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Endothelial progenitor cells isolated from umbilical cord blood (CB-EPCs) represent a promising source of
endothelial cells for synthetic vascular grafts and tissue-engineered blood vessels since they are readily attain-
able, can be easily isolated, and possess a high proliferation potential. The objective of this study was to compare
the functional behavior of late outgrowth CB-EPCs with human aortic endothelial cells (HAECs). CB-EPCs and
HAECs were cultured on either smooth muscle cells in a coculture model of a tissue-engineered blood vessels or
fibronectin adsorbed to Teflon-AF™—coated glass slides. Late outgrowth CB-EPCs expressed endothelial cell-
specific markers and were negative for the monocytic marker CD14. CB-EPCs have higher proliferation rates
than HAECs, but are slightly smaller in size. CB-EPCs remained adherent under supraphysiological shear
stresses, oriented and elongated in the direction of flow, and expressed similar numbers of asB; and o,f;
integrins and antithrombotic genes compared to HAECs. There were some differences in mRNA levels of E-
selectin and vascular cell adhesion molecule 1 between CB-EPCs and HAECs; however, protein levels were
similar on the two cell types, and CB-EPCs did not support adhesion of monocytes in the absence of tumor
necrosis factor-o stimulation. Although CB-EPCs expressed significantly less endothelial nitric oxide synthase
protein after exposure to flow than HAECs, nitric oxide levels induced by flow were not significantly different.
These results suggest that late outgrowth CB-EPCs are functionally similar to HAECs under flow conditions and
are a promising cell source for cardiovascular therapies.

Introduction Many EC sources have been investigated, including

vascular-derived ECs and adipose-derived microvascular

O INCREASE OPTIONS for arterial repair, researchers are

developing small-diameter synthetic vascular grafts'
and tissue-engineered blood vessels (TEBVs).? For vascular
grafts and TEBVs to remain patent long-term, they must be
lined with functional endothelial cells (ECs). ECs are nor-
mally antithrombotic and inhibit smooth muscle cell (SMC)
growth, thereby preventing intimal hyperplasia.>” Auto-
logous vascular—derived ECs would be ideal candidates for
these applications; however, their use is not practical, and
hence alternative cell sources are needed. Five criteria must
first be satisfied to consider use of specific ECs or endothelial
progenitor cells (EPCs) for vascular repair: (1) they must
come from an easily obtainable and reliable source, (2) they
must exhibit EC-specific markers without monocytic mark-
ers, (3) they must have strong adhesion to the underlying
material, (4) they must exhibit antithrombotic and antiin-
flammatory properties characteristic of native ECs, and (5)
they must inhibit neointimal hyperplasia and thrombosis.

ECs; however, both these cell types are isolated using meth-
ods that require an invasive surgical procedure and/or ex-
tensive in vitro expansion."® Thus, these cells can only be used
in elective procedures and not for emergency vessel replace-
ment. While adipose-derived ECs are more abundant than
vessel wall cells, extensive isolation must be performed to
remove contaminating cells that promote neointimal hyper-
plasia.” Autologous blood-derived EPCs are an attractive cell
source for cardiovascular therapies,'*'? but patients in need
of replacement vessels are typically elderly and often suffer
from vascular diseases, which leads to a reduced number of
circulating EPCs capable of expansion and seeding onto
grafts or TEBVs.2'®® In contrast, umbilical cord blood—
derived endothelial progenitor cells (CB-EPCs) are easily
obtained and have a high proliferative potential,'® enabling
the cells to be cultured to sufficient numbers so that they can
be available at the time of the procedure. CB-EPCs may be
suitable for transplantation if the recipient can be matched to
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a donor’s human leukocyte antigen as performed with cur-
rent organ ’cransplantations.20_23

The potential of EPCs isolated from peripheral and um-
bilical cord blood to become fully functional ECs depends
upon the method of isolation."***® There are at least two
distinct populations of EPCs isolated from peripheral and
cord blood: early outgrowth colony-forming unit ECs (CFU-
ECs) and late outgrowth endothelial colony forming cells
(ECFCs). Most studies have focused on CFU-ECs, which are
of a myeloid lineage and have a limited capacity to prolif-
erate.” In contrast, ECFCs do not have markers for mono-
cytic cells or macrophages and exhibit more EC-specific
markers than CFU-ECs.”” In addition, late outgrowth EPCs
from umbilical cord blood are distinct from the EPCs isolated
from peripheral blood (PB-EPCs); for example, CB-EPCs
appear sooner after isolation, have a shorter doubling time,
and have higher proliferation potential probably because
they have an increased telomerase activity.'**°

Prior studies have examined the potential of CFU-ECs,
derived from peripheral and umbilical cord blood, as well as
ECFCs from peripheral blood for TEBVs®***?’ or synthetic
grafts."'%3° Initial results are very promising; however, little
is known about the functional properties of ECFCs isolated
from umbilical cord blood,? especially after exposure to
physiological flow conditions. To address this issue, we in-
vestigated whether late outgrowth CB-EPCs are functionally
similar to native ECs. We compared adhesion, function, and
responses to flow of late outgrowth CB-EPCs with human
aortic endothelial cells (HAECs) on both fibronectin (FN)—
coated Teflon-AF, to model synthetic vascular graf’(s,31 and
SMCs, to mimic TEBVs. We used FN because of its role in
promoting EC adhesion to materials. Functional properties
examined include growth rates, spreading, strength of ad-
hesion, integrin expression, integrins involved in initial ad-
hesion, and flow-induced responses on gene, and protein
levels were measured.

