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Endothelial cells (ECs) are central regulators of hemostasis, inflammation, and other vascular processes. ECs have
been used to cover vascular graft materials in an attempt to improve the biological integration of the grafts with
the surrounding tissue. Although EC seeded grafts demonstrated improved patency, the invasive nature of EC
harvest has limited the clinical translation of this technique. Endothelial outgrowth cells (EOCs) can be derived
from circulating endothelial progenitor cells, which are noninvasively isolated from a peripheral blood draw.
Although EOCs have been presumed to regulate hemostasis and inflammation similarly to arterial ECs, there has
been limited research that directly compares EOCs to arterial ECs, particularly using pairs of donor-matched
cells. This study provides a multifaceted characterization of hemostasis regulation by baboon EOCs and carotid
ECs, both in the presence and absence of an inflammatory stimulus, tumor necrosis factor a (TNFa). The
expression of genes involved in thrombosis and inflammation was highly similar between ECs and EOCs at a
basal state and following TNFa stimulation. ECs and EOCs activated similar levels of protein C and Factor X
(FX) at a basal state. Following TNFa treatment, EOCs had less of an increase in tissue factor activity than ECs.
Cell-seeded expanded polytetrafluoroethylene vascular grafts demonstrated no significant differences between
ECs and EOCs in platelet accumulation or fibrinogen incorporation in a baboon femoral arteriovenous shunt loop.
This work demonstrates that EOCs regulate thrombus formation and respond to an inflammatory stimulus similar
to ECs, and supports utilizing EOCs as a source for an autologous endothelium in tissue engineering applications.

Introduction

Blood coagulation is a highly regulated process de-
signed to enable rapid blood clot formation at the sites

of vascular injury (hemostasis), while limiting excessive
blood clot formation, which can result in vessel occlusion
(thrombosis) or the release of a clot into circulation (em-
bolism), where the clot may occlude distant vessels. Endo-
thelial cells (ECs) line the vasculature and inhibit thrombus
formation through the expression of both surface-bound
molecules such as thrombomodulin and cluster of differen-
tiation 39 (CD39), as well as secreted factors such as nitric
oxide (NO) and tissue factor pathway inhibitor (TFPI). Con-
versely, at sites of vascular injury, ECs initiate thrombus
formation to prevent vascular leakage and hemorrhage. The
process of hemostasis is promoted by endothelial expression
of tissue factor, platelet endothelial cell adhesion molecule
(PECAM), and downregulation of normal antithrombo-
tic activity. In healthy vasculature, ECs are responsible for
clot dissolution (fibrinolysis) to prevent excessive thrombus
formation and to permit reendothelialization of the injured

vessel wall. In addition to regulating thrombus formation,
ECs regulate inflammation by controlling leukocyte adhe-
sion and transmigration, as well as vascular smooth muscle
cell proliferation and vascular tone.1–5 Leukocyte adhesion
and transmigration are facilitated by endothelial expres-
sion of adhesion molecules, predominantly intercellular
adhesion molecule 1 (ICAM-1), vascular cell adhesion mol-
ecule 1 (VCAM-1), and E-selectin, whereas smooth muscle
cell contractility is regulated by NO generated by endothelial
nitric oxide synthase (eNOS). Thus, ECs serve as an active
interface between the blood and surrounding tissue to regu-
late many vascular physiological processes.

Unlike the native vascular endothelium, synthetic vascular
grafts developed thus far have sought to remain inert to avoid
activation of coagulation. One example of such a clinically
utilized inert material is expanded polytetrafluoroethylene
(ePTFE). However, at small diameters (< 6 mm) these grafts
frequently become occluded due to thrombus formation and
intimal hyperplasia, both of which a healthy endothelium
inhibits.6 Tissue engineering strategies to develop biological
vascular replacements or cover synthetic graft materials have
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used ECs to improve the bioactivity of the engineered ves-
sels.7–11 Despite the promising results of endothelialized
vascular grafts in clinical trials, the limited availability of
autologous ECs and the donor site morbidity resulting from
EC harvest have limited the clinical potential of these
grafts.8,12 ECs have also been incorporated into tissue en-
gineering strategies seeking to engineer thick or metaboli-
cally active tissues.13–15 In these applications, the ECs are
incorporated to form a capillary-like network to transport
nutrients through the construct.

