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ABSTRACT

Endothelial progenitor cells (EPCs) circulate in the pe-
ripheral blood and reside in blood vessel walls. A hierar-
chy of EPCs exists where progenitors can be discrimi-
nated based on their clonogenic potential. EPCs are
exposed to oxidative stress during vascular injury as res-
idents of blood vessel walls or as circulating cells homing
to sites of neovascularization. Given the links between
oxidative injury, endothelial cell dysfunction, and vascu-
lar disease, we tested whether EPCs were sensitive to
oxidative stress using newly developed clonogenic assays.
Strikingly, in contrast to previous reports, we demon-
strate that the most proliferative EPCs (high proliferative
potential-endothelial colony-forming cells and low prolif-

erative potential-endothelial colony-forming cells) had de-
creased clonogenic capacity after oxidant treatment. In
addition, EPCs exhibited increased apoptosis and dimin-
ished tube-forming ability in vitro and in vivo in response
to oxidative stress, which was directly linked to activation
of a redox-dependent stress-induced kinase pathway.
Thus, this study provides novel insights into the effect of
oxidative stress on EPCs. Furthermore, this report out-
lines a framework for understanding how oxidative injury
leads to vascular disease and potentially limits the efficacy
of transplantation of EPCs into ischemic tissues enriched
for reactive oxygen species and oxidized metabolites.
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INTRODUCTION

Accumulating evidence suggest that endothelial progenitor cells
(EPCs) circulate in peripheral blood and home to sites of neo-
vascularization, including ischemic tissues and tumor microen-
vironments [1-7]. From these reports, intense effort has focused
on defining the role of EPCs in restoring damaged vascular
endothelium and on translating these experimental observations
into human clinical trials for repair of vascular injury and/or
ischemic tissues [2, 8]. However, the scientific rationale for the
transplantation or mobilization of autologous EPCs for vascular
repair has been complicated by recent studies, which demon-
strate that marrow-derived EPCs may play a minimal role or no
role in new blood vessel formation [9—11].

The tissue microenvironment after ischemia is characterized by
excessive production of reactive oxygen species (ROS) and oxi-
dized metabolites. Prior studies have demonstrated that oxidative
stress directly contributes to endothelial dysfunction and vascular
disease [9—-15]. These observations suggest that EPCs, in contrast
to mature endothelial cells, are uniquely equipped with the cellular
machinery to resist ROS-driven cytotoxicity if they are active
participants in vascular repair in ischemic tissues. Given the in-
creasing evidence that several methods used to harvest EPCs iso-
late myeloid progenitors that give rise to angiogenic macrophages
and not cells that can form de novo vessels in vivo [16-19], it is
imperative to test whether EPCs are sensitive to oxidative stress
similar to other progenitor cell types.

Some studies have suggested that EPCs may in fact be
resistant to oxidative stress. Limitations of these experiments
were the use of cell populations composed of macrophages and
monocytes, which are known to be resistant to oxidative stress,
and failure to use clonogenic assays to rigorously test the effect
of oxidative stress on EPC function [20, 21]. Currently, there is
no uniform definition of an EPC, and EPCs are primarily de-
fined by expression of cell-surface antigens (reviewed in [8]). A
hallmark of many stem and progenitor cells is their ability to
give rise to numerous differentiated progeny and provide suffi-
cient cells for tissue homeostasis. Based on this paradigm, we
recently reported the development of a single-cell deposition
assay to define a novel hierarchy of EPCs based on their
proliferative and clonogenic potential [22]. Given the potential
importance of EPCs in the vascular repair of ischemic tissues
and the development of clinical protocols to either directly
administer or mobilize EPCs into tissues enriched for oxidized
metabolites, we directly tested the effect of oxidative stress on
purified EPCs using newly developed clonogenic assays.

MATERIALS AND METHODS

Culture of Human Umbilical Vein Endothelial Cells

Cryopreserved human umbilical vein endothelial cells (HUVECs)
were obtained from Cambrex (Walkersville, MD, http://www.
cambrex.com). Cells were seeded in 75-cm? tissue culture flasks
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precoated with type I rat tail collagen in complete endothelial cell
medium (EBM)-2 (Cambrex) and cultured as previously described.

Buffy Coat Preparation of Blood Samples

Peripheral blood from healthy adult volunteers (four male, four
female) and umbilical cord blood from eight healthy newborns
(38—40 weeks gestational age; four males and four females) was
collected as previously described [22]. The Institutional Review
Board at the Indiana University School of Medicine approved all
protocols, and informed consent was obtained from adult donors.
Mononuclear cells (MNCs) were obtained from blood samples by
gradient centrifugation over Histopaque 1077 (ICN, Costa Mesa,
CA, http://www.icnbiomed.com) and washed with EBM-2 medium
supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan,
UT, http://www.hyclone.com), 2% penicillin/streptomycin (Invitro-
gen, Grand Island, NY, http://www.invitrogen.com), and 0.25
ng/ml amphotericin B (Invitrogen) as previously described [22].

