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Abstract

Aims: Vascular wall-resident progenitor cells hold great promise for cardiovascular regenerative therapy. This
study evaluates the impact of oxidative stress on the viability and functionality of adventitia-derived progenitor
cells (APCs) from vein remnants of coronary artery bypass graft (CABG) surgery. We also investigated the
antioxidant enzymes implicated in the resistance of APCs to oxidative stress-induced damage and the effect of
interfering with one of them, the extracellular superoxide dismutase (EC-SOD/SOD3), on APC therapeutic
action in a model of peripheral ischemia. Results: After exposure to hydrogen peroxide, APCs undergo
apoptosis to a smaller extent than endothelial cells (ECs). This was attributed to up-regulation of antioxidant
enzymes, especially SODs and catalase. Pharmacological inhibition of SODs increases reactive oxygen species
(ROS) levels in APCs and impairs their survival. Likewise, APC differentiation results in SOD down-regulation
and ROS-induced apoptosis. Oxidative stress increases APC migratory activity, while being inhibitory for ECs.
In addition, oxidative stress does not impair APC capacity to promote angiogenesis in vitro. In a mouse limb
ischemia model, an injection of naive APCs, but not SOD3-silenced APCs, helps perfusion recovery and
neovascularization, thus underlining the importance of this soluble isoform in protection from ischemia.
Innovation: This study newly demonstrates that APCs are endowed with enhanced detoxifier and antioxidant
systems and that SOD3 plays an important role in their therapeutic activity in ischemia. Conclusions: APCs
from vein remnants of CABG patients express antioxidant defense mechanisms, which enable them to resist
stress. These properties highlight the potential of APCs in cardiovascular regenerative medicine. Antioxid.
Redox Signal. 21, 1591-1604.

Introduction

REACTIVE OXYGEN SPECIES (ROS) play important roles in
the regulation of cell homeostasis. ROS include radical
species such as superoxide (O, ™) and hydroxyl radical (HO®)
as well as nonradical species such as hydrogen peroxide
(H>0,). Under physiologic conditions, moderate levels of
ROS act as a second messenger in various signaling path-
ways, ensuring that cells respond properly to specific stimuli.
On the other hand, excessive increase in ROS production or

reduction of antioxidant defense mechanisms can disrupt the
redox balance and induce DNA damage and cell death (24,
28, 33, 36, 37).

Appropriate redox homeostasis is also important for the
maintenance of stem cell (SC) self-renewal (12, 27). In SCs,
intracellular ROS levels are regulated by a very efficient
system of antioxidant enzymes, including catalase and
superoxide dismutases (SODs) (27). Moreover, the low-
oxygenic niche provides SCs with extra-protection from
oxidative stress (17). The disruption of endogenous and
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Innovation

Owing to their rarity, adventitia-derived progenitor
cells (APCs) need to be expanded ex vivo in order to
obtain sufficient numbers for clinical use. Culture ex-
pansion might lead to cell senescence and functional
incompetence. Our data show for the first time that re-
peatedly passaged APCs from cardiovascular patients
maintain an intact antigenic phenotype and high defense
mechanisms. This culminates in reduced apoptosis, high
proliferation and migratory activity, as well as preserved
pro-angiogenic potential after exposure to reactive oxy-
gen species or transplantation into ischemic muscles,
thus highlighting that APCs have a potential in cardio-
vascular regenerative medicine.

environmental defence mechanisms due to aging and disease
can trigger SC differentiation and damage, with a profound
impact on associated regenerative mechanisms (33, 38). With
regard to vascular precursors, these phenomena have been
initially investigated in endothelial progenitor cells (EPCs), a
heterogeneous population of mononuclear cells that are able to
promote vascular repair (10). It remains unknown whether the
same concepts apply to pericytes, which, besides constituting a
physical and functional interface between endothelial cells
(ECs) and the extravascular space, are thought to represent a
resident population of vascular progenitors (4, 30).

To date, two distinct pericyte populations have been
identified on the basis of localization and antigenic charac-
teristics. The first subtype resides around the microvascula-
ture of various organs and expresses a spectrum of antigens,
such as CD146, PDGFRf3, and NG2, which are also shared by
endothelial, smooth muscle, and glial cells. The second
subtype is contained in the blood vessel wall in close vicinity
to the adventitial vasa vasorum (5, 7, 16, 23, 35). Adventitia-
derived progenitor cells (APCs) have several markers in
common with microvascular pericytes, except for CD146,
and also carry mesenchyme-specific antigens, such as CD44,
CD90, CD73, and CD29, as well as SC markers, such as
Oct-4, GATA-4, and Sox-2 (5). The latter characteristics,
coupled with recognition of clonogenicity and multipotency,
have led to a consideration of APCs as precursors of defini-
tive pericytes. Furthermore, APCs are in the focus of intense
translational research because of their potent reparative po-
tential. Our group was the first to demonstrate that APCs,
isolated from saphenous veins of patients undergoing coro-
nary artery bypass graft (CABG) surgery, promote reparative
neovascularization and accelerate tissue healing, when in-
jected in models of myocardial and peripheral ischemia (5,
16, 18). Transplanted APCs are able to home to neovessels,
establishing close anatomic connections and paracrine in-
teractions with resident ECs. Therefore, APCs appear par-
ticularly adaptable to the harsh environment of an ischemic
tissue. Nonetheless, mechanisms underlying this adaptability
remain unknown.

