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Figure 2. Regulation of cellular senescence by p53- and
pRB-dependent pathways. Replicate senescence induced by
telomere dysfunction and stress-induced cellular senescence
induced by various stresses or oncogenic signals are mediated
by p53- and pRB-dependent pathways. p21 is a direct target of
p53 and mediates p53-induced cell cycle arrest. p16 inhibits
pRB phosphorylation, which results in the inhibition of E2F-
dependent gene transcription necessary for cell cycle
progression.

dependent kinase-mediated pRB phosphorylation. In senes-
cent cells, pl6 is upregulated, pRB is hypophosphorylated,
and E2F target genes are repressed.!416:.17 Although inactiva-
tion of p16 does not prevent replicative senescence, pl6 is
required for senescence induced by RAS and other stress-
es.®16 Thus, it is conceivable that p53-p21 pathway primarily
regulates cellular senescence attributable to telomere dys-
function, whereas pl6-pRB pathway preferentially regulates
stress-induced premature senescence. pl6 is upregulated
during organismal aging, and the number of pl6-positive
cells increases with age. Together with senescence-associated
B-galactosidase activity,'® pl6 is a well-established biomar-
ker of senescent cells.®!° In addition to these classic markers
of cellular senescence, Binet et al recently reported that
Wnt16B is a marker of senescent cells.2° Wnt16B is overex-
pressed in cells undergoing replicative or stress-induced
senescence in vitro and those in K-Ras—induced adenomas in
vivo, and forced expression of Wnt16B accelerates, whereas
knockdown of Wntl6B attenuates, the onset of cellular
senescence. However, because these authors failed to detect
the activation of Wnt/B-catenin signaling by Wntl16B, the
link between Wnt signaling and cellular senescence is not
evident in this context.

One intriguing question is whether cellular senescence
plays a causal role in organismal aging. As mentioned above,
the number of senescent cells detected by pl6 expression
and/or senescence-associated B-galactosidase activity is in-
creased with age in multiple tissues in humans and ro-
dents.®1617 Moreover, these cells are observed at sites of
various age-related pathologies.?-25 Thus, although these
observations are correlative and do not directly demonstrate
that organismal aging is attributable to an increase in senes-
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Figure 3. Regulation of organismal aging by insulin/IGF-
PI3K-Akt-FOXO pathway in multiple species. The finding that
daf-2 mutations extend lifespan of the nematode C elegans led
to the identification of insulin/IGF signaling as a critical regula-
tory pathway that controls organismal aging in multiple species.
All mutations that extend lifespan downregulates this signaling
axis, leading to increased activity of FOXO/Daf-16. Insulin/IGF
signaling therefore promotes organismal aging through down-
regulation of FOXO/Daf-16.

cent cells, cellular senescence may, in part, contribute to the
pathogenesis of aging-related phenotypes or diseases.

Organismal Aging
Organismal aging is usually defined as the progressive
decline in the function of multiple organs to maintain baseline
tissue homeostasis and to adequately respond to environmen-
tal stresses.?¢ Genetic dissection of aging was greatly ad-
vanced by the identification of mutations that extend lifespan
of the nematode Caenorhabditis elegans,?” and it is now
evident that aging process in various organisms is regulated
by evolutionarily conserved signaling pathways.2® The most
extensively investigated signaling pathway that regulates
lifespan is the insulin/insulin-like growth factor (IGF) path-
way.>*3 In C elegans, mutations in daf-2 was shown to
double the lifespan and a daf-16 gene product was required
for the lifespan extension by daf-2 mutations.?’? daf-2 encodes
an insulin/IGF receptor ortholog,?! and daf-16 encodes a
FOXO family of forkhead transcription factor.32:33 Moreover,
mutations of age-I1, which encodes phosphatidylinositol-3
kinase (PI3K) catalytic subunit, also extend the lifespan of C
elegans,’ and C elegans Akt was shown to antagonize the
activity of DAF-16.35 In Drosophila, mutations in the gene
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Figure 4. Regulation of FOXO/Daf-16 transcriptional activity
by insulin/IGF signaling. FOXO/Daf-16 is constantly shuttling
between the cytoplasm and the nucleus. When insulin/IGF sig-
naling is downregulated, FOXO/Daf-16 translocates to the
nucleus and activates its target genes (top). However, when
insulin/IGF signaling is activated, FOXO/Daf-16 is phosphorylat-
ed by Akt, which creates a binding site for 14-3-3 proteins and
results in nuclear exclusion of FOXO/Daf-16 (bottom).

encoding an insulin/IGF receptor or those of chico gene
encoding an insulin receptor substrate (IRS)-like protein
result in lifespan extension.36-38 In mice, heterozygous dele-
tion of igflr gene encoding typel IGF receptor, adipose
tissue-specific deletion of insulin receptor gene, and brain-
specific deletion of irs2 gene all result in extension of
lifespan.3-4! These results collectively suggest that the con-
served insulin/IGF-IRS-PI3K-Akt-FOXO signaling axis reg-
ulates lifespan in multiple organisms (Figure 3).

Because insulin/IGF signaling downregulates FOXO/
DAF-16 through Akt-mediated phosphorylation (Figure 4),
mutations that extend lifespan lead to upregulation of FOXO/
DAF-16 activity, suggesting that FOXO/DAF-16 targets are
downstream effectors that influence lifespan. Candidate
FOXO/DAF-16 targets include genes involved in oxidative
stress response (superoxide dismutase, catalase), cell cycle
arrest (p27), and DNA repair (Gadd45).4>-45 Of note, over-
expression of superoxide dismutase or catalase induces the
extension of lifespan in Drosophila,*¢ and overexpression of
catalase targeted to mitochondria results in lifespan extension
in mice.4” Although the target genes of FOXO/DAF-16 that
are thought to affect lifespan are increasing in number,*8:49 it
is conceivable that one mechanism of lifespan extension by
mutations in insulin/IGF pathway is the increased stress
resistance conferred by FOXO/DAF-16.

Wnt Signaling and Aging
In 2007, 3 studies directly linked B-catenin-dependent ca-
nonical Wnt signaling to cellular senescence or organismal
aging.5°-52 Ye et al provided evidence showing that cellular

senescence of human diploid fibroblast cell line WI-38 was
triggered by downregulation of Wns2 gene.5° The authors
found that Wnt2 gene expression was downregulated in
senescent cells and, as a consequence, GSK-38 kinase activ-
ity was upregulated and cytosolic B-catenin levels were
downregulated in senescent cells. The authors also showed
that inhibition of Wnt signaling induced premature senes-
cence, whereas activation of Wnt signaling promoted cell
proliferation and delayed replicative or RAS-induced senes-
cence. Mechanistically, downregulation of Wnt2 leads to
increased kinase activity of GSK-33, which results in in-
creased phosphorylation and enhanced recruitment of HIRA
to acute promyelocytic leukemia nuclear bodies. HIRA is a
histone chaperone, and translocation of this protein to pro-
myelocytic leukemia nuclear bodies is the initial step for the
formation of SAHF (senescent-associated heterochromatin
foci), which is a distinct heterochromatin structure specifi-
cally observed in senescent cells.535* Taken together, these
observations suggest that canonical Wnt signaling inhibits
cellular senescence through inactivation of GSK-38. It re-
mains to be elucidated how Wnt signaling is downregulated
in the initial phase of cellular senescence. Furthermore, given
the conserved role of insulin/IGF signaling in organismal
aging, it will be interesting to test whether HIRA phosphor-
ylation and SAHF formation are increased by insulin/IGF that
inactivates GSK-38 through Akt-dependent phosphorylation.

In contrast to Ye et al® 2 studies demonstrated that
canonical Wnt signaling rather promotes mammalian aging
and aging-related phenotypes.5!-52 Liu et al5! used the klotho
mouse model of accelerated aging, in which klotho gene
expression is severely impaired.55 Klotho gene encodes a type
I transmembrane protein with a large extracellular domain
that is cleaved by ADAM family of proteases.>¢ The resultant
secreted form of Klotho protein was shown to directly bind to
Wnt3 and inhibit canonical Wnt signaling. The activity of
Wnt signaling was increased in klotho mice, which was
associated with decreased number of stem cell population and
increased number of senescent cells in the skin and the small
intestine. Moreover, continuous exposure to Wnt3A induced
cellular senescence in mouse embryonic fibroblasts, and
overexpression of Wntl in the skin resulted in increased
expression of senescence markers in hair follicle stem cells.
These findings suggest that activation of canonical Wnt
signaling plays a causal role in premature aging in klotho
mice. It should be noted, however, that Klotho protein was
shown to inhibit insulin/IGF signaling and mediate FGF23
signaling as a coreceptor for FGF23, and both of these
signaling pathways are implicated in the regulation of lifes-
pan and aging-related pathology.’¢-57 Thus, the extent to
which the increased Wnt activity contributes to premature
aging phenotypes in klotho mice is unclear.

