 

VEGF-R2 
(KDR) 

fwd GTG ACC AAC ATG GAG TCG TG 55.9 
rev TGC TTC ACA GAA GAC CAT GC 55.5 

KLF2 fwd CCT CCC AAA CTG TGA CTG GT 57.1 
rev ACT CGT CAA GGA GGA TCG TG 56.4 

TM fwd TAC GGG AGA CAA CAA CAC CA 56.1 
rev AAG TGG AAC TCG CAG AGG AA 56.2 

Collagen I 
(COL1A2) 

fwd CTG CAA GAA CAG CAT TGC AT 54.3 
rev GGC GTG ATG GCT TAT TTG TT 53.8 

Collagen IV 
(COL4A2) 

fwd AAG GAA TCA TGG GCT TTC CT 54.2 
rev CTC TGG CAC CTT TTG CTA GG 55.9 

Fibronectin-1 
(FN1) 

fwd ACC AAC CTA CGG ATG ACT CG 56.5 
rev GCT CAT CAT CTG GCC ATT TT 53.4 

Laminin α5 
(LAMA5) 

fwd TGA CCT TTT CTG GCT CGT CT 56.2 
rev GTT CAG CAC AAA GGG CTC TC 56.3 

*Microglobulin is used as the housekeeping gene in the 2-∆∆CT method.  
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Key Differentially Expressed Genes within Microarray Data Identified through 

Ingenuity Software (organized by function) 

 

Cell Adhesion Genes 
Gene 

ID 
Gene 
Name 

EPC: Flow / Static 
  

CAD: Flow / Static 
  

Static: CAD / EPC 
  

Flow: CAD / EPC 
  

    
Fold 

change 
t-test p 
value 

Fold 
change 

t-test p 
value 

Fold 
change 

t-test p 
value 

Fold 
change 

t-test p 
value 

                    

ITGAV 
integrin 
alpha V 

2.58467
5 

9.30E-
05             

ITGB4 
integrin 
beta 4     

2.22524
8 

5.94E-
05         

NRCAM 

neuronal 
cell 
adhesion 
molecule     

1.81313
6 

0.00058
9         

ICAM2 ICAM-2 0.38871 
0.00013

4 
0.48681

2 
0.00012

2         

CLDN5 

claudin-5 
transcript 
variant 2 

0.30309
2 

0.00041
7 

0.31509
6 

5.42E-
05         

CLDN1
1 claudin 11 

0.30008
9 

0.00053
6     

0.03539
1 

1.00E-
07 

0.15513
7 

1.50E-
06 

Adhesion-related         

RAC2 

ras-related 
C3 
botulinum 
toxin 
substrate 
2 

0.26746
1 

1.06E-
05         

3.80985
2 

4.14E-
05 

KDR KDR 
1.84849

6 
0.00067

3             

PVRL2 

poliovirus 
receptor 
related 2 

1.75743
8 

0.00077
6             

CD44 CD44 
3.09491

6 
1.68E-

05 
1.77479

6 
0.00060

9         

VEGFB 

vascular 
endothelial 
growth 
factor B 
(VEGFB), 
mRNA. 

0.58995
8 

0.00317
5             

Matrix molecules         

FN1 
fibronectin 
1 

1.96585
1 

0.00073
8             

COL1A
2 

collagen I 
alpha 2 

2.58316
1 

0.00061
5             

COL5A
1 

collagen V 
alpha 1 

2.37522
6 

0.00038
6             

COL8A
1 

collagen 
VIII alpha 
1             

2.38679
4 

0.00321
5 

COL13
A1 

collagen 
XIII alpha 
1         

3.91374
1 

0.00014
7     

COL15
A1 

collagen 
XV 

6.45311
5 

0.00074
2             
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Cellular Compromise Genes 

 

Gene ID Gene Name 
EPC: Flow / Static 
  

CAD: Flow / Static 
  

Static: CAD / EPC 
  

Flow: CAD / EPC 
  

    
Fold 

change 
t-test p 
value 

Fold 
change 

t-test p 
value 

Fold 
change 

t-test p 
value 

Fold 
change 

t-test p 
value 

          
Oxidative Stress 
Response         

ALDH3A2 

aldehyde 
dehydrogen
ase 3 family, 
member A2 
(ALDH3A2), 
transcript 
variant 2, 
mRNA.     

1.9440
47 

0.00074
5         

GMFB 

glia 
maturation 
factor, beta 
(GMFB), 
mRNA. 