The aim of the present study was to investigate: (i) the
impact of oxidative stress on different functional activities
of APCs, with cross-reference to cells derived from APC
differentiation, microvascular pericytes, fetal ECs, and sa-
phenous vein-derived ECs (SVECs); (ii) the molecular
mechanisms underlying APC resistance to oxidative stress;
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and (iii) the consequences of silencing the soluble SOD
isoform (SOD3) on APC therapeutic activity in a murine
model of limb ischemia.

Results
Characterization of APC and SVEC antigenic profile

First, by immunocytochemistry and flow cytometry, we
confirmed that cultured human APCs coexpress typical
pericyte/mesenchymal antigens (Fig. 1A, B). In addition,
APCs were positive for CD105, which is predominantly ex-
pressed on cellular lineages within the vascular system, and
negative for hematopoietic (CD45) and endothelial (CD31)
markers. This phenotype was consistently confirmed from
early to late passages (from P3 to P7, data not shown). In
contrast, SVECs were identified positive for VE-cadherin and
CD31 by immunocytochemistry (Fig. 1C) and for CD44,
CD105, and CD31 by flow cytometry (Fig. 1D).

APCs exhibit a higher resistance to oxidative stress
as compared with ECs

Next, we determined the levels of intracellular ROS in
APCs, human umbilical vein ECs (HUVECs), and SVECs
under basal conditions and after stimulation with increasing
doses of H,0,. To this aim, a live cell imaging approach was
used on cells loaded with the Mitotracker CM-H,XRos probe.
Confocal imaging analysis showed that exposure to H,O,
induces a dose-dependent increase in ROS concentration in
HUVECs and SVECs, whereas this effect was not observed in
APCs (Fig. 2A, B). Two-way ANOVA showed an effect of the
H,0,; dose (p=0.01) and cell type (p =0.008) on ROS levels.
The antioxidant N-Acetyl Cysteine contrasted the effect of
H,0, in HUVECs and SVECs (Fig. 2C-E).

Next, we analyzed the susceptibility of APCs and ECs to
oxidative stress-induced apoptosis. As shown in Figure 2F,
H,O, increased Caspase 3/7 activity in both HUVECs and
SVECs, but not in APCs. Two-way ANOVA confirmed an
effect of the H,O, dose (p <0.0001) and cell type (p=0.01)
on apoptosis.

Furthermore, we analyzed protein carbonyl levels in HU-
VECs and APCs as a biomarker of oxidative stress (8). As
illustrated in Supplementary Figure S1A (Supplementary Data
are available online at www.liebertpub.com/ars), HUVECs
showed increased protein carbonylation after exposure to H,O,,
while this phenomenon was not observed in APCs. Two-way
ANOVA confirmed an effect of cell type on carbonylation
(p<0.01). Similarly, staining of phosphorylated form of
yH2AX, a biomarker of double-strand DNA breaks (9), is in-
creased in HUVECsS after exposure to different concentrations
of H,O,, a phenomenon that was observed in APCs only when
elevating oxidative stress to very high levels (250 mM H,0,)
(Supplementary Fig. S1B, C). These data support the concept
that APCs have a greater resilience under oxidative stress.

APCs exhibit increased antioxidant activity

Having demonstrated that APCs are less susceptible to
ROS-induced damage than ECs, we next asked whether
this resistance is attributable to constitutive expression of
antioxidant mechanisms. Results from gene array experi-
ments indicate that among the 1375 genes that are differently
expressed between APCs and HUVECs with a log FC> 1.5
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FIG. 1. Antigenic profile of
human adventitia-derived pro-
genitor cells (APCs) and
saphenous vein-derived endo-
thelial cells (SVECs). (A) Re-
presentative microscopy images
showing the antigenic profile of
APCs at passage 7: Cells express
typical pericyte/mesenchymal
markers, such as PDGFRf, NG2,
desmin, and vimentin, while
showing scarce abundance or
absence of o-sarcomeric actin
(-SA) or a-smooth muscle actin
(2-SMA). Scale bar=200 um. (B)
Flow cytometry characterization
of APC immunogenic profile: bar
graph illustrating the average of
six biological replicates. (C, D)
SVECs  express endothelial
markers, such as VE-cadherin
and CD31 as assessed by im-
munocytochemistry (C) and flow
cytometry (D). Endoglin
(CD105) and CD44 are expressed
in both APCs and SVECs. Data
are mean*SEM. To see this il-
lustration in color, the reader is
referred to the web version of this
article at www.liebertpub.com/ars

and p<0.001, 20 genes involved in oxidation-reduction
processes are up-regulated in APCs (Table 1). Notably, APCs
express four-fold higher levels of aldehyde dehydrogenase,
which exerts multiple biological activities, including drug
resistance, cell differentiation, and oxidative stress response
(11, 25). SODs are enzymes that catalyze the conversion of
superoxide and inhibit the oxidative inactivation of nitric
oxide, thereby preventing peroxynitrite formation and mito-
chondrial dysfunction (13). Owing to their different sub-
cellular and extra-cellular localization, different SOD
isoforms are thought to exert distinct functions. We found
that levels of extra-cellular SOD3 are 6.3-fold higher in APCs
compared with HUVECs (Fig. 3A). In contrast, APCs ex-
press remarkably lower levels of nicotinamide adenine di-
nucleotide phosphate-oxidase-4 (Nox4), an enzyme that has
constitutive ROS-producing activity (Table 1) (2).
Quantitative real-time PCR confirmed that APCs express
higher levels of SODs, especially of the SOD3 isoform, and
of catalase, which converts hydrogen peroxide to water and
oxygen, as compared with HUVECs or SVECs (Fig. 3B).
Furthermore, we found that APCs abundantly express SOD1
and SOD2 proteins (Fig. 3C, D). Likewise, APCs secrete
SOD3 in the conditioned culture medium (CCM) in larger
amounts as compared with ECs (Fig. 3E, F). In order to
determine whether SOD3 confers protection from oxidative
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stress, we next knocked down the expression of this enzyme
by silencing its gene (Supplementary Fig. S2). The level of
ROS detected in the SOD3-silenced APCs was only slightly
increased in comparison to the negative control, either in
basal conditions or after the H,O, challenge (Fig. 4A, B).
Likewise, no significant difference was detected between
control and SOD3-silenced cells with regard to H,O,-
induced apoptosis (data not shown). This might be due to the
offsetting activity of the other antioxidant enzymes, includ-
ing SODI1 and SOD2, which still take part in the ROS de-
toxification. Therefore, we next antagonized the global
activity of SODs in APCs using the generic inhibitor die-
thyldithiocarbamate (DDC) (6, 32). SOD inhibition resulted
in an increase of oxidative stress (Fig. 4C, D) and H,0,-
induced apoptosis (Fig. 4E), thus confirming the prominent
and synergistic role of SODs in APC protection from oxi-
dative stress.

