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Addition of Mesenchymal Stem Cells Enhances
the Therapeutic Effects of Skeletal Myoblast Cell-Sheet
Transplantation in a Rat Ischemic Cardiomyopathy Model
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Introduction: Functional skeletal myoblasts (SMBs) are transplanted into the heart effectively and safely as cell
sheets, which induce functional recovery in myocardial infarction (MI) patients without lethal arrhythmia.
However, their therapeutic effect is limited by ischemia. Mesenchymal stem cells (MSCs) have prosurvival/
proliferation and antiapoptotic effects on co-cultured cells in vitro. We hypothesized that adding MSCs to the
SMB cell sheets might enhance SMB survival post-transplantation and improve their therapeutic effects.
Methods and Results: Cell sheets of primary SMBs of male Lewis rats (r-SMBs), primary MSCs of human female
fat tissues (h-MSCs), and their co-cultures were generated using temperature-responsive dishes. The levels of
candidate paracrine factors, rat hepatocyte growth factor and vascular endothelial growth factor, in vitro were
significantly greater in the h-MSC/r-SMB co-cultures than in those containing r-SMBs only, by real-time PCR
and enzyme-linked immunosorbent assay (ELISA). MI was generated by left-coronary artery occlusion in female
athymic nude rats. Two weeks later, co-cultured r-SMB or h-MSC cell sheets were implanted or no treatment
was performed (n=10 each). Eight weeks later, systolic and diastolic function parameters were improved in all
three treatment groups compared to no treatment, with the greatest improvement in the co-cultured cell sheet
transplantation group. Consistent results were found for capillary density, collagen accumulation, myocyte
hypertrophy, Akt-signaling, STAT3 signaling, and survival of transplanted cells of rat origin, and were related to
poly (ADP-ribose) polymerase-dependent signal transduction.

Conclusions: Adding MSCs to SMB cell sheets enhanced the sheets’ angiogenesis-related paracrine mechanics
and, consequently, functional recovery in a rat MI model, suggesting a possible strategy for clinical applications.

Introduction minimal myocardial injury, enhanced paracrine effects, and

consequently better cardiac function than attained by nee-
48

ARECENT LARGE-SCALE clinical trial, in which autologous
skeletal myoblasts (SMBs) were directly injected into
the heart by needle, reported only modest therapeutic
benefits and a substantial risk of ventricular arrhythmias,
due at least partly to the delivery method."” The major
drawbacks of SMB delivery by needle injection are poor cell
survival in the heart, leading to insufficient paracrine ef-
fects, and mechanical myocardial injury, potentially causing
lethal arrhythmia.'” In contrast, cell-sheet techniques,
which we developed, deliver SMBs more effectively with

dle injection.

The mechanism by which damaged myocardium is re-
stored by transplanted SMB cell sheets is complex, involving
many pathways.*® Recent reports show beneficial effects of
SMB cell-sheet transplantation in several animal experi-
mental models and patients with heart failure, which are
primarily attributed to cytokine secretion from the trans-
planted cell sheets (i.e., a paracrine effect).*”

However, SMB cell sheets attached to the surface of the
infarcted myocardium are poorly supported by the vascular
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CO-CULTURED CELL-SHEET IMPLANTATION

network of the native myocardium, which limits the survival
of the SMBs and, consequently, their therapeutic effects.”
Thus, conventional SMB cell-sheet transplantation might be
insufficient to repair severely damaged myocardium, which
has poor viability. Mesenchymal stem cells (MSCs) are used
as feeder cells to support the survival, proliferation, and
differentiation of co-cultured stem/progenitor cells
in vitro.'>*? Moreover, MSCs are advantageous for cellular
therapy because they are multipotent, potentially immune
privileged, and expand easily ex vivo. MSCs also proliferate
rapidly and induce angiogenesis.”'*

We hypothesized that adding MSCs to the SMB cell sheets
in vitro might enhance their survival and function after
transplantation, which might enhance the benefits of SMB
cell-sheet transplantation therapy. Here, we investigated
whether co-culturing SMBs with MSCs would enhance the
SMBs’ cytokine production in vitro. We also examined the
therapeutic effects on chronic ischemic heart failure of
transplanting cell sheets created from co-cultured SMBs and
MSCs, compared with SMB-only and MSC-only cell sheets.

Materials and Methods

This study was approved by the Institutional Ethics
Committee of the Osaka University. Humane animal care
was used in compliance with the “Principles of Laboratory
Animal Care” formulated by the National Society for Medi-
cal Research, and the “Guide for the Care and Use of La-
boratory Animals” prepared by the Institute of Animal
Resources and published by the National Institutes of Health
(Publication No. 85-23, revised 1996). All procedures and
evaluations, including assessments of cardiac parameters,
were carried out in a blinded manner. The authors had full
access to the data and take full responsibility for its integrity.
All authors have read and agreed to the article as written.