Materials and Methods
Cell culture

CB-EPCs were isolated as previously described by Ingram
et al.’® Umbilical cord blood was obtained from the Carolina
Cord Blood Bank at Duke University per protocols approved
by the Duke University Institutional Review Board. Before
receipt, all patient identifiers were removed. As determined
by the Duke University Institutional Review Board, the use
of these blood samples is exempt from human subjects” ap-
proval as defined by 45 CFR 46.102(f) and is not subject to
the Privacy Rule (45 CFR 164.500[a]). After collection, blood
was diluted 1:1 with Hanks balanced salt solution (HBSS;
Gibco, Carlsbad, CA), placed onto Histopaque 1077 (Sigma),
and centrifuged at 740 ¢ for 30 min. Buffy coat mononuclear
cells were collected and washed three times with a complete
medium, which was composed of endothelial basal media-2
(Cambrex, Walkersville, MD), supplemented with endothe-
lial growth media-2 SingleQuots (Cambrex), 10% fetal bo-
vine serum (Gibco), and 1x antibiotic-antimycotic solution
(Gibco). Mononuclear cells were plated on collagen I (rat tail;
Becton Dickinson, San Jose, CA) coated onto tissue culture
plastic. The medium was exchanged 24h after the initial
plating to remove nonadherent cells and was exchanged
everyday for the first week. Colonies of CB-EPCs appeared
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7-10 days after the initial isolation. The cells grew to con-
fluence and were serially passaged onto collagen I tissue—
coated surfaces. CB-EPCs were used at passages 4-9 for all
experiments, although the cells were still healthy and con-
tinued to proliferate at passage 10 and above.

HAECs (Cambrex) were maintained in the HAEC growth
medium (endothelial basal media-2 supplemented with en-
dothelial growth media-2 SingleQuots and 1x antibiotic—
antimycotic solution). HAECs were used at passage 7-10 for
all experiments.

Human aortic SMCs (Cambrex) were expanded with
the SMC growth medium containing smooth muscle basal
medium (Cambrex) supplemented with smooth muscle
growth media-2 SingleQuots (Cambrex) and 1x antibiotic—
antimycotic solution. The serum-free quiescent medium was
composed of Dulbecco’s modified Eagle’s medium/F12
(Gibco) supplemented with 1x insulin-transferrin-selenium
(Gibco), and 1x antibiotic-antimycotic solution. SMCs were
used at passages 8-11 for all experiments.

All static and flow experiments were performed with the
flow medium, which consisted of endothelial growth medium
(phenol red free), 3.3% fetal bovine serum, 1x insulin, trans-
ferrin and selenium, and 1x antibiotic-antimycotic solution.

All cells were cultured in a tissue culture incubator with
95% air/5% CO, at 37°C. Unless otherwise described, cells
were detached from surfaces by incubating with 0.025%
trypsin—ethylenediaminetetraacetic acid (Cambrex) for 5 min
at 37°C and neutralized with trypsin neutralizing solution
(Cambrex) at twice the volume of the trypsin.

Substrates for EC culture

All experiments with CB-EPCs or HAECs alone were
performed on Teflon-A (DuPont, Wilmington, DE) films
spun-cast onto standard glass microscope slides (Thermo-
Scientific, Waltham, MA), which were cleaned by sonication
with 2% PCC-54 solution (Pierce, Rockford, IL) in a 1:1 mix-
ture of MeOH:HCI. After air-drying, Teflon-AF was spun-
cast onto the slides.? Teflon-AF-coated slides were incubated
with 3.3 ug/mL human plasma FN (Sigma) in Dulbecco’s
phosphate buffered saline (DPBS; Gibco) for 1h at 37°C.

Cocultures were prepared as previously described.'’
Briefly, SMCs were plated at 80,000 cells/cm?, with SMC
growth medium on polystyrene Slideflasks (Nunc, Roche-
ster, NY) that were incubated with 3.3 ug/mL EN for 1 h. One
day after seeding, the growth medium was switched to SMC
quiescent medium. SMCs were maintained with quiescent
medium for 2 days before the HAECs or CB-EPCs were
seeded at a confluent density (125,000 HAECs/cm” and
200,000 CB-EPCs/cm?) directly on top of the quiescent SMCs
in HAEC growth medium. After 24 h, experiments were per-
formed.

Cell staining

CB-EPCs and HAECs were stained with Dil-acetylated-
LDL (Biomedical Technologies, Stoughton, MA) by adding
the 5 ug/mL solution directly into cell culture medium and
incubating for 4h at 37°C. Cells were immunolabeled by
fixing the cells in 3.7% paraformaldehyde for 10 min at 37°C,
incubating with 0.2% Triton for 5min at room temperature,
blocking with 10% goat serum for 30 min at 37°C, and in-
cubating with CD31 (1:100; Serotec, Kidlington, United
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Kingdom), von Willebrand Factor (vWF, 1:1000; Santa Cruz,
Santa Cruz, CA), or VE-cadherin (6:200; Santa Cruz) for 1h.
After rinsing, cells were incubated with Alexa Fluor 488
(1:500; Invitrogen, Grand Island, NY) for 45min at 37°C.
Images were taken using an epi-fluorescence microscope
(Ziess Axiovert S100, Carl Zeiss Inc., Thornwood, NY).

Cell spreading

To determine the projected cell area, both CB-EPCs and
HAECs were stained with Cell Tracker Orange (2uM,
15 min, 37°C; Invitrogen) and seeded onto either a confluent
layer of quiescent SMCs or FN-coated Teflon-AF at a sub-
confluent density (approximately 10-20,000 cells/cm?). One
hour after attachment, the medium was changed to the
HAEC growth medium. The projected cell area was mea-
sured using Image] (version 1.36, National Institutes of
Health). Approximately 75 cells were examined and aver-
aged at each time point for each condition. Three indepen-
dent experiments were performed for all conditions.

Strength of adhesion

Cell detachment as a function of shear stress was deter-
mined as previously described.* Cell nuclei were labeled
with Hoescht 33342 (1uM, 5min, 37°C; Invitrogen). Cells
were then seeded onto quiescent SMCs in slideflasks or FN
adsorbed to Teflon-AF—coated slides for 10min at room
temperature. Next, slides were gently rinsed three times
with DPBS to remove nonspecifically adherent cells. After
rinsing, slides were placed in a variable height flow cham-
ber,® and 5 images were taken at 5 different channel heights
along the chamber for a total of 25 images per experiment.
Steady laminar flow was applied for 2 min. The total elapsed
time from initial cell attachment to the onset of flow was
20 min. The flow medium consisted of DPBS with varying
amounts of dextran (2><106 kDa; Sigma) yielding fluid vis-
cosities from 1 to 5 centipoise. The shear stress was com-
puted by

_6uQ
T=
wH(x)?

where p is the fluid viscosity, w is the width of the flow
channel, Q is the volumetric flow rate, and H(x) is the height
of the flow chamber as a function of position along the flow
chamber.*® Shear stresses typically ranged from 100 to
285dyn/cm? After flow exposure, images were captured at
exactly the same positions along the slide as the preflow
images, and the number of cells that remained adherent
postflow was determined. Experiments were performed in
triplicate.