Down-regulation of antioxidant mechanisms
after APC differentiation

Enhanced antioxidant and detoxifying activity has been
associated to stemness (10). We previously reported that APCs
express SC makers, such as Oct-4, GATA-4, and Sox-2, and
possess clonogenic and multilineage differentiation
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FIG. 2. APCs are resistant to oxidative stress. (A) Typical confocal microscopy images of reactive oxygen species
(ROS), detected using the Mitotracker red tracer in APCs, human umbilical vein endothelial cells (HUVECsS), and SVECs,
under basal conditions (control) and after exposure to increasing doses of H,O,. (B) Line graph showing the average values
of ROS in APCs, HUVECs, and SVECs (n=3 biological replicates per group, each assayed in triplicate). HUVECs and
SVECs, but not APCs, exhibit a dose-dependent increase in ROS levels. Values represent fold change versus vehicle and are
expressed as means* SEM. *p <0.05; **p <0.01 versus control in each group. (C-E) In situ detection of ROS in APCs,
HUVECs, and SVECs, exposed to H,O, (250 uM, 24 h) in the absence or presence of N-Acetyl Cysteine (NAC). NAC
(1 mM, added 30 min before H,O,) prevents H,O,—induced oxidative stress in HUVECs and SVECs. Quantitative analysis
of red fluorescence: Each bar is the mean = SEM of three independent experiments, *p <0.05 as indicated by the connecting
line. (F) Effect of H,O, on cell apoptosis: APCs, HUVECs, and SVECs were incubated with the indicated doses of H,O, for
24 h. Apoptosis, as detected by Caspase 3/7 activity assay, was dose dependently increased in HUVECs and SVECs, but not
in APCs. Each point is the mean+ SEM of three independent experiments, *p <0.05 versus control in each group. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

capacities (5). Interestingly, here we report new results
showing that induction of differentiation results in ~40% of
APCs becoming adipocytes (Fig. 5SA) with concomitant
reduction in the expression of catalase, at mRNA level, and
SODs, at both mRNA and protein levels (Fig. 5B-D). Fur-
thermore, differentiated cells showed a remarkably in-
creased susceptibility to apoptosis on exposure to H,O,
compared with native APCs (Fig. SE). In addition, we
compared the expression of antioxidant enzymes in APCs
and microvascular pericytes extracted from limb skeletal
muscles. Quantitative RT-PCR shows that, in comparison
with microvascular pericytes, APCs exhibit higher levels of
SOD1 and SOD2, while no difference was found in catalase
and SOD3 expression. Furthermore, no significant differ-

ence between the two populations was detected when
oxidative stress-induced apoptosis was evaluated (Supple-
mentary Fig. S3A, B).

Additional functional consequences of oxidative stress
in ECs and APCs

In addition to cell viability, ROS can affect a spectrum of
cellular functions. Therefore, we performed a series of
functional assays to investigate whether APCs and terminally
differentiated vascular cells are programmed to respond to
increased ROS levels in different ways. Exposure to high
doses of H>O, (100-250 uM) produced similar reductions in
APC and EC proliferation, as assessed by the BrdU
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TABLE 1. ANTIOXIDANT GENES DIFFERENTLY EXPRESSED IN APCs AND HUVECs

Gene name LogFC AveExpr T Adj.P.Val
Superoxide dismutase 3, extracellular 6.28 7.87 10.28 2.71E-04
NADPH oxidase4 -6.13 8.37 —-8.48 6.89E-04
Aldo-keto reductase family 1, member C1 5.20 8.69 17.53 2.06E-05
Dehydrogenase/reductase family 1, member B10 (aldose reductase) 4.44 8.28 7.30 1.38E-03
Aldehyde dehydrogenase 1 family, member L2 4.07 8.35 13.08 8.51 E-05
Cytochrome b reductase 1 3.70 11.70 13.13 8.42E-05
Thioredoxin interacting protein 3.20 12.08 9.83 3.39E-04
Sulfide quinone reductase-like 3.04 13.65 11.29 1.68E-04
Glutathione peroxidase 3 1.46 6.56 4.67 0.01007
Superoxide dismutase 2, mitochondrial 2.66 12.33 12.69 9.53E-05
Thioredoxin domain containing 15 2.33 8.18 12.16 1.15E-04
Xanthine dehydrogenase 2.28 5.82 6.57 0.00221
Thioredoxin domain containing 17 2.27 8.68 13.44 7.53E-05
Aldo-keto reductase familyl, member B10 (aldose reductase) 2.23 6.58 7.76 0.00107
Glutathione peroxidase 7 1.86 8.20 4.26 0.01454
Carbonyl reductase 1 1.80 11.92 6.79 0.00191
Cytocrome b5 reductase 2 1.79 11.01 4.82 0.00883
Aldo-keto reductase familyl, member C3 1.79 11.82 6.98 0.00168
Cytocrome b5 reductase 3 1.63 9.96 6.29 0.00272
Aldose reductase 1.62 5.98 5.03 0.00728
Glutathione peroxidase 3 1.46 6.56 4.67 0.01000

