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Abstract Mesenchymal stem cells (MSC) transplantation has
been shown to decrease fibrosis in the heart; however, whether
MSC directly influence the function of cardiac fibroblasts
(CFB) remains unknown. MSC-conditioned medium signifi-
cantly attenuated proliferation of CFB compared with CFB-con-
ditioned medium. MSC-conditioned medium upregulated
antiproliferation-related genes such as elastin, myocardin and
DNA-damage inducible transcript 3, whereas CFB-conditioned
medium opregulated proliferation-related genes such as alpha-
2-macrogrobulin and v-kit Hardy-Zuckerman 4 feline sarcoma
viral oncogene homolog. MSC-conditioned medium significantly
downregulated type I and III collagen expression, and signifi-
cantly suppressed type IIl collagen promoter activity. MSC
may exert paracrine anti-fibrotic effects at least in part through
regulation of CFB proliferation and collagen synthesis.

© 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Mesenchymal stem cell; Cardiac fibroblast;
Cell proliferation; Collagen; Paracrine effect; Collagenase
activity

1. Introduction

Mesenchymal stem cells (MSC) can differentiate into a vari-
ety of cell types including cardiomyocytes and vascular endo-
thelial cells, and can be easily isolated from bone marrow
and expanded in culture [I]. These features make MSC an
attractive therapeutic tool for cardiovascular discase. We and
others have previously demonstrated that MSC transplanta-
tion caused significant improvement in hindlimb ischemia [2],
myocardial infarction [3.4], dilated cardiomyopathy [5] and
acute myocarditis [6]. MSC transplantation has been shown

"Corresponding authors. Fax: +81 6 6833 9865.
E-mail addre.ms sonishi@ri.neve.go jp (8. Ohnishi),
nnagaya(@ri.neve.gojp (N. Nagaya).

{bbreviati MSC, hymal stem cell; CFB, cardiac fibroblast;

MMP, matrix metalloproteinase; gRT-PCR, quantitative real-time
reverse-transcription polymerase chain reaction; Gapdh, glyceralde-
hyde 3-phosphate dehydrogenase; A2m, alpha-2-macroglobulin; Kit,
v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog;
Catnal, catenin alpha 1; Rarb, retinoic acid receptor beta; Eln, elastin;
Myoed, myocardin; Ddit3, DNA-damage inducible transcript 3

to result in cardiac repair and protection at least in part
through paracrine actions such as angiogenic, anti-apoptotic,
and anti-inflammatory effects [2,3,5-10]. In addition, it has
been demonstrated in animal models that MSC transplanta-
tion decreases fibrosis in the heart [S) and other organs such
as lung [11,12], liver [13,14] and kidney [15]. However, whether
transplanted MSC directly influence the function of cardiac
fibroblasts (CFB) remains unknown.

Deposition of collagen fibers in the myocardial interstitium
occurs in the remodeling process seen in a variety of cardiovas-
cular diseases, and CFB are predominantly involved in the
maintenance of extracellular matrix such as types 1 and 111 col-
lagen by cell proliferation, collagen synthesis and degradation
[16]. Collagen synthesis is regulated by fibrogenic factors, and
collagen degradation is mediated by members of the matrix
metalloproteinases (MMPs), which are also regulated by tissue
inhibitors of metalloproteinases [17,18].

Thus, we investigated the paracrine effects of MSC on (1)
CFB proliferation, (2) collagen synthesis and (3) collagen deg-
radation in vitro.

2. Materials and methods

2.1, Cell culture and collection of conditioned medium

Isolation and expansion of MSC were performed as described previ-
ously [2]. Briefly, bone marrow cells were isolated from male Lewis rats
weighing 220-250 g by flushing out the femoral and tibial cavities with
phosphate-buffered saline, ltured in standard medium: a-mini-
mal essential medium, 10% fetal bovine serum, 100 U/ml penicillin
and 100 pg/ml streptomycin. Five days after plating, non-adherent cells
were removed, and adherent cells were further propagated for 4-5 pas-
sages. These cells were previously demonstrated 1o be positive for
CD29 and CD90) surface markers, and negative for CD34 and CD45
[5]. The Animal Care Committee of the National Cardiovascular Cen-
ter approved the experimental protocol.

Primary CFB were obtained as described previously with modifica-
tion (19]. Briefly, after heparinization by intraperitoneal injection of
1000 Ufkg heparin sodium, the heart was rapidly excised, and pulmon-
ary, connective and other non-cardiac tissues were removed. The heart
was then mounted on the cannula of a modified Langendorfl apparatus
and perfused with buffer containing 0.75 mg/ml collagenase type 1
(Worthington, Lakewood, NJ), 0.5 mg/ml hyaluronidase (Sigma-Al-
drich, St. Louis, MO) and 1% bovine serum albumin (fraction V,
1CN, Aurora, OH), in a recirculating fashion for 3 h. After perfusion,
the heart was removed from the perfusion apparatus, and the atrium
was removed and gently minced. CFB were gravitationally separated
from cardiomyocytes, and cultured in standard medium.

Conditioned medium was collected from MSC and CFB after the sec-
ond passage of 3 x 10° cells cultured in standard medium for 48 h, and
filtered through a 0.22 pm-filtration unit (Millipore, Bedford, MA).

0014-5793/332.00 © 2007 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved,
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2.2. MTS assay

We investigated the paracrine effects of MSC on fibroblast prolifer-
ation in vitro. Experiments were carried out using cells derived from
five passages. CFB were plated on 96-well plates (4 x 107 cells/well),
After 24 h, the medium was changed to conditioned i brained

S Ohnishi et al | FEBS Letters 581 (2007 ) 3961-3966

tions. CFB were cultured in CFB- or MSC-conditioned medium with
fl ein isothiocy labeled type | collagen for 48 h, and de-
graded collagen was extracted by d ation, protei

and centrifugation. Fluorescence intensity was measured using a fluo-
(Tecan, Salzburg, Austriz) at excitation/emission of 485/

fram MSC or CFB culture for 48 h. After 48 h, the cellular level of 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4- sulfophe-
nyl)-2H-tetrazolium (MTS), indicative of the mitochondrial function
of living cells and cell viability, was measured with a CellTiter%
AQueous One Solution Kit (P Madison, WI) and a Microplate

Reader (490 nm, Bio-Rad, Hercules, CA).

2.3. Microarray analysis

Total RNA was extracted from cells using an RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instruc-
tions. RNA was quantified by spectrometry and the quality confirmed
by gel electrophoresis. Microarray analysis was performed as described
previously [20]. In brief, double-stranded cDNA was synthesized from
4 pg total RNA, and in vitro transcription was performed to produce
biotin-labeled cRNA using GeneChip One-Cycle Target Labeling and
Control Reagents (Affymetrix, Santa Clara, CA) according to the man-
ufacturer’s instructions. After fragmentation, 10 ug cRNA was hybrid-
ized with GeneChip Rat Genome 230 2.0 Array (Affymetrix)
containing 31099 genes. ips were then scanned in a GeneChip
Scanner 3000 (Affymetrix). Normalization, filtering, and Gene Ontol-
ogy analysis of the data were perfi d with GeneSpring GX 7.3.1
software (Agilent Technologies, Palo Alto, CA). The raw data from
each array were normalized as follows; each CEL file was preprocessed
with Robust Multichip Average (RMA), and each measurement for
each genc was divided by the 80th percentile of all measurements.
Genes with an at least |.8-fold change were then selected

2.4. Quantitative real-time reverse-transcription polymerase chain
reaction (qRT-PCR)

One microgram of total RNA was reverse-transcribed into cDNA
using a Quantitect Reverse Transcription Kit (Qiagen). PCR amplifica-
tion was performed in 50 ul containing 1 ul ¢cDNA and 25 pl Power
SYBR Green PCR Master Mix (Applied Biosystems, Foster City,
CA). Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) mRNA
amplified from the same samples served as an internal control. Pri
used in gRT-PCR analysis were as follows: Collal: forward,
S.TCAAGATGGTGGCCGTTAC-¥, reverse, 5'-CTGCGGATGT-
TC-TCAATCTG-3, Col3al: forward, 5'-CGAGATTAAAGCAA-
GAGGAA-Y, reverse, 5'-GAGGCTTCTTTACATACCAC-3', Gapdh:
forward, 5-TGAAGGTCGGTGTCAACGGATTTGGC-3', reverse,
S .CATGTAGGCCATGAGGTCCACCAC-Y'. After an initial dena-
turation at 95°C for 10 min, a two-step cycle procedure was used
(denaturation at 95 °C for 15 s, annealing and extension at 60 °C for
| min) for 40 cycles in a 7700 sequence detector (Applied Biosystems).
Gene expression levels were normalized according to that of Gapdh,
The data were analyzed with Sequence Detection Systems soltware
(Applied Biosystems).