Flow cytometry

The surface expression of asB; and ayf; integrins present
on CB-EPCs and HAECs was determined by flow cytometry.
Cells were trypsinized, incubated with 10 ug/mL (approxi-
mate value) mouse-anti-osB;, 20 ug/mL mouse-anti-ay B3
antibodies (Chemicon), 1 ug/mL CD31, 1 ug/mL VE-cadherein
(Santa Cruz), or 2.5 ug/mL CD14 (Santa Cruz) for 1h, rinsed
and pelleted, incubated with Alexa fluor 488 goat-anti-mouse
secondary antibody (1:500; Invitrogen), rinsed and pelleted,
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and fixed in 3.7% paraformaldehyde. For each antibody,
preliminary experiments were performed to determine the
antibody concentration necessary to saturate the integrin
binding sites.

Fluorescence intensity per cell produced by the bound
antibodies was measured using a FACSCalibur flow cyt-
ometer (Becton Dickinson). Typically, 10,000 CB-EPCs and
HAECs were measured for fluorescent intensity per exper-
iment. In addition, isotype controls (Mouse IgG; Caltag,
Burlingame, CA) were performed for each sample condition,
and the mean fluorescent intensity found for the isotype
control was subtracted from the mean fluorescent intensity
of the antibody-bound cells.

Blocking studies

CB-EPCs or HAECs were stained with Cell Tracker Or-
ange, trypsinized, and resuspended in DPBS. Cells were then
incubated with 10 ug/mL mouse-anti-asf;, 20 ug/mL mouse-
anti-ayf3 antibodies, alone or in combination, or no anti-
bodies (control) for 30 min at 37°C with gentle rotation. The
cells were seeded onto either confluent layers of SMCs, or FN
and allowed to adhere for 15min. After incubation, non-
adherent cells were rinsed off the surface and the cells that
adhered were imaged and counted using Image] software.
Experiments were performed in triplicate.

Long-term flow experiments

CB-EPCs or HAECs stained with Cell Tracker Orange
were seeded at 100,000 Cells/cm2 onto FN-coated Teflon-AF
or SMCs as previously described (in Substrates for EC Cul-
ture section). After 24 h of adhesion, the slides were placed in
a parallel plate flow chamber and connected to a circular
flow loop as described previously.* Cells were exposed to a
shear stress of 15dyn/cm? for 24 or 48h with the flow me-
dium, which had a viscosity of 1.05 centipoise at 37°C.
Controls consisted of cells under identical culture conditions,
but not exposed to flow (static).

Five random images of the Cell Tracker Orange—positive
cells were captured at each condition after the 48h experi-
ment. Image] software was used to trace the cells and mea-
sure the area (A), maximum chord length (L), and angle of
cell orientation with flow (0° corresponds to the direction of
flow). The roundness of the cells was calculated using:

4A
Roundness = 2
The roundness ranges from 1.0, for a circle, to 0, for a straight
line; therefore, the closer to 0 the more elongated the cells. On
average, 75 cells were examined for each condition and 4
independent experiments were completed. After imaging the
cell cultures, the cells were detached and CB-EPCs/HAECs
were separated from SMCs as previously described and used
for quantitative real-time reverse transcriptase-polymerase
chain reaction (RT-PCR).3*

Quantitative real-time RT-PCR

RNA was isolated from the purified HAECs or CB-EPCs
using an RNA isolation kit (High-Pure Total RNA Isolation
Kit; Roche Applied Science, Indianapolis, IN), and real-time
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quantitative RT-PCR was performed as described previ-
ously.* The 27*“} method was used to determine the rel-
ative gene expression.35 The primers used, selected based on
the gene sequence of interest, were

(a) beta 2-microglobulin: 5-GGC TAT CCA GCG TAC
TCC AAA G-3' and 5-CAA CTT CAA TGT CGG
ATG GAT G-3;

(b) endothelial nitric oxide synthase (eNOS): 5-GTG
ATG GCG AAG CGA GTG AAG-3 and 5'CCG AGC
CCG AAC ACA CAG AAC 3

(c) cyclooxygenase-2 (COX2): 5-TGA GCA TGT ACG
GTT TGC TG-3' and 5-TGC TTG TCT GGA ACA
ACT GC-3;

(d) endothelin (ET-1): 5'-TCC TCT GCT GGT TCC TGA
CT-3' and 5-CAG AAA CTC CAC CCC TGT GT-3;

(e) tissue plasminogen activator (tPA): 5-CAA GTG TCC
TTC CCC TTT CC-3 and 5-GGG TTG TGG CAA
CAG AAA GT-3;

(f) thrombomodulin: 5-TAC GGG AGA CAA CAA CAC
CA-3' and 5-AAG TGG AAC TCG CAG AGG AA-3;

(g) Kruppel-like factor-2 (KLF-2): 5-GCA CGC ACA
CAG GTC AGA AG-3 and 5-ACC AGT CAC AGT
TTG GGA GGG-3/;

(h) cyclin D: 5-GAG GAA GAG GAG GAG GAG GA-3
and 5-GAG ATG GAA GGG GGA AAG AG-3;

(i) wvascular cell adhesion molecule 1 (VCAM-1): 5'-GGG
CTT TCC TGC TGC GAA-3 and 5-AAG AGG CTG
TAG CTC CCC G-3;

() intracellular adhesion molecule 1 (ICAM-1): CAG
TGA CCA TCT ACA GCT TTC CGG-3’ and 5-GCT
GCT ACC ACA GTG ATG ATG ACA-3; and

(k) E-selectin: 5-GAT GTG GGC ATG TGG AAT GAT
G-3' and 5-AGG TAC ACT GAA GGC TCT GG-3'.