APC, adventitia-derived progenitor cell; HUVEC, human umbilical vein endothelial cell.

incorporation assay. However, in APCs only, low concen- vascular endothelial growth factor (VEGF) for HUVECs and
trations of H,O, (1-10 uM) caused an increase in prolifera- SVECs, and platelet-derived growth factor (PDGF) for
tion (Supplementary Fig. S4). APCs, as VEGF was a less strong stimulus for APCs

The migratory activity of cells exposed to H,O, was (Supplementary Fig. SSA). This is likely due to the lack of
evaluated using a scratch assay. As a stimulus, we used VEGFR2 expression in pericytes as well as in mesenchymal
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FIG. 4. Effects of SOD3 gene silencing and global SOD inhibition on H,0,._ induced oxidative stress and apoptosis
in APCs. (A) Fluorescent in situ detection of ROS in controls (APCs exposed to the transfection vehicle or transfected with
scrambled (scr siRNA sequence) and SOD3-silenced APCs after exposure to H,O, (250 uM, 24 h). (B) Histograms of
oxidative stress levels under basal conditions and after exposure of APCs to H>O, in the three groups described earlier: Data
are means £ SEM of n=3 replicates. (C) Fluorescent in situ detection of ROS in APCs exposed to H,O, (250 uM, 24 h) in
the absence or presence of diethyldithiocarbamate (DDC) (10 uM, 30 min before H,O, addition). SOD inhibition with DDC
enhances ROS levels under oxidant conditions. (D) Histograms illustrating the effect of H,O, and/or DDC: Data are
means = SEM of n=3, *p<0.05 versus respective control (no DDC). (E) Apoptosis, detected by the Caspase 3/7 activity
assay, was also increased after global SOD inhibition. Data are means = SEM of n=3, *p <0.05 versus control. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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(C) Representative Western blot of Catalase and SODs. (D) Densitometry analysis and blot quantification: Data are
means = SEM of n=3, *p<0.05 versus APCs. (E) Effect of H,O, on apoptosis: APCs and APC-derived adipocytes were
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dependently increased in APC-derived adipocytes, but not in APCs. Each point is the mean+ SEM of three independent
experiments, *p <0.05 versus control in each group. To see this illustration in color, the reader is referred to the web version
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SCs, as previously reported (3, 15). On the other hand, APCs
are defined by abundant PDGFRf expression, which is
thought to regulate pericyte and MSC migration and prolif-
eration (5, 15). Interestingly, under unstimulated conditions,
H,0, increased APC migration, but not HUVEC or SVECs
motility. Furthermore, oxidative stress completely inhibited
the pro-migratory effect of VEGF on HUVECsS, while leaving
unmodified the PDGF-induced APC migration (Fig. 6A-F).
No significant variation among the different conditions was
observed with regard to the migratory activity of microvas-
cular pericytes (Supplementary Fig. S5B).

A previous investigation indicates that Src Kinase acts as a
sensor of ROS, activating different signaling pathways in-
strumental to redox-dependent promotion of cell migration
and vascular remodeling (1, 31). Hence, we next asked
whether Src is implicated in ROS-induced APC migration.
To this end, the scratch assay was repeated in the presence of
the Src inhibitor SU6656. Pretreatment of cells with SU6656
completely prevented the promotion of APC migration by
H,0,, without affecting untreated cells (Fig. 6E, F).

Our previous work showed that APCs support EC network
formation in vitro and neovascularization in models of pe-
ripheral and cardiac ischemia (5, 19). Therefore, here, we in-
vestigated the consequences of oxidative stress on APC-
induced promotion of angiogenesis. We confirmed that APCs
stimulate HUVEC and SVEC network formation capacity,
with this effect remaining unaltered after APC preconditioning
with H,O, (Fig. 7A-D). This feature was further validated
using a three-dimensional in vitro model of angiogenesis
consisting of a spheroidal coculture system of APCs and
HUVECs (21). After formation on a methylcellulose matrix,
spheroids were embedded in a collagen gel, and the cumulative
length of outgrowing capillary-like sprouts was quantified 12 h
later. Spheroids made of ECs displayed a low baseline
sprouting activity, whereas this feature was highly increased in
the HUVEC/APC spheroids. Once again, H,O, pre-
conditioning did not impair APC capacity to improve endo-
thelial sprouting activity (Supplementary Fig. S6A, B).

SO0D3 silencing impairs APC-induced reparative
vascularization in a mouse model of limb ischemia

We have previously shown that transplantation of APCs
improves reparative angiogenesis in mouse models of pe-
ripheral and myocardial ischemia (5, 18, 19). In this work, we
confirm that mice transplanted with naive APCs have an
improved limb blood flow recovery from ischemia compared
with mice given vehicle. In contrast, the administration of
SOD3-silenced APCs failed to show any benefit on blood
flow recovery of the ischemic muscle (Fig. 8A). Likewise,
naive APCs improved capillarization of the ischemic mus-
cle, with this effect being negated by SOD3 silencing (Fig.
8B, C). These data suggest that SOD3 release by APCs could
participate in the paracrine stimulation of vascular healing
in the setting of ischemia.