In contrast to ECs, endothelial progenitor cells can be
isolated noninvasively from peripheral blood.16 Although a
variety of cell types can be derived from endothelial pro-
genitor cells, a population termed endothelial outgrowth cells
(EOCs; also known as late outgrowth, blood outgrowth en-
dothelial, or endothelial colony-forming cells) most closely
resemble ECs in their expression of EC surface antigens,
activation of pro- and anticoagulant factors, and influence on
smooth muscle cell proliferation and vascular tone.17–21

Thus, EOCs are an attractive cell source for engineering an
autologous endothelium that can properly recapitulate EC
interactions with the blood and surrounding vascular tissue.

Although prior work has demonstrated that EOCs modu-
late their expression of pro- and anticoagulant factors in
response to stimuli, including fluid shear17,22,23 and calci-
um,24 a direct comparison of the ability of ECs and EOCs to
regulate thrombus formation in a model using flowing blood
has not been performed. Thrombus formation is a dynamic
process with the continuous deposition and removal of cir-
culating cells and coagulation factors as well as the contin-
uous activation of zymogens to both pro- and anticoagulant
proteases. Characterizing thrombus formation with flowing
blood is necessary to incorporate the transport dynamics
of circulating coagulation factors and shear-dependent cell
adhesion.25,26 To characterize the ability of EOCs to regu-
late vascular physiological processes, we have compared
donor-matched EOCs and carotid ECs in their expression of
thrombosis-regulating surface antigens and gene expression,
activation of coagulation factors, and regulation of thrombus
formation in an ex vivo shunt model of graft thrombosis.
In addition, we performed these analyses before and after
stimulation with the inflammatory cytokine tumor necrosis
factor a (TNFa) to identify differences in the cells’ inflam-
matory response. Although ECs and EOCs exhibited distinct
profiles of gene expression and coagulation factor activation,
ECs and EOCs were similar in their ability to regulate
thrombus formation on a synthetic vascular graft. This work
supports the use of EOCs as an autologous endothelium for
various tissue engineering applications.

Materials and Methods

EC isolation

ECs were isolated from explanted baboon carotid ar-
teries as previously described.27 Briefly, explanted arteries
were clamped shut at one end of the vessel and collagenase
type II (Worthington Biochemical; 600 U/mL) was dripped
into the lumen. Blood vessels were treated with collage-
nase for 5 min and manually compressed to detach ECs
from the vessel wall. The cells were then deposited into
well plates coated with 50 mg/mL collagen I. ECs were
purified by positive selection at the first passage using the

CD31 Dynabeads� (Life Technologies) according to the
manufacturer’s protocol.

EOC isolation

EOCs were isolated from the peripheral blood of baboons
as previously described.19 Briefly, peripheral blood was di-
luted 1:1 in the Hank’s Balanced Salt Solution (HBSS) and
gently layered over Histopaque-1077 (Sigma-Aldrich). The
mononuclear cell layer was collected and diluted 1:1 with
HBSS. After washing the cells three times with HBSS, the
cells were plated into a 12-well plate coated with 50mg/mL
fibronectin at a density of 10–20 M cells/well. Individual
colonies were isolated and expanded in culture flasks coated
with 50mg/mL collagen I. All isolated colonies were sorted
using the CD31 Dynabeads� according to the manufacturer’s
protocol to positively select for EOCs.

Cell culture and TNFa treatment

Following isolation, cells were cultured in EGM-2 (Lonza)
supplemented with 10% fetal bovine serum (FBS; HyClone).
Media was exchanged every 2–3 days. Analyses were per-
formed on cells at passages 4–5. For all experiments, ECs
and EOCs from multiple donors were used, with both ECs
and EOCs being derived from the same donor. To establish
a dose-response effect of TNFa treatment, 1–100 U/mL of
TNFa (R&D Systems) in EGM-2 was applied for 4 h before
analysis and ICAM-1 expression was measured by flow cy-
tometry (below). For all other experiments, ECs and EOCs
were treated with 100 U/mL TNFa for 4 h.