Beta 2-microglobulin was the housekeeping gene used for
the 2722} method. Melting curves were obtained after each
reaction to verify that only the target cDNA was amplified.

Adhesion protein measurements
and monocyte adhesion

CB-EPCs and HAECs were stained with Cell Tracker
Green, seeded onto SMCs or Teflon-AF, and either exposed
to long-term flow or cultured under static conditions as pre-
viously described. To examine the inflammatory response,
tumor necrosis factor (TNF)-o (5Units/mL; Sigma) was
added for the last 4.5h of the 24h experiment. At the end
of the experiment, CB-EPCs or HAECS were stained with
mouse anti-human ICAM-1, VCAM-1, E-Selectin (BD Bio-
sciences, Bedford, MA), or Mouse IgG (Caltag) at a 1:200 di-
lution and prepared for flow cytometry. Cell Tracker Green
intensity was used to distinguish CB-EPCs and HAECs from
SMCs, and the protein expression (as determined by PE
intensity) was only measured for the Cell Tracker Green—
positive cells. Monocyte adhesion experiments were performed
at a shear stress of 1dyn/cm? as described by Wallace.*®

Western blot of eNOS

Cells were removed from the FN-coated slides by scraping
into ice-cold DPBS. Samples were centrifuged and re-
suspended into Cell Lytic M (Sigma), supplemented 1:10
with Protease Inhibitors Cocktail (Sigma). Samples were in-
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cubated on ice, vortexed periodically for 15min, and centri-
fuged for 15min to remove the cell debris. The supernatant
was collected and stored at —20°C.

Protein concentrations were measured using the bicinch-
oninic acid protein assay (Thermo Scientific). Ten micrograms
of protein lysate was added to a loading buffer (Laemelli
buffer; Bio-Rad, Chicago, IL, and Cleland’s Reagent; Calbio-
chem, San Diego, CA) in a 1:1 ratio and boiled for 5 min. The
protein solution was loaded into 4-15% Tris-HCl Ready
Made gel (Bio-Rad), and electrophoresis was performed at
150V for approximately 40-45min. A wet transfer (Tris-
Glycine; Bio-Rad) was completed at 40 W, 500 mA, and 200 V
for 2.5h to transfer the protein from the gel to a poly-
vinylidene fluoride membrane (Bio-Rad). After blocking with
5% milk in Tris-buffered saline + 0.05% Tween (TBST) for 1h
at room temperature, the membrane was incubated with a
rabbit anti-human eNOS antibody (1:200; Santa Cruz) in 1%
milk in TBST overnight at 4°C, rinsed, incubated with a goat
anti-rabbit secondary horseradish peroxidase (HRP) (1:5000;
Santa Cruz) for 45 min at room temperature, rinsed, covered
with enhanced chemiluminescence solution (ECL; Pierce) for
5min, and then exposed to CL-Xposure Film (Pierce). The
membrane was then stripped (Restore Plus Western Strip-
ping Buffer; Pierce), blocked with 5% milk in TBST, and incu-
bated with a mouse anti-human glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody (1:5000; Imgenex, San
Diego, CA) and incubated overnight at 4°C. Membranes were
then incubated with goat anti-mouse secondary HRP (1:5000;
Santa Cruz) for 45 min at room temperature, rinsed, and ex-
posed to detect bands as described above.

Bands were quantified using densitometry, eNOS molec-
ular weight was about 135kDa, and GAPDH molecular
weight was about 37 kDa. The films were scanned into the
computer, and Image] was used to quantify the band den-
sity. The eNOS values were normalized to the loading con-
trols (GAPDH).

Measurement of nitric oxide production

After 24 h of flow, medium samples were frozen at —80°C
and lyophilized (Appropriate Technical Resources, Laurel,
MD) for 20-24 h. The lyophilized medium was resuspended
into 1/5 of its original volume of assay buffer provided by
the Nitric Oxide Quantification Kit (Active Motif, Carlsbad,
CA), and the kit’s protocol was followed to determine amount
of nitrites and nitrates in the original medium samples.

Statistical analysis

Statview 5.0.1 was used to compare data to determine the
statistical differences between cell sources and conditions
used. Analysis of variance (ANOVA) and Tukey-Kramer post
hoc analysis were conducted to determine significance for all
experiments. All values are reported as means =+ standard
error of the means.

Results

CB-EPC culture and characterization

CB-EPCs appeared as early as 7 days after isolation and
reached confluency and were passaged once before charac-
terization. As viewed under phase contrast microscopy, CB-
EPCs and HAECs (Fig. 1A, B) have a typical EC cobblestone
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FIG. 1.

Morphology of CB-EPCs compared to HAECs. (A) Phase contrast image of CB-EPCs seeded onto FN-coated Teflon-

AF. (B) Phase contrast image of HAECs seeded onto FN-coated Teflon-AF. (C) CB-EPCs stained with VE-cadherin.
(D) HAECs stained with VE-cadherin. CB-EPCs, umbilical cord blood-derived endothelial progenitor cells; HAEC, human

aortic endothelial cells; FN, fibronectin.

morphology. Both cell types were positive for VE-cadherin
and demonstrate cell-to-cell contact (Fig. 1C, D). The stain-
ing pattern for platelet endothelial cell adhesion molecule
(PECAM) was similar to the pattern observed with VE-
cadherin (images not shown). Both CB-EPCs and HAECs
incorporated Dil-acetylated LDL and stained positively for
CD31 and vWEF. As demonstrated by flow cytometry, CB-
EPCs had similar levels of CD31 and VE-cadherin surface ex-
pression as HAECs and did not express CD14, a monocyte/
macrophage marker (not shown). Monocytes (U937, Amer-
ican Type Culture Collection (ATCC)) were used as a control
for all experiments and did not express any EC markers,
while positively expressing CD14.