Discussion

For a long time, pericytes have been considered passive
elements filling the gaps between neighboring ECs. They
gained attention with observations that diseases, such as di-
abetes and ischemia, can disrupt pericyte-EC interaction,
leading to plasma extravasation, edema, and tissue damage.
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Furthermore, pericytes are therapeutically appealing because
of their ability to differentiate into myocytes, satellite cells,
and cardiomyocytes. We discovered the presence of clonogenic
PCs that express typical pericyte markers in the adventitia of
human veins (5). In models of ischemia, APCs transplantation
promotes vascular growth and stabilization, through release of
angiogenic factors and microRNAs and attraction of VEGF-
expressing monocytes. Furthermore, APCs cooperate with
resident SCs in the induction of cardiac repair (5, 18, 19).
Hence, this newly identified PC population is endowed with
pleiotropic functions that deserve mechanistic investigation.

In the present study, we have interrogated the APCs ability
to cope with adverse oxidative conditions created by the
exposure to H,O,. According to our standard operative pro-
tocol, the expansion of APCs from a small piece of human
vein leads to the generation of 30—50 million viable cells at
passage 7 in ~10 weeks. Here, we confirm that repeatedly
passaged APCs retain their original antigenic phenotype.
Furthermore, we show for the first time that APCs, expanded
to achieve quantities compatible with requirements of cell
therapy in humans, are resistant to oxidative stress-induced
apoptosis as compared with HUVECs and SVECs. The latter
were obtained from the same source of APCs, thereby pin-
pointing properties intrinsic to the cell type rather than con-
ferred by the particular local environment. In line, the unique
resistance of APCs to oxidative stress was associated to high
expression of a spectrum of antioxidant factors, which rep-
resent the major cellular defence against ROS. In particular,
APCs express catalase, which may account for the protection
from H,O,, and various SOD isoforms. A comparison of
APCs and microvascular pericytes indicates a differential
expression of SOD1 and SOD2, while the levels of catalase
and SOD3 did not differ between the two cell populations.
The latter antioxidant enzymes might suffice to confer sim-
ilar resistance to ROS-induced cell damage, as documented
when assessing the effect of H,O, on apoptosis. In APCs, the
functional relevance of this enzyme antioxidant machinery is
also testified by a decreased tendency to accumulate protein
carbonyl groups after hydrogen peroxide exposure as com-
pared with ECs. Furthermore, after exposure to exogenous
ROS, APCs show lower levels of pospho-yH2AX, a marker
of DNA double-strand breaks, compared with ECs. These
results suggest that ROS scavenging by antioxidant enzymes
in APCs prevents protein or DNA damage.

Three SOD isoforms have been identified: the cytoplasmic
SOD1, mitochondrial SOD2, and extracellular SOD3. In
vascular tissue, SOD3 represents the principal SOD isoform.
After secretion, SOD3 is anchored to the extracellular matrix
and EC surface through binding to the heparan sulfate pro-
teoglycan and fibulin-5. Owing to its location, the SOD3
plays an important role in modulating the levels of super-
oxide in the microvascular environment (13). Furthermore,
SOD3 overexpression reportedly decreases ischemic tissue
injury in animal models (20, 22). We found that APCs produce
and secrete large amounts of SOD3, which might account for
the reduction of oxidative stress-induced damage in neigh-
boring cells, such as ECs. Although regarded as a pro-angio-
genic factor for ECs through H,O,-induced activation of
VEGF signaling (29), SOD3 also acts as a safeguard factor
against potentially harmful ROS, especially—as observed in
APCs—when combined with high catalase expression, en-
abling inactivation of SOD3-generated H,O,. The coordinated
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absence of H,O, (250 uM). Phase-contrast images were collected after 24 h. H,0O, delayed HUVEC migration under basal
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FIG. 7. Oxidative stress does not impair APC-induced support of network formation by endothelial cells. (A-D)
Representative images (A, C) and bar graphs (B, D) showing the network formation by HUVECs and SVECs alone (i, i’) or
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in triplicate; *p <0.05 versus HUVECs or SVECs alone. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars

expression of SOD3 and catalase set up the conditions for an
appropriate ‘‘redox window,” thereby preventing the detri-
mental effects of excessive or insufficient levels of ROS on
SC/PC function. Importantly, we showed that the resistance
toward oxidative stress is intrinsically associated to the stem-

ness status of APCs, as differentiation into adipocytes led to a
remarkable down-regulation of antioxidant genes.