Isolation of SMBs and adipose tissue-derived
mesenchymal cells, and cell-sheet preparation

Primary skeletal myoblasts of rat origin (r-SMBs) were
isolated from Lewis rats (3 weeks old, male; CLEA Japan,
Inc.) and expanded in vitro as described previously””®: more
than 70% of the isolated cells were actin positive and 60-70%
were desmin positive, as determined by flow cytometry
(data not shown). To detect r-SMBs, we used GFP transgenic
Lewis rats.'® Primary human MSCs (h-MSCs) were isolated
from female subcutaneous adipose tissue samples as de-
scribed.’” h-MSCs exhibit mesenchymal morphology (Fig.
1A). Cell sheets consisting of r-SMBs or h-MSCs were pre-
pared using temperature-responsive culture dishes (UpCell®;
CellSeed), as described.’ Cell sheets containing both r-SMBs
and h-MSCs were prepared by co-culturing these cells in
temperature-responsive culture dishes.

Rat myocardial infarction model
and cell-sheet implantation

A proximal site of the left anterior descending coronary
artery (LCA) of athymic nude rats (F344/NJcl-rmu/rnu, 8-
week-old, female, 120-130g; CLEA Japan) was permanently
occluded using a thoracotomy approach. The animals were
then kept in temperature-controlled individual cages for 2
weeks to generate a subacute ischemic heart failure mod-
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FIG. 1. (A) Morphology of SMB and MSC. (B) Study pro-

tocol used for the assessment of cardiac function and histology.
Athymic nude rats (F344/NJcl-rnu/rmu) underwent induction
of myocardial infarction by occluding the LAD permanently,
followed by the treatment procedure 2 weeks later. Cardiac
function was assessed by echocardiography just before 2, 4, 6,
and 8 weeks after the treatment procedure. Eight weeks after
the treatment procedure, invasive hemodynamic analysis and
histological examination were performed following the sacri-
fice. SMB +MSC, co-culture of SMBs and MSCs; SMB, skeletal
myoblast; MSC, derived mesenchymal stem cell; Echo, echo-
cardiography; PV loop, invasive hemodynamic analysis. Color
images available online at www liebertpub.com/tea

el.”312 The rats were then divided into 4 experimental groups
(n=10 in each) as follows: (1) transplantation of triple-layer h-
MSC cell sheets (7.5x 10° cells per sheet), (2) transplantation of
triple-layer r-SMB cell sheets (3.0x 10° cells per sheet), (3)
transplantation of triple-layer co-cultured r-SMB (3.0x10°
cells per sheet) and h-MSC (7.5%10° cells per sheet) sheets,
and (4) no treatment (control) (Fig. 1B). Thereafter, the rats
were kept in individual cages for 4 weeks.

Echocardiography

Echocardiography was performed under general anes-
thesia using 1% isoflurane just before, and 2, 4, 6, and 8
weeks after the treatment procedure (SONOS 7500; Philips
Medical Systems) (Fig. 1B). Left ventricular end-diastolic
diameter (LVEDD), left ventricular end-systolic diameter
(LVESD), and end diastolic anterior wall thickness at the
level of the papillary muscles were measured for at least
three consecutive cardiac cycles, following the American
Society for Echocardiology leading-edge method. Fractional
shortening (FS) and ejection fraction (EF) were calculated as
parameters of systolic function, as follows:

FS (%)= (LVEDD -LVESD)/LVEDD

EF (%)=[(LVEDD®-LVESD?®)/LVEDD?*

Cardiac catheterization

To assess systolic and diastolic cardiac function, cardiac
catheterization was performed under general anesthesia
using 1% isoflurane, 8 weeks after the treatment procedure.
A MicroTip catheter transducer (SPR-671; Millar Instru-
ments, Inc.) and conductance catheters (Unique Medical
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Co.) were placed longitudinally in the left ventricle (LV)
from the apex and connected to an Integral 3-signal
conditioner-processor (Unique Medical Co.). End-systolic
pressure-volume relationships (ESPVR) were determined
by transiently compressing the inferior vena cava. Data
were recorded as a series of pressure-volume loops (~20),
which were analyzed using Integral 3 software (Unique
Medical Co.). The maximal and minimal rates of change in
LV pressure (dP/dt max and dP/dt min, respectively) were
obtained from steady-state beats using custom-made soft-
ware. We assessed the early active part of the relaxation
using the relaxation time constant (t), which was deter-
mined from the LV pressure decay curve. After the hemo-
dynamic assessment, the heart was removed for further
biochemical and histological analyses.