Flow cytometry

ECs and EOCs were dissociated from culture flasks with
TrypLE (Life Technologies) and resuspended in a phosphate
buffered saline (PBS) with 1% FBS at a concentration of 10 M
cells/mL. Nonspecific antibody binding was blocked using 5%
mouse serum for 20 min on ice. A master mixture of fluores-
cent antibodies was prepared with each antibody being used at
the concentration recommended by the manufacturer. The an-
tibodies used were Brilliant Violet 421–anti-CD34 (Biolegend),
FITC–anti-ICAM-1, PE–anti-CD141 (thrombomodulin; BD
Pharmingen), PE/Cy7–anti-CD146 (BD Pharmingen), Alexa-
Fluor647–anti-CD309 (VEGFR2; BD Pharmingen), APC/Cy7–
anti-CD31 (PECAM; Biolegend), and PerCP–anti-CD45 (BD
Pharmingen). The multicolor antibody mixture was added
to each sample tube and incubated for 30 min on ice in the
dark. The cells were then washed twice in PBS with 1% FBS
and transferred into wells of a 96-well plate. Fluorescent
measurements were acquired using a MACSQuant analyzer
(Miltenyi Biotec). FlowJo vX was used to perform automated
compensation and plot histograms of fluorescence intensity.
Fluorescent-labeled cells were compared with unstained con-
trols or fluorescent minus one controls for channels in which
accessory fluorophores caused the background to be evidently
higher than unstained samples after compensation.

Reverse transcription and quantitative polymerase
chain reaction

Cells from three different donors were grown in cul-
ture flasks, dissociated with TrypLE and pelleted. Cell pel-
lets were resuspended in Buffer RLT (Qiagen) with 1%
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b-mercaptoethanol. RNA isolation was performed using the
RNeasy Mini kit (Qiagen) according to the manufacturer’s
protocol. Samples were treated with DNAse I (Fermentas)
and RNA was reverse transcribed using the SuperScript III
Reverse Transcriptase (Life Technologies) with random
primers according to the manufacturer’s instructions. Gene
expression was quantified with the Platinum� SYBR� Green
quantitative polymerase chain reaction (qPCR) SuperMix-
UDG using custom primers (Supplementary Table S1; Sup-
plementary Data are available online at www.liebertpub.com/
tea) with ROX reference dye and the Applied Biosystems 7500
Fast Real-Time PCR system. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) served as a housekeeping gene for
calculating dCT values with dCT equal to the threshold cycle
of GAPDH subtracted from the threshold cycle of the gene of
interest. Each sample was performed in duplicate, and the
mean Ct was used to calculate dCt values. Data are presented
as the mean 2( - dCt) plus standard deviation.

Coagulation factor activation

Cells which were either cultured in well plates or seeded on
ePTFE graft sections were used to characterize coagulation
factor activation. When cultured in well plates, cells were
seeded at a density of 100,000 cells/cm2 and cultured over-
night, producing a confluent monolayer of cells. To measure
tissue factor pathway-dependent FX activation, a solution of
FVIIa (20 nM; Enzyme Research Laboratories) and FX
(200 nM, Enzyme Research Laboratories) in HBSS with Ca2 +

and Mg2 + supplemented with 0.1% bovine serum albumin
was added to each sample and incubated for 1 h at 37�C.
Ethylenediaminetetraacetic acid (15 mM) was used to quench
the reaction, Spectrozyme FXa (American Diagnostica) was
added for a final concentration of 1 mM, and the absorbance at
405 nm was measured every 20 s for 20 min. To measure
protein C activation, thrombin (5 nM; Haemotologic Tech-
nologies) and protein C (100 nM, Haemotologic Technolo-
gies) in PBS with Ca2 + and Mg2 + were added to sample wells
and incubated for 1 h at 37�C. Hirudin (500 nM) was used to
inhibit thrombin protease activity, the chromogenic substrate
S-2366 (Chromogenix; 1 mM) was added to each sample, and
the absorbance at 405 nm was measured every 20 s for 20 min.
For both FX and protein C activation assays, the maximum
slope of absorbance increase over 10 points was used to cal-
culate the concentration by comparing to a standard curve of
FXa or activated protein C (APC). Each biological sample
group had three replicates, and each of these sample replicates
was split into duplicates for FXa and APC quantification.

Animal care

Male baboons (Papio anubis) used in this study were
cared for and housed at the Oregon National Primate Re-
search Center at Oregon Health & Science University. Ex-
periments (IS00002496) were approved by the Oregon
Health & Science University West Campus Institutional
Animal Care and Use Committee according to the guide-
lines of the NIH ‘‘Guide for the Care and Use of Laboratory
Animals’’ prepared by the Committee on Care & Use of
Laboratory Animals of the Institute of Laboratory Animal
Resources, National Research Council (International Stan-
dard Book, Number 0-309-05377-3, 1996).