Culture of EPCs

Buffy coat MNCs were resuspended in endothelial growth medium
(EGM)-2 medium (Cambrex) supplemented with 10% FBS, 2%
penicillin/streptomycin, and 0.25 wg/ml amphotericin B (complete
EGM-2 medium). Cells were seeded onto six-well tissue culture
plates (5 X 107 cells per well) precoated with type I rat tail collagen
(BD Biosciences, Bedford, MA, http://www.bdbiosciences.com)
and incubated at 37°C with 5% CO, as previously described [22].
Medium was changed daily for 7 days and then every other day until
first passage. Once confluent, EPCs were trypsinized, resuspended
in complete EGM-2 medium, and plated onto 75-cm? tissue culture
flasks coated with type I rat tail collagen. EPC monolayers were
passaged after becoming 90%—100% confluent.

Colony-Forming Assays

Early passage EPCs (passages 2-3) were seeded in six-well plates
precoated with type I rat tail collagen (500 cells per well). The
following day, cells were either left untreated or treated with in-
creasing H,O, concentrations in triplicate for 6 days. On day 7 after
seeding the cells onto six-well plates, colonies were scored by visual
inspection with an inverted microscope (Olympus, Lake Success,
NY, http://www.olympus-global.com) under X40 magnification.

To assess the colony-forming ability of single EPCs, single
EPCs were placed into each well of a 96-well tissue culture plate
precoated with type I rat tail collagen using a FACSAria Sorter
(Becton Dickinson, San Jose, CA, http://www.bd.com). Cells were
adhered overnight before H,O, treatment for 13 days. On day 14
after placing the cells into each well of a 96-well tissue culture plate,
wells were examined for colony formation using an inverted mi-
croscope under X 100 magnification. To quantitate the frequency of
dividing single endothelial cells (ECs), wells that had two or more
ECs were scored. To enumerate cells per well, cells were counted
by visual inspection with an inverted microscope (<500 cells), or
cells were trypsinized and counted with a hemacytometer (>500
cells). To ensure that self-renewal capacity correlated with colony
size (>2,000 cells), colonies were replated into secondary cultures
as previously described [22, 23].

EPC Growth Kinetics

Cord blood-derived EPCs that were either untreated or treated with
increasing H,O, concentrations were grown to 90% confluence in
six-well plates before monolayers were passaged. At each passage,
viable cells were enumerated by trypan blue exclusion for calcula-
tion of growth kinetics and cumulative population doubling levels
(CPDLs). Population doublings (PDs) occurring between passages
was calculated according to the following equation: PD = log,
(C4/Cy), where Cy is viable cells at harvest and Cg is cells seeded.
The sum of all previous PDs determined the CPDL at each passage,
as previously described [22].

Apoptosis

EPCs and HUVECs were either untreated or pretreated with | mM
N-acetylcysteine (NAC) for 1 hour prior to culturing with 200 uM

H,0, for 24 hours. Adherent and nonadherent cells were collected,
and apoptosis was examined using a terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay per the manu-
facturer’s recommendations (Roche Diagnostics, Indianapolis, IN,
http://www.roche-applied-science.com). Conditions were con-
ducted in triplicate, and at least 100 cells were scored per replicate,
as previously described [24, 25].

Western Blotting

For immunodetection of active apoptosis signal-regulating kinase 1
(ASK1), EPCs were either untreated or treated with 200 uM H,O,
for 5 minutes before lysing whole cell extracts. A phospho-ASK1
(Thr 845 site; Cell Signaling, Beverly, MA) antibody was used at a
1:500 dilution, and the secondary antibody, anti-rabbit-horseradish
peroxidase (HRP) (Amersham Biosciences, Piscataway, NJ, http://
www.amersham.com) was used at a 1:3,000 dilution before visual-
izing by chemiluminescence. To examine the expression of antiox-
idant proteins, whole cell extracts were obtained from adult EPCs,
cord blood EPCs, and HUVECs. Mouse monoclonal antibodies
recognizing endothelial nitric oxide synthase (clone 3; BD Bio-
sciences), manganese superoxide dismutase (clone 19; BD Bio-
sciences), glutathione peroxidase (clone 347; Calbiochem), and
catalase (clone CAT-505; Sigma-Aldrich, St. Louis, http:/www.
sigmaaldrich.com) were used at 1:200, 1:200, 1:100, and 1:200
dilutions, respectively. An anti-mouse-HRP (Amersham Bio-
sciences) was used at a 1:3,000 dilution before detecting by chemi-
luminescence. Densitometric analysis of individual bands was con-
ducted using NIH Image software. Mean arbitrary densitometry
units were calculated from the three experiments to demonstrate
statistical significance. To document equal protein loading, mem-
branes were probed with a (B-actin antibody (Sigma-Aldrich).