2.5, Transient transfection and reporter gene amsay

Transient transfection and subsequent reporter gene assay were per-
formed as described previously with medification [21]. The Collal
clones containing the promoter fragments —1685/+68Luc and —96/
+68Luc were provided by Dr. H. Yoshioka of Oita University, Japan.
CFB were plated at a density of 1 x 10* cells in 96-well plates with
100 pl culture medium. After incubation for 24 h at 37 °C, cells were
transfected with 200 ng luciferase plasmid DNA plus 10 ng Renilla
phRL-TK vector (Promega, Madison, WI) as an intemmal control,
using lipofectamine2000 (Invitrogen). Six hours after transfection, cells
were rinsed with PBS, fed with conditioned medium obtained from
MSC or CFB culture, and then further cultured for 48 h. Reporter
gene assay was performed using the Dual-Glo Luciferase reporter as-
say system (Promega), and the lumi i ity was d
using a microplate reader (Dia-latron, Tokyo, Japan), according to
the manufacturer’s protocol. The transcription activity was normalized
according to Renilla luciferase activity.

2.6. Collagenase activity
Collagenase activity assay was performed using a collagenase assay
kit (Chondrex, Redmond, WA) following the manufacturer's instruc-

§35 nm,

2.7. Statistical analysis

Data were expressed as means * standard error (S.E.). Comparisons
of parameters among groups were made by one-way ANOVA, fol-
lowed by Newman-Keuls' test. Differences were considered significant
st P <005,

3. Results

3.1. Effect of MSC-conditioned medium on proliferation of CFB

To investigate the effect of MSC-conditioned medium on
CFB proliferation, we cultured CFB in standard medium,
CFB- or MSC-conditioned medium for 48 h, and MTS assay
was performed. Viable cell number was significantly larger
when CFB were cultured in CFB-conditioned medium com-
pared with standard medium, whereas this increase was not
observed when CFB were cultured in MSC-conditioned med-
ium (Fig. 1A, B), These results suggest that MSC attenuates
proliferation of CFB through paracrine actions,

3.2. Effect of MSC-conditioned medium on expression of genes
involved in cell proliferation in CFB

We next performed microarray analysis to examine the effect
of MSC-conditioned medium on the expression of genes in-
volved in the regulation of cell proliferation in CFB. Highly
expressed genes in CFB cultured in CFB-conditioned medium
(>1.8-fold) included positive regulators for cell proliferation
such as alpha-2-macroglobulin (A2m) and v-kit Hardy-Zuck-
erman 4 feline sarcoma viral oncogene homolog (Kit), as well
as negative regulators for cell proliferation such as catenin al-
pha 1 (Catnal) and retinoic acid receptor beta (Rarb). On the
other hand, CFB cultured in MSC-conditioned medium highly
expressed negative regulators for cell proliferation such as elas-
tin (Eln), myocardin (Myocd) and DNA-damage inducible
transcript 3 (Ddit3) (Table 1).

3.3. Effect of MSC-conditioned medium on collagen gene
expression

To investigate the effect of MSC-conditioned medium on
collagen gene expression, we performed gRT-PCR on types |
and 111 collagen genes (Collal and Col3al, respectively) in
CFB. Expression of Collal and Col3al genes was significantly
upregulated when CFB were cultured in CFB-conditioned
medium in comparison to standard medium, However, this in-
crease was significantly attenuated when CFB were cultured in
MSC-conditioned medium (Fig. 2A, B),

3.4. Effect of MSC-conditioned medium on collagen gene
promoter activity

To investigate the effect of MSC-conditioned medium on
Col3al gene promoter activity, we performed reporter gene as-
say in CFB. We prepared —1685/+68Luc and —96/+68Luc
constructs (Fig. 3A), as the —96 to —34 region has been re-
ported to be fundamental for Col3al gene transcription [21].
The activity of —1685/+68Luc was significantly higher in
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Fig. 1. Effect of MSC~conditioned medium on CFB proliferation MTS assay (A) and representative photographs (B) of CFB after 48 h of culture in
the indicated medium. SM, standard medium; CM, conditioned medium. Values are means £ S.E. "P <0.05 vs SM, "P <0.05 vs CFB-CM

Table |
Expression of genes involved in regulation of cell proliferation
(>1.8-fold)

Gene name Action on cell Fold change
proliferation

Genes highly expressed in

CFB-conditioned medium

catenin, alpha | (Catnal) Neg 2.3

retinoic acid receptor, beta Neg 2.1

(Rarb)

alpha-2-macroglobulin Pos 20

(A2m)

v-kit Hardy-Zuckerman 4 Pos 1.8

feline sarcoma viral

oncogene homolog (Kit)

Genes highly expressed in

MSC-conditioned medium

elastin (Eln) Neg 3.8

myocardin (Myocd) Neg 1.9

DNA-damage inducible Neg 1.8

transcript 3 (Ddit3)

CFB-conditioned medium as compared to standard medium,
whereas it was markedly decreased in MSC-conditioned med-
wm (Fig. 3B). However, the activity of —96/+68Luc was not
affected in either CFB- or MSC-conditioned medium. These
results suggest that MSC-conditioned medium inhibits Col3al
gene transcription through regulation of the —1685 to —96
promoter region.

3.5 Effect of MSC-conditioned medium on collagenase activity

We finally investigated the effect of MSC-conditioned
medium on collagen degradation. Type | collagenase activity
was markedly higher in CFB-conditioned medium than in
standard medium; however, MSC-conditioned medium had

A Coltiat
&
w
£
»
@
g T
& I
L.
@
SM CFB-CM MSC.CM

B Col3al

2.0

*

c
]
w 1.54
g
g t
s 1.0
£ I
B o4
% 0.5
4

0.0~

SM CFB-CM MSC-CM

Fig. 2. Effect of MSC-conditioned medium on collagen gene expres-
sion (A) Quantitative RT-PCR for Collal expression in CFB after
48 h of culture in the indicated medium. (B) Quantitative RT-PCR for
Col3al expression in CFB after 48h of culture in the indicated
medium, SM, standard medium; CM, conditioned medium. Values are
means + S.E. P <005 vs SM, TP <0.05 vs CFB-CM.

as high collagenase activity as CFB-conditioned medium
(Fig. 4).
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A B
-1685 +
| Luc +1685/+68Luc .
g Luc -p6/+68LUC
| kL

M

Luc Neg. Emu

0 50 100 150 200

Relative activity (%)

Fig. 3. Effect of MSC-conditioned medium on type 111 collagen gene p

ion of 5'-deleti

ivity (A) Sch ic il constructs of the

Col3al promoter. (B) Luficerase activity in CFB after 48 hours of transfection of reporter plasmids and culture in the indicated medium. All
constructs were co-transfected with the phRL-TK vector as an internal control for transfection efficiency. SM, standard medium; CM, conditioned

medium. Values are means + S.E. *P < 0.05 vs SM, 'P < 0.05 vs CFB-CM.