Real-time quantitative PCR

Total RNA was extracted from cultured cell sheets or
cardiac muscle tissue 8 weeks post-transplantation using
TRIzol reagent (Invitrogen) and reverse transcribed into
c¢DNA using TagMan Reverse Transcription Reagents (Ap-
plied Biosystems). Subsequently, real-time PCR assays were
performed using an ABI PRISM 7700 machine.*”* Hepato-
cyte growth factor (HGF), vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (PEGF), insulin
growth factor (IGF), and thymosin B were assayed using rat-
specific primers and probes (Applied Biosystems). The av-
erage copy number of gene transcripts for each sample was
normalized to that for GAPDH.

Survival of grafted donor cells

The presence of grafted male cells in the female heart was
quantitatively assessed by real-time PCR for the Y chromosome-
specific gene sry. Four weeks after cell-sheet transplantation,
genomic DNA was extracted from the entire LV walls using
the QIAmp genomic DNA purification system (Qiagen). The
signals for the autosomal single-copy gene were normal-
ized to the amount of total DNA.” The primers were sry:
forward, 5 GCCTCAGGACATATTAATCTCTGGAG-3';
reverse, 5-GCTGATCTCTGAATTCTGCATGC-3".

Protein analysis

Enzyme-linked immunosorbent assay (ELISA) kits were
used to measure proteins, such as HGF (Institute of Im-
munology) and VEGF (Quantikine; R&D) of rat origin, se-
creted from the cultured cell sheets in vitro, according to the
manufacturers’ suggested protocols. Values were calibrated
for the extracted total proteins (n=5 in each group). The
ELISA Kkits were also used to quantitatively analyze HGF
(r-HGF) and VEGF (r-VEGF) of rat origin in heart tissue
lysates (n=>5 in each group).

Cytokine/chemokine multiplex immunology assay

The amount of each protein secreted from the cultured cell
sheets in vitro was measured by Milliplex Rat Cytokine/
Chemokine Panel Premixed 32Plex (Millipore), according to
the manufacturer’s instructions.? In this procedure, we ap-
plied human SMBs (h-SMBs) isolated and cultured from the
patient (age 53 years, male) and expand in vitro as described
previously.
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Histological analyses

Eight weeks after cell-sheet implantation, the hearts were
dissected, fixed in 4% paraformaldehyde, and embedded in
either optimum cutting temperature compound for 5-pm-
thick cryosections or paraffin for 5-pum-thick sections (n=>5 in
each group) (Fig. 1). The paraffin-embedded sections were
used for routine hematoxylin—eosin (HE) staining to assess
the myocardial structure. Masson’s trichrome staining was
performed to assess cardiac fibrosis in the remote myocar-
dium. The fibrotic cardiac area was calculated as the per-
centage of myocardial area. The data were collected from 10
individual views per heart at a magnification of x200. The
heart sections were also stained with an antibody to von
Willebrand Factor (vWF) to assess capillary density, which
was calculated as the number of positively stained capillary
vessels that were 5-10 pm in diameter in 10 randomly se-
lected fields in the peri-infarct area, per heart. To determine
the extent of apoptosis, sections from frozen tissue samples
were subjected to terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) with an in situ
apoptosis detection kit (Apoptag; Chemicon). Image ] soft-
ware was used for quantitative morphometric analysis.

To detect r-SMBs, we used GFP transgenic Lewis rats.'
Cryosections were stained with an anti-HGF antibody (1:50
dilution; LifeSpan BioSciences). To detect h-MSCs and dif-
ferentiation of the transplanted cell sheet, sections were
stained with an antibody to human leukocyte antigen (1:50
dilution; Dako). The secondary antibody was Alexa Fluor
555 goat anti-mouse (1:200 dilution; Molecular Probes). Cell
nuclei were counterstained with 6-diamidino-2-phenylindole
(DAPL; Invitrogen). The images were examined by fluores-
cence microscopy (Keyence).

Western blotting

Tissue homogenates from LV samples in the cell-sheet
transplanted site (n=3 in each group, on day 1) were prepared
using lysis buffer (100mM Tris pH 7.4, 20% SDS, 10mM
EDTA. 10mM NaF, 2mM sodium orthovanadate). The
equivalent total protein was loaded onto SDS-polyacrylamide
gel electrophoresis gels. Antibodies obtained from Cell Sig-
naling were antiphosphorylated STAT3 (#9145), antiphos-
phorylated Akt (#4051), anti-Bcl, (#2876), and anti-poly (ADP-
ribose) polymerase (PARP) (#9542). The labeled membrane
was stripped and then re-probed with anti-STAT3 (#9132),
anti-AKT (#9272), and anti-cleaved PARP (#9545) antibodies.
Blots were scanned, and quantitative analysis was performed
using Image | software. The relative proportion of the phos-
phorylated STAT3 was referred to that of the STAT3. The
relative proportion of the phosphorylated Akt was referred to
that of the Akt. The relative proportion of the PARP, cleaved
PARP, Bcl, was referred to that of the control group.