Retroviral Transduction

Similar to previous studies [25], a transient transfection system was
used to obtain high titer ecotropic retroviral supernatants for MigR 1
(control retrovirus encoding enhanced green fluorescence protein
[EGFP] only) and MigR1-ASK1-K709M (retrovirus encoding a
hemagglutinin [HA]-tagged catalytically inactive, dominant-nega-
tive ASK1 ¢cDNA and EGFP). To obtain GALV-pseudotyped ret-
roviral supernatants, PG13 packaging cells were plated onto Petri
dishes precoated with 2 ug/cm?® fibronectin fragment (CH-296;
Takara, Otsu, Japan, http://www.takara.co.jp) before transducing
with ecotropic MigR1 or MigR1-ASK1-K709M supernatants in the
presence of 5 ug/ml polybrene. Transduced PG-13 cells were en-
riched for EGFP* cells using a FACSAria sorter. GALV-
pseudotyped MigR1 and MigR1-ASK1-K709M supernatants were
collected and stored as previously described [25, 26].

Early passage cord blood-derived EPCs (passages 1-2) were
transduced on Petri dishes coated with 2 pg/cm? fibronectin frag-
ment (CH-296). Cells were transduced with retroviral supernatant
diluted 3:1 with complete EGM-2 in the presence of 8 ug/ml
polybrene for 3 days. Forty-eight hours later, cells were sorted for
EGFP expression using a FACSAria sorter as previously described
[22, 23]. Western blotting was conducted to ensure expression of
ASKI1-K709M using primary antibodies against either HA or total
ASKI1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://
www.scbt.com). Transduced EPCs were then treated with 200 uM
H,0, and either examined by TUNEL using a tetramethylrhodam-
ine (TMR) fluorochrome (Roche) or plated in Matrigel (BD Bio-
sciences) assays as described.

Matrigel Assays

EPCs transduced with either MigR1 or MigR1-ASK1-K709M were
treated with 200 uM H,O, for 1 hour, and Matrigel assays con-
ducted as previously described [22]. Cells were seeded at 4,000 to
5,000 cells per well in 96-well tissue culture plates coated with 30
ul of Matrigel (BD Biosciences). Wells were observed over 5 days
by visual microscopy for capillary-like formation. At 24 hours,
phase contrast images were collected using a Zeiss Axiovert 2
inverted microscope with a X5 CP-ACHROMAT/0.12 NA objec-
tive (Carl Zeiss, Jena, Germany, http://www.zeiss.com). Images
were acquired using a SPOT RT color camera (Diagnostic Instru-
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ments, Sterling Heights, MI, http://webstore.diaginc.com/) with the
manufacturer’s software. Total vessel length per well was quanti-
tated from captured images using NIH imaging software (http://rsb.
info.nih.gov/ij/). Closed network units were enumerated by visual
inspection as areas enclosed by a continuous network of capillary
vessels. Each experiment was performed in triplicate.

Xenograft EPC Transplantation

Cellularized gel implants were cast as previously described with
minor modifications [27]. Cord blood EPCs were either untreated or
treated with 200 uM H,0, for 1 hour before suspending (2 X 10°
cells per ml) in 1.5 mg/ml rat-tail collagen I, 100 ng/ml human
fibronectin (Chemicon, Temecula, CA, http://www.chemicon.com),
1.5 mg/ml sodium bicarbonate (Sigma-Aldrich), 25 mM HEPES
(Cambrex), 10% FBS, and 30% complete EGM-2 in EBM-2. The
cell suspensions were placed in a 12-well tissue culture dish (1 ml
per well) for 30 minutes at 37°C for polymerization. The gels were
then covered with complete EGM-2 for overnight incubation. Gels
were implanted the following day into three anesthetized non-obese
diabetic/severe combined immunodeficient (NOD/SCID) mice. The
right flank of each mouse was implanted with untreated cells, and
the left flank of each mouse was implanted with H,O,-treated cells.
Fourteen days after transplantation, the grafts were excised and
analyzed for vessel formation by immunohistochemistry. All exper-
iments were approved by the Indiana University Laboratory Animal
Research Center.