1.5+

o [T

.g. 0.54

0.0r
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Fig. 4. Effect of MSC-conditioned med on collag activity
Type 1 collagenase activity of the indicated medium. SM, dard

two genes (A2m and Kit) are known to positively regulate cell
proliferation, whereas the other two genes (Catnal and Rarb)
are known to be negative regulators, Catnal encodes a-catenin
which interacts with cadherin, a cell adhesion molecule, and
targeted deletion of Catnal in either the skin or in neuronal
progenitor cells leads to hyperproliferation [22]. Rarb encodes
a member of retinoic acid receptors, and regulated cell growth
and differentiation in a variety of cells [23]. A2m encodes a
plasma proteinase inhibitor [24), and induces macrophage pro-
liferation through cAMP-dependent signaling [25]. Kit encodes
c-kit protein, a tyrosine kinase receptor for stem cell factor,
and ectopic expression of c-kit in fibroblasts induces tumori-

medium; CM, conditioned medium. Values are means £ S.E. "P <0.05
vs SM.

4. Discussion

In this study, we focused on the paracrine effects of MSC on
CFB in vitro, and demonstrated that MSC-conditioned med-
jum: (1) attenuated CFB proliferation, (2) regulated expression
of several genes involved in CFB proliferation, (3) transcrip-
tionally inhibited type I and IIl collagen gene expression in
CFB, and (4) had comparable collagenase activity to that of
CFB-conditioned medium.

We and others have previously demonstrated that MSC
mediate pleiotropic effects by secreting a large number of
growth factors, anti-apoptotic factors and cytokines [2.3,5-
10]. In addition, we have recently reported that MSC trans-
plantation improved cardiac function at least in part through
an anti-fibrotic effect in a rat model of dilated cardiomyopathy
and acute myocarditis [5,6], and also demonstrated that the
highly expressed genes in cultured MSC included a number
of molecules involved in biogenesis of extracellular matrix such
as collagens, MMPs, serine proteases and serine protease
inhibitors [20). These results suggest that transplanted MSC
may inhibit the fibrogenic process through paracrine actions.

In the present study, CFB proliferation was slower when
they were cultured in MSC-conditioned medium than in
CFB-conditioned medium, and microarray analysis demon-
strated that the expression levels of several genes involved in
cell proliferation were differently regulated. Out of four highly
expressed genes in CFB cultured in CFB-conditioned medium,

is [26]. On the other hand, three negative regulators of
cell proliferation were upregulated in CFB cultured in MSC-
conditioned medium. Eln encodes a polymer of a precursor
protein (tropoelastin), and impaired elastogenesis coincides
with increased cell proliferation [27]. Mycd encodes a tran-
scription factor important for smooth muscle and cardiac mus-
cle development, and inactivation of Mycd in fibroblasts
increases their proliferative potential [28]. Ddit3 belongs to
the CCAAT/enhancer binding protein family of transcription
factors, and exogenous Ddit3 is capable of inducing growth ar-
rest and apoptosis [29]. Taking these findings together, MSC
may negatively regulate CFB proliferation by controlling these
factors, although the precise mechanism remains to be eluci-
dated.

Types | and 111 collagen are the major fibrillar collagen pro-
duced by CFB, and the expression of collagen genes is regu-
lated at the transcriptional and post-transcriptional levels
[30]. 1t has been suggested that an initial mesh of type 111 col-
lagen forms the scaffold for subsequent deposition of large,
highly aligned type 1 collagen fibers at the fibrotic phase after
myocardial infarction [31]. In the present study, the expression
of Collal as well as Col3al was downregulated when CFB
were cultured in MSC-conditioned medium. This result is con-
sistent with a recent study by Guo et al., which demonstrated
that MSC transplantation in a rat model of myocardial infarc-
tion inhibited deposition of types I and IIT collagen [32].
Although the transcriptional mechanism of the Col3al gene
is not entirely characterized, our in vitro experiments suggest
that, in comparison to CFB-conditioned medium, MSC-condi-
tioned medium may be rich in humoral factors that can inac-
tivate transcription, or poor in humoral factors that can
activate transcription, of Col3al,
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Collagenase (MMP-1) and gelatinase (MMP-2 and -9) activ-
ity are known to be clevated during the necrotic phase of in-
farct healing, and are involved in disruption of the collagen
network [33]. In the present study, type I collagenase activity
of MSC-conditioned medium was as high as that of CFB-con-
ditioned medium. Type I collagen is a substrate for MMP-1,
-2, -8 and -13, and the mechanisms involved in the differential
regulation of the various collagen types during cardiac fibrosis
appear to be complex and diverse [34]. However, our results
imply that MSC have equivalent paracrine effects on type I col-
lagenase activity to those of CFB.

In conclusion, MSC exerted paracrine anti-fibrotic effects at
least in part through regulation of CFB proliferation and tran-
scriptional downregulation of types I and 111 collagen synthe-
ses, These features of MSC may be beneficial for the treatment
of heart failure in which fibrotic changes are involved,
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Abstract

Objective: Our aim was to assess whether adrenomedullin (AM), a potent vasodilutor peptide with a variety of cardioprotective effects. has o
therapeutic potential for the treatment of acute myocarditis in a rat model.

Methods: One week after myosin injection, rats received a continuous infusion of AM or vehicle for 2 weeks, and pathological and
physiological investigations were performed.

Results: AM treatment significantly reduced the infiltration of inflammatery cells in myocarditic hearts, and decreased the expressions of
macrophage chemoattractant protein-1, matrix lloproteinase-2 and forming growth factor-j3. Myocardinl edema indicated by
increased heart weight to body weight ratio and wall thickness was attenuated by AM infusion (5.740.5 vs. 6.5+0.4 g/kg, and 1.9£0.3 vs.
2.8£0.5 mm, respectively). Infusion of AM significantly improved left ventricular maximum dP/dr and fractional shortening of myocarditic
hearts (4203 £640 vs. 3450+ 607 mm Hg/s, and 21.324.1 vs. 14.745,1%, respectively).

Conclusion: Infusion of AM improved cardiac function and pathological findings in a rat model of acute myocarditis. Thus, infusion of AM
may be a potent therapeutic strategy for acute myocarditis.

41 2007 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.

Kevwords: A y dins; Ad dullin; Angiogenesis; Infl

1. Introduction for efficacy of immunoglobulin and interferon therapy
appears promising, these results have yet to be demonstrated
Acute myocarditis is a non-ischemic heart disease n randomized or controlled clinical trials [2]). Current
characterized by myocardial inflammation and edema. This therapeutic options are restricted to supportive care for heart
disease is associated with rapidly progressive heart failure, failure or arthythmias [3]. The lack of specific treatment and
arrhythmias and sudden death [1]. Although early evidence the potential severity of the iliness emphasize the importance
of novel and effective therapeutic strategies for myocarditis.
* Comesponding suthors. Depariment of Regenerative Medicine and Adrenomedullin (AM) is a potent vasodilator peptide that
Tissue Engineering, National Cardi lar Center R h Institute, $-7- was originally isolated from human pheochromocytoma [4].
| Fujishirodai. Suitn, Osaka 565-8565, Japan. Tel.: +81 6 6833 3012; fax: Earlier studies have shown that AM has beneficial hemody-
HLEREL T > namic effects on failing hearts via its vasodilatory action and