A decline in tissue regenerative capacity is a hallmark of
mammalian aging and is, in part, attributed to the impairment
of tissue stem/progenitor cell function. It was previously
shown that the age-related decline in tissue-specific progen-
itor cell activity is modulated by factors that are present in the
serum.>® In line with this study, Brack et al52 provided
evidence showing that systemic factors in the serum of aged
mice activate canonical Wnt signaling and contribute to
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age-related decline in skeletal muscle regeneration. The
authors showed that skeletal muscle stem cells (satellite cells)
convert from a myogenic to a fibrogenic lineage when
exposed to aged serum and that canonical Wnt signaling is
enhanced in skeletal muscle of aged mice and in cultured
satellite cells exposed to aged serum. Moreover, skeletal
muscle regeneration in young animals was attenuated by
Wnt3A treatment, whereas impaired muscle regeneration in
aged mice was restored by inhibition of canonical Wnt
signaling. These observations suggest that activation of Wnt
signaling by the “Wnt-like substance” present in the serum of
aged organisms contributes to a decline in tissue stem cell
function and impaired tissue regeneration associated with
aging. The nature of this Wnt-like substance in the serum is
unknown at present and remains to be elucidated. Because
Whnt proteins are tightly associated with the cell surface
and/or extracellular matrix and are thought to act in a
short-range manner,>>® it is presumed that the Wnt-like
substance in the serum are distinct from conventional Wnt
proteins.

How can we reconcile the apparent discrepancies among
these three studies? The conclusion of the study by Ye et al°
depends solely on the results of cell culture experiments,
whereas the conclusions by Liu et al>! and Brack et al>2 deal
with premature aging or aging-associated phenotypes in mice.
This difference in the experimental system may be one
explanation for the discrepancy. In addition, it was previously
shown that Wnt signaling has pleiotropic and sometimes
antagonistic effects on multiple biological processes, depend-
ing on the timing, strength, and duration of the signal. For
instance, Wnt signaling promotes self-renewal and expansion
of hematopoietic stem cells,%6! whereas constitutive activa-
tion of this signaling pathway in hematopoietic stem cells
resulted in a rapid exhaustion of long-term stem cell pool and
widespread hematologic abnormalities.5253 Likewise, it was
shown in one study that 3-catenin functions as a cofactor for
FOXO/DAF-16 and promotes FOXO/DAF-16-dependent re-
sistance against oxidative stress,5* whereas another study
demonstrated that Wnt signaling activates mitochondrial
biogenesis and promotes the production of reactive oxygen
species.5 It was also shown in young animals that Wnt
activation is required for myogenic specification of CD45*
resident stem cells during muscle regeneration and that Wnt
signaling promotes de novo hair follicle regeneration after
skin wounding,%667 suggesting that downstream targets of
Wnt signaling may change with age. Taken together, another
explanation for the discrepancy among the 3 studies men-
tioned above may be the cell-, tissue-, and stage-specific
pleiotropic effects of Wnt signaling on cellular senescence,
organismal aging, and tissue regeneration (Figure 5).

Wnt Signaling and Age-Related
Heart Disorders
The incidence of left ventricular hypertrophy, diastolic dys-
function, and atrial fibrillation increase with age.® Aging is
also associated with an increase in intimal thickening and
vessel stiffness that precede clinical diseases.5® The observa-
tion that some systemic factors activate Wnt pathway in aged
animals suggests that cells in the aged heart are also targets of
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Figure 5. Possible involvement of Wnt signaling in organis-
mal aging. p-Catenin-dependent canonical Wnt signaling is
activated by conventional Wnt ligands, Wnt-like substance in
the serum, and in some situations by telomerase, leading to
B-catenin stabilization and nuclear translocation. Activation of
canonical Wnt signaling may prevent aging by activating FOXO-
dependent transcription or through unidentified TCF targets.
Canonical Wnt signaling may also promote aging by enhancing
mitochondrial biogenesis and reactive oxygen species (ROS)
production or through other unidentified TCF targets.

Whnt signaling.5! Indeed, aged TOPGAL mice (a transgenic
mice in which -galactosidase transgene is under the control
of multimerized TCF binding sites) exhibit increased
B-galactosidase expression in the heart, indicative of in-
creased activity of Wnt signaling in the aged heart (our
unpublished observation, 2009).

Wnt Activation in Myocytes

Cardiomyocyte hypertrophy is one of the characteristic fea-
tures of aged heart. It was previously shown that stabilization
of B-catenin promotes myocyte growth and is required for
both physiological and pathological cardiac hypertrophy.®70
Subsequently, activation of Wnt signaling in cardiac myo-
cytes in vivo was achieved by cardiomyocyte-specific condi-
tional deletion of exon 3 of the B-catenin gene, which renders
B-catenin resistant to GSK-3B-mediated phosphorylation/
degradation and results in B-catenin stabilization.”! These
mice exhibit impaired cardiac growth with normal contractile
function at baseline and attenuated hypertrophic growth
response and impaired contractility following continuous
angiotensin II infusion.”! Thus, contrary to the previous
studies, it was suggested that Wnt activation in cardiac
myocytes results in attenuated response to hypertrophic
stimuli and failure to undergo adaptive remodeling under
stressed conditions. The precise reason for such discrepancy
is unknown but may reflect the pleiotropic effects of Wnt
signaling depending on the experimental conditions. It should
also be noted that downregulation of Wnt/3-catenin signaling
in cardiac myocytes is implicated in fibrofatty replacement of
the myocardium observed in arrhythmogenic right ventricular
cardiomyopathy.’273 Whether Wnt activation in cardiac myo-
cytes contributes to aging-associated disorders in the heart
remains to be elucidated.
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Wnt Activation in Fibroblasts

Cardiac fibrosis is another feature of the aged heart’ and is
linked to the pathogenesis of atrial fibrillation and diastolic
dysfunction,”>-7® typical clinical features of the aged heart. It
was shown that Wnt signaling is activated in type II lung
epithelial cells and plays a causal role in the pathogenesis of
lung fibrosis.”-8! Likewise, Wnt signaling is upregulated in
the a-smooth muscle actin—expressing activated fibroblasts
in the kidney, and Wnt inhibition prevents fibrosis after renal
injury.82-84 These findings suggest that chronic activation of
Wnt signaling induces transformation of fibroblasts into
activated fibroblasts or myofibroblasts and contributes to
cardiac fibrosis in the aged heart.

Wnt Activation in Vascular Cells

Vascular calcification is one of the features of age-related
alterations in vascular structure,®5 and fate-mapping studies
revealed that smooth muscle cells are the origin of osteochon-
drogenic precursors in arterial calcification.?¢ It was shown
that an osteogenic transcription factor Msx2 in adventitial
myofibroblasts upregulates the expression of Wnt agonists
and that these Wnt agonists act in a paracrine fashion on
vascular smooth muscle cells and induce osteogenic differ-
entiation of these cells by activating Wnt/B3-catenin path-
way .87 It was also shown that lithium, a GSK-3 inhibitor and
therefore an activator of Wnt signaling, induces endothelial
cell senescence,®® although this effect appears to be indepen-
dent of GSK-38 inhibition by lithium.8°

Wnt Activation in Cardiac Resident Stem Cells
In contrast to a classic view that the heart is a postmitotic
organ, accumulating evidence suggests that the myocardium
has the potential to regenerate and self-renew. It was previ-
ously shown by a genetic fate-mapping technique in mice that
stem or progenitor cells contribute to the renewal of adult
heart cells after injury but do not play a significant role in
cardiomyocyte renewal during normal aging.®® Subsequently,
by measuring the integration of carbon 14 generated by
nuclear bomb tests during the Cold War into cardiomyocytes,
it was found that human heart has the capability to generate
new cardiomyocytes, although with a low turnover rate.!
Moreover, it was shown that mammalian myocardium con-
tains small number of resident cardiac stem or progenitor cell
population, characterized by the expression of specific mark-
ers. Those include c-kit* cells, Sca-17 cell, isletl ™ cells, and
side-population cells.®>97 It is therefore conceivable that
resident stem/progenitor cells in the adult heart contribute to
myocyte renewal during aging and after injury, although the
situation may be slightly different in zebrafish heart, in which
myocardial regeneration after injury occurs primarily through
expansion of preexisting myocytes.?8.99

Aging-associated decline in organ function is attributed, at
least in part, to the aging of stem/progenitor cells in various
tissues, including bone marrow, pancreas, and the brain.100-102 In
the heart, it was shown that the number of c-kit™ cardiac stem
cells was increased and that the percentage of stem cells that
express a senescence marker pl6 was higher in aged animals.
Apoptotic cardiac stem cells were pl6-positive, and the
number of apoptotic stem cells was increased in aged hearts,

resulting in a decline in the number of functional cardiac stem
cells.103.104 Of note, IGF signaling attenuated the aging-
associated decline in stem cell function. Although this is
inconsistent with the notion that the reduction in insulin/IGF
signaling extends lifespan in multiple organisms, a similar
observation was made in skeletal muscle expressing IGF-1
transgene. 103