0.21181
7 

1.60E-
06 

0.1870
7 

8.00E-
07         

HMOX1 

heme 
oxygenase 
(decycling) 1 
(HMOX1), 
mRNA.     

2.7965
71 

0.00041
8         

MAPT 

microtubule-
associated 
protein tau 
(MAPT), 
transcript 
variant 4, 
mRNA.     

1.5793
74 

0.00419
8         

MT1E 

metallothion
ein 1E 
(MT1E), 
mRNA.     

0.2474
12 

9.00E-
06         

MYC 

v-myc 
myelocytom
atosis viral 
oncogene 
homolog 
(avian) 
(MYC), 
mRNA. 

0.36301
6 

0.00010
4 

0.4378
28 

0.00051
3         

NQO1 

NAD(P)H 
dehydrogen
ase, quinone 
1 (NQO1), 
transcript 
variant 3, 
mRNA. 3.59576 

9.81E-
05 

3.3646
83 

2.20E-
06         

PON2 

paraoxonase 
2 (PON2), 
transcript 
variant 2, 
mRNA.     

0.5866
24 

0.00301
6         

PRDX1 

peroxiredoxi
n 1 
(PRDX1), 
transcript 

2.05157
5 

2.56E-
05 

1.8801
64 

0.00031
1         
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variant 3 

Damage of cells         

ERCC2 

excision 
repair cross-
complementi
ng rodent 
repair 
deficiency, 
complement
ation group 
2 (ERCC2), 
transcript 
variant 1, 
mRNA.     

0.5750
2 

0.00404
9         

HMOX1 

heme 
oxygenase 
(decycling) 1 
(HMOX1), 
mRNA.     

2.7965
71 

0.00041
8         

MT1E 

metallothion
ein 1E 
(MT1E), 
mRNA.     

0.2474
12 

9.00E-
06         

SOD2 

superoxide 
dismutase 2, 
mitochondria
l (SOD2) 

0.21366
4 < 1e-07 

0.3980
6 

0.00160
8 

0.54436
4 0.0046     

STAT3 

signal 
transducer 
and activator 
of 
transcription 
3 (acute-
phase 
response 
factor) 
(STAT3), 
transcript 
variant 3, 
mRNA.     

0.5348
4 

0.00239
7         

TNFSF10 

tumor 
necrosis 
factor 
(ligand) 
superfamily, 
member 10 
(TNFSF10), 
mRNA. 

0.48909
3 

0.00256
2 

0.4837
68 

8.73E-
05         

          

          
Fragmentation of 
nucleus         

BCAR1 

breast 
cancer anti-
estrogen 
resistance 1 
(BCAR1), 
mRNA. 

0.27373
6 

8.00E-
07 

0.5249
73 

0.00092
6         
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CLU 

clusterin 
(CLU), 
transcript 
variant 1, 
mRNA. 

0.49638
9 

0.00325
8 

0.2797
48 

9.30E-
06         

FST 

follistatin 
(FST), 
transcript 
variant 
FST317, 
mRNA.                 

INHBA 

inhibin, beta 
A (INHBA), 
mRNA.     

2.8163
51 

0.00050
3         

MYC 

v-myc 
myelocytom
atosis viral 
oncogene 
homolog 
(avian) 
(MYC), 
mRNA. 

0.36301
6 

0.00010
4 

0.4378
28 

0.00051
3         
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Cell Proliferation Genes 

 
Gene 
ID Gene Name 

EPC: Flow / Static 
  

CAD: Flow / Static 
  

Static: CAD / EPC 
  

Flow: CAD / EPC 
  

    
Fold 

change 
t-test p 
value 

Fold 
change 

t-test p 
value 

Fold 
change 

t-test p 
value 

Fold 
change 

t-test p 
value 

                    

FN1 fibronectin 1 
1.96585

05 
0.00073

84             

KDR KDR 
1.84849

61 
0.00067

25             

ADM 

adrenomedul
lin (ADM), 
mRNA. 

0.30891
66 

2.77E-
05             

MGP 

matrix Gla 
protein 
(MGP), 
mRNA. 

2.87238
94 

0.00052
67     

3.00232
4 0.00027     

VEGFB 

vascular 
endothelial 
growth factor 
B (VEGFB), 
mRNA. 

0.58995
77 

0.00317
46             

CAV1 

caveolin 1, 
caveolae 
protein, 
22kDa 
(CAV1), 
mRNA. 