Statistical analysis

Continuous variables are expressed as the mean+SD. The
significance of differences was determined using a two-
tailed multiple t-test with Bonferroni correction following
repeated-measures analysis of variance for individual
differences. A p-value less than 0.05 was considered to be
statistically significant. All statistical calculations were per-
formed using the SPSS software (version 11.0; SPSS, Inc.).
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Results

Production and release of cytokines/chemokines
by cell sheets

Both h-SMBs and h-MSCs, as analyzed by cytokine anti-
body array, released abundant angiogenic factors in vitro,
with distance profiles (Fig. 2A). Co-cultures of h-SMBs and
h-MSCs showed significantly enhanced levels of HGF,
VEGF, Leptin, and PECAM-1, but not of follistatin, G-CSF,
IL-8, or PDGF-BB from the h-SMBs.

The seeding ratio of 4:1 r-SMBs:h-MSCs elicited the
greatest in vitro mRINA expression of rat HGF and VEGF by
real-time PCR (Fig. 2B). The mRNA levels of SMB-derived
r-HGF and r-VEGF, analyzed by real-time PCR using rat-
specific primers, were significantly greater in the co-cultured
cell sheets than r-SMB-only ones (Fig. 2C), whereas the
mRNA levels of IGF-1, bFGF, SDF-1, and TMSB4 were es-
sentially the same (Supplementary Fig. S1; Supplementary
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Data are available online at www .liebertpub.com/tea). No
mRNAs for cytokines of rat origin were detected in h-MSC-
only cell sheets. Rat HGF and VEGF in the culture superna-
tants, analyzed by ELISA with rat-specific primary antibodies,
were significantly higher in the co-culture supernatants than
the r-SMB-only ones, and no rat cytokines were detected in
the h-MSC-only supernatants (Fig. 2D).

Cardiac functional recovery after cell-sheet
transplantation

The effects of cell-sheet transplantation on cardiac function
were assessed in a rat chronic ischemic heart-failure model.
Two weeks after permanent occlusion of the LCA, the LV
developed echocardiographic features typical of chronic is-
chemic heart failure, including decreased FS, EF, and anterior
wall thickness, and increased end-diastolic and systolic di-
ameter (EDD and ESD, respectively). Following myocardial
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infarction (MI), FS, EF, and anterior wall thickness showed and 8 weeks after treatment, FS, EF, and anterior wall
steady reductions, whereas EDD/ESD showed steady in- thickness were significantly greater following SMB-only
creases, suggesting progressive LV remodeling. or MSC-only cell-sheet transplantation than the control,

Following either SMB-only or MSC-only cell-sheet and significantly better recovery was obtained using the
transplantation, the heart showed mild recovery, including  co-cultured cell sheets than either single cell-type sheet
increases in FS, EF, and anterior wall thickness. At 2, 4, 6, (Fig. 3A).
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FIG. 3. Cardiac functional recovery after cell-sheet transplantation. (A) Echocardiographic analysis. Fractional shortening,
ejection fraction, and anterior wall thickness were significantly improved 2, 4, 6, and 8 weeks after cell-sheet transplantation
in the SMB+MSC sheet group, compared with the other three groups. Left ventricular end-diastolic and end-systolic di-
ameters in the SMB+MSC sheet group were significantly decreased 4, 6, and 8 weeks after cell-sheet transplantation,
compared with the other three groups (N=10 in each group. SMB+MSC group, green line; SMB group, blue line; MSC
group, pink line; control group, red line). (B) Hemodynamic measurements determined by cardiac catheterization (n=10 in
each group). Max. and min. dP/dt and ESPVR significantly improved in the SMB+MSC group, compared with the other
three groups. Max. dP/dt, maximal rate of change in left ventricular pressure; min. dP/dt, minimal rate of change in left
ventricular pressure; ESPVR, end-systolic pressure-volume relationship; EDPVR, end-diastolic pressure-volume relationship;
1: active part of relaxation shown by the relaxation time constant. N=10 in each group. *p <0.05 versus SMB-only cell sheet.
79 <0.05 versus MSC-only cell sheet. {p<0.05 versus control. n.s., not significant. Error bars=SD. Color images available
online at www liebertpub.com/tea



CO-CULTURED CELL-SHEET IMPLANTATION

Assessment by LV catheter showed a similar trend. Eight
weeks after transplantation, the maximal and minimal rate of
change in LV pressure (max. dP/dt and min. dP/dt, respec-
tively) and end-systolic pressure-volume relationship (ESPVR)
were significantly greater following either single-cell-type cell-
sheet transplantation than the control, but © was significantly
different. After the co-culture cell-sheet transplantation, the
max. dP/dt, min. dP/dt, and ESPVR improved further, with
no significant difference in EDPVR or t (Fig. 3B).

Reverse remodeling after