The CB-EPCs had a doubling time of 1.25+0.12 days,
while HAECs had a doubling time of 2.32+1.15 days
(p<0.015, n=6).

Cell spreading

Both CB-EPCs and HAECs had similar projected areas,
spread significantly more on FN-coated Teflon-AF compared
to SMCs (p < 0.001), and were larger at 24 h compared to 1h

(p <0.001) (Fig. 2, n =3). After 1 h both CB-EPCs and HAECs
were roughly 50% of their final size when seeded on FN-
coated Teflon-AF and 70% of their final size when seeded on
SMCs; this suggests that CB-EPCs spread at a similar rate
compared to HAECs.

Strength of adhesion

CB-EPCs and HAECs adhered firmly to both FN-coated
Teflon-AF and SMCs (Fig. 3, n=4) when exposed to high
shear stresses. Shear stresses as high as 285dyn/cm?, ap-
proximately 20 times greater than normal physiological shear
stress, were applied after 20 min of cell attachment. At the
highest shear stress, less than 5% of CB-EPCs on FEN Teflon-AF
or SMCs detached, while 10% of HAECs on FN-coated Teflon-
AF detached. This high strength of adhesion has only been
observed a few times for such short attachment times.*>*”

Expression and blocking of o.sf; and a3 integrins

Both a5B; and oy B; integrins affect EC adhesion to FIN, 3234
and expression of these integrins may affect the adhesion
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FIG. 2. CB-EPC and HAEC spreading. Spreading of CB-
EPCs and HAECs on either FN-coated Teflon-AF or SMCs at
1 and 24 h. Cell area is greater at 24 h (*p <0.001) and on FN-
coated Teflon-AF compared to SMCs (p < 0.01), and, overall,
HAECs are significantly larger than CB-EPCs (*p <0.05;
n =23, standard error based off of the n=3). SMC, smooth
muscle cell.

strength. Both cell types have similar expression of oyf3,
but CB-EPCs express a significantly higher level of asp;
(Fig. 4A, p<0.05, n=4). Antibodies to a5p; alone signifi-
cantly decreased adhesion to both FN and SMCs (p <0.05,
n=4), antibodies to oy 3 did not decrease adhesion, and the
combination of the two antibodies significantly decreased
adhesion (p<0.01) to a greater extent than the decrease
caused by asp; alone for all conditions except for CB-EPCs
on SMCs (p < 0.05) (Fig. 4D).
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FIG. 3. CB-EPC and HAEC strength of adhesion. CB-EPCs
and HAECs were adhered to either FN-coated Teflon-AF or
SMCs for 20 min before exposure to 2 min of shear stress, and
the percentage of cells that remained adherent was deter-
mined (n =4).
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FIG. 4. Integrin expression and blocking by CB-EPCs and

HAECs. (A) Relative amount of adhesion integrins present
on CB-EPCs and HAECs determined by flow cytometry. CB-
EPCs express a significantly higher level of asB; compared to
HAECs (*p <0.05; n=4). (B) Number of adherent cells after
blocking asBq, oyBs, or both asB; and oyPs integrins with
blocking antibodies. asB; significantly decreased adhesion
compared to the control (no blocking antibodies) (*p < 0.05),
both osB; and oy B3 significantly decreased adhesion com-
pared to the control (*p <0.01), and both asB; and o3 sig-
nificantly decreased adhesion compared to asp; (#p <0.05).

CB-EPC alignment under flow

After exposure of CB-EPCs and HAECs seeded on FN-
coated Teflon-AF to a shear stress of 15 dyn/cm2 for 48h,
both cell types oriented and elongated in the direction of
flow compared to static conditions (Fig. 5, p < 0.001, n=4).
This behavior is characteristic of most native ECs exposed
to steady, fully developed laminar flow. No significant
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FIG. 5. CB-EPC and HAEC alignment under long-term
flow. (A) Orientation and (B) elongation of CB-EPCs and
HAECs on FN-coated Teflon-AF surfaces when exposed to
48h of 15dyn/cm? shear stress and under static conditions
(0° is perfectly aligned with the direction of flow, 0 is a
perfect line, and 1 is a perfect circle), *p < 0.001 compared to
static conditions (n =4).

differences were observed in the orientation or roundness
between HAECs and CB-EPCs exposed to long-term flow.

Effect of flow on antithrombogenic
and prothrombogenic gene expression

To determine if CB-EPCs behaved similar to HAECs un-
der static and flow conditions, we examined the expression
of 10 genes involved in antithrombogenic and prothrombo-
genic EC function: eNOS, COX2, ET-1, tPA, thrombomodu-
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lin, KLF-2, cyclin D1, VCAM-1, ICAM-1, and E-selectin on
FN-coated Teflon-AF or cocultured on SMCs (Table 1, n =4).
The differences found between the two cell types are under-
lined on the table, and the significance level is denoted with
superscript “e”. On FN under static conditions, the only
difference between the two cell types was a higher level of
ET-1 mRNA on CB-EPCs. Flow caused a significant increase
in eNOS, COX2, KLF-2, VCAM-1, and thrombomodulin for
both cell types and ICAM-1 and E-selectin in CB-EPCs. After
exposure to flow, only COX2 mRNA levels were signifi-
cantly higher in CB-EPCs than HAECs. ET-1 mRNA levels
were depressed slightly by flow, but the effect was not sig-
nificant. Flow caused a suppression of cyclin D-1 on HAECs
but not CB-EPCs. For cells grown on SMCs, the trends were
generally similar to those observed on FN, although tPA and
ET-1 levels were not affected by flow. The other major dif-
ference between cells grown on SMCs is the significant ele-
vation of VCAM-1, ICAM-1, and E-selectin in HAECs
exposed to flow.