The substantial increase in the toxic threshold of APCs
enables these cells to maintain an intact migratory and pro-
angiogenic activity after exposure to ROS levels that are
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FIG. 8. SOD3 silencing impairs APC-induced reparative vascularization in a mouse model of limb ischemia. (A)
Line graphs showing blood flow recovery from unilateral limb ischemia in mice given vehicle, scramble-transfected APCs, or
SOD3-silenced APCs. Control (scramble-transfected) APCs improve blood flow recovery compared with vehicle or SOD3-
silenced APCs (n=9 animals per group). (B, C) Representative pictures and bar graphs show increased capillary density in
muscles injected with scramble-transfected APCs compared with vehicle or SOD3-silenced APCs at 14 days after ischemia.
Values are mean+SEM (n="7 animals per group), **p <0.01 SOD3 versus scramble group; *p <0.01 versus Vehicle. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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detrimental for other vascular cells. Importantly, APC pro-
liferation was increased after exposure to H,O, levels below
the threshold at which toxicity becomes apparent. This result
is in line with our previous observation that APCs thrive in
the harsh environment of an ischemic tissue. Src kinase is the
main sensor of intracellular redox state, and its activation is
thought to play an important role in oxidative stress-induced
cell migration and vascular remodeling. The inhibition of Src
kinase blunted the pro-migratory effect of H,O, on APCs,
thus confirming that Src kinase is instrumental to oxidative
stress-dependent migration of APCs. Nonetheless, redox
homeostasis is finely regulated in mesenchymal cells. An
intertwinement of Src kinase with other main factors should
be taken into consideration. For instance, Src kinase takes
part in Nuclear factor (erythroid-derived 2)-like 2 (Nrf-2)
regulation. Nrf-2 is one of the primary defense mechanisms
against pro-oxidant stimuli. When activated, Nrf-2 translo-
cates to the nucleus, where it binds to the antioxidant re-
sponse elements of cytoprotective genes, such as SODs,
leading to up-regulation of their expression. This early
response is followed by a late phase that leads to Src kinase-
mediated degradation of Nrf2, resulting in a negative feed-
back (26). We cannot exclude the activation of Nrf-2 by H,O,
and later involvement of Src into the switching off of Nrf-2
cycle, as we did not observe any variation of the Nrf-2 target
genes after 24 h exposure to H,O, (data not shown). Fur-
thermore, to what extent Nrf-2 controls either the basal or
inducible expression of its effector genes is not yet clear.

Finally, we have investigated the consequences of SOD3
silencing on APC biological activities both in vitro and in vivo.
Interestingly, SOD3 silencing was not sufficient to abrogate
the SVP resistance to oxidative stress. This result was some-
how expected, because redundant antioxidant mechanisms
participate in the maintenance of the redox balance. Accord-
ingly, global inhibition of SODs enhanced the increase in ROS
levels caused by H,0,, a result that was associated with
manifestation of APC apoptosis. Since SOD3 is secreted into
the extracellular space, this isoform might take part in the
paracrine cross-talk between APCs and neighboring cells. This
represents a key of interpretation for the apparent discrepancy
between the lack of effect of SOD3 silencing on APC viability
and the interference of SOD3 silencing on reparative angio-
genesis in in vivo studies. A recent study using SOD3 gene
therapy in rats with limb ischemia showed a reduction in cell
apoptosis compared with control animals, which was ascribed
to the activation of pro-proliferative and anti-apoptotic Erk1/2
and Akt pathways, associated inhibition of forkhead box
protein-O3a, and inhibition of oxidative mechanisms (22).
Together, these data highlight the complexity of SOD3-
derived effects on tissue injury recovery.

Materials and Methods
Ethics

Studies complied with the principles stated in the ‘“De-
claration of Helsinki.” Patients gave written informed con-
sent to participate. APCs and SVECs were obtained from
CABG patients at the University of Bristol, under ethical
approval 06/Q2001/197. Microvascular pericytes were ob-
tained from muscular biopsies in patients referring to Mul-
tiMedica IRCCS for saphenectomy, under ethical approval
11/20009.
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Cell culture

APCs and SVECs were isolated from vein leftovers, as
previously described (5). HUVECs were purchased from
Lonza. All cell populations were cultured on fibronectin
(10 pug/ml)/gelatin (0.01%) in endothelial growth medium
containing 2% FBS (Lonza) and used at passage 7. To induce
oxidative stress, cells were exposed to increasing concen-
trations of H,O, (1-250 uM).

Microvascular pericytes were isolated through enzymatic
digestion of muscle biopsies using collagenase type II (9).
Isolated cells were cultured on plastic for 2 weeks in tMEM
medium plus 20% fetal bovine serum until colonies formed.
Expanded cells stained positive for pericyte markers such as
NG?2 and CD146 and in culture acquired the skeletal muscle
marker CD56, as demonstrated by flow cytometry and im-
munofluorescent staining procedures. Microvascular peri-
cytes were used at passage 7.

APC differentiation

Differentiation of APCs into adipocytes was induced by
plating cells at a high density (2x 10%cm?) in DMEM-high
glucose supplemented with 5% horse serum, 10~ ¢ M dexa-
methasone, 0.2 mM indomethacin, 0.01 mg/ml insulin, and
0.05mM 3.isobutyl.l.methyl-xanthine (all from Sigma-
Aldrich Corp). Differentiation was assessed by Oil Red O
staining (Sigma).

Flow cytometry analysis

APCs were stained for surface antigen expression using
combinations of the following antibodies: anti-CD90, anti-
CD-105, anti-CD31, anti-CD44, and anti-CD45 (all from BD
Biosciences). An aliquot of cells was stained with secondary
antibody only as an internal control of specificity. For each
test, 2 X 10° to 1 x 10° total events were acquired on an FACS
Canto II flow cytometer (BD). FACS Diva software (BD) was
used for acquisition and data analysis.

Immunocytochemistry

For immunofluorescence microscopy, cells were fixed in
4% buffered paraformaldehyde and permeabilized (in case of
detection of intra-cytoplasmatic antigens) with 0.1% TritonX
before incubation with primary antibody for the platelet-
derived growth factor receptor  (PDGFRf, 1:50; Cell sig-
naling), Vimentin (1:20; Abcam), NG2 (1:150; Millipore),
Desmin (1:20; Chemicon), o-smooth muscle actin (1:50;
Dako), a-sarcomeric actin (¢-SMA, 1:200; Sigma), and
CD31 (1:50; Dako) VE-Cadherin (1:50; Santa Cruz Bio-
technology). AlexaFluor-labeled secondary antibodies (Mo-
lecular Probes/Invitrogen) were employed to detect primary
antibodies. Staining with 4’,6-diamidino-2-phenylindole
(DAPI; Vector Laboratories, Inc.) was used to identify nu-
clei. Immunocytochemistry was performed by utilizing the
peroxidase-conjugated EnVision system (Dako).