Whether Wnt activation in resident cardiac stem cells plays
a causal role in aging-associated heart disorders is presently
unknown. However, it was shown that genetic ablation of
B-catenin in the second heart field results in the loss of second
heart field-derived tissues and that stabilization of 3-catenin
in the second heart field results in massive accumulation of
isl1* progenitors and inhibition of further differentiation of
these cells into mature cardiomyocytes.!06-110 Thus, Wnt
signaling promotes expansion of isll* cardiac progenitor
cells and subsequently inhibits further differentiation into
mature cell types in the heart. This may partly explain why
the number of cardiac stem/progenitor cells is increased,
whereas the function of those cells to differentiate into mature
cardiomyocytes is declined in the aged heart.103.104

Concluding Remarks

Our present knowledge on the role of Wnt signaling in
aging-related malfunction of the heart is extremely limited.
However, the observation that systemic factors in the serum
of aged animals activate Wnt signaling and promote aging-
related phenotypes at least in some tissues suggests that the
aged heart is also a target of Wnt signaling. Further studies
will be required to delineate whether aging-associated disor-
ders in the heart are caused by enhanced Wnt signaling and
whether inhibition of Wnt signaling is a novel therapeutic
strategy for heart diseases in the elderly.
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Implantation of various types of cells into the heart has been reported to be effective for heart failure, however,
it is unknown what kinds of cells are most suitable for myocardial repair. To examine which types of cells are
most effective, we injected cell-Puramatrix™ (PM) complex into the border area and overlaid the cell-PM
patch on the myocardial infarction (MI) area. We compared cardiac morphology and function at 2 weeks after
transplantation. Among clonal stem cell antigen-1 positive cardiac progenitors with PM (cSca-1/PM), bone
marrow mononuclear cells with PM (BM/PM), skeletal myoblasts with PM (SM/PM), adipose tissue-derived
mesenchymal cells with PM (AMC/PM), PM alone (PM), and non-treated MI group (MI), the infarct area of
cSca-1/PM was smaller than that of BM/PM, SM/PM, PM and MI. cSca-1/PM and AMC/PM attenuated
ventricular enlargement and restored cardiac function in comparison with MLI. Capillary density in the infarct
area of cSca-1/PM was higher than that of other five groups. The percentage of TUNEL positive cardiomyocytes
in the infarct area of cSca-1/PM was lower than that of Ml and PM. cSca-1 secreted VEGF and some of them
differentiated into cardiomyocytes and vascular smooth muscle cells. These results suggest that transplan-
tation of cSca-1/PM most effectively prevents cardiac remodeling and dysfunction through angiogenesis,
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inhibition of apoptosis and myocardial regeneration.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Cell therapy has been expected to be a new therapy for severe heart
failure [1]. Various types of cell sources such as skeletal myoblasts, bone
marrow mononuclear cells and mesenchymal stem cells have been
examined in both basic and clinical studies [2]. Although there have
been reports showing that transplanted cells improve the function of
ischemic heart, the effects of cell therapy are variable among the clinical
trials and it is still unknown how they show beneficial effects and what
kinds of cells are suitable for myocardial repair [3,4]. A low rate of
engraftment of transplanted cells, which stem from leakage and wash
out during injections and massive death of cells, hampers the efficiency
of cell transplantation within the host tissue [5,6]. Biological scaffolds
are expected to circumvent the loss of grafted cells as they confer the
three-dimensional microenvironment for the cells and support their
survival, proliferation and function [7]. Many kinds of scaffolds have
been designed at present; however, there are many unsolved issues in

* Corresponding author. Department of Cardiovascular Science and Medicine, Chiba
University Graduate School of Medicine, 1-8-1 Inohana, Chuo-ku, Chiba 260-8670,
Japan. Tel.: +81 43 226 2097; fax: + 81 43 226-2557.
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0022-2828/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.yjmcc.2010.09.015

terms of their matching to engrafted cells, compatibility with host tissue,
and clinical safety.

Self-assembling nanopeptides consist of alternating hydrophilic
and hydrophobic amino acid residues that can adopt B-sheet
structures and forms a stable three-dimensional hydrogel consisting
of >99.5% water depending upon pH, salt, and time [8]. The hydrogel
has been shown to promote cell survival, proliferation and differen-
tiation of many different cell types in culture, including neural stem
cells [9], osteocytes [10], and endothelial cells [11]. When self-
assembling peptides are injected into the tissue, they form a nanofiber
network, which confers three-dimensional microenvironments for the
endogenous cells, leading to angiogenesis and neuronal axon
regeneration [12,13]. Self-assembling nanopeptides have been
reported to be useful for protein delivery system. Charged assembled
peptides can directly bind to platelet-derived growth factor (PDGF) or
can be designed to conjugate with insulin-like growth factor-1 (IGF-1).
Injection of PDGF or IGF-1 with self-assembling peptides after
myocardial infarction has been reported to decrease infarct size,
improve cardiac function and increase survival of co-transplanted
neonatal rat cardiomyocytes [14,15]. These findings suggest that self-
assembling nanopeptides are effective as a biological scaffold for
various types of cells, which are currently investigated as candidates
for transplantation to the diseased heart.
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In this manuscript, we transplanted self-assembling nanopeptides
with various types of cells such as bone marrow mononuclear cells
(BM), skeletal myoblasts (SM), adipose tissue-derived mesenchymal
cells (AMC) or clonal stem cell antigen-1 positive cardiac progenitors
(cSca-1), into mouse hearts after producing myocardial infarction
(MI) and determined the most effective cell sources to reduce infarct
size and prevent cardiac dysfunction. In addition, we examined the
potential mechanisms of beneficial effects of a complex of cardiac
progenitors and self-assembling nanopetides.

2. Material and methods
2.1. Animals

Wild mice (C57Bl/6), 10-12 weeks) were purchased from Japan
SLC (Shizuoka, Japan). Adult GFP transgenic mice [16] were purchased
from Japan SLC, Japan. All protocols were approved by the Institu-
tional Animal Care and Use Committee of Chiba University Graduate
School of Medicine and the Japanese Government Animal Protection
and Management Law (no. 105).

2.2. Preparation of cells

cSca-1 are a cell line of cardiac progenitor cells established from
adult mouse heart Sca-1 positive cells as described previously [17,18].
AMC were isolated from adult mice as described previously [19] with
a few modifications. Briefly, white adipose tissues were digested at
37°C in PBS with 2.5 mg/ml of dispase (Invitrogen, Carlsbad) for
45 min. After filtration through 25-um filters and centrifugation,
isolated AMC were suspended in Iscove's modified Dulbecco's
medium (IMDM, Invitrogen) supplemented with 10% fetal bovine
serum (FBS) and penicillin/streptomycin, and cultured on 1% gelatin-
coated dishes. AMC after passages 3 to 5 were used. SM were isolated
from the hind limbs of adult mice as described previously [20]. In
brief, minced muscle tissues were digested in 0.05% trypsin-EDTA and
cultured in F-10 medium (Invitrogen) with 20% horse serum and
2.5 ng/mi basic fibroblast growth factor (bFGF, Promega Madison) for
4 days. SM were expanded in the medium with 20% FBS and used
within 2 to 3 passages. BM were harvested from adult mice.
Mononuclear cells were subsequently separated using Histopaque
1083 (Sigma-Aldrich Japan, Tokyo, Japan) and suspended in IMDM
supplemented with 10% FBS and subsequently used for cell trans-
plantation. To obtain the growth curve of cSca-1, AMC and SM, the
number of cultured cells was measured by Countess (Life Technology
Corp.) at an appropriate time period. Green fluorescence protein
(GFP)- and red fluorescence protein (RFP)-expressing retroviral
stocks were generated as described previously [21]. c¢Sca-1 were
infected with the GFP- or RFP-expressing retroviral vector. Infected
cells were selected for growth in the presence of 500 pg/ml of
neomycin (Sigma-Aldrich) for 2 weeks. The efficiency of transfection
of GFP and RFP was >95%.