Leukocyte adhesion molecule protein levels
and monocyte adhesion

While mRNA levels of VCAM-1, ICAM-1, and E-selectin
were elevated under flow for CB-EPCs on FN and both cell
types on SMCs, the mRNA for these conditions was much
less than we had previously observed after stimulation with
5U/mL TNF-a.2® We did note that mRNA levels of VCAM-1
and E-selectin under static conditions were much lower than
other genes, suggesting that these responses to flow may
not lead to significant protein expression. To assess the
functional implications of VCAM-1, ICAM-1, and E-selectin
mRNA levels, we measured protein expression by flow cy-
tometry for both CB-EPCs and HAECs seeded onto SMCs
and/or FN-coated Teflon-AF that underwent static and flow
conditions for 24h. The expression of all three adhesion
molecules was very low for all conditions and in fact could
not be distinguished from nonspecific binding with mouse
IgG for most cases (Fig. 6A—C). Monocyte adhesion experi-
ments did not detect any adhesion at a shear stress of
1dyn/cm?.

To assess any differences between CB-EPCs and HAECs
after exposure to an inflammatory stimulus, we exposed the
cells to 5U/mL TNF-a for the final 4.5h of the 24 h experi-
ment. The presence of TNF-o caused an overall increase in all
three adhesion molecules (n =4). An ANOVA tests revealed
the following differences between the two cell types after
exposure to TNF-o. E-selectin levels on CB-EPCs seeded on
FN under static conditions were significantly elevated. The
elevated level of E-selectin on CB-EPCs was diminished
when the cells were exposed to flow conditions. The ex-
pression of VCAM-1 was significantly less for CB-EPCs co-
cultured with SMCs under static conditions compared to
culture on FN. ICAM expression was increased for flow
conditions versus static for both cell types on both surfaces.
As expected, we did observe monocyte adhesion to CB-EPCs
and HAECs treated with 5U/mL TNF-o at a shear stress of
1dyn/cm? (data not shown).

eNOS protein expression and NO production

Total eNOS protein expression was determined after 24 h
of exposure to 15dyn/cm?. Flow induced an overall increase
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TABLE 1. ANTITHROMBOTIC AND PROTHROMBOTIC GENE EXPRESSION IN UMBILICAL CORD BLOOD-DERIVED
ENDOTHELIAL PROGENITOR CELLS AND HUMAN AORTIC ENDOTHELIAL CELLS

Surface FN SMC

Flow conditions Static Flow Static Flow

Gene CB-EPC HAEC CB-EPC HAEC CB-EPC HAEC CB-EPC HAEC
eNOS 1.0£0.2 14+04 6.0 +-0.8% 49+11* 15402 1.1+0.2 5.940.9% 3.84+0.6%
COX2 12+02 09403 6.7+0.9*>¢ 22402 08+02 05+01 125+07*® 8.9+02*
KLF-2 15+06 0.6+0.3 9.14+1.2% 52+18% 1.9+05° 06+03 7.3+1.8% 4.0 +£0.4%

Thrombomodulin 2401  21+04 10.6+1.9° 10.74+19% 26+04 58403 85+1.6% 10.6+1.7¢
tPA 0.7 +0.1¢ 0.5+0.1¢ 0.54+0.1¢ 14401° 13+£004 1.1+£0.1 0.940.08 0.9+0.1
ET-1 1.04+0.1%¢ 04+0.1 0.5+0.1 0.3+0.1 04+0.04 03401 0.5+0.1 0.4+0.1
Cyclin D 0.94+0.1 0.8+0.1 0.84+0.2 0.5+0.14 0.740.1 09+0.04 0.7+0.1 0.6 +0.04*
VCAM-1 0.4+0.1 0.2+0.03 2.0+0.8 09+029 02+0.1 0.1£0.02 1.1£0.6 2.14+0.5%
ICAM-1 0.5+0.1 0.7+0.1 4.8 +1.3% 0.5+0.1° 0.2+0.1 0.2+0.1 43+2.2% 5.940.9?
E-selectin 0.9+0.2 1.7+1.1 52+3.4 1.7+0.8 05+0.3 02+01° 122+11 90.7 +9.2%

Comparison of antithrombotic and prothrombotic genes in CB-EPCs and HAECs on either FN or SMC surfaces exposed to static or flow
conditions. The underlined values represent differences in the two cell types, and the boldfaced values are the significant findings.

2y <0.01 and %p < 0.05, compared to equivalent static conditions.

p <0.01 and °p < 0.05, compared to equivalent HAEC conditions.

p <0.05, compared to equivalent SMC conditions.

CB-EPCs, umbilical cord blood-derived endothelial progenitor cells; HAEC, human aortic endothelial cells; FN, fibronectin; SMC, smooth
muscle cell; eNOS, endothelial nitric oxide synthase; COX2, cyclooxygenase-2; ET-1, endothelin-1; tPA, tissue plasminogen activator; KLF-2,
Kruppel-like factor-2; VCAM-1, vascular cell adhesion molecule 1; ICAM-1, intracellular adhesion molecule 1.

in eNOS protein expression, but the increase was not statis-
tically significant for CB-EPCs, while it was for HAECs
(p<0.05, n=4) (Fig. 7). eNOS protein expression was found
to be significantly higher in the HAECs compared to the CB-
EPCs (p <0.05). Possibly due to the trypsin levels used and
the long procedure necessary to separate the ECs with SMCs,
we were unsuccessful in measuring eNOS in coculture al-
though we have measured cell surface proteins and other
intracellular proteins in ECs in coculture.**

Thus, to assess the effect of the reduced eNOS levels in
CB-EPCs and the effect of coculture, we measured NO after
24h of exposure to 15dyn/cm? Flow induced a significant
increase in NO production for both cell types on both FN-
coated Teflon-AF and SMCs (Fig. 8, n=4, p <0.001). There
were no significant differences in NO levels between cell

types.

Discussion

CB-EPCs are a promising cell source for many cardio-
vascular therapeutic applications; however, the extent to
which they behave like vascular endothelium and respond to
flow has yet to be investigated. We isolated late outgrowth
CB-EPCs from umbilical cord blood and compared EC
functional properties of CB-EPCs with adult HAECs under
laminar flow conditions to determine their ability to meet the
five criteria we set for use as replacement cells for synthetic
vascular grafts and TEBVs.