Ex vivo arteriovenous shunt

Four millimeter internal diameter ePTFE grafts were
seeded with cells. ePTFE grafts 5 cm in length were ad-
joined to silicone tubing and wetted with 95% ethanol,
washed with water, and perfused with 0.02 N acetic acid.
Collagen I (MP Biomedicals) in 0.02 N acetic acid (4 mg/
mL) was then perfused through the graft material from the
distal side to coat the graft lumen and permit cell adhesion,
and the distal silicone tubing was washed with 0.02 N acetic
acid to remove the residual collagen. The grafts were seeded
with cells by perfusing the grafts with a cell suspension
of 3 · 105 cells/mL. Three cell perfusions were performed
40 min apart, and the grafts were rotated 120� between
perfusions to produce a uniform cell monolayer. The seeded
grafts were cultured overnight in a custom biochamber to
enable cell adhesion and spreading on the graft material.
Following overnight incubation, the cell-seeded grafts were
connected to a baboon arteriovenous femoral shunt (Sup-
plementary Fig. S1) in the absence of antiplatelet or anti-
coagulant therapies.25 Autologous platelets and allogeneic
fibrinogen were radiolabeled with 111In and 125I, respec-
tively and infused into the baboon before the shunt study.
Blood flow through the graft was held constant at 100 mL/
min using a clamp downstream of the graft. The shunt loop
was located above a gamma camera to enable the real-time
measurement of platelet accumulation using 5 min exposure
times over the course of the 60 min shunt study. Following
the shunt study, the grafts were fixed in 3.7% paraformal-
dehyde and placed at 4�C until the 111In had decayed >10
half-lives, at which point the grafts were sectioned and
fibrinogen incorporation was measured using a WIZARD
automatic gamma camera (PerkinElmer). Platelet accumu-
lation and fibrinogen incorporation were measured on the
central 2 cm of the graft to eliminate the potentially con-
founding effect of increased platelet accumulation at the
ePTFE-silicone junctions.

Statistical analyses

Statistical analyses were performed using the SPSS 12.0
or JMP 11.1.1. To determine significant differences between
experimental groups for all studies, except ICAM-1 flow
cytometry, a two-way ANOVA was performed with the
treatment factor containing four levels (ECs, EOCs, TNFa-
treated ECs, and TNFa-treated EOCs) and donor as a
blocking factor. For analyzing ICAM-1 flow cytometry, a

FIG. 1. Morphology of endothelial and endothelial out-
growth cells. Representative brightfield images of baboon
carotid endothelial cells (A) and endothelial outgrowth cells
(B), both of which exhibit similar cobblestone morphology.
Scale bar = 200mm.
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two-way ANOVA was performed with the treatment factor
consisting of the TNFa concentrations (no TNFa, 1, 10,
100 U/mL) for each of the two cell types for a total of eight
levels and with donor as a blocking factor. A Tukey post hoc
analysis was used to determine homogenous subsets of ex-
perimental groups, and differences between groups were
considered significant if p < 0.05. All data are presented as
the mean – standard deviation.

Results

Morphology and surface marker expression

As previously reported, ECs and EOCs share a similar
cobblestone morphology and form a confluent monolayer in
culture (Fig. 1). Flow cytometry characterization of ECs and
EOCs with and without TNFa stimulation demonstrated a

similar expression of endothelial surface markers, and the
absence of leukocyte marker CD45 (Fig. 2, data not shown
in the absence of TNFa). Of note, ICAM-1 expression by
both ECs and EOCs was dose-dependent (Fig. 3). Our results
are consistent with the previous work demonstrating ECs
treated with 100 U/mL TNFa for 4 h exhibit a significant
upregulation of ICAM-1. The magnitude of the response to
TNFa varied considerably between donors; as a result, EOCs
treated with 100 U/mL TNFa did not show statistically sig-
nificant increase in ICAM-1 expression compared with un-
treated EOCs ( p = 0.190 by two-way ANOVA). However,
each individual animal demonstrated the expected dose-
dependent increase in ICAM-1 expression (Supplementary
Fig. S2). Similar upregulation of ICAM-1 between ECs and
EOCs indicates a similar response to inflammatory stimuli.