2.3. Animal surgery and cell transplantation

The mice were anesthetized by intra-peritoneal injection of 50 mg/kg
of sodium pentobarbital and ventilated with a volume-regulated
respirator. Ml was produced by ligation of the left anterior descending
artery with a 10-0 Prolene suture. Puramatrix™ (PM; peptide sequence
AcNRADARADARADARADA-CNHZ, RAD16-1) was kindly provided by 3-D
Matrix, Ltd. (Tokyo, Japan). PM was dissolved in 295 mM sucrose solution
(1% W/V) and sonicated before use [22]. The cells were suspended in
295 mM sucrose solution (1% W/V) and mixed with 1% PM/sucrose
solution at the ratic of 1:1 or 1:9. Thus the final concentration of PM in the
cell mixture was 0.1% or 0:5%, respectively. Within 5 min after ligation of
the left anterior descending artery, 10l of 0.1% PM-cell mixture
containing 2 x10* cells was directly injected into the border zone of
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the myocardium two times (Supplemental Figs. 1A and C). Subsequently,
20 pl of 0.5% PM-cell mixture containing 2 x 10? cells was disseminated
onto the surface of the infarct area (Supplemental Figs. 1B and C). PM
polymerized within minutes when it encountered neutral body fluid,
which contains salt (Supplemental Fig. 1D). When cSca-1 were
transplanted without PM, 10 ul of 295 mM sucrose solution containing
2x 10" of cSca-1 cells was injected directly into the border zone of the
myocardium two times. To neutralize the vascular endothelial growth
factor (VEGF), cSca-1/PM with 100 ng/ml of goat anti-mouse VEGF
antibody (R&D systems) or normal goat IgG (R&D systems) were
injected.

2.4. Morphological examination and infarct size measurement

The hearts were fixed in 10% PBS buffered formalin (Wako, Osaka
Japan), embedded in paraffin and several transverse sections (4 um)
were collected every 0.4 mm from the apex, mid and base, Fibrous
infarct area was detected visually by Masson Trichrome staining. The
lengths of scar and of noninfarcted muscle for both the endocardial
and epicardial surfaces of each histological section were measured.
The final infarct size was expressed in percentage as the average of the
endocardial and epicardial lengths of scar of surface circumferences
times one hundred [23)]. For area at risk (AAR) and infarct size (INF)
assessment, mice were anesthetized and the left anterior descending
artery was re-occluded at 2 weeks after transplantation. Evan's blue
dye (2.5%, Wako Japan) was injected from left ventricular apex to
delineate the in vivo AAR. The heart was rapidly excised, frozen and
sectioned into 2 mm transverse sections from the apex to base.
Following defrosting, the slices were incubated at 37 °C with 2%
triphenylte-trazolium chloride in phosphate buffer (pH 7.4) for
30 min, fixed n 10% formaldehyde solution and photographed with
a digital camera (Leica Germany). AAR and INF were expressed as
percentage of ventricle surface (AAR/LV) and AAR (INF/AAR),
respectively.

2.5. Echocardiography

Echocardiography in spontaneous breathing mice was performed
using a Vevo770 (Visual Sonics, Toronto, Canada) with a 25-MHz
imaging transducer. Two-dimensional images and M-mode tracing
were recorded from the parasternal long axis view at midpapillary
level to determine the left ventricular internal diastole diameter
(LVIDD) and left ventricular internal systolic diameter (LVISD). LV
fractional shortening (FS) was calculated as %FS = [(LVIDD — LVISD)/
LVIDD] x 100.

2.6. Immunohistochemistry and cytochemistry

Paraffin-embedded heart tissues were sectioned at 4 um thickness
and stained overnight at 4 °C with anti-von-Willebrand factor (anti-
vWF) (DAKO, Kyoto, Japan) and anti-alpha-smooth muscle cell actin
(anti-SMA, clone 1A4; Sigma-Aldrich). Detection of antibodies was
performed by using VECSTATIN ABC kit (Vector Laboratories Inc, CA)
according to the manufacturer's instructions. Nuclei were stained
with hematoxylin. For the detection of TUNEL positive cardiomyo-
cytes and endothelial cells, fresh frozen sections (4 wn) were fixed
with acetone for 5min at 4°C and then TUNEL staining was
performed by using in situ Apoptosis Detection kit (TAKARA BIO Inc.,
Sigma, Japan) or TMR red (Roche Diagnostics Suisse) according to the
manufacturer's instructions. The sections were subsequently stained
with anti-alpha-sarcomeric actinin (anti-SA) (clone EA-53; Sigma-
Aldrich) and anti-CD31 (clone MEC 13.3; BD Biosciences CA) primary
antibodies and then with FITC or Cy3 conjugated secondary antibodies
(Jackson Immuno Research Laboratory, MO). For the detection of
transplanted GFP- or RFP-expressing cSca-1, fresh frozen sections
were fixed with 4% paraformaldehyde and double-stained with anti-
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GFP or anti-RFP (MBL, Aichi, Japan) antibodies in combination with
anti-SMA or anti-SA actinin antibodies. Anti-GFP antibody was
detected with FITC conjugated anti-rabbit IgG, and subsequently
enhanced with Alexa Fluor 488 conjugated anti-FITC antibody
(Molecular Probes, Invitrogen CA). Other primary antibodies were
detected with appropriate fluorescent conjugated secondary anti-
bodies (Jackson Immuno Research Laboratory). Nuclei were stained
with TOPRO3 (Molecular Probes) or Hochst33342 (Sigma-Aldrich).
The frequency of transplanted cells was expressed in percentage of
the number of GFP-expressing cells divided by the total number of
nuclei per field. The percentage of myoblasts in cultured SM was
examined by immunocytochemical method by using anti-SA actinin
antibodies as previously described [21]. All of the images of cells and
tissues were taken by laser confocal microscopy (Radiance 2000 Bio-
Rad Hercules CA, FV10i Olympus Tokyo Japan), or fluorescent
microscopy (Axiovert 200, Zeiss, Germany).

2.7. Flow cytometric analysis

The immunostaining methods have been previously described
[17]. The percentage of cells expressing each cell surface antigen was
analyzed with an EPICS ALTRA flow cytometer using EXPO32
software, version 1.2 (Beckman Coulter, Inc. CA). PE anti-mouse
CD34, PE anti-mouse CD45 and PE rat I[gG2a were purchased from BD
Biosciences. PE anti-mouse CD31, PE anti-mouse Sca-1, PE anti-mouse
CD105, PE anti-mouse CD90, PE anti-mouse c-kit and PE rat 1gG2b
were purchased from eBioscience, Inc. CA.

2.8. Detection of cytokines

cSca-1 and AMC (1.0x 10°) were seeded on 10-cm dishes. After
incubation for 12 h in medium supplemented with 10% FBS, cells were
washed with PBS thoroughly three times, and incubated with a
serum-depleted medium. After 24 h, supernatant was collected and
contaminated cells were removed by centrifugation at 1000 rpm. The
supernatant of a heart tissue sample was prepared according to the
manufacturer's instructions. The concentration of vascular endothelial
growth factor (VEGF), bFGF and platelet-derived growth factor-bb
(PDGF-bb) was simultaneously evaluated using multiplex bead-based
sandwich immunoassay kits (Bio-Rad Laboratories, CA), following the
manufacturer's instructions. Briefly, the supernatant (50 pi/well) or
standards (50 pl/well) were incubated with 50 pl of pre-mixed bead
sets into the wells of a pre-wet 96 well plate. After incubation and
washing, 25 pl of fluorescent detection antibody mixture was added
for 30 min and then the samples were washed and resuspended in an
assay buffer. The formation of different sandwich immunocomplexes
on distinct bead sets was measured and quantified using the Bio-Plex
Protein Array System (Bio-Rad Laboratories).

2.9. Statistical analysis

Data are shown as means 4 SD. Multiple group comparison was
performed by one-way ANOVA followed by the Bonferroni procedure
for comparison of means. Comparison of the means of two samples
was performed by t-test. A value of p<0.05 was considered significant.

3. Results
3.1. Profile of transplanted cells

The population doubling time of cSca-1, AMC and SM was 1.6, 3.3
and 2.0 days, respectively. Log phase of growth period was identified
from the growth curve of cSca-1, AMC and SM (Supplemental Fig. 1E).
The growth rate constant of cSca-1, AMC and SM was 0.19, 0.06 and
0.03/h, respectively. BM cultured in IMDM did not proliferate during
observation. The percentage of SA actinin positive myoblasts was

~23% in cultured SM (Supplemental Fig. 1F). The analysis of cell
surface proteins revealed that hematopoietic and endothelial lineage
markers, such as c-kit, CD45 and CD31 were positive in BM but not
detectable in cSca-1, AMC and SM (Supplemental Figs. 2A and B,
Supplemental Figs. 3A and B). CD90 and CD105, which have been
reported to be mesenchymal stem cell markers were expressed in
AMC and SM but quite low in cSca-1 and BM [24]. Almost 100% of
cSca-1 and 30 to 40% of AMC and SM expressed Sca-1. Expression of
CD34 was observed in cSca-1 and BM but not in AMC and SM.