Late outgrowth CB-EPCs were easily isolated and grew to
large numbers with a doubling time approximately twice as
fast as the doubling time of HAECsS, satisfying the first cri-
terion that the EC replacement comes from an easily ob-
tainable and reliable source.

We showed that late outgrowth CB-EPCs resembled
HAECs in morphology, expression of CD31, VE-cadherein,
vWEF, ability to bind and internalize Dil-acetylated-LDL, and

absence of CD14. These results are consistent with the de-
scription of late outgrowth CB-EPCs by Yoder and col-
leagues, which they defined as ECFCs.?” CB-EPCs meet our
second criterion for EC replacement cells in vascular thera-
pies, which is that the cells display EC-specific markers and
lack monocyte characteristics. This important criterion is
based on the presence of two distinct EPCs, ECFCs and CFU-
ECs, found within peripheral and umbilical cord blood.*”
CFU-ECs have limited proliferation, express monocytic/
macrophage markers, do not adopt a cobblestone morphol-
ogy, differentiate into phagocytic macrophages, and display
myeloid progenitor cell activity.”” ECFCs do not exhibit these
monocytic properties, which are unfavorable for a vessel
lining.

An ideal synthetic graft or TEBV needs a lining of ECs that
can withstand physiological levels of shear stress to maintain
a confluent endothelium. Through the use of a mild trypsi-
nization techniques® we found that CB-EPCs have similar
adhesion strength compared to HAECs when seeded onto
FN-coated Teflon-AF or SMCs (Fig. 3). In fact, both cell types
remained adherent when exposed to shear stresses much
higher than the physiological range and have some of the
highest adhesion strength ever reported for such short at-
tachment times.?” The ability of CB-EPCs to remain adherent
when exposed to supraphysiological shear stresses after only
20 min of attachment suggests that they can be seeded onto
synthetic grafts or TEBVs within a short time period before
use. Such rapid and firm adhesion may permit rapid seeding
and graft implantation, in which the stored CB-EPCs could
be available and matched from donor to recipient and then
seeded onto the graft during the surgical procedure.

Both cell types maintained confluent monolayers on SMCs
or FN-coated Teflon-AF when exposed 15dyn/cm? for 24—
48h. CB-EPCs adapted to long-term flow conditions by
elongating and aligning with the direction of flow similar to
native ECs. PB-EPCs also exhibit this characteristic.'**
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FIG. 6. CB-EPC and HAEC expression of adhesion molecules as measured by flow cytometry after exposure to static
and/or flow conditions on both FN-coated Teflon-AF or SMCs and either unstimulated or stimulated with TNF-a for 4.5h.
(A) Expression of intracellular adhesion molecule 1. (B) Expression of E-Selectin. (C) Expression of vascular cell adhesion
molecule: *p < 0.01 compared to non-TNF-o stimulated conditions, #p < 0.01 compared to all other conditions, and $p <0.01
compared to static conditions (n =4). TNF, tumor necrosis factor.

EC adhesion to materials is mediated by the cell adhesion
proteins bound to the surface of the material, such as FN or
vitronectin.?**° FN and vitronectin form bonds with the cell’s
surface integrins, specifically osf; and ayf3, inducing firm
adhesion at the cell-substrate interface. Cell adhesion strength
is initially dependent on integrin— ligand interactions, which
is later strengthened by focal contact formation.*!

CB-EPCs and HAECs have a similar expression level of
ayPs; however, CB-EPCs have a significantly higher level of
asPq expression compared to HAECs. Both CB-EPCs and
HAECs had less adhesion to both substrates when osp; was
blocked, and adhesion was further hindered when both o503,
and oy Pz were blocked; however, when only a3 is blocked,
the reduction in adhesion was not significant. These findings
are similar to what we previously found with HAECs.>*

Thus, a5B; may play the dominant role in adhesion of both
cell types, but oyp; integrins also contribute to adhesion.
These results indicate that CB-EPCs satisfy our third criterion
of strong adhesion necessary for successful grafts or TEBVs.

ECs lining synthetic grafts and TEBVs must be antith-
rombotic, which is our fourth criterion an EC source must
meet to be used. ECs pro- and antithrombotic nature varies
depending on the shear stress acting on the cells. The cells
are more thrombotic at lower shear stresses and more an-
tithrombotic at higher shear stress values. For instance,
eNOS gene expression and NO production increase when
shear stress increased.*” We compared the two cell types at
only one laminar shear stress, 15dyn/cm?.

The functional properties of ECs are required to maintain
homeostasis in the vasculature; therefore, we examined a
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FIG. 7. CB-EPC and HAEC eNOS protein expression.
eNOS protein expression was measured from CB-EPCs and
HAECs on FN-coated Teflon-AF either exposed to
15dyn/cm® for 24h or under static conditions: *p < 0.05,
compared to static conditions, and *p <0.05, compared to
CB-EPCs (n=4). eNOS, endothelial nitric oxide synthase.