Functional assays

After seeding in a 96- or 48-well of a fibronectin/gelatin-
coated plate, APCs (~6000/cm®) or ECs (~16,000/cm®)
were allowed to settle for 24 h (37°C, 5% CO,). Then, cells
were incubated for 30 min in the absence or presence of
various inhibitors before H,O, treatment.
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Confocal microscopy analysis of ROS. Mitochondrial
imaging of live cells was performed in 96-well glass bottom
plates (Matrical Bioscience) using a confocal microscope
(Leica SP5; Milton Keynes) with a 40 X water immersion
objective. For ROS detection, cells were loaded with Mito-
tracker red CM-H,XRos (0.1 uM, 30 min; Invitrogen) and
rinsed with EBM-2 media. Fluorescence intensity was mea-
sured using a 561 nm laser for excitation and greater than
580 nm for emission and quantified using Volocity program
(Improvision).

Apoptosis assay. Apoptosis was assessed by a Caspase
Assay (Promega-Glo® 3/7 Assay) following the manufac-
turer’s instructions. Briefly, after H,O, treatment, the me-
dium was removed and replaced with fresh medium. Then,
the Caspase-Glo substrate with buffer mix was added to each
well, and plates were incubated away from light on a shaker
for 30 min at room temperature. In some experiments, cells
were preincubated for 30 min with the SOD inhibitor DDC
(10 uM; SIGMA), before H,O, treatment at the indicated
doses for 24 h. Absorbance was recorded at 485 nm using a
96-well plate reader (Promega). Each experiment was per-
formed in triplicate and repeated thrice.

Proliferation assay. To study the effect of ROS on cell
proliferation, BrdU (10 uM) was added to the medium just
before cell exposure to H,O,. BrdU incorporation was mea-
sured with an immunofluorescence assay kit (Roche) fol-
lowing the manufacturer’s instructions. Briefly, APCs were
fixed and made permeable with FixDenat solution for 20 min,
then incubated with monoclonal anti-BrdU peroxidase-
conjugated antibody (anti-BrdU-POD) for 90 min. Bound
anti-BrdU-POD was detected by a substrate reaction, and
absorbance was recorded at 450 nm using a 96-well plate
ELISA reader. Six wells per condition were plated in three
independent experiments.

Migration assay. After reaching confluence, the cell
monolayer was scratched using a P1000 tip at the centre of
the well. Then, the medium was exchanged to complete EGM
with 2 mM of Hydroxyurea (Sigma) to induce growth arrest.
To investigate the mechanism responsible for inhibition of
cell migration by oxidative stress, the assay was performed in
the presence of the Src inhibitor SU6656 (5 uM; Calbiochem)
or vehicle, which were added 30 min before cell exposure to
H,0,. Images were taken using a bright-field inverted
microscope (at 5x). The percentage of gap closure was
calculated using the Zeiss Axiovert software (Carl Zeiss
Microscopy), measuring five distances per field of view of the
leading edges at the time of the scratch and 24 h later. The
calculation is as follows:%gap = 100 — (100* D24/D0). Each
experiment was performed in triplicate and repeated thrice.

In vitro matrigel assay. To assess the effect of ROS on the
APC ability to promote EC network formation, untreated or
H,O,-preconditioned APCs were mixed with HUVECs (1:4
ratio of APCs to HUVEC s, respectively) and seeded in 96-
well plates, previously filled with 40 ul of complete Matrigel
(BD Bioscience) and placed at 37°C for 20 min to enable
matrix solidification. For each condition, triplicate wells
were set up and experiments were repeated in three inde-
pendent experiments. HUVECs alone served as a normali-
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zation control. The cells were carefully dispensed onto the
solidified Matrigel and allowed to settle and form networks
for 18 h, after which pictures were taken using a bright-field
inverted microscope. The length of networks was calculated
using the Image-Pro Plus software (Media Cybernetics) on
images taken at 40 X magnification.

Spheroid generation and sprouting assay. Coculture
spheroids were generated as previously described(21). In
brief, ~750 HUVECs and ~ 190 APCs (ratio 4+ 1) were
suspended in EGM-2 containing 0.25% (w/v) methylcellu-
lose (Sigma) and seeded in round-bottom 96-well plates
(150 pd/well). Spheroids were cultured under these conditions
for at least 24 h. For sprouting assay, spheroids were collected
after 24 h and embedded into collagen gels mixed with 0.5 ml
of EGM-2 containing 40% FBS and 0.5% (w/v) methylcel-
Iulose at room temperature. Then, ~ 50 spheroids were added
to the solution. The spheroid-containing gel was rapidly
transferred into prewarmed 24-well plates (400 ul/well) and
allowed to polymerize 2-3 min, after which 0.1 ml EGM-2
was pipetted on the top of the gel. Pictures of the sprouting
were taken after 6 and 12 h. The sprouting capacity of HU-
VEC:s alone was used as a control. In vitro angiogenesis was
digitally quantified by measuring the length of the sprouts
that had grown out of each spheroid using the Zeiss’ Axiovert
software.

yH2AX staining. Immunofluorescent staining for phospho-
histone H2A.X (Ser139) was used to detect DNA damage in
HUVECs and APCs after treatment with H,O, for 24 h.
Briefly, cells were fixed in 4% PFA, permeabilized for 10 min
in PBS/0.1% Triton X-100, and blocked with 10% goat se-
rum for 30 min at RT. After incubation with mouse anti-
phospho-histone H2A.X (Ser139) antibody, clone JBW301
(Millipore) for 2h at 37°C in a dark humidified chamber,
Alexa 488-conjugated goat anti-mouse secondary antibody
(Invitrogen) was applied. DAPI was used to detect nuclei.
Cells with only secondary antibody staining were used as
negative controls. The number of positive nuclei on the total
number of nuclei was assessed.