3.2. Transplantation of cSca-1 with PM attenuates the expansion of
infarct size

We embedded various types of cells such as cSca-1, BM, SM, or AMC
in the PM before gelation. These cell/PM complexes were injected into
the border area of Ml and disseminated over the area of MI. At 2 weeks
after transplantation, Masson's trichrome-stained myocardial images
revealed that the infarct area of the heart treated with cSca-1/PM
(Fig. 1F) was remarkably smaller than that of non-treated MI (Fig. 1A),
the heart treated with PM (Fig. 1B), BM/PM (Fig. 1C), SM/PM (Fig. 1D)
and AMC/PM (Fig. 1E). Averaged infarct area was 38.6 + 11.9% in cSca-
1/PM-treated (n=19) hearts, 57.4 + 9.9% in non-treated MI (n=12),
55.9413.1% in PM-treated (n=17), 55.24+6.0% in BM/PM-treated
(n=7), 5794 7.4% in SM/PM-treated (n=6), and 51.3+10.5% in
AMC/PM-treated (n=28) hearts (cSca-1/PM-treated vs. non-treated
MI, PM-treated and SM/PM-treated hearts; p<0.01, cSca-1/PM-treated
vs. BM/PM-treated hearts; p<0.05, Fig. 1G). When cSca-1 were directly
injected without PM, the averaged infarct area was 53.9+7.4%
(n=9) (Supplemental Fig. 1H), which is comparable with that
of non-treated MI (Supplemental Fig. 1I) and significantly larger
than that of cSca-1/PM-treated hearts (Supplemental Fig. 1G, cSca-1/
PM-treated vs. cSca-1; p<0.01, Supplemental Fig. 1]). No significant
difference was observed in age, body weight (BW), heart weight (HW)
and HW to BW ratio among the groups subjected to quantification of
the infarct area (Supplemental Table A). To confirm whether cSca-1/
PM reduce the infarct size irrespective of the size of initial ischemic
area, we examined AAR and INF. Representative images of AAR and INF
staining for PM- and cSca-1/PM-treated mice at 2 weeks after MI were
presented in Supplemental Figs. 4A and B, respectively. AAR/LV was
52.64+15.9% and 51.5+10.0% in PM- and cSca-1/PM-treated mice,
respectively (Supplemental Fig. 4C). INF/AAR was 84.9 4+ 11.5% and
61.54+9.31%in PM- and cSca-1/PM-treated mice, respectively (cSca-1/
PM-treated vs. PM-treated; p<0.05, Supplemental Fig. 4D). Despite
similar-sized AAR, cSca-1/PM-treated mice showed a significantly
smaller INF/AAR in comparison with PM-treated mice. These findings
suggest that cSca-1 are most effective to prevent cardiac remodeling
after MI, when injected in PM.

3.3. Transplantation of cSca-1 with PM attenuates left ventricular
remodeling and systolic dysfunction

Echocardiographic measurement of the hearts at 2 weeks after cell
transplantation was summarized in Table 1. LVIDD of cSca-1/PM-
treated hearts was significantly smaller than that of other six groups.
LVISD of cSca-1/PM-treated and AMC/PM-treated hearts was signif-
icantly smaller than that of other five groups. These reductions were
associated with a significantly greater value of %FS in cSca-1/PM-
treated and AMC/PM-treated hearts. The hearts injected with cSca-1
without PM did not show any functional improvement. There was no
significant deference in heart rate (HR) among the 7 groups at 2 weeks
after cell transplantation (Table 1). When blood pressure (BP) and HR
was examined before and after cell transplantation, there was no
significant difference in BP and HR between cSca-1 and other groups
(Supplemental Table B). These findings suggest that cSca-1/PM
attenuate both left ventricular enlargement and contractile dysfunc-
tion without a significant change in blood pressure and heart rate.
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Fig. 1. Transplantation of cSca-1 with PM attenuates the expansion of infarct size. Representative Masson's trichrome-stained myocardial sections from non-treated MI (A), PM-
treated (B), BM/PM-treated (C), SM/PM-treated (D), AMC/PM-treated (E) and cSca-1/PM-treated (F) hearts. Bars are 2.5 mm. (G): Quantification of the infarct size 14 days after
transplantation. Data are mean + SD. *p<0.05 cSca-1/PM-treated vs. BM/PM-treated group; **p<0.01 cSca-1/PM-treated vs. non-treated MI, PM-treated, SM/PM-treated and AMC/

PM-treated group. Backgrounds of mice in each group are shown in Supplemental Table A.

3.4. Transplantation of cSca-1 with PM increases the number of

vWEF-positive capillary in infarct area

To elucidate the mechanisms of the beneficial effects of transplan-
tation of cSca-1/PM complex, we first examined the effects of
transplantation on neovascularization in post-MI hearts. At 2 weeks

after transplantation, immunohistochemical staining for vVWF indi-
cated that more vWF-positive capillaries exist in the infarct area of
cSca-1/PM-treated heart (Fig. 2F) in comparison with non-treated MI
(Fig. 2A), PM-treated (Fig. 2B), BM/PM-treated (Fig. 2C), SM/PM-
treated (Fig. 2D) and AMC/PM-treated (Fig. 2E) hearts. The number of
VWE-positive capillaries per mm? was 23.44 7.7 in non-treated MI

Table 1

Echocardiographic measurement of hearts 2 weeks after cell transplantation.
Parameter Mi PM BM/PM SM/PM AMC/PM cSca-1/PM cSca-1
n 13 20 8 11 16 24 14
Age (week) 135421 130+1.8 128+15 141+1.1 13.8+07 136+ 1.0 14.0+23
BW (g) 248422 251420 247413 249420 250+16 254+14 265+24
HW (mg) 172 +46 172+39 175+25 181+£37 155+26 168 +38 177£32
HW/BW (mg/g) 70+1.9 68+14 71412 73415 62+1.0 66+14 6.7+1.0
HR (min~") 697 +55 711+40 729 +50 712448 700+ 60 689 +42 689+61
LVIDD (mm) 59+06 55+0.7 58+0.6 53+1.0 50+1.0 48409 50+1.1
LVISD (mm) 55406 49+09 52408 47+12 43413 414117 44+13
%FS 6.5+23 11+£55 96+4.6 122482 165+11° 16.2+11° 14.8+9.4

? p<0.05 in comparison with MI.
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Fig. 2. Transplantation of cSca-1 with PM increases the number of vWF-positive capillary in infarct area. Representative images from the section of non-treated Ml (A), PM-treated
(B), BM/PM-treated (C), SM/PM-treated (D), AMC/PM-treated (E) and cSca-1/PM-treated (F) hearts stained for capillaries with anti-vWF antibodies. Bars are 100 pm.
(G): Quantification of the number of vVWF-positive capillaries 14 days after transplantation. Data are mean + SD. **p<0.01 cSca-1/PM-treated vs. non-treated Ml, PM-treated, BM/

PM-treated, SM/PM-treated and AMC/PM-treated group.

(n=4),31.04 8.6 in PM-treated (n=8), 35.0 4+ 5.6 in BM/PM-treated
(n=4), 31.6£19.1 in SM/PM-treated (n=4), 32.74+12.5 in AMC/
PM-treated (n=7) and 7044214 in cSca-1/PM-treated (n=10)
hearts (cSca-1/PM-treated hearts vs. non-treated MI, PM-treated, BM/
PM-treated, SM/PM-treated and AMC/PM-treated hearts; p<0.01,
Fig. 2G).

3.5. Transplantation of cSca-1 with PM increases the number of
SMA-positive vessels in infarct area

At 2 weeks after transplantation, immunohistochemical staining
for SMA indicated that more SMA-positive vessels exist in the infarct
area of cSca-1/PM-treated heart (Fig. 3F) in comparison with non-
treated MI (Fig. 3A), PM-treated (Fig. 3B), BM/PM-treated (Fig. 3C),
SM/PM-treated (Fig. 3D) and AMC/PM-treated (Fig. 3E) hearts. The
number of SMA-positive vessels per mm? was 17.6+7.7 in non-
treated MI (n=5), 16.0 + 8.8 in PM-treated (n=7), 149+ 3.5in BM/
PM-treated (n=4), 20.0 4 3.5 in SM/PM-treated (n=4),17.6 + 9.3 in
AMC/PM-treated (n=4) and 36.3+14.5 in cSca-1/PM-treated
(n=7) hearts (cSca-1/PM-treated hearts vs. non-treated MI, BM/

PM-treated, SM/PM-treated and AMC/PM-treated hearts; p<0.05,
cSca-1/PM-treated hearts vs. PM-treated hearts; p<0.01. Fig. 3G).
These results suggested that enhancement of the formation of
capillaries and conductive vessels at least partially account for the
beneficial effect of transplantation of cSca-1/PM.