number of key antithrombotic and prothrombotic genes that
are known to regulate vessel function. Three important
molecules secreted by ECs that influence vascular hemody-
namics are NO, prostacyclin, and ET-1.2* NO promotes va-
sodilation of the blood vessel and platelet disaggregation,
while also inhibiting leukocyte adhesion and SMC migration
and proliferation.”**** NO is constitutively secreted by ECs
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FIG. 8. NO produced by CB-EPCs and HAECs. NO was
measured, by total amount of nitrites and nitrates, in the
supernatant of CB-EPCs and HAECs on FN-coated Teflon-
AF or SMCs either exposed to 15 dyn/cm? of shear stress for
24 h or under static conditions, *p < 0.001, compared to static
conditions (1 =4).
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primarily by eNOS,* and its production is modulated by
exogenous chemical and physical stimuli, such as shear
stress. 4344 Prostacyclin, which is produced by COX2, can
stimulate vasodilation and prevent platelet aggregation and
deposition.”** In contrast, ET-1 is a very potent vasocon-
strictor and promotes SMC proliferation.*> We found similar
gene expression levels of eNOS, COX2, and ET-1 in both CB-
EPCs and HAECs under static and long-term physiological
flow conditions. The decrease in ET-1 expression for both cell
types on FN is consistent with other reports for ECs seeded
on FN-coated surfaces and exposed to laminar flow.*>*® The
slight increase in ET-1 mRNA when CB-EPCs and HAECs
were grown on SMCs and exposed to flow demonstrates the
importance of the underlying substrate upon EC phenotype.
We also determined that eNOS protein expression increased
under flow conditions in HAECs and was significantly less
abundant in CB-EPCs compared to HAECs, while other
studies have not found detectable levels of eNOS in either
CB-EPCs or PB-EPCS (CFU-ECs) through Western blotting.*’
However, the eNOS protein expression does not directly
correlate with NO production since the protein must be ac-
tivated to produce NO.*® The amount of NO produced by
CB-EPCs and HAECs increased significantly after exposure
to fluid shear stress for both substrates, and there was no
significant difference in the amount of NO produced by the
two cell types. While cultured SMCs alone do produce NO in
response to fluid shear stress by neuronal NOS,** SMCs in
coculture are not exposed to shear stress directly and the
similarity in the levels of NO produced with and without
SMC coculture suggests that SMC NO production was not
significant.

Although tPA levels did increase with HAEC cultured on
FN, which correlates with previous findings on synthetic
grafts,” the ANOVA was not significant. tPA mRNA levels in
CB-EPCs did not increase with shear stress. However, when
cultured on SMCs, both cell types had slightly higher levels of
tPA mRNA and did not increase tPA mRNA after exposure to
flow, further demonstrating the importance of the substrate.

CB-EPCs and HAECs expressed similar levels of the
transcription factor KLF-2, which is exclusively expressed
within the endothelium in the vasculature.”® KLF-2 is a key
regulator of oxidative and antithrombotic responses to shear
stress.”! KLF-2 is known to induce eNOS and thrombomo-
dulin expression and activity, reduce ET-1 expression, inhibit
the inflammatory cytokine-mediated induction of adhesion
molecule expression, and inhibit leukocyte adhesion.** CB-
EPCs and HAECs have a significantly higher expression le-
vel of KLF-2 under flow.

To assess the effect of flow on the growth potential of the
highly proliferative CB-EPCs, we measured gene expression
of cyclin D1, which is involved with 1:)1‘oliferation.52 How-
ever, we did not find any significant difference between cy-
clin D1 levels in CB-EPCs and HAECs, and there was a slight
decrease in cyclin D1 when the cells were exposed to flow.
The cells were seeded at confluent density to simulate in vivo
conditions and hence would not be likely to proliferate ex-
tensively, which may be the reason we do not see a differ-
ence between the two cell types.

VCAM-1, ICAM-1, and E-selectin are major players in
monocyte and leukocyte adhesion to the endothelium.
E-selectin interacts with a ligand on the leukocyte surface,
which captures the leukocyte and induces it to roll on the
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endothelium. Then, VCAM-1 and ICAM-1 bind to leukocyte
integrins causing firm adhesions of the leukocyte to the en-
dothelium surface.”® There were some notable differences in
mRNA expression on FN and SMCs. VCAM-1 on CB-EPCs
attached to FN increased under flow, and VCAM-1, ICAM-1,
and E-selectin increased in HAECs exposed to flow. This
increase in VCAM-1 and E-selectin mRNA after flow expo-
sure differs from the results of Brooks et al.*> for HAEC
grown on FN-coated plastic and exposed to laminar shear
stress for 24 h. However, we did find the effect of flow on
ICAM-1 mRNA for HAECs on EN to be similar to previously
reported trends.*® The increased mRNA levels with flow for
cells grown on FN are much less than the increase in VCAM-
1, ICAM-1, and E-selectin mRNA in the presence of TNF-a,
which increased VCAM-1 and E-selectin 44-112-fold at
5U/mL.* The increase in E-selectin level for HAECs grown
on SMCs and exposed to flow is comparable to low levels of
TNF-o stimulation, but the increase for CB-EPCs grown on
SMCs is about seven times smaller. We found that the ex-
pression of all three of these proteins to be very low, with no
significant difference between HAECs and CB-EPCs found
(Fig. 6a—c). At 1dyn/cm? monocytes did not adhere to CB-
EC or HAECs previously cultured under static or flow
conditions. Therefore, CB-EPCs have a small amount of ad-
hesion proteins on their surface and do not promote mono-
cyte adhesion similar to HAECs.

Overall, we found few differences between the two cell
types in protein levels of VCAM-1, ICAM-1, and E-selectin
after stimulation with TNF-o. CB-EPCs on FN under static
conditions and exposed to TNF-o did have a significantly
higher amount of E-selectin compared to all other conditions;
however, this protein expression was significantly down-
regulated under flow conditions. The effect of flow on ad-
hesion molecule protein levels after TNF-o stimulation was
similar to that reported by Chiu et al.3* Overall, these results
suggest that CB-EPCs are similar when compared to HAECs’
protein expression of important monocyte adhesion mole-
cules, and prevent monocyte adhesion in vitro.

In conclusion, these results suggest that CB-EPCs meet
most of the criteria for a suitable cell source for lining syn-
thetic vascular grafts and TEBVs to obtain a firmly adherent,
confluent, and antithrombotic endothelium. CB-EPCs (1) are
easily obtainable, (2) exhibit EC-specific markers and do not
exhibit monocytic markers, (3) have a high strength of ad-
hesion, and (4) possess a number of antithrombotic qualities
when exposed to physiological laminar shear stress. Future
studies will determine whether CB-EPCs prevent neointimal
thickening and thrombosis in vivo. The effect of other flow
conditions (e.g., low shear stresses and oscillatory shear
stress) in combination with cytokine treatment needs to be
assessed to determine how CB-EPCs behave under athero-
prone conditions. However, the functional properties of CB-
EPCs found in this study provide initial support for the use
CB-EPCs as an EC source for replacement vessels that will
remain patent under flow conditions.
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