Immunohistochemistry

All reagents for immunohistochemistry studies were purchased
from DAKO (Carpenteria, CA, http://www.dako.com) unless oth-
erwise specified. For anti-human CD31 staining, formalin-fixed,
paraffin-embedded tissue sections were deparaffinized and im-
mersed in a retrieval solution for 20 minutes at 95°C-99°C. Slides
were incubated at room temperature with anti-human CD31 (clone
JC70A) for 30 minutes followed by successive 10-minute incuba-
tions with LSAB2 link-biotin and streptavidin-HRP and then devel-
oped with diaminobenzidine solution for 5 minutes. The slides were
dehydrated and mounted using Cytoseal (Richard-Allan Scientific,
Kalamazoo, MI, http://www.rallansci.com). Enumeration of per-
fused vessels staining positively for anti-human CD31 was per-
formed by visual inspection under X100 magnification.

RESULTS

Cord Blood and Adult EPCs Are Highly Sensitive to
Oxidant Stress

To test whether EPCs are sensitive to oxidant stress, cord blood
EPCs were cultured with increasing H,O, concentrations in
clonogenic progenitor assays. These studies demonstrated a
significant reduction in EPC colony formation at 100 and 200
uM H,O, concentrations compared with untreated controls,
with 60% and 80% decreases in colony formation, respectively
(Fig. 1A). Similar results were obtained when MNCs were
treated with H,O, before culturing for primary EPC colonies
(Fig. 1B), suggesting an intrinsic sensitivity of circulating EPCs
to oxidant stimuli.

On a single-cell level, cord blood EPCs display significant
heterogeneity in proliferative capacity; similar to hematopoietic
progenitors, where a hierarchy of primitive to more differenti-
ated progenitors can be cultured from the same cell population.
Given this similarity, we previously established an analogous
nomenclature to describe EPCs formed in a single-cell deposi-
tion assay [8, 22, 23]. The high proliferative potential-endothe-
lial colony-forming cell (HPP-ECFC) forms a colony that con-
tains >2,000 cells with self-renewal potential, defined as the
ability to form secondary colonies upon replating. Low prolif-
erative potential-endothelial colony-forming cell (LPP-ECFC)
colonies have 51 to 2,000 cells and no self-renewal capacity,

www.StemCells.com

A B
_ 120 120
g g
§1oo £100
3 80 8 80
= =
2 60 2 60
o o
= 40 < 40
[ [1]
S 20 o 20
Y Y
UT 50 100 200 UT 200
H,0, (uM) H,0, (uM)

Figure 1. Colony-forming potential of cord blood-derived endothelial
progenitor cells (EPCs) and cord blood mononuclear cells (MNCs)
following H,O, treatment. (A): Percentage of cord blood-derived EPCs
forming colonies or clusters 7 days after H,O, treatment. Results rep-
resent the mean = SEM (n = 3; *, p < .03 and **, p < .003 by
Student’s paired ¢ test). (B): EPC colony formation following treatment
of MNCs with 200 uM H,O,. Results represent the mean = SEM (n =
3; %, p < .02 by Student’s paired ¢ test). Abbreviation: UT, untreated.

whereas colonies composed of 2 to 50 cells are considered EC
clusters. To evaluate the effects of oxidant stress on a single-cell
level, we sorted single EPCs in 96-well tissue culture plates
before treating with H,O, and assessing colony formation. The
proportion of untreated single cells that divided at least once
was similar to previous studies (53.3 = 8.0%; n = 3). H,0,
treatment resulted in a dose-dependent decrease in overall col-
ony formation (Fig. 2A), supporting a significant loss of clono-
genic EPCs. When colony distribution was enumerated, a pro-
found reduction in HPP-ECFCs at 100 and 200 uM H,O, was
detected, whereas LPP-ECFCs were only reduced at the highest
H,0, dose evaluated (Fig. 2B). These data suggest that the most
primitive EPCs are exquisitely sensitive to H,O, and are pref-
erentially lost after oxidant stress compared with more differ-
entiated progeny (LPP-ECFC and EC clusters).

Given that HPP-ECFCs are highly proliferative with self-
renewal capacity, we hypothesized that the preferential loss of
HPP-ECFCs after H,O, treatment would result in diminished
proliferative capacity of EPC populations over a defined number
of population doublings. To test this hypothesis, cord blood
EPCs were treated with H,O, and then allowed to grow to 90%
confluence before cell monolayers were passaged. At each pas-
sage, viable ECs were enumerated, and CPDLs were calculated
as previously described [22]. These studies revealed a marked
reduction in CPDL of EPCs treated with 100 and 200 uM H,O,
compared with untreated controls (Fig. 2C). Together, these data
suggest that H,O, treatment of cord blood EPCs results in
preferential loss of primitive HPP-ECFCs and an overall decline
in proliferative capacity.