3.6. Transplantation of cSca-1 with PM reduces the frequency of
apoptotic cardiomyocytes

Next we examined whether transplantation of cSca-1/PM complex
inhibits apoptosis of cardiomyocytes. TUNEL staining of the heart 24 h
after MI showed that many TUNEL- and SA actinin positive
cardiomyocytes exist in the infarct and border areas of non-treated
(Figs. 4A and D) and PM-treated (Figs. 4B and E) hearts. On the
contrary the much lower number of apoptotic cardiomyocytes was
observed in the infarct and border areas of cSca-1/PM-treated heart
(Figs. 4C and F). In the normal area, there was no difference in the
number of apoptotic cardiomyocytes among the three groups
(Figs. 4G-1 and 4] right panel). The percentage of TUNEL positive
cardiomyocytes in the infarct area was 39.2 4+ 5.8 in non-treated MI
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Fig. 3. Transplantation of cSca-1 with PM increases the number of SMA-positive vessels in an infarct area. Representative images from the section of non-treated Ml (A), PM-treated
(B), BM/PM-treated (C), SM/PM-treated (D), AMC/PM-treated (E) and cSca-1/PM-treated (F) hearts stained for vessels with anti-SMA antibodies. Bars are 100 um.
(G): Quantification of the number of SMA-positive vessels 14 days after transplantation. Data are mean + SD. *p<0.05 cSca-1/PM-treated vs. non-treated MI, BM/PM-treated,
SM/PM-treated and AMC/PM-treated group. **p<0.01 cSca-1/PM-treated vs. PM-treated group.

(n=3),54.0+ 1.1 in PM-treated (n=2), and 20.1 + 6.3 in cSca-1/PM-
treated (n=4) hearts (cSca-1/PM-treated hearts vs. PM-treated
hearts; p<0.01, cSca-1/PM-treated hearts vs. non-treated hearts;
p<0.05. Fig. 4] left panel). The percentage of TUNEL positive
cardiomyocytes in the border area was 33.8 4+ 7.1 in non-treated MI
(n=3), 46.1 £ 9.6 in PM-treated (n=2), 15.5+ 10.0 in cSca-1/PM-
treated (n=4) hearts (cSca-1/PM-treated hearts vs. PM-treated
hearts; p<0.05, Fig. 4] middle panel). There was no difference in the
density of CD31-positive endothelial cells and the percentage of
TUNEL positive endothelial cells in infarct, border and normal areas
among the three groups (Supplemental Fig. 5).

3.7. Transplanted cells decrease during the first few days after
transplantation due to non-apoptotic cell death

Next we examined the localization and frequency of engraftment of
transplanted cells. At 1 day after transplantation, the percentage of GFP-
positive cells per total cells in the infarct and border zone was 1.5%+
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0.84 in cSca-1/PM-treated, 2.5% + 1.0 in AMC/PM-treated, 2.0%+ 1.1 in
SM/PM-treated and 1.1%+£0.70 in BM/PM-treated hearts (AMC/PM-
treated vs. cSca-1/PM-treated and BM/PM-treated hearts; p<0.05, SM/
PM-treated vs. BM/PM-treated hearts; p<0.05, Fig. 5A). The percentage
of GFP-positive cells in the epicardial region was 10.8% + 9.1 in cSca-1/
PM-treated, 9.4%+6.8 in AMC/PM-treated, 11.3%+11.2 in SM/PM-
treated and 15.3% 4 6.7 in BM/PM-treated hearts (Fig. 5A). There was no
significant difference in the percentage of GFP-positive cells in the
epicardial region among the cell types.

At 3 days after transplantation, the percentage of GFP-positive cells
per total cells in the infarct and border zone was 0.97% 4 0.83 in cSca-1/
PM-treated, 1.5%+1.2 in AMC/PM-treated, 1.0%+0.75 in SM/PM-
treated and 0.84%+0.86 in BM/PM-treated hearts (Fig. 5B). The
percentage of GFP-positive cells in the epicardial region was 4.4%+
4.9 in cSca-1/PM-treated, 7.8% 4 6.3 in AMC/PM-treated, 6.2% +4.2 in
SM/PM-treated and 7.6% + 8.0 in BM/PM-treated hearts (Fig. 5B). There
was no significant difference in the percentage of GFP-positive cells in
both myocardium and epicardial region among the cell types. At 1 and
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Fig. 4. Transplantation of cSca-1 with PM reduces the number of apoptotic cardiomyocytes. Representative images from the section of non-treated (A, D, G), PM-treated (B, E, H), and
cSca-1/PM-treated (C, F, 1) hearts stained by using the TUNEL method 24 h after MI. Upper, middle and bottom row represent infarct, border and normal areas, respectively. Red,
sarcomeric alpha actinin; blue, nuclear staining (Hoechst 33258); green, TUNEL positive cardiomyocytes. Bars are 50 um. (J): Quantification of the percentage of TUNEL positive
cardiomyocytes in infarct, border and normal area 24 h after transplantation. Data are mean = SD. #, p<0.05 cSca-1/PM-treated vs. PM-treated group. *p<0.05 cSca-1/PM-treated vs.

non-treated MI group. **p<0.01 cSca-1/PM-treated vs. PM-treated group.

3 days after transplantation, a significantly higher percentage of GFP-
positive cells was observed in the epicardial region in comparison with
the myocardium in all of four cell types. Representative immunohisto-
chemical images of GFP-expressing cells at 3 days after transplantation
showed that scattered GFP-positive cells in the myocardium and
epicardial surface (Supplement Figs. 4F to I, an image of non-labeled
cSca-1/PM transplanted myocardium was presented as a negative
control in E). Many of GFP-positive cells existed in the epicardial surface
(white arrowheads in Supplement Figs. 4F to I).

To elucidate the cause of reduction of transplanted cells, we
examined the frequency of apoptotic and non-apoptotic cell death in
GFP-positive cells. Apoptosis was detected as TUNEL positive cells.

Non-apoptotic cell death was defined on the basis of nuclear
shrinkage [25]. At 1day after transplantation, the percentage of
nuclear shrunk non-apoptotic dead cells was 38.5% 4 30.8 in cSca-1/
PM-treated, 58.3% + 21.5 in AMC/PM-treated, 52.5% + 27.2 in SM/PM-
treated and 29.9%+35.0 in BM/PM-treated hearts (cSca-1/PM-
treated and BM/PM-treated vs. AMC/PM-treated hearts; p<0.05,
Fig. 5C). The percentage of apoptotic cells was 7.4% +17.7 in cSca-1/
PM-treated, 7.3%+9.9 in AMC/PM-treated, 7.4% +14.0 in SM/PM-
treated and 16.0% + 22.6 in BM/PM-treated hearts (Fig. 5D). Repre-
sentative immunohistochemical images of GFP-expressing cSca-1
transplanted heart revealed that GFP-positive nuclear shrunk non-
apoptotic dead cSca-1 (white arrow heads in Fig. 5E), GFP and TUNEL
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Fig. 5. Transplanted cells decrease within the first few days due to non-apoptotic cell death. Quantitative analysis of the percentage of GFP-positive cells per total cells at 1 day (A) and
3 days (B) after transplantation. The percentages of GFP-positive cells in the epicardium and in the myocardium were displayed separately. Data are obtained from 2 to 5 mice in each
group and expressed as mean + SD. *p<0.05 AMC/PM-treated vs. cSca-1/PM-treated and BM-treated group. #p<0.05 SM/PM-treated vs. BM/PM-treated group. Quantitative analysis
of the percentage of non-apoptotic (C) and apoptotic cell death (D) in GFP-positive transplanted cells. Data are obtained from 3 mice in each group and expressed as mean + SD.
*p<0.05 cSca-1/PM-treated and BM/PM-treated group vs. AMC/PM-treated group. Immunohistochemical images of GFP-expressing cSca-1 transplanted heart (E and F). GFP-positive
nuclear shrunk non-apoptotic dead cSca-1 (white arrow heads in E), GFP and TUNEL double-positive apoptotic cSca-1 (white sharp in F), TUNEL positive host apoptotic cells (white
arrows in E and F) and viable GFP-positive transplanted cSca-1 (white asterisk in E) were indicated. Bars are 25 pm.

double-positive apoptotic cSca-1 (white sharp in Fig. 5F), TUNEL
positive host apoptotic cells (white arrows in Fig. 5E and F) and viable
GFP-positive transplanted cSca-1 (white asterisk in Fig. 5E).

These results suggest that non-apoptotic cell death may cause a
significant reduction of transplanted cells during 1 to 3 days after
transplantation. Although the frequency of transplanted AMC and SM
was higher than that of cSca-1 and BM at 1 day after transplantation
(Fig. 5A), vulnerability to non-apoptotic cell death was higher in AMC
and SM in comparison with cSca-1 and BM, resulting in the identical
degree of engraftment among the four types of transplanted cells at
3 days after transplantation.