E-mail adidresses: somshifri.neve go.jp (5. Ohnishi), 5 ) 2 ;
neagsywilrinevegop. (V. Negayak diuretic effects [5.6]. Fur_themm. AM has direct cardiopro-
! These authors contributed equally to this work. tective effects such as anti-inflammatory effects [ 7], inhibition

(HNIB-6363/5 - see front matter © 2007 European Society of Candiology. Published by Elsevier B.V. All rights reserved
doi 10,101 6] cardiores 2007.05.027
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of apopiosis [8], induction of angiogenesis [9] and attenuation
of myocardial hypertrophy [10]. Interestingly, AM has also
been shown to decrease endothelial hyperpermeability in the
heart [11]. These findings rise the possibility that infusion of
AM may attenuate myocardial inflammation and edema in
acute myocarditis. Although previous findings have demon-
strated that infusion of AM is effective for hean failure., its
therapeutic effects in acute myocarditis are still unknown,

Experimental autoimmune myocarditis can be induced in
rais by immunizing them with cardiac myosin, providing a
model that resembles human giant cell myocarditis [12,13].
Although the majority of acute myocarditis is linked to a
viral infection such as coxsackievirus B3, this viral infection
can in some cases cause an autoimmune myocarditis with
chronic myocardial inflammation without viral persistence,
due to the exposure of autoantigens such as cardiac myosin
to the immune system [14,15].

Thus, the purposes of this study were 1) to investigate
whether infusion of AM improves cardiac function and
pathological findings including myocardial inflammation
and edema in rats with myosin-induced myocarditis, and 2)
to investigate the underlying mechanisms responsible for the
effects of AM.

2. Methods
2.1. Experimental autoimmune myocarditis

Purified cardiac myosin from the ventricular muscle of pig
hearts was prepared according to a procedure described
previously [16]. The antigen was dissolved at a concentration
of 20 mg/ml in phosphate-buffered saline (PBS) containing
0.3 M KCl mixed with an equal volume of complete Freund's
adjuvant (CFA) containing 11 mg/ml of Mycobacterium
mberculosis (Difco Laboratories, Sparks, MD, USA).

Male 10-week-old Lewis rats were used in the present
study. Rats were anesthetized by intraperitoneal injection of
pentobarbital (30 mg/kg) and were given an injection of
either 0.2 ml of antigen—adjuvant emulsion or saline mixed
with CFA into the footpad. One week after myosin injection,
an osmotic pump (Alzet, Cupertino, CA, USA) was filled
with either AM (0.05 pg/kg/min) or PBS for 2 weeks, and
implanted subcutaneously between the scapulae. This proto-
col resulted in the creation of 3 groups (n=11 in each group):
sham rats given PBS (sham group), myosin-treated rats
given PBS (control group), and myosin-treated rats given
AM (AM group). The dose of AM used in this study has anti-
apoptotic effects without significant hypotension [8]. The
investigation conforms with the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health.

2.2, Histopathology

After completion of hemodynamic measurements on day
21 post-myosin injection, the heart was excised above the

ongin of the great vessels, and ventricular weight was
recorded. Midventricular portions of the heart were formalin-
fixed and embedded in paraffin, and 4 pm-sections were cut
and stained with hematoxylin and eosin (H&E). H&E-stained
sections were graded by a cardiovascular pathologist (H.1-U.)
as described previously [17). Briefly, coagulation necrosis,
granulation, nflammation and edema were evaluated without
knowledge of the experimental groups on the following scale:
0, no or questionable presence; 1, limited focal distribution
less than 25% area of the section; 2, intermediate severity
covering less than 50% area of the section; 3. intermediate
severity covering greater than 50% and less than 75% area of
the section; and 4, coalescent and extensive foci more than
75% area to the entirety of the transversely sectioned
ventricular tissue (5 fields per rat, n=8 in each group).

2.3, Picrosirius red staining

Paraffin-embedded sections were submitted for picrosir-
s staining for total collagen distribution. Slides were
hydrated, placed in Weigert's iron hematoxylin and in
Bouin's fluid (70% saturated aqueous picric acid, 5% acetic
acid, 25% formalin) for 10 min. The slides were rinsed in
distilled water and placed in 0.025% picrosirius red solution
overnight. The sections were rinsed, dehydrated, cleared,
and mounted. Amount of collagen stain was quantitated
using image analysis software on high-powered (x200)
cross-sectional images (10 fields per rat, #=5 in each group).

2.4. Immunohistochemisery

Paraffin-embedded heart sections were washed in in-
creasing concentrations of ethanol and then in PBS.
Immunohistochemical staining of the sections was per-
formed with antibodies raised against macrophage chemoat-
tractant protein-1 (MCP-1) (BD Bioscience Pharmingen, San
Jose, CA, USA) or CD6R (DakoCytomation, Glostrup,
Denmark), a marker of monocytes and macrophages. The
number of CD68-positive cells was counted with a light
microscope (* 200, 10 fields per rat, n = 6 in each group). To
detect capillary endothelial cells, immunohistochemical
staining of the sections was performed with a rabbit
polyclonal antibody raised against von Willebrand factor
(vWF, DakoCytomation). The number of capillary vessels
was counted using a light microscope (%200, 10 fields per
rat, n=6 in each group).

2.5. Western blot analysis

Western blot was performed as previously described |18].
Briefly, LV tissues were homogenized in 0.1% Tween-20 with
a protease inhibitor, loaded (40 pg) on a 7.5% sodium dodecyl
sulfate-polyacrylanude gel, and blotted onto a polyvinylidene
fluoride membrane (Millipore, Billerica, MA, USA). Afier
blocking for 2 h, membranes were incubated with MMP-2
(Laboratory Vision, Fremont, CA, USA) or MMP-9
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an ECL kit (GE Healthcare, Piscataway, NJ. USA) and
measured by densitometry. A mouse polyclonal antibody
agninst b-actin (Sante Cruz Biotechnology, Santa Cruz, CA,
L'SA

‘as used as a control (#=3 1n each group).

2.6. Quantitative real-time reverse transeription-polymerase

chain reaction (RT-PCR)

=

I Control group
28 AM group Heart ussues (n=3 in each group) were homogemzed with

TissueLyser (Qiagen, Hilden, Germany). Total RNA was
extracted using RNeasyv Mim Kit (Qiz followed by
reverse transcription into ¢DNA using the a myeloblas-
[osis virus transcriptase (Ambion, Austin, TX, USA), accord-
ing to the manufacturers” protocol. PCR amplification was
performed in 50 ul containing 1 ul of cDNA and 25 ul of
Power SYBR Green PCR Master Mix (Applied Biosystems,
Foster City. CA, USA). The following sequence-specific
primers were used for TGF-[3. as described previously [19]:
forward, 3-GTTCTTCAATACGTCAGACATTCG-3": re-
verse, 3-CATTATCTTTGCTGTCACAAGAGC-3', Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) mRNA
amplified from the same samples was served as an internal
control: forward, 3'-GAACATCATCCCTGCATCCA-3: re-
verse, S-CCAGTGAGCTTCCCGTTCA-3'. After an initiul
denaturation at 95 °C for 10 min, a 2-step cycle procedure was
used (denaturation at 95 °C for 15 s, annealing and extension at
60 °C for | min) for 40 cycles in a 7700 sequence detector
{Applied Biosystems). The data were analyzed with Sequence
Detection Systems software

Histological grade (0-4/4+)
L
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Collagen volume fraction (%)

Sham Control AM
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{ findings n acwte myoearding after AM infusion
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$
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@ of myocardial sectiong sh

(Chemicon. Temecula, CA, USA) rabbit polvclonal antibodies
(1:200), then incubated with peroxidase labeled with secondary
antibody ( 1:1000). Positive protem b

nds were visualized with
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2.8, Hemadvnamic study

Hemodynamic measurements were taken on day 21 post-
myosin mjection (#=7 in each group), Rats were anesthe-
tized by intraperitoneal injection of pentobarbital sodium
(30 mg/kg) as a supplement to maintain mild anesthesia, A
1.5 Fr micromanometer-tipped catheter (Millar [nstruments,
Houston, TX, USA) was advanced into the left ventricle
through the right carotid artery, and a polyethylene catheter
(PL-50) was advanced into the right ventricle through
the right jugular vein to measure right ventricular pressure.
Heart raie was also monitored by electrocardiography. As
hemodynamic indices, heart rate. mean arterial pressure, LV
end-diastolic pressure, maximum dP/dr. and minimum dP/ds
were used.