Thrombus formation and inflammation:
gene expression

Quantitative PCR was performed to identify differences
in gene expression between cell types and in response to
TNFa (Fig. 4). Expression of the gene targets varied con-
siderably between donors, although trends indicate similar
TNFa-induced responses between ECs and EOCs. At a
basal state, ECs and EOCs had very similar expression of all
genes, with the exception of trending lower eNOS expres-
sion by EOCs. TNFa-treatment resulted in proinflammatory
and prothrombotic trends in both ECs and EOCs. Following
TNFa treatment, both ECs and EOCs trended toward in-
creases in genes encoding for ICAM-1, VCAM-1, PECAM,
and E-selectin, all of which are adhesion molecules that
facilitate inflammation. In addition, in response to TNFa
treatment, ECs downregulated the antithrombotic effector
TFPI, and both ECs and EOCs trended toward decreased
thrombomodulin expression as well as increased expression
of the prothrombotic effector tissue factor. The genes en-
coding eNOS and CD39 also trended toward downregulation
with TNFa treatment, indicating a potential reduced inhibi-
tion of platelet activation. In summary, despite the variability

FIG. 2. Representative flow cytometry histograms of ECs and EOCs treated with TNFa. Shaded histograms indicate
samples stained with the multicolor antibody mixture, whereas the open histograms are the corresponding unstained or
fluorescent-minus-one controls. EOCs exhibit the typical EC surface markers and are negative for the leukocyte marker
CD45. ECs, endothelial cells; EOCs, endothelial outgrowth cells; TM, thrombomodulin; TNFa, tumor necrosis factor a.

FIG. 3. Median fluorescence of ICAM-1 by ECs and
EOCs measured through flow cytometry. Both ECs and
EOCs showed a dose-dependent upregulation of ICAM-1
expression induced by TNFa treatment. Data are charted as
the mean – standard deviation. *p < 0.05 versus untreated
ECs; {p < 0.05 versus untreated EOCs based on the post hoc
analysis, n = 3. ICAM-1, intercellular adhesion molecule 1.
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between individual donors, ECs and EOCs similarly modu-
lated inflammation- and thrombosis-related gene expression
in response to TNFa.

Coagulation factor activation

Protein C activation and FX activation by ECs and EOCs
were quantified to determine how EOCs regulate specific
anti- and pro-thrombotic pathways in response to TNFa. In
the absence of TNFa, ECs and EOCs exhibited very low
levels of FX activation (Fig. 5A). Following TNFa stimu-
lation, both ECs and EOCs significantly increased FX ac-
tivation, indicating an increase in tissue factor activity.
Furthermore, TNFa-treated ECs had a significantly greater
increase in FX activation than EOCs (two-way ANOVA,
p < 0.01), indicating that EOCs may have a dampened pro-
thrombotic response following inflammatory cytokine stim-
ulation. There was no significant difference in the average

protein C activation between ECs and EOCs cultured in
well plates (Fig. 5B), although there was considerable inter-
donor variability (Supplementary Fig. S3). TNFa treatment
did not significantly change the average protein C activation
by either cell type. ECs and EOCs demonstrated similar
activation of FX and protein C when seeded on vascular
grafts (Fig. 6) as when seeded in 96-well plates, with the
exception that on the vascular grafts ECs had heightened FX
activation in the absence of TNFa.

Platelet accumulation on cell-seeded vascular grafts

Following TNFa treatment, EC-seeded vascular grafts
had similar platelet accumulation over the course of 1 h as
EOC-seeded grafts in the arteriovenous shunt model (Fig.
7a). Interestingly, TNFa treatment did not significantly
increase platelet accumulation on cell-seeded vascular
grafts compared to untreated donor matched cell-seeded

FIG. 4. Gene expression
of ECs and EOCs in the
presence and absence of
TNFa treatment. Gene ex-
pression of ECs and EOCs
was measured with quantita-
tive polymerase chain reac-
tion. Data are expressed as
the mean 2 - (dCt) value using
GAPDH as the housekeeping
gene, error bars represent
standard deviation.*p < 0.05
versus untreated ECs;
{p < 0.05 versus untreated
EOCs based on the post hoc
analysis, n = 3. TFPI, tissue
factor pathway inhibitor.