3.8. cSca-1 transdifferentiate into smooth muscle cells and cardiomyocytes
in vivo and secrete angiogenic factors

The percentage of GFP-positive cells at 7 days after transplantation
was 0.21% £ 0.25 in cSca-1/PM-treated, 0.035% 4+ 0.090 in AMC/PM-

393

treated, and 0.060% 4+ 0.096 in SM/PM-treated hearts (cSca-1/PM-
treated vs. AMC/PM-treated hearts; p<0.05, Supplement Fig. 4]). GFP-
positive cells were not detected in BM/PM-treated hearts. A group of
GFP-positive cSca-1 cells, which co-express SA actinin was observed
in infarct area (Figs. 6A and B). Co-expression of SA actinin was
observed in approximately 66% of GFP-positive cSca-1 cells but not in
GFP-positive AMC and SM. The frequency of GFP- and SMA-positive
transplanted cSca-1 was ~ 1% of GFP-positive cells. Next we examined
the cell fate of transplanted RFP-expressing cSca-1/PM by using
confocal microscopy. Three days after transplantation, many elongat-
ed RFP-positive cSca-1 were observed beneath the epicardium
(Fig. 6C) and in the middle of myocardium (Fig. 6D). Seven days
after transplantation, some of RFP-positive cSca-1 were incorporated
into the media of artery and express SMA (Fig. 6E). In addition some of
the RFP-positive cSca-1 expressed SA actinin with a fine striated
pattern (Fig. 6F). Immunofluorescent images of the non-labeled cSca-
1/PM transplanted heart stained with anti-RFP antibodies in
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Fig. 6. cSca-1 transdifferentiate into smooth muscle cells and cardiomyocytes in vivo and secrete angiogenic factors. A low magnified immunofluorescent image of the heart at
7 days after transplantation of GFP-expressing cSca-1/PM (A). A group of cSca-1 (green) in the infract zone express SA actinin (red) (white square in A). A bar is 100 um. A
magnified image corresponding to the white square in A is presented as B. A bar is 20 um. Nuclei are shown in blue. Immunofluorescence confocal images of engrafted RFP-
expressing cSca-1 (red) (C-F). Engrafted cSca-1 cells existed under the epicardial surface (C, epicardium was indicated as a white dotted line) and in the middle of myocardium
(D) at 3 days after transplantation. SA actinin and nuclei are shown in green and blue, respectively. Engrafted RFP-expressing cSca-1 (red) express SMA (E shown in green) and SA
actinin (F shown in green) at 7 days after transplantation. Nuclei are shown in blue. Secretion of VEGF by cSca-1 and ADMC (H). Cell culture supernatants were analyzed by using
Bio-Plex Suspension Array System. Values are means of duplicated samples. Quantitative analysis of the percentage of TUNEL positive cardiomyocytes per total cardiomyocytes in
1gG/cSca-1/PM-treated and anti-VEGF/cSca-1/PM-treated heart at 1 day after transplantation (I). Data are obtained from 2 mice in each group and expressed as mean + SD. *p<0.05
1gG/cSca-1/PM-treated vs. anti-VEGF/cSca-1/PM-treated group. Immunohistochemical images of TUNEL positive cardiomyocytes in IgG/cSca-1/PM-treated (]) and anti-VEGF/cSca-
1/PM-treated (K) heart. The mice were subjected to immunohistochemical analysis at 1 day after transplantation. TUNEL staining was in green, SA actinin was in red and nuclei
were in blue. Bars are 100 pum.
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combination with anti-SA actinin or anti-SMA were presented as
negative control (Supplemental Figs. 4K and L). A highly magnified
confocal z-stack image showed a sarcomere-positive cardiomyocyte
derived from RFP-expressing ¢Sca-1 (Supplemnatal movie 1). A red
fluorescent signal co-localized with a green signal from SA actinin
throughout the stacked images, suggesting that two markers are
stained in the same cells. The cells presented in Supplemnatal Movie 1
posses a single nucleus but not double nuclei, suggesting that cell
fusion, which is characterized by heterokaryon formation is not likely.
These results suggest that transplanted cSca-1 engraft better than
AMC, SM and BM, maintain the character of cardiac progenitors and
differentiate into multiple types of cells including smooth muscle cells
and cardiomyocytes. As shown in Figs. 2 and 3, cSca-1 enhanced
angiogenesis when transplanted. Thus next we examined the
concentration of angiogenic growth factors such as basic FGF, PDGF-
bb and VEGF in the culture medium of AMC and cSca-1. Both cells
secrete lots of VEGF and little of basic FGF and PDGF-bb is in the
culture medium, and the concentration of VEGF in the culture
medium of ¢Sca-1 was approximately two times higher than that of
AMC, suggesting that VEGF mediates cSca-1-induced angiogenesis as
a paracrine factor (Fig. 6H, Supplemental Figs. 6A and B). To examine
whether VEGF is a prerequisite for preventing apoptosis of cardio-
myocytes, we neutralized VEGF in cSca-1/PM with anti-VEGF
antibody just before transplantation. At 1 day after transplantation,
the percentage of TUNEL positive cardiomyocytes in border and
infarct area was 23.0%415 in control IgG/cSca-1/PM-treated and
47.8%+ 8.6 in anti-VEGF/cSca-1/PM-treated hearts (IgG/cSca-1/PM-
treated hearts vs. anti-VEGF/cSca-1/PM-treated; p<0.05, Fig. 6l).
Immunofluorescent images of TUNEL staining revealed that more
TUNEL positive cardiomyocytes exist in IgG/cSca-1/PM-treated
(Fig. 6]) than in anti-VEGF/cSca-1/PM-treated hearts (Fig. 6K).

4. Discussion

Somatic cells from various organs such as skeletal muscle, bone
marrow and adipose tissue are considered to be safe and become good
candidates for cells transplanted into the injured heart. However,
currently we do not have enough information to answer fundamental
questions, what are the optimal cells and how cell transplantation
shows beneficial effects. Here we first reported that cardiac progenitor
cells are the most effective for cardiac repair in comparison with
skeletal, bone marrow, or adipose tissue-derived cells. Cardiac
progenitor cells reduced apoptosis of cardiomyocytes and promoted
angiogenesis leading to reduce the infarct area and restore cardiac
function through both transdifferentiation and paracrine effects.
Furthermore we have shown that a self-assembling nanopeptide,
PM is a useful biological scaffold, which can deliver and hold the cells
in the myocardium and epicardial space.

Many 3-dimensional materials have been investigated for myo-
cardial scaffold, including fibrin glue, poly lactic-coglycolic acid
(PLGA), gelatin hydrogels, and hyaluronic acid (HA) hydrogels {7].
Once the cells adapt to 3-dimensional milieus, the cells migrate,
proliferate and function according to the multi-directional molecular
and mechanical signals like an organized tissue. However, there are
substantial challenges for existing materials, including stimulation of
the host inflammatory response, excessively large pore size and fiber
diameter and toxic degradation [26]. Self-assembling nanopeptides
such as PM are an artificial material without animal-derived proteins.
Hydrogels formed by self-assembling peptides have very small pore
sizes that promote endothelial adhesion and capillary formation, but
still allow rapid migration of cells [22]. When injected into the
myocardium, nanofibers rapidly polymerize at physiological pH and
osmolality, resulting in the entrapment of the transplanted cells and
preventing from leakage. In addition the rigidity of hydrogel can be
tuned by the concentration of a nanopeptide solution, enabling us to
deliver both the forms of injectable and slab hydrogel. These
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properties of nanopeptides may enhance the engraftment of a larger
number of cells in comparison with a simple direct injection, leading
to reduced infarct size as shown in Supplemental Figs. 1G-].

Davis et al. have reported that injected cell free nanopeptides
recruit endothelial cells followed by immature cardiomyocyte over
4 weeks [12], however, our data showed that transplantation of ¢Sca-
1/PM but not PM itself attenuates infarct area and cardiac remodeling
at 2weeks after MI. These findings suggest that the effect of
assembled nanofiber-mediated tissue repair on cardiac function is
limited and that the existence of cells in the nanofiber scaffold is
important for cardiac repair. Among the variable cell types we tested,
cSca-1 appeared to be the best cell source for transplantation. ¢Sca-1
were derived from primary Sca-1 positive cardiac progenitor cells,
which differentiate into mature cardiomyocytes [17]. Although
transplanted cSca-1 differentiated into cardiomyocytes and vascular
smooth muscle cells in the infarct area (Figs. 6A-F), a contribution of
de novo cSca-1-derived cardiomyocytes on cardiac regeneration may
not be a major factor because RFP-positive cSca-1-derived cells
covered a very small area in the infarct area (Fig. 6A).

It has been reported that paracrine factors from transplanted cells
are one of the major factors, which mediate myocardial survival and
repair [27,28]. Analysis of secreted angiogenic growth factors suggests
that VEGF is one of the factors through which cSca-1 mediate
angiogenesis and cardiomyocyte survival (Fig. 6H-K, Supplemental
Fig. 6A and B). Cardiac endothelial-myocardial signaling is a
prerequisite for normal cardiac development and growth [29]. VEGF
is mainly secreted from cardiomyocytes and plays an important role
in both angiogenesis and vasculogenesis through promotion of
endothelial survival, proliferation, migration and differentiation
[30]. VEGF is one of the factors increasing the number of mobilized
and circulating endothelial progenitor cells [31,32]. FIk-1, CD144 and
CD31 have been reported to be markers of mobilized and peripheral
circulating EPC in the various stages of maturity [33,34). When the
number of recruited Flk-1-, CD144- and CD31-positive cells was
examined, no significant difference was observed among cSca-1/PM,
AMC/PM, SM/PM and BM/PM, suggesting that cSca-1-mediated
recruitment of endothelial progenitor cells may not be a major
mechanism of angiogenesis in this model (Supplemental Fig. 7).