To determine whether the source of EPCs (cord blood vs.
adult peripheral blood) affects oxidant responsiveness, adult
peripheral blood-derived EPCs were established and treated
with H,O, in clonogenic progenitor assays. Similar to cord
blood EPCs, adult EPCs were sensitive to H,O, at multiple
doses (Fig. 3A). Single-cell deposition assays also demonstrated
an H,0O, dose-dependent reduction in total colonies formed (Fig.
3B). Consistent with previous data from our group [22], three of
the adult EPC cell lines contained no HPP-ECFCs, whereas one
adult EPC sample had nine colonies per 96 cells plated [22].
Upon H,O, treatment, the number of HPP-ECFCs from this
adult donor decreased to three at 50 uM H,O,, whereas no
colonies were detected at the 100 and 200 uM H,O, doses,
consistent with data for cord blood EPCs showing that HPP-
ECFCs are highly sensitive to oxidant stress. Interestingly, a
marked reduction in the number of LPP-ECFCs was observed
after 100 and 200 uM H,O, treatment (Fig. 3C). Furthermore,
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Figure 2. Clonogenic potential of single cord blood-derived endothelial progenitor cells (EPCs) and long-term replicative potential of cord
blood-derived EPCs following H,O, treatment. (A): Percentage of single cord blood-derived EPCs undergoing at least one cell division 14 days after
H,O0, treatment. Results represent the mean = SEM (n = 3; *, p < .02 and **, p < .002 by Student’s paired  test). (B): Percentage of EC clusters,
LPP-ECFCs, and HPP-ECFCs 14 days after H,O, treatment. Results represent the mean *= SEM (n = 4). LPP-ECFC UT versus 200 uM and
HPP-ECFC UT versus 200 uM, *, p < .0001; HPP-ECFC UT versus 100 uM, *#*, p < .003 by Student’s paired 7 test. (C): Cumulative population
doubling level of cord blood-derived EPCs on day 30 following H,O, exposure. Results represent the mean = SEM (n = 4; *, p < .04 and **, p <
.004 by Student’s unpaired ¢ test). Abbreviations: CPDL, cumulative population doubling level; EC, endothelial cell; HPP-ECFC, high proliferative
potential-endothelial colony-forming cell; LPP-ECFC, low proliferative potential-endothelial colony-forming cell; UT, untreated.
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Figure 3. Clonogenic potential of adult blood-derived endothelial progenitor cells (EPCs) following H,O, treatment. (A): Percentage of adult
blood-derived EPCs forming colonies or clusters 7 days after H,O, treatment. Results represent the mean * SEM (n = 4; *, p < .006 and *x*, p <
.002 by Student’s paired ¢ test). (B): Percentage of single adult blood-derived EPCs undergoing at least one division 14 days after H,O, treatment.
Results represent the mean = SEM (n = 4; *, p < .04 and #x*, p < .002 by Student’s paired 7 test). (C): Percentage of EC clusters and LPP-ECFCs
14 days after H,O, treatment. Results represent the mean = SEM (n = 3). EC cluster UT versus 50 uM and UT versus 200 uM, *, p < .05;
LPP-ECFC UT versus 100 uM, #*, p < .008; and LPP-ECFC UT versus 200 uM, #*:#*, p < .002 by Student’s paired ¢ test. Abbreviations: EC,

endothelial cell; LPP-ECFC, low proliferative potential-endothelial colony-forming cell; UT, untreated.

the proportion of EC clusters was also decreased at the 200 uM
H,0, dose. These data are in contrast to cord blood EPC data,
where LPP-ECFCs were only decreased at the 200 uM H,O,
dose, and no change was observed in EC clusters. Collectively,
these data suggest that adult HPP-ECFCs, LPP-ECFCs, and EC
clusters are more sensitive to oxidant stress than cord blood
EPCs.

Enhanced H,0,-Induced Apoptosis of EPCs Is
Dependent on the Catalytic Activity of ASK1

In performing clonogenic EPC assays, it appeared morpho-
logically that EPCs were undergoing apoptosis in response to
oxidant stress. This observation was intriguing since previous
studies from our group directly link enhanced oxidant-in-
duced apoptosis to reduced clonogenic capacity of hemato-
poietic progenitors [24, 25]. Based on this paradigm in he-
matopoietic progenitors, we next tested whether H,O,
induced apoptosis of cord blood EPCs using TUNEL assays.
In multiple independent experiments, EPCs exhibited en-
hanced apoptosis after H,O, treatment (Fig. 4A), consistent
with clonogenic data. Similar results were obtained for EPCs
derived from adult peripheral blood and HUVECs (data not
shown), which is consistent with our observation that expres-
sion of endothelial nitric oxide synthase, manganese super-
oxide dismutase, glutathione peroxidase, and catalase do not
differ appreciably between EPC cell sources (data not
shown). To examine whether H,O,-induced apoptosis of

EPCs was mediated through a redox signaling mechanism,
EPCs were pretreated with NAC before treating with H,O,.
These studies demonstrated that NAC pretreatment protected
EPCs from H,O,-induced apoptosis to levels indistinguish-
able from untreated controls (Fig. 4A). Together these data
suggest that H,O,-induced apoptosis contributes to the loss
of EPCs via a redox-regulated apoptotic signaling mecha-
nism.