FIG. 5. Coagulation factor
activation by untreated and
TNFa-treated ECs and
EOCs. ECs and EOCs were
assessed for FX activation
(A) and protein C activation
(B) at a basal state and
following TNFa treatment.
Letters denote groups
belonging to homogenous
subsets, whereas groups not
sharing a letter are consid-
ered significantly different
based on the post hoc
analysis, n = 8. APC, acti-
vated protein C.
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grafts (Fig. 7a). This indicates that platelet accumulation in
this model is not significantly altered by changes in cell
phenotype induced by TNFa treatment. Similarly, there
was no significant difference in fibrinogen incorporation
between ECs and EOCs treated with TNFa or untreated
(Fig. 7b).

Discussion

The vascular endothelium serves as an active interface
between the blood and surrounding vascular tissue. Al-
though harvesting ECs to serve as an autologous endothe-
lium in vascular tissue engineering applications has reduced
graft complications, the process of harvesting vascular ECs
is invasive. EOCs may provide an alternative source for
engineering an autologous endothelium; however, there has
been limited work in characterizing the capacity of EOCs to
regulate thrombus formation and respond to inflammatory
stimuli. This work contrasted EOCs with donor-matched,

carotid ECs to characterize the capacity of EOCs to func-
tionally regulate vascular physiological processes. Con-
sidering that the inability of acellular, synthetic vascular
grafts to regulate processes such as intimal proliferation and
thrombus formation has precluded the success of small di-
ameter synthetic grafts, characterizing the performance of
EOCs in these processes has great implications for novel
strategies to reduce graft thrombosis and enable vascular
tissue engineering applications.

This study compared ECs and EOCs from the same animal
donor, and utilized multiple donors in each analysis. As
expected, there was considerable inter-donor variability in
cellular function. Inter-donor differences are particularly
apparent in the gene expression and flow cytometry analysis
(see Supplementary Fig. S2 for flow cytometry data of in-
dividual donors). This variability may have hindered the
identification of statistically significant differences between
cell types considering the low number of donors (n = 3 for
qPCR and flow cytometry analyses). Increasing the number

FIG. 6. Coagulation factor activation on cell-seeded vascular grafts in the presence and absence of TNFa treatment.
Sections of EC- and EOC-seeded ePTFE vascular grafts were assessed for FX activation (A) and protein C activation (B) at
a basal state and following TNFa treatment. Letters denote groups belonging to homogenous subsets based on the post hoc
analysis, whereas groups not sharing a letter are considered significantly different based on the post hoc analysis, n = 3.
ePTFE, expanded polytetrafluoroethylene.

FIG. 7. Thrombus formation on cell-seeded vascular grafts in a baboon arteriovenous shunt. Platelet accumulation (A)
and fibrinogen incorporation (B) were measured on cell-seeded vascular grafts with or without TNFa treatment connected to
a baboon arteriovenous shunt loop. Both platelet accumulation and fibrinogen incorporation were measured on the central
2 cm of the graft to eliminate the potentially confounding effect of increased platelet accumulation at the ePTFE-silicone
junction. Data are presented as the mean – standard deviation, n = 3.
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of animals would likely cause the results to become statis-
tically significant; however, a power analysis of the data
indicated that due to the large variability between baboons,
24 donors would be required for sufficient statistical power
to distinguish between treatment groups, and obtaining that
quantity of baboon donors is not technically feasible. Tissue
engineering applications using EOCs as an autologous en-
dothelium would likely also exhibit this inter-donor vari-
ability. Therefore, rather than using cells from only one
donor, we used multiple donors to identify general popula-
tion trends and characterize how EOCs typically compare
with ECs. The variability in EOC phenotype is likely in-
trinsic to the individual and not the result of a pathological
state, as prior work has indicated that EOCs derived from
patients with coronary artery disease exhibit few differences
from EOCs derived from healthy patients.28 The inter-donor
variability of EOCs may be beneficial, as EOCs may be
better tailored to an individual’s unique hemostatic and in-
flammatory state as compared to the standardized properties
of synthetic vascular grafts. More research on inter-donor
EOC variability may identify relationships between EOC
function and individual variances in blood composition or
other health metrics.