Recently it has been reported that VEGF prevents deterioration of
cardiac function after pathological hypertrophy and MI through
coordinated angiogenesis [35,36]. Since many endothelial cells were
directed to apoptosis immediately after MI, supplemental VEGF from
¢Sca-1 may enhance angiogenesis over 2 weeks and contribute to
restoration of cardiac function. During angiogenesis, PDGF-bb plays an
important role in proliferation and migration of mural cells, resulting
in vessel maturation [37]. The amount of PDGF-bb in cSca-1/PM
injected myocardium was more than that in Ml and AMC/PM injected
tissue at 3 days after transplantation (Supplemental Fig. 6C), suggest-
ing that VEGF derived from cSca-1 may support endothelial cells to
secrete PDGF-bb, resulting in the formation of SMA-positive mature
vessels. In contrast to endothelial cells, transplantation of cSca-1/PM
rescued cardiomyocyte apoptosis at 24 h after ML Our results suggest
that VEGF is one of the factor, which protect cardiomyocytes from
apoptosis. PM has a nature to bind to various proteins such as
cytokines and immuno-globulins and release them slowly [38].
Therefore it is likely that injected anti-VEGF antibodies bind to PM,
stay with neighboring cSca-1, and neutralize secreted VEGF from
cSca-1 rather than intrinsic VEGF, resulting in the abrogation of VEGF-
mediated protection of cardiomyocytes, Dai et al. have reported that
cardiomyocyte-derived intrinsic VEGF is not enough to protect
cardiomyocytes against oxidative stress but the addition of exogenous
VEGF protects cardiomyocytes effectively [39]. Their findings are
concordant with our results in terms of the importance of additive
VEGE. Recently we have reported that cSca-1 but not AMC secrete a
large amount of soluble VCAM-1, which attenuate cardiac remodeling
after MI through promoting angiogenesis and survival of
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cardiomyocytes [18]. Therefore soluble VCAM-1 as well as VEGF or
other unidentified cardiac progenitor cell-derived factors may be
organized to mediate cardiac anti-apoptotic effect of transplanted
cSca-1/PM.

We have shown that PM can be a useful biomaterial, which assures
a safe and effective delivery of the cells into the myocardium. Recently
Gelain et al. have reported the evidence for slow and sustained
cytokine release from PM scaffolds [38]. During 1 to 3 days after
transplantation, 1.0-1.5% and 4-10% of cSca-1 were observed in the
myocardium and epicardial layer, respectively. Therefore PM may
play a critical role in holding cSca-1 and support sustained release of
VEGF, sVCAM-1 or other ¢Sca-1 specific molecules. However, when
¢Sca-1/PM was transplanted into the mice at 7 days after myocardial
infarction, the infarct size was identical between cSca-1/PM-treated
and PM-treated mice at 2 weeks after transplantation (supplemental
Fig. 6D-F). Therefore PM is not enough to support a long-term
proliferation, engraftment or differentiation of transplanted cells in
the established infarct heart tissue. Self-assembling nanopeptide can
be modified in a variety of manners, allowing cell-specific signals to be
delivered. For example nanofiber scaffold containing RGD binding
sequence significantly promoted proliferation of mouse pre-osteo-
blast [40]. Moreover, alkaline phosphatase (ALP) activity and
osteocalcin secretion, which are early and late markers for osteoblas-
tic differentiation, were also significantly increased [40]. Silva et al.
synthesized self-assembling peptides containing an IKVAV laminin
motif, in which the neuronal precursors differentiated into neurons
with extensive processes, while very few cells differentiated into
astrocytes [41]. These tailor-made peptides have the ability to
modulate bidirectional signals between nanopeptides and trans-
planted cells, enabling us to create a forever 3-dimensional cardiac
graft, which substitutes the scar tissue after myocardial infarction,
leading to prevention of cardiac remodeling and improvement of
cardiac function.

Supplementary materials related to this article can be found online
at doi:10.1016/j.yjmcc.2010.09.015.
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Glossary

AAR: area at risk

AMC: adipose tissue-derived mesenchymal cells

AMC/PM: adipose tissue-derived mesenchymal cells with Puramatrix™
BM: bone marrow mononuclear cells

BM/PM: bone marrow mononuclear cells with Puramatrix™

BP: blood pressure

BW: body weight

cSca-1; clonal stem cell antigen-1 positive cells

cSca-1/PM: clonal stem cell antigen-1 positive cells with Puramatrix™
FGF: fibroblast growth factor

HR: heart rate
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HW: heart weight

LVIDD: left ventricular internal diastolic diameter
INF: infarct size

LVISD: left ventricular internal systolic diameter
MI: myocardial infarction

PDGF: platelet-derived growth factor

PM: Puramatrix™

RFP: red fluorescent protein

SA actinin: sarcomeric alpha actinin

SM: skeletal myoblasts

SMA: alpha-smooth muscle cell actin

SM/PM: skeletal myoblasts with Puramatrix™
VEGF: vascular endothelial growth factor

vWF: von Willebrand factor
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Comparison of angiotensin

Il type 1-receptor blockers

to regress pressure overload-induced cardiac

hypertrophy in mice

Lei Li%>%, Ning Zhou', Hui Gong?, Jian Wu'2, Li Lin!, Issei Komuro®, Junbo Ge!? and Yunzeng Zou':?

Angiotensin [l (Angll) type l-receptor blockers (ARBs) have been effectively used not only in the treatment of hypertension

but also in cardiac protection. However, whether and why there are differences in these effects still remain unciear. Here we
compared the effects of five commonly used ARBs (Candesartan, Olmesartan, Losartan, Telmisartan and Valsartan) on pressure
overload-induced cardiac hypertrophy in mice model. Pressure overload was produced by constriction of the transverse aorta
(TAC) for 2 weeks, which induced a significant elevation of blood pressure; ARBs or saline was administered through a stomach
tube; Cardiac hypertrophy was evaluated by transthoracic echocardiography, cardiac histology and specific gene expression
analyses. Although all the five ARBs, which did not repress the elevation of left ventricular pressure after TAC, attenuated the
development of cardiac hypertrophy in the wild-type mice, the degrees of regression by Candesartan, Olmesartan and Losartan
tended to be larger than those by Telmisartan and Vaisartan. Furthermore, in angiotensinogen-knockout mice lacking endogenous
Angll, TAC-induced cardiac hypertrophy was regressed by Candesartan, Olmesartan and Losartan but not by Telmisartan and
Valsartan administration. Our data suggest that Candesartan, Olmesartan and Losartan can effectively inhibit pressure overload-
induced cardiac hypertrophy even in the absence of Angll, whereas Telmisartan and Valsartan could exert the inhibitory effects

only in the presence of Angll.
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INTRCDUCTION

Cardiac hypertrophy is not only a physiologically adaptive state before
heart failure, but also an independent risk factor of major cardiac
events.! Although there are many factors that can induce cardiac
hypertrophy, hypertensive stimulation is a major hypertrophy-indu-
cing factor.> Angiotensin II (Angll) and its type 1-receptor (AT1-R)
have been known to be greatly involved in pressure overload-induced
cardiac hypertrophy.*> AT1-R blockers (ARBs) are clinically available
as a highly effective and well-tolerated class of drugs for the treatment
of hypertension. In addition, a variety of clinical evidences have shown
that ARBs provide cardiovascular protection beyond blood pressure
(BP) lowering.5 Especially, ARB administration effectively prevents
cardiac hypertrophy and improves the cardiovascular outcomes in
patients with hypertension.5” At present, there are several ARBs widely
used in clinics, such as Losartan, Irbesartan, Telmisartan, Candesartan,
Valsartan, Olmesartan and so on. Although some of them have been
shown to have more beneficial effects than other types of antihyperten-

sive agents such as B-adrenergic receptor blockers and calcium channel
blockers, there are also reports indicating that cardiovascular outcomes
by ARB-based treatment do not differ from those by other agent-based
treatment.3? We therefore supposed whether there were differences in
cardiac protection among ARBs besides antihypertensive potency.
AT1-R is a member of the G protein-coupled receptor superfamily'®
and ARBs are highly selective in binding to the AT1-R and blocking
diverse effects mediated by AT1-R.1112 Structurally, ARBs not only
have the common biphenyl-tetrazole ring but also the unique side
chains, which contribute to drug-specific differences in pharmaco-
kinetic and pharmacodynamic properties and antihypertensive
potency.%!> Many in vitro studies including ours have suggested that
the effects of ARBs on suppression of AT1-R activation differ,!1:1214
However, a rigorous in vivo comparison of different ARBs to regress
pressure overload-induced cardiac hypertrophy has not been per-
formed. Moreover, we have recently reported that Candesartan inhib-
ited activation of AT1-R and attenuated cardiac hypertrophy induced
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