2.9. Echocardiograply

Echocardiography was performed on day 21 post-myosin
injection. A | 2-MHz prabe was placed in the left 4th intercostal
space for M-mode imaging using 2D echocardiography (Sonos
5500, Philips, Bothell, WA, LUSA). M-mode tracings were
abtained at the level of the papillary muscles. Anterior and
posterior end-diastolic wall thickness, left ventricular (LV)
end-diastolic and end-systolic dimension., LV fractional
shorteming (FS). and LV ejection fraction (EF) were measured
in three consecutive cardac cycles by the American Society for
Echocardiology leading-edge method (#=10 in each group)

EF and FS were calculated from the following formula.
respectively:

EF = {end-diastolic volume-end-systolic volume )/
end-diastolic volume

FS = (end-dinstolic diameter—end-systolic diameter) /
end-diastolic dinmeter

210, Sravistical analvsis

All data were expressed as mean=S.E. Comparisons
of parameters among the groups were made by one-way

Tuble |
Physiological profiles of three experimental groups

Sham Control AM
Body weight ¢ 36=2 199=2"
Ventreular weight, g 0, 70=01.0] 1,28 +0 02 1.15=0.03""
Lung/body weight 49=03 49=0% S0=0%
Hear rate, bpm in 3= W3=6
MAE mi Hg 7125 9=
LVSP, mm Hg k 103=4 7=y
LVEDF, mm Hy 4= 21a5" [4=3

Sham, sham s given vehicle; Control, myosin-treted rats given vehicks AM,
mymindnatecd ms gnen AM: MAF, mean anerml pressure; LVSE. left
ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure. Data
an: mean= 8.k TP<0,08 vr. sham: "P<0.08 vs. contol. m=7 m each group,
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3.2, Infiltration of CD68-positive cells in mvocardium

A significant decrease in infiltration of CD68-positive
inflammatory cells was observed in the AM group as
compared to the control group (790£80 vs. 1468 109 cells/
mm~; Fig. 2, panel A and B). Sham tissues showed little or
no myocardial CD68 positivity (data not shown).

3.3. Expression of MCP-1 afier AM infusion

The expression of MCP-1 was increased in myocarditis; it
was localized to the vascular endothelium and also in
myocytes surrounding and adjacent to the areas of
inflammation (Fig. 3. panel A). Heart sections in the AM
group showed a partial decrease in MCP-1 expression.
Serum MCP-1 level was greatly increased in the control
group, whereas a significant decrease was observed in the
AM group (Fig. 3, panel B).

3.4. Effects of AM infusion on MMPs and TGF-J} expression

Western blotting analysis revealed that myocardial levels
of MMP-2 and -9 were significantly increased in the control
group. MMP-2 expression was markedly decreased by AM
infusion, and MMP-9 expression tended to be decreased
after AM infusion (Fig. 4. panel A), Quantitative real-time
RT-PCR analysis demonstrated increased expression of
TGF-p5 in the heart of the control group which was
significantly attenuated by AM treatment (Fig. 4, panel B).
AM infusion did not significantly influence cardiac expres-
sion of IL-13 and TNF-ar (data not shown).

3.5, Angiogenesis induced bv AM infusion

To determine the effect of AM treatment on angiogenesis,
vWF-stained heart sections were subjected to capillary density
counting. Capillary density was increased in the control group,
particularly in areas directly adjacent to tissue necrosis (1 146+
57 vs. 78221 cells/mm?, Fig, 5, panel A and B). However, in
AM-treated tissues, capillary density was further significantly
ncreased not only in the peri-necrotic areas but also in
apparently healthy myocardium (1347£82 vs. 1146:£57cells/
mm?), suggesting that stimulation of angiogenesis was further
augmented by AM treatment.

3.6. Heart weight and hemodynamics after AM infusion

The physiological and catheter-derived functional prop-
erties on day 21 post-myosin injection are summarized in
Table | and Fig. 6, panel A. Myocarditic hearts showed
significantly increased heart weight 1o body weight ratio.
which was decreased by AM treatment. AM treatment also
significantly improved maximum dP/ds. For both minimum
dP/dr and LVEDP, we did not find significant differences.
On echocardiography, AM administration significamtly at-
tenuated increased wall thickness after acute myocarditis.

wlar Research 76 (2007) FH0-7118

AM significantly improved LV fractional shortening and
ejection fraction, although LVDd did not significantly differ
between control and AM groups (Table 2 and Fig. 6, panel
B and C).

4. Discussion

In the present study, AM treatment showed the following
effects in acute myocarditis: 1) reduced necrosis, inflammation
and edema in the myocardium; 2) attenuated expression of
MCP-1, MMP-2 and TGF-p; 3) increased capillary density
suggestive of angiogenesis; and 4) improved cardiac function.

This experimental autoimmune myocarditis model is
triphasic, consisting of an antigen priming phase from days 0
to 14, an autoimmune response phase from days 14021, and a
reparative phase thereafler, associated chronically with a
dilated cardiomyopathy phenotype [20]. MCP-| expression
is increased in the heart from days 15 to 27 post-myosin
injection, and serum MCP-1 level is elevated from days 15 to
24 [21]. We treated rats with AM at 1 week after myosin
injection, corresponding to an early time point in the disease
process. Pathological examination demonstrated that infusion
of AM attenuated myocyte necrosis and inflammation in acute
myocarditis. This observation was supported by a decrease in
infiltration of CD68-positive inflammatory cells in the
myocardium. Interestingly, both MCP-1 expressions in the
myocardium and serum MCP-1 level were decreased afier AM
infusion. MCP-1 is a member of the C-C subfamily of
chemokines with chemoattractant activity for major inflam-
matory cells such as monocytes and T lymphocytes [22], and
this model of acute myocarditis has previously been shown to
be associated with MCP-1 [21], Thus, the decrease in CD6S-
positive cell infiltration in the myocardium following this
treatment may be attributable to inhibition of MCP-1
production by AM. The inhibitory effect of AM on MCP-1
expression is consistent with a previous in vitro study showing
that AM inhibited pressure-induced MCP-1 expression in
mesangial cells [23]. Recently, it has been demonstrated that
AM has anti-inflammatory effects through modulation of
macrophage migration inhibitory factor secretion [24]. Impor-
tantly. overexpression of MCP-1 induces myocarditis and
subsequent development of heart failure [25]. These findings
suggest that the inhibitory effect on MCP-1 expression and
subsequent anti-inflammatory effect of AM are possible
mechanisms of the improvement in acute myocarditis.

We found a significant increase in heart weight to body
weight ratio and wall thickness 3 weeks after myosin injection.
These results indicate exapgerated edematous changes in
myocarditic hearts. Infusion of AM reduced overall heant
weight to body weight ratio and wall thickness in myocarditic
hearts and attenuated histological edematous changes. Earlier
studies have demonstrated that AM decreases vascular
congestion and endothelial hyperpermeability in the heart
[11], reduces hyperpermeability of cultured endothelial cells
and inhibits pulmonary edema [26]. Thus, it is interesting to
speculate that the attenuation of edematous changes in the
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heart may be attributable to reduction of endothelial
hyperpermeability by AM.