0.34367
5 

0.00018
91 0.26996 

1.94E-
05         

ANGPT
2 

angiopoietin 
2 (ANGPT2), 
transcript 
variant 3, 
mRNA. 

0.17096
31 

0.00085
75 

0.20635
6 

1.68E-
05 

0.24217
8 

0.00471
9     

FOXO1 

forkhead box 
O1 (FOXO1), 
mRNA. 

0.46023
23 

0.00107
24 

0.58422
8 

0.00350
8         

CD44 CD44 
3.09491

59 
1.68E-

05 
1.77479

6 
0.00060

9         

ENG 

endoglin 
(Osler-
Rendu-
Weber 
syndrome 1) 
(ENG), 
transcript 
variant 2, 
mRNA. 

1.94778
82 

0.00279
33 

1.77818
7 0.00147         

ADAMT
S1 

ADAM 
metallopeptid
ase with 
thrombospon
din type 1 
motif, 1 
(ADAMTS1), 
mRNA. 

2.32752
49 

0.00055
26 2.38446 

9.52E-
05         
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TNFSF
10 

tumor 
necrosis 
factor 
(ligand) 
superfamily, 
member 10 
(TNFSF10), 
mRNA. 

0.48909
25 

0.00256
19 

0.48376
8 

8.73E-
05         

ANGPT
L4 

angiopoietin-
like 4 
(ANGPTL4), 
transcript 
variant 3, 
mRNA.     v 

0.00012
8         

CEACA
M1 

carcinoembr
yonic 
antigen-
related cell 
adhesion 
molecule 1 
(biliary 
glycoprotein) 
(CEACAM1), 
transcript 
variant 2, 
mRNA.     

0.60251
6 

0.00159
3         

ERAP1 

endoplasmic 
reticulum 
aminopeptid
ase 1 
(ERAP1), 
transcript 
variant 1, 
mRNA.     

0.59310
3 

0.00299
1         

F11R 

F11 receptor 
(F11R), 
mRNA.     

0.54825
1 

0.00318
9         

GBP1 

guanylate 
binding 
protein 1, 
interferon-
inducible, 
67kDa 
(GBP1), 
mRNA.     

0.48270
2 

0.00012
6         

HMOX1 

heme 
oxygenase 
(decycling) 1 
(HMOX1), 
mRNA. 

2.79657
07 

0.00041
84             

INHBA 

inhibin, beta 
A (INHBA), 
mRNA.     

2.81635
1 

0.00050
3         
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Reduction-Oxidation Genes 

Gene ID Gene Name 
EPC: Flow / Static 
  

CAD: Flow / Static 
  

Static: CAD / EPC 
  

Flow: CAD / EPC 
  

    
Fold 

change 
t-test p 
value 

Fold 
change 

t-test p 
value 

Fold 
change 

t-test p 
value 

Fold 
change 

t-test p 
value 

                    

CYP1B1 

cytochrome 
P450, family 1, 
subfamily B, 
polypeptide 1 
(CYP1B1), 
mRNA. 

17.4221
7 

0.00014
4 

24.1548
5 

1.90E-
06     

CYP1A1 

cytochrome 
P450, family 1, 
subfamily A, 
polypeptide 1 
(CYP1A1), 
mRNA. 

9.58039
95 

2.50E-
06 

11.8356
2 

8.00E-
07     

HMOX1 

heme 
oxygenase 
(decycling) 1 
(HMOX1), 
mRNA. 

2.79657
07 

0.00041
8       

PTGR1 

prostaglandin 
reductase 1 
(PTGR1), 
mRNA. 

1.94218
12 0.00284       

SOD2 

superoxide 
dismutase 2, 
mitochondrial 
(SOD2) 

0.21366
43 < 1e-07 0.39806 

0.00160
8 

0.54436
4 0.0046   

NOX4 

NADPH 
oxidase 4 
(NOX4), mRNA.   

3.17326
6 

0.00166
3     

NQO1 

NAD(P)H 
dehydrogenase, 
quinone 1 
(NQO1), 
transcript 
variant 3, 
mRNA. 

3.59575
98 0.03125 

1.79768
5 

0.00369
4     

NQO2 

NAD(P)H 
dehydrogenase, 
quinone 2 
(NQO2), 
mRNA. 

1.77793
88 

0.00013
2 

1.72530
6 

0.00488
5     

GSR 

glutathione 
reductase 
(GSR), mRNA. 

1.95721
77 

0.00096
2 

2.51883
1 

2.49E-
05   

1.77941
4 

0.00256
5 
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