In both ECs and EOCs, the inflammatory cytokine TNFa
caused a prothrombotic shift in cell phenotype. Genes en-
coding antithrombotic agents such as TFPI, CD39, throm-
bomodulin, and eNOS all trended lower in TNFa stimulated
cells than in unstimulated cells, whereas prothrombotic tis-
sue factor expression increased. In general, the pre- and
posttreatment expression of these genes was similar between
ECs and EOCs, although eNOS was trending toward lower
expression in EOCs than in ECs, which agrees with the
previous studies.19,20,22,24,29 The functional impact of lower
eNOS gene expression by EOCs is uncertain, although it is
suggested that nitric oxide production is not significantly
lower in EOCs than in ECs.24,30 Prior work on ECs response
to TNFa demonstrated that TNFa causes a modest reduction
in thrombomodulin cofactor activity.31 Although thrombo-
modulin activity averaged across individuals was not re-
duced by TNFa treatment, individual donors exhibited
consistent decreases in thrombomodulin activity (Supple-
mentary Fig. S3). The average individual reduction in
thrombomodulin activity was 9.4% in ECs and 10.2% in
EOCs, which closely resembles prior findings.31 A major
limitation of this study is that all in vitro analyses utilized
ECs and EOCs that had been cultured in static conditions.
Future work could investigate differences between donor-
matched EOCs and arterial ECs following fluid shear stress,
as preconditioning EOCs and umbilical vein ECs with fluid
shear stress has been shown to attenuate the cells’ inflam-
matory response to TNFa.17

Increased tissue factor activity, resulting from both in-
creased tissue factor expression and reduced TFPI secretion,
by the vascular endothelium and the resulting increase
in local FX activation is generally considered to be a major
contributor to platelet accumulation and hemostasis in vivo.32

Perhaps the most surprising result in this work was that in-
creased tissue factor activity resulting from TNFa treatment
did not significantly alter platelet accumulation. This finding
was demonstrated by the lack of difference in platelet accu-
mulation between TNFa-treated and untreated grafts, as well
as a lack of difference between EC- and EOC-seeded grafts

treated with TNFa. In the latter case, ECs were shown to have
increased tissue factor-mediated FX activation following
TNFa treatment, but did not have a corresponding increase
in platelet accumulation. Although unexpected, this result
demonstrates how the complex interaction of pro- and an-
tithrombotic pathways, as well as fibrinolytic activity, can
dominate single procoagulant factors such as endothelial tis-
sue factor expression. In this shunt model, tissue factor from
other cell types, such as activated leukocytes or platelets,
may be greater than EC- or EOC-expressed tissue factor,
thereby overpowering any differences between these cell
types. Alternatively, the contact activation pathway initiating
with Factor XII activation could drive the initial generation
of FXa. The initiation of fluid flow through the grafts may
have caused the cells to release NO, a process which occurs
in < 2 min after the onset of flow,33 and may have over-
powered differences in cell phenotype due to cell type and
treatment. Regardless of the mechanism, once a small
amount of thrombin has been generated, FXa generation
in vivo is predominantly accomplished through the tissue
factor-independent intrinsic pathway due to thrombin’s
positive feedback on intrinsic coagulation factors.34

The baboon arteriovenous shunt model used in this work
allows for a characterization of thrombus formation on cell-
seeded vascular grafts with flowing whole blood in the ab-
sence of anticoagulants. This system enables flow conditions
that are hemodynamically similar to the in vivo arterial
environment and does not limit the activity of key coagu-
lation factors in the highly-regulated process of hemostasis.
As blood coagulation and platelet accumulation are regu-
lated by multiple interdependent pathways, the absence of
anticoagulants is notable as it maintains the function of all
regulatory pathways and feedback mechanisms. This work
demonstrates how the complex regulation of coagulation,
and the flow-dependent transport dynamics of coagulation
factors, which are not accounted for in many in vitro ana-
lyses of thrombogenicity, can have a significant impact on
cell thrombogenicity. Specifically, although TNFa treatment
altered the cellular thrombotic phenotype, including in-
creased FX activation, platelet accumulation on cell-seeded
vascular grafts was not affected. This result should be
cautionary to drawing conclusions regarding cell thrombo-
genicity based on the activity of individual procoagulant
pathways or the expression of thrombosis-related genes.

This work highlights the utility of characterizing throm-
bus formation in models that include flowing whole blood to
properly simulate the in vivo regulatory pathways and
transport dynamics. The similarity of EOCs and ECs in gene
expression, coagulation factor activation, and regulation of
platelet accumulation, at both a basal state and following
TNFa treatment, supports the use of EOCs as an autologous
endothelium in cardiovascular applications.
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