In the present study, AM infusion significantly increased
the capillary density in myocarditic hearts. In fact, earlier
studies have demonstrated angiogenic properties of AM
in vitro and in vive [27-29]. Importantly, improvement in
myocardial vascular supply has been shown to decrease
necrosis and inflammation in viral myocarditis [30,31]. These
results suggest that AM-induced angiogenesis in the myo-
cardium may be responsible for the improvement in acute
myocarditis, which was indicated by reduced necrosis and
inflammation in myocarditic hears.

As previously mentioned, experimental autoimmune
myocarditis chronically develops into a dilated cardiomy-
opathy phenotype [20]. MMPs have been associated with left
ventricular remodeling [32] and here we showed increased
expression of MMP-2 and -9 as well as increased collagen
deposition in myocarditic hearts. In the present study, AM
treatment significantly reduced both MMP-2 expression and
collagen deposition. In addition, our observation demon-
strated that the expression of TGF-f3, a profibrogenic factor,
was also attenuated by AM treatment. It has been
demonstrated that AM decreases the expression of TGF-[4
in experimental mesangioproliferative glomerulonephritis
[33]. These results suggest that AM may have beneficial
effects on myocardium, possibly through regulation of
factors involved in LV remodeling. In the present study,
LVDd did not significantly differ between the control and
AM groups. However, it should be noted that AM
significantly reduced wall thickness possibly due to
reduction of myocardial edema, leading to a slight increase
in the inner diameter of the LV and a significant increase in
ejection fraction. The major effect of AM was 1o reduce
myocardial edema but not remodeling, despite reducing
biochemical markers of remodeling,

Earlier studies have shown that short-term infusion of AM
decreases arterial pressure and increases cardiac output in
patients with acute heart failure [5]. These findings suggest that
the improvement in cardiac function after acute myocarditis
may be mediated partly by the hemodynamic effects of AM.
However, despite the well-characterized vasorelaxant proper-
ties of AM [4], there was a significant increase in mean anterial
pressure after AM treatment in our model. These findings
suggest that AM induced limited direct hemodynamic action.
Taking these findings together, the improvement of cardiac
function after AM treatment may have been mediated by the
improvement of pathological findings including necrosis,
inflammation and edema in the myocardium rather than by
AM-induced hemodynamic effects.

In conclusion, infusion of AM improved cardiac function
and pathological findings including inflammatory infiltration
and edema in a rat model of acute myocarditis. The beneficial
effects of AM may occur at least in part by inhibitory effects
on MCP-1, MMP-2 and TGF-j5, and by enhancement of
angiogenesis after acute myocarditis. Thus, infusion of AM
may be a potent therapeutic strategy for acute myocarditis.
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Monolayered mesenchymal stem cells repair scarred
myocardium after myocardial infarction

Yoshinori Miyahara'?, Noritoshi Nagaya'®, Masaharu Kataoka', Bobby Yanagawa', Koichi Tanaka',
Hiroyuki Hao?, Kozo Ishino®, Hideyuki Ishida®, Tatsuya Shimizu®, Kenji Kangawa®, Shunji Sano?,

Teruo Okano®, Soichiro Kitamura’ & Hidezo Mori®

Mesenchymal stem cells are multipotent celis that can
differentiate into cardiomyocytes and vascular endothelial cells.
Here we show, using cell sheet technology, that monolayered
mesenchymal stem cells have multipotent and self-propagating
properties after transplantation into infarcted rat hearts. We
cultured adipose tissue-derived mesenchymal stem cells
characterized by flow cytometry using temperature-responsive
culture dishes. Four weeks after coronary ligation, we
transplanted the monolayered mesenchymal stem cells onto the
scarred myocardium. After transplantation, the engrafted sheet
gradually grew to form a thick stratum that included newly
formed vessels, undifferentiated cells and few cardiomyocytes.
The mesenchymal stem cell sheet also acted through paracrine
pathways to trigger angiogenesis, Unlike a fibroblast cell sheet,
the monolayered mesenchymal stem cells reversed wall
thinning in the scar area and improved cardiac function in

rats with myocardial infarction. Thus, transplantation of
monolayered mesenchymal stem cells may be a new
therapeutic strategy for cardiac tissue regeneration.

&M)’D{arﬂla] infarction, a main cause of heart failure, leads to loss of

cardiac tissue and impairment of left ventricular function. Therefore,
restoring the scarred myocardium is desirable for the treatment of
heart failure, Although needle injections of bone marrow cells into the
myocardium have been performed for cardiac regeneration'™, it is
difficult to reconstruct sufficient cardiac mass in the thinned scar area
after myocardial infarction.

Recently, our colleagues have developed cell sheets using tempera-
ture-responsive culture dishes®. These cell sheets allow for cell-to-cell
connections and maintain the presence of adhesion proteins because
enzymatic digestion is not needed”'", Therefore, cell sheet transplan-
tation may be a promising strategy for partial cardiac tissue recon-
struction. Skeletal myoblasts, fetal cardiomyocytes and embryonic
stem cells have been considered as candidates for an implantable cell

1 Can

source' ¥, 1t is difficult, however, to produce a multilayered con-
struct requiring a vascular network. Thus, autologous somatic stem
cells with self-propagating properties that can induce angiogenesis are
a desirable cell source for a transplantable sheet.

Mesenchymal stem cells (MSCs) are multipotent adult stem cells
that reside within the bone marrow microenvironment'***, MSCs can
differentiate not only into osteoblasts, chondrocytes, neurons and
skeletal muscle cells, but also into vascular endothelial cells'® and
cardiomyocytes'”". In contrast to their hematopoietic counterparts,
MSCs are adherent and can expand in culture. Recently, M5Cs have
been isolated from adipose tissue’!~**, which is typically abundant in
individuals with cardiovascular disease. Here, we investigated the
therapeutic potency of monolayered MSCs derived from adipose
tissue using cell sheet technology.

RESULTS

Characteristics of adipose tissue—derived MSCs

We isolated MSCs from subcutaneous adipose tissue of male Sprague-
Dawley rats on the basis of the adherent properties of these cells. We
obtained 1.7 x 10° £ 0.2 x 10° cells from | g adipose tissue in a 12-h
culture. By day 4 of culture of the minced adipose tissue, spindle-
shaped adherent cells were apparent and formed symmetric colonies.
After approximately three to four passages, most adherent cells
expressed CD29 and CD90 (Supplementary Fig. 1 online). In
contrast, the majority of adherent cells were negative for CD34 and
CD45, They were also negative for CD31, a marker for vascular
endothelial cells, and negative for @ smooth muscle actin (xSMA), a
marker for smooth muscle cells. A small fraction of adherent cells
expressed CD71, CDI06 and CD117. These results were similar to
those from bone marrow-derived MSCs!*222% (Supplementary Fig. 1
online), Using previously described methods!®#2%, we confirmed that
these adipose-derived adherent cells, like bone marrow—derived MSCs,
were multipotent, as judged by ther ability to differentiate into
adipocytes, osteoblasts and vascular endothelial cells. Thus, we
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confirmed that the majority of adherent cells isolated from adipose
tissue were MSCs.