Protein carbonyl determination. Protein carbonyls were
determined using the Protein Carbonyl ELISA kit (Enzo Life
Sciences) according to the manufacturer’s instructions.
Twenty ug of protein from each sample were derivatized with
dinitrophenylhyidrazine (DNPH). Derivatized proteins were
then adsorbed to an ELISA plate and probed with biotiny-
lated anti-DNP antibody followed by streptavidin-linked
horseradish peroxidase. The absorbance was read at 450 nm
using a spectrophotometer plate reader. Cell lysates were
assayed in duplicate, and protein carbonyl quantification was
normalized using the control samples.

Gene arrays

One hundred nanogram of each RNA sample was labeled
and hybridized onto Agilent Whole Human Genome 4x44K
microarrays according to the Agilent One-Color Microarray-
Based Gene Expression Analysis Protocol. Arrays were
scanned on an Agilent Microarray Scanner, and raw data
analysis was performed using the Feature Extraction 10.5.1
software (Agilent). For statistical analysis of microarray
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experiments, all data analysis and all data preprocessing were
performed in R/Bioconductor (14, 34). Data preprocessing
included the following steps: background correction using
Agilent spatial detrending background estimate, averaging of
replicate spots, log2-transformation, k-nearest-neighbor im-
putation of missing values, unsupervised filtering (IQR
threshold) to get rid of uninformative probes (low variance),
and quantile normalization. For inference statistics, the linear
modeling functions provided by the Limma package were
used. Results of gene arrays have been uploaded on
www.ncbi.nlm.nih.gov/geo/with reference GSE50758

SOD3 knockdown

APCs were transfected with SOD3 siRNA (50nM) or
scramble sequence (50 nM), both from Qiagen) for 72 h us-
ing commercially available transfection lipofectamine agent
RNAIMAX (Invitrogen). After 72h, APCs were trypsinized
and transplanted into mouse limb muscle (80 x 10° cells/an-
imal). Effective SOD3 silencing was tested in vitro by RT-
PCR and western blotting.

RNA isolation and quantitative RT-PCR

Total RNA was extracted from APCs, HUVECs, or SVECs
using Trizol (Invitrogen) according to the manufacturer’s
instructions. One microgram of total RNA was reverse
transcribed using Qiagen reverse-transcriptase kit, followed
by amplification of cDNA using QuantiTect primers for
SOD, catalase, and internal control 18S (all from Qiagen).

Protein extraction and Western blotting

Proteins were extracted from APCs, HUVECs, or SVECs
using a commercial kit (Roche). Protein concentration was
determined using the Bio-Rad protein assay reagent (Bio-
Rad). Detection of proteins by western blot analysis was done
following separation of an equal amount of cell extracts on
SDS-polyacrylamide gels. Proteins were transferred to
polyvinylidene difluoride membranes (PVDF; Amersham-
Pharmacia) and probed with the following antibodies: SOD1
(0.1 pg/ml; R&D System), SOD2 (1:1000; GeneTex), SOD3
(0.1 pg/ml; R&D System), and Catalase (1:1000; Calbio-
chem). Tubulin (Cell Signaling; 1:1000) was used as a
loading control. For detection, secondary antibody goat anti-
rabbit or anti-mouse or donkey anti-goat conjugated
to horseradish peroxidase (all from Santacruz; 1:5000)
were used, followed by chemiluminescence reaction (ECL;
Amersham Pharmacia). Density of the bands was analyzed
using Image-J (NIH) software, and data were expressed as
fold changes.

Conditioned media preparation

To obtain CCM, cells were grown to 70% confluence and
incubated with fresh medium, without the addition of FBS,
for 48 h. Then CCM was collected and concentrated (50 X,
Amicon ultra; Millipore).

In vivo studies

Experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, 1996) and with approval of
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the British Home Office and the University of Bristol. Male
12-week-old CD1 mice (Harlan) underwent unilateral limb
ischemia as previously described (5). At the occasion of is-
chemia induction, 8 X 10* scramble or SOD3-silenced APCs
(passage 7) or vehicle (DMEM, 30 ul) were injected into
three different points of the ischemic adductor muscle (n=9
mice per group). Blood flow recovery was followed up for 14
days by laser Doppler flowmetry as previously reported (5).
Sections (3 um) from paraffin-embedded adductor muscles
were stained with isolectin B4 to recognize ECs and calculate
capillary density.

Statistical analysis

Values are presented as mean+SEM. Analyses were per-
formed with GraphPad Prism 6 (GraphPad Software). A
comparison between groups was performed using one-way
ANOVA. Furthermore, two-way ANOVA was used when
evaluating the effect of different doses of H,O, on APCs as
compared with ECs in functional assays. Mann—Whitney test
for nonparametric data was used to plot histology data. Linear
regression analysis was performed between log values of
gene expression and therapeutic outcomes. Probability val-
ues (p) less than 0.05 were considered significant.
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o-SMA = a-smooth muscle actin
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CABG = coronary artery bypass graft
CCM = conditioned culture medium
CM = conditioned medium
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EPC = endothelial progenitor cell
HUVEC = human umbilical vein endothelial cell
MPs = muscle pericytes
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PDGF = platelet derived growth factor
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VEGF = vascular endothelial growth factor