Since H,0,-induced apoptosis in many cells types, includ-
ing hematopoietic progenitors, is dependent on the redox-regu-
lated protein ASK1 [28], we reasoned that EPCs may exhibit
increased ASKI1 activity after H,O, treatment. To test this
hypothesis, we evaluated H,O,-induced ASKI1 activation in
cord blood EPCs by Western blotting using a phospho-specific
antibody that detects active ASK1. EPCs treated with 200 uM
H,0, had a significant increase in ASK1 activity compared with
untreated controls (Fig. 4B shows one representative experiment
of three with mean fold induction 2.1 = 0.2; p < .05 for
untreated vs. H,O,-treated). To determine whether the predis-
position of EPCs to undergo H,0,-induced apoptosis was de-
pendent on ASKI kinase activity, EPCs were transduced with
either a retroviral vector control encoding EGFP (MigR1) or a
bicistronic retroviral vector encoding a catalytically inactive,
dominant negative ASK1 cDNA [29] and EGFP (MigR1-
ASK1-K709M) [25]. After transduction, EPCs were sorted by
fluorescence cytometry for EGFP™ cells and then evaluated for
H,0,-induced apoptosis. Western analysis confirmed expres-
sion of the HA-tagged ASK1-K709M protein in transduced cells
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Figure 4. Enhanced ASK1-mediated apoptosis of cord blood-derived endothelial progenitor cells (EPCs) following H,O, treatment. (A): Percentage
of terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive EPCs, with and without NAC pretreatment, 24 hours after H,0O,
treatment. Data shown are the mean = SEM of a representative experiment conducted in triplicate (n = 3 independent experiments with similar
results; *, p < .01 by Student’s paired ¢ test). (B): Representative Western blot of phosphorylated ASK1 in EPCs treated with 200 uM H,0O,. Similar
results were seen in two other independent experiments. (C): Percentage of TUNEL-positive EPCs transduced with vector control (MigR1) or vector
encoding ASK1-K709M 6 hours following no treatment (UT) or treatment with 200 uM H,O,. A representative experiment of three is shown. *, p <
.03 and =, p < .005 by Student’s unpaired 7 test. Abbreviations: ASK1, apoptosis signal-regulating kinase 1; NAC, N-acetylcysteine; UT, untreated.

(data not shown). As expected, EPCs transduced with the vector
control exhibited an increase in apoptosis after H,O, treatment
(Fig. 4C). In contrast, H,O,-treated EPCs transduced with
MigR1-ASK1-K709M had levels of apoptosis that were com-
parable to untreated control EPCs (Fig. 4C). These data dem-
onstrate an ASK1-dependent mechanism for the observed oxi-
dant-induced apoptotic phenotype of EPCs.

Oxidant Stress Decreases Tube Formation via an
ASK1-Dependent Mechanism

Resistance to oxidant-induced apoptosis would be a fundamen-
tal requirement for formation of new vessels at sites of ischemic
injury. Given our observations outlined above, we tested
whether oxidant stress diminished the tube-forming ability of
cord blood EPCs using Matrigel assays as previously described
[22]. Untreated or H,O,-treated EPCs were observed for initi-
ation and maintenance of capillary-like structures over 5 days.
At early time points (<6 hours), the initiation of capillary-like
structures was similar between untreated and H,O,-treated
EPCs (data not shown); however, by 24 hours, profound differ-
ences were observed (Fig. 5SA). To examine whether aberrant
tube formation in H,O,-treated EPCs was dependent on ASK1
kinase activity, Matrigel assays were conducted with transduced
EPCs expressing ASK1-K709M. As expected, control trans-
duced EPCs (MigR1) treated with H,O, exhibited reduced total
vessel length and closed network units (Fig. 5B, 5C). In con-
trast, EPCs expressing ASK1-K709M were completely pro-
tected from H,O,, as demonstrated by normalization of total
vessel length and closed network units (Fig. 5B, 5C). These data
implicate apoptosis, via enhanced ASK1 signaling, as a critical
mechanism involved in diminished capillary tube-forming abil-
ity of EPCs after oxidant stress.

Reduced Vessel Formation of Oxidant-Treated EPCs
In Vivo

To rigorously examine whether the functional capacity of EPCs
was impaired after oxidant treatment, we transplanted EPCs into
NOD/SCID mice using a well-established method to examine
human-murine chimeric blood vessel formation in vivo [27].
Untreated EPCs formed chimeric vessels, which were perfused
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with mouse red blood cells (Fig. 6A, 6B). In contrast, grafts
containing oxidant-treated EPCs formed few chimeric vessels.
Collectively, these data show that oxidant-treated EPCs exhibit
severely diminished functional capacity.

DISCUSSION

Experimental data support a role for increased oxidant stress in
the pathogenesis of vascular diseases [12—-15]. Given that EC
dysfunction is linked to vascular disease, it is imperative to
understand how oxidative stress alters EC function. Further-
more, emerging data suggest that EPCs circulate in peripheral
blood and reside in blood vessels for the initiation of vasculo-
genesis [22, 23]. However, understanding the effect of oxidative
stress on EPC function has been hampered by the use of heter-
ogeneous EPC populations contaminated with hematopoietic
cells and the lack of clonogenic assays to test individual EPC
function. Thus, we designed experiments to test whether oxidant
stress alters EPC function using well-defined EC populations
and clonogenic assays recently described by our group.

Our studies demonstrate that H,O, treatment of both cord
and adult blood-derived EPCs reduces their clonogenic capacity.
Treatment of either established EPC cell lines or freshly isolated
circulating MNCs, which contain EPC progenitors, with H,O,
resulted in a comparable reduction in EPC colony formation.
These data indicate that both adherent and circulating EPCs are
sensitive to oxidants. To examine whether primitive EPCs
(HPP-ECFCs) versus more committed EPCs (LPP-ECFCs and
EC clusters) were differentially sensitive to H,O, treatment,
single-cell deposition assays were conducted. Interestingly, cord
blood HPP-ECFCs were more sensitive to H,O, than LPP-
ECFCs. These data are consistent with the decreased CPDLs in
H,0,-treated EPCs, since the defining characteristics of HPP-
ECEFCs are their high proliferation rates and self-renewal capac-
ity. Furthermore, Matrigel assays and xenograft transplant ex-
periments, studies dependent on functional progenitor activity,
demonstrate that oxidant treatment severely impairs the ability
of EPCs to form blood vessels in vitro and in vivo.
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Figure 5. Tube-forming ability of cord blood-derived endothelial pro-
genitor cells (EPCs) following H,O, treatment. (A): Representative
photomicrographs (magnification, X 10) of EPCs 24 hours following no
treatment (UT) or treatment with 200 uM H,O,. (B): Representative
photomicrographs (magnification, X10) of EPCs transduced with vector
control (MigR1) or vector encoding ASK1-K709M 24 hours following
no treatment (UT) or treatment with 200 uM H,O,. Data shown are
representative of three independent experiments. (C): Quantitation of
capillary vessel length and vessel density 24 hours following 200 uM
H,O, treatment of EPCs transduced with either MigR1 or MigR1-
ASK1-K709M. Data represent the average total capillary vessel length
and average number of closed network units per well = SEM (n = 3).
Total vessel length: *, p < .01 and **, p < .005 by Student’s paired ¢
test. Closed network units: *, p < .001 and **, p < .0001 by Student’s
paired ¢ test. Abbreviations: ALU, arbitrary length unit; ASK1, apopto-
sis signal-regulating kinase 1; UT, untreated.

An interesting finding of this study was the observation that
adult-derived LPP-ECFCs were more sensitive to oxidant stress
than cord blood-derived LPP-ECFCs. Single-cell deposition as-
says demonstrated a significant decrease in the colony-forming
ability of adult-derived LPP-ECFCs at 100 and 200 uM H,O,
compared with cord blood-derived LPP-ECFCs. Furthermore,
EC clusters from adult donors were also decreased at the highest
H,O, concentration tested, whereas there was no detectable
change in cord blood EC cluster formation.
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Figure 6. In vivo blood vessel formation of cord blood-derived endo-
thelial progenitor cells (EPCs) following H,O, treatment. (A): Percent-
age of human vessels perfused with murine red blood cells per square
millimeter. EPCs were either UT or treated with 200 uM H,O, prior to
implantation into non-obese diabetic/severe combined immunodeficient
(NOD/SCID) mice. Results represent the mean = SEM (n = 3; *, p <
.04 by Student’s paired ¢ test). (B): Photomicrographs (magnification,
X40) of xenograft implants and surrounding murine tissue 14 days after
implantation into NOD/SCID mice. Grafts were stained with anti-
human CD31 (brown) to identify human blood vessels, and arrows
indicate representative human vessels perfused with murine red blood
cells. Abbreviation: UT, untreated.

These data are intriguing and suggest the possibility that a
loss of circulating EPCs through aging may predispose to en-
dothelial dysfunction and vascular disease. A similar mecha-
nism has been proposed for aging of the hematopoietic system,
where hematopoietic stem cells (HSCs) decrease in number and
exhibit reduced self-renewal, homing, and engrafting ability,
which result in a diminished capacity of aged HSCs to respond
to hematopoietic stress [30, 31]. Whether oxidant damage di-
rectly leads to an age-related decline in EPC function is an
important unanswered question, which we are currently pursu-
ing based on our observations. However, compelling evidence
suggest that numerous disease states enhance oxidant stress in
vivo prior to clinically significant vascular disease, including
homocystinemia, diabetes, hypercholesterolemia, and tobacco
use [12, 32, 33], supporting the notion that increased endoge-
nous oxidant stress promotes vascular pathology. Furthermore,
an age-related decline in EPC function may explain in part the
limited and variable success of clinical trials testing the efficacy
of antioxidants in the treatment of patients with vascular disease.

Our data showing enhanced EPC sensitivity to oxidative
stress are in contrast to previous studies [20, 21]. Dernbach et al.
reported that EPCs are resistant to oxidant stress and uniquely
equipped to repair damaged vessels in the hyperoxic environ-
ment observed in ischemic tissues [20]. However, the circulat-
ing EPCs used by Dernbach et al. [20] co-express hematopoietic
macrophage/monocyte and endothelial antigens and are not ca-
pable of self-renewal divisions. Thus, these cells have been
characterized as circulating angiogenic cells [34, 35] rather than
clonogenic EPCs. In contrast, EPCs isolated by our methods and
those of others express only endothelial antigens and display
clonogenic and self-renewal capacity, which are hallmarks of
stem and progenitor cells [22]. Therefore, the discrepancy be-
tween these studies is likely because of differences in cell types
being analyzed.

On the other hand, He et al. used techniques similar to those in
our study to isolate adult EPCs and showed that HUVECs and
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coronary artery endothelial cells (CAECs) are more sensitive to
oxidant stress than adult peripheral blood-derived EPCs [21]. Thus,
He et al. [21] concluded that adult EPCs may be resistant to
oxidants generated in an ischemic environment. However, recent
observations made by our group lend further insight and interpre-
tation of these data (unpublished data). For example, HUVECs and
CAECs were used as mature endothelial cell line controls by He et
al. [21]. However, vessel wall-derived ECs, including HUVECs
and CAECs, contain a complete hierarchy of clonogenic EPCs and
are highly enriched for HPP-ECFCs [23], making HUVECs and
CAECs more immature EPC cell lines compared with adult circu-
lating peripheral blood EPCs that contain few HPP-ECFCs. In our
hands, EPCs derived from either HUVECs, cord blood, or adult
peripheral blood underwent similar levels of H,O,-induced apo-
ptosis. However, single-cell deposition assays demonstrated in-
creased sensitivity of adult EPCs compared with cord blood EPCs.
Collectively, these findings emphasize the need to carefully define
the cell types being analyzed and the power of using clonogenic
assays to demonstrate functional differences in EPC populations.
Although it has been hypothesized that EPCs resist oxidant-
induced apoptosis at sites of ischemia, our data clearly show that
EPCs are sensitive to H,0,-induced apoptosis via the redox-
dependent ASK1 pathway. Furthermore, the tube-forming abil-
ity of cord blood EPCs is also diminished after oxidant stress via
ASK1 activation. ASK1 is a mitogen-activated protein kinase
that is negatively regulated by multiple redox-sensitive binding
partners, including thioredoxin, glutathione S-transferases, and
glutaredoxin [29, 36—42]. Although the contribution of individ-
ual regulatory proteins in controlling ASK1 activity is unknown,
it is clear that oxidation of these redox-sensitive proteins results
in ASKI1 activation, which is capable of initiating apoptosis via
the downstream effectors p38 and c-jun N-terminal kinase [29].
Interestingly, previous studies in HUVECs, which contain a
high frequency of HPP-ECFCs, demonstrate an important role
for thioredoxin in protecting ECs from oxidant-induced apopto-
sis. Haendeler et al. showed that statins induce S-nitrosylation of
thioredoxin, resulting in increased thioredoxin-reactive oxygen

radical scavenging activity and improved survival [43]. In a
separate report, H,O, treatment resulted in thioredoxin degra-
dation, thereby decreasing reactive oxygen radical scavenging
ability and increasing apoptosis [44]. Together, these data are
consistent with our findings that H,O,-induced apoptosis in
EPCs is ASK1-dependent, since ASK1 activity is directly linked
to available thioredoxin (reduced state).

Summary

In summary, our data demonstrate that both clonogenic cord and
adult blood-derived EPCs are sensitive to oxidant stress. Fur-
thermore, EPCs treated with oxidants undergo increased apo-
ptosis and decreased tube formation via ASK1 activation. Col-
lectively, these studies highlight the complexity of using
autologous or cord blood-derived EPCs for vascular repair in
ischemic injury and emphasize the importance of designing
therapeutic strategies to protect EPCs against oxidant stress to
enhance new vessel formation.
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