Preparation and transplantation of monolayered MSCs
We cultured adipose tissue—derived MSCs (5 x 10° cells) on tem-
perature-responsive dishes for 3 d until confluent. MSCs were
attached on the poly-N-isopropylacrylamide (PIPAAm)-grafted area
(24 * 24 mm; Fig. lab). As the culture temperature was decreased
from 37 “C to 20 "C, MSCs detached spontaneously and floated
up into the culture medium as a monolayer of MSCs within 40 min
(Fig. 1cd). As a control, we prepared dermal fibroblasts (DFBs) by the
skin explant technique?’. DEBs (8 x 10° cells) were cultured on the
temperature-responsive dishes, and monolayered DFBs were fabri-
cated as described above. The final cell counts for monolayered MSCs
and DFBs before transplantation were 9.4 + 0.6 x 10° and 8.6 + 0.6 x
10* cells, respectively (m = 6 each). To identify the thickness of
monolayered MSCs, we used green fluorescent protein (GFP)-expres-
sing cell grafts derived from the GFP-transgenic Sprague-Dawley rats.
Immediately after detachment, cells became compacted, possibly
owing to cytoskeletal tensile reorganization, and the thickness of
monolayered MSCs and DFBs was approximately 3.5-fold greater
than the thickness before detachment (MSCs, 6.2 + 0.3 to 21.5 £
0.8 pm; DFBs, 6.5 + 0.4 to 22.4 + 1.1 pm; Fig. le-h). MSCs on the
temperature-responsive dishes were positive for vimentin and slightly
positive for collagen type |, whereas DFBs were positive for both
markers (Fig. 2a). We transferred detached monolayered MSCs above
the myocardial scar (Fig. 2b) and then attached them to the surface of
the anterior scar (Fig. 2c).

Secretion of angiogenic factors from monolayered MSCs

We measured secretion of angiogenic factors from MSCs 24 h after
monolayers had formed, equivalent to day 4 after initial cell seeding.
The monolayered MSCs secreted significantly larger amounts of
angiogenic and antiapoptatic factors such as vascular endothelial
growth factor (VEGF) and hepatocyte growth factor (HGF) than
did the monolayered DFBs (P < 0.01; Fig. 2d). The control medium
supplemented with 10% fetal calf serum contained less than 5 pg/ml
of VEGF or HGFE. These results suggest that the paracrine effects of
monolayered MSCs on host myocardium are greater than those of
monolayered DFBs.

.. l'q(‘:-.
g
(Y]

Figure 1 Preparation of monolayered MSCs.

(a) MSCs 2 d after seeding on a temperature-
responsive dish. (b} Cultured MSCs expanded

to confluence within the square area of the dish
by day 3. (c) The monolayered MSCs detached
easily from the culture dish at 20 *C. (d) The
completely detached monolayered MSCs were
identified as a 12 x 12 mm square sheet.

(e~h) Cross-sectional analysis of GFP-expressing
monolayered MSCs and OFBs before detachment
(e and g, confocal images) and after detachment
(f and h, left and center, confocal images;

right, Masson trichrome). The thickness of

both monolayers was 3.5-fold greater than the
thickness before detachment, and constituent
cells were compacted. Scale bars in a-c,

100 pm; ind, 5 mm; in e=h, 20 um

Engraftment and growth of monolayered
MSCs

To identify the transplanted cells in myocar-
dial sections, we used GFP-expressing cell
grafts derived from the GFP-transgenic Sprague-Dawley rats. We
grafted monolayered MSCs or DFBs onto the scar area of the anterior
wall (Fig. 3). Fluorescence microscopy showed that GFP-expressing
monolayered MSCs gradually grew in situ and developed into a thick
stratum, up to ~600 pm thick over the native tissue at
4 weeks (Fig. 3a—f). The engrafted MSC tissue tapered off toward
the healthy myocardium (Fig. 3d.e), although most of the mono-
layered MSCs were attached only to the scar area in the anterior wall
because of the large infarct. We rarely detected TUNEL-positive MSCs
in the sheet (< 1%) 48 h after transplantation (Fig. 3g), implying that
cell viability in the sheet was maintained. In contrast, we frequently
detected TUNEL-positive cells (15% + 2%) in the DFB sheet, which
was observed as a thin layer above the scar. Subsequently, the DFB
sheet was undetectable | week later. Masson trichrome staining
showed increased thickness of the anterior wall and attenuation of
left ventricle enlargement after transplantation of monolayered
MSCs (Fig. 3h), although the infarct size did not differ significantly
among the untreated, DFB and MSC groups (Supplementary
Table 1 online).

Reconstruction of cardiac mass

After growth in situ, GFP-expressing MSC tissue contained a number
of mature vascular structures that had positive staining for von
Willebrand factor (vWF) and «SMA (Fig. 4a,b). A small fraction of
the MSC tissue had positive staining for cardiac troponin T and
desmin (Fig. 4c,d). On the other hand, a large proportion of the MSC
tissue was positive for vimentin, a marker for mesenchymal lineage
cells (Fig. 4e). The percentages of graft-derived cells that expressed
endothelial (vWF), smooth muscle (xSMA), cardiac (troponin T) and
mesenchymal (vimentin) markers were 12.2% + 0.6%, 5.0% + 0.3%,
53% £ 0.3% and 57.8% * 2.2%, respectively. Notably, based on
expression of these markers, two-thirds of vascular endothelial cells,
four-fifths of smooth muscle cells and one-twentieth of cardiomyo-
cytes within the MSC tissue were GFP~ and hence were derived from
the host. The MSC tissue stained modestly for collagen type |
(Fig. 4f). Picrosirius red staining showed that collagen deposition
was found mainly in the extracellular matrix and the epicardial margin
of the MSC tissue (Fig. 4g). Excluding staining in blood vessels, the
MSC tissue was also negative for ®SMA, a marker for myofibroblasts
(Fig. 4b). This phenotype was consistent with properties of MSCs
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Figure 2 Characteristics of monolayered

MSCs. (a) Properties of constituent cells in the
monolayered grafts, Compared with DFBs (green),
MSCs (green) are positive for vimentin (red)

and slightly positive for collagen type 1 (red).

(b) Monolayered MSCs (in the dotted circle)
transferred to the infarcted heart. (c) Extent of
monolayered MSCs 48 h after transplantation
(arrows). AW, anterior wall; LV, left ventricle;

RV right ventricle; IVS, interventricular

septum. (d) Comparison of secretion of growth
factors between monolayered MSCs and DFBs.
**P < 0,01 versus DFBs, Scale bar in a, 20 ym;
inb, 5 mm; in ¢, 100 pm.

Echocardiographic analysis showed that
transplantation of monolayered MSCs signi-
ficantly increased diastolic thickness of the
infarcted anterior wall (Fig. 5d). Left ventricle
end-diastolic dimension at 8 weeks was sig-
nificantly smaller in the MSC group than in
the DFB and untreated groups (Fig. 5e).

VEGF

before transplantation (Fig. 2a and Supplementary Fig. 1 online),
suggesting that the MSC tissue includes a number of undifferentiated
MSCs. Taken together, the grown MSC tissue was composed of newly
formed hlood vessels, undifferentiated MSCs and few cardiomyocytes.

Fluorescence in situ hybridization analysis

We performed fluorescence in situ hybridization (FISH) to detect X
and Y chromosomes after sex-mi lantation of mono-
layered MSCs. We transplanted GFP-expressing monolayered MSCs
derived from male rats to female Sprague-Dawley rats that had
suffered an infarct. Four weeks later, newly formed cardiomyocytes
that were positive for GFP had only one set of X and Y chromosomes,
whereas we detected two X chromosomes exclusively in GFP~ host-

|
hed tr

s, derived cells (Fig. 4h). We counted the X and Y chromosomes in male
#Mand female control rats and in the MSC sheet-transplanted rats
=" (Supplementary Table 2 online), and we did not detect extra copies

of the X or Y chromosome in graft-derived GFP* cardiomyocytes.
When we compared the frequencies of the occurrence of zero, one,
two and more than two X chromosomes in the GFP* cardiomyocytes
with the frequencies in male control cardiomyocytes, the GFP*
cardiomyocytes did not show an increased proportion of X chromo-
somes (025 = P > 0.10, * test).

Effects of monolayered MSCs on cardiac function

Heart failure developed 8 weeks after coronary ligation, as indicated by
an increase in left ventride end-diastolic pressure (LVEDP) and
attenuation of maximum and minimum rate of change in left
ventricular pressure (dP/dt). Autologous transplantation of mono-
layered MSCs, however, resulted in decreased LVEDP (Fig. 5a). Left
ventricle maximum and minimum dP/dt were significantly improved
in the MSC group (Fig. 5b,c). We did not observe these hemodynamic
improvements in the DFB group. The MSC group also had signifi-
cantly lower right ventricular weight and lung weight than the DFB
and untreated groups 4 weeks after transplantation (Supplementary
Table 1 online). These results suggest that transplantation of mono-
layered MSCs has beneficial hemodynamic effects in rats with chronic
heart failure.

Transplantation of the monolayered MSCs
significantly increased left ventricle fractional
shortening (Fig. 5f). Left ventricle wall stress
in diastole was markedly lower in the MSC group than in the DFB and
untreated groups (Supplementary Table 3 online). Plasma atrial
natriuretic peptide (ANP) in the DFB and untreated groups was
markedly elevated 8 weeks after myocardial infarction (Fig. 5g).
Transplantation of the 1 d MSCs inhibited the increase in
plasma ANF.

HGF

Survival analysis

The Kaplan-Meier survival curve showed that 4-week survival after
coronary ligation did not differ significantly between the untreated
and MSC groups before transplantation (Fig. 5h). Notably, however,
no rats died after transplantation of monolayered MSCs. Therefore,
the survival rate after transplantation was markedly higher in the MSC
group than in the untreated group (4-week survival after transplanta-
tion was 100% for the MSC group versus 71% for the untreated
group, log-rank test, P < 0.05).

DISCUSSION
There are several advantages to monolayered MSC transplantation,
First, the self-propagating property of MSCs in situ leads to the

formation of a thick stratum on the surface of the scarred myocar-
dium. Second, the multipotency of MSCs and their ability to supply
angiogenic cytokines allows neovascularization in the MSC tissue.
Third, the reconstruction of thick myocardial tissue reduces left
ventricle wall stress and results in improvement of cardiac function
after myocardial infarction. Finally, a substantial part of the trans-
planted tissue is composed of undifferentiated MSCs, and it is
tempting to speculate that such cells may act against future progressive
left ventricle remodeling.

Cellular cardiomyoplasty using needle injections is emerging as a
treatment option for individuals with chronic heart failure, but it may
be limited by failure to regenerate cardiac mass. The cell sheet allows
for cell-to-cell connections owing to the lack a need for enzymatic
digestion®™1%, Thus, the cell sheet has attracted considerable interest as
a tool for tissue engineering™. Here, we used adipose tissue—derived
MSCs as a cellular source for the cell sheet, which resulted in successful
autologous transplantation in heterogenic rats without immunological
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Figure 3 Engraftment, survival and growth of monolayered MSCs. To identify
the transplanted cells within myocardial sections, we used GFP-expressing celis
derived from GFP-transgenic Sprague-Dawley rats. (a-c) MSC tissue above

the anterior scar at day 2 (a), day 14 (b} and day 28 (¢), GFP-expressing
monclayered MSCs were grafted to the native myocardium and grew gradually
in sity, resulting in increased wall thickness. (d,e) MSC tissue above the
surrounding area of the scar at day 2 (d) and day 28 (e). In a-e, upper row
shows immunoflucrescent staining of MSC tissue (green); nuclei are stained
with DAP| (blue), Middle row shows identical sections stained with antibody to
GFP and DAB by bright-field microscopy. Lower row shows hematoxylin and
easin-stained sections. (f) Time course of growth of MSCs expressing GFP.

*P < 0.05 versus thickness of GFP* MSC tissue at 1 week. (g) TUNEL
staining of transplanted MSCs (green, left) and DFBs {(green, right) 48 h after
transplantation. Nuclei are stained with DAPI (blue). Amrows indicate TUNEL-
positive nuclei (red). (h) Photomicrographs show two cases of representative
myocardial sections stained with Massan trichrome in the individual groups.
Left ventricle gement was atte d by the transpl of
monolayered MSC. Scale bars in a-e and upper panels of h, 100 um;

in g, 20 pm; in lower panels of h, 1 mm.

rejection. Using flow cytometry, we did not find any substantial
differences between adipose tissue-derived MSCs and bone mar-
row-derived MSCs, consistent with results from previous studies?2%,
Adipose-derived MSCs readily attached to and propagated on the
temperature-responsive dish. Abdominal subcutaneous adipose tissue
is clinically redundant and easily accessible by rapid and minimally
invasive surgery such as liposuction. Thus, adipose tissue may serve as
a source of stem cells for therapeutic cell sheets,

Here, monolayered M5Cs could readily be transferred and grafted to
the scarred myocardium without additives or suturing. This may be
attributable to cell-to-cell connections as well as extracellular matrix
deposits on the basal surface of the monolayered MSCs. Regeneration
of myocardial mass is thought to require multilayered constructs of the
cell sheet. Unfortunately, however, the lack of a vascular network has
limited the formation of a thick construct!®®, The transplanted
monolayered MSCs thickened gradually, developing into a stratum
of up to 600 pm in thickness over the native tissue 4 weeks after
transplantation, suggesting that monolayered MSCs have an ability to
grow in siti. As a result, the transplanted MSC tissue reversed wall
thinning of the infarcted myocardium. On the other hand, the
fibroblast sheet did not grow in situ. It should be noted that the
MSC tissue included a large number of newly formed blood vessels.
These vessels were composed of graft-derived cells, host-derived cells or
both. The MSC sheet secreted a large amount of angiogenic and
antiapoptotic cytokines, including VEGF and HGE, as compared with
the fibroblast sheet. These results suggest that M5Cs induce neovascu-
larization within the sheet not only through their ability to differentiate
into vascular cells but also through growth factor-mediated paracrine
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regulation. Thus, we believe that the angiogenic action of MSCs is
important for reconstruction of cardiac mass by the MSC tissue.

Four weeks after transplantation, a small fraction of the engrafted
MSCs were positive for cardiac proteins such as cardiac troponin Tand
desmin, suggesting the presence of cardiomyocytes within the MSC
tissue. FISH analysis suggested that the most cardiomyocytes within the
MSC tissue were not derived from cell fusion, but we are unable 1o
exclude the possibility that some were. Further studies are necessary to
investigate the mechanisms by which MSCs within the MSC tissue
regenerate cardiomyocytes. The majority of the MSC tissue was positive
for vimentin, a marker for undifferentiated MSCs and fibroblasts. In
addition, the majority of MSCs within the graft were negative for
collagen type 1 and 2SMA, a marker for myofibroblasts. These results
suggest that the grown-up MSC tissue is composed of newly formed
blood vessels, undifferentiated MSCs and few cardiomyocytes.

We have also shown that transplantation of the monolayered MSCs
significantly increased left ventrice maximum dP/dr, decreased
LVEDP and inhibited the development of left ventricle enlargement
in rats with chronic heart failure secondary to myocardial infarction.
These results suggest that transplantation of monolayered MSCs
improves cardiac function. But the presence of cardiomyocytes within
the MSC tissue seemed to be rare. Thus, this improvement may be
explained mainly by growth factor-mediated paracrine effects of the
MSC sheet and a decrease in left ventricle wall stress resulting from the
thick MSC tissue. Furthermore, no rats treated with the monolayered
MSCs died during the study period, although untreated rats died
frequently. These results indicate that fatal arrythmogenic problems
were not caused by integration of the MSC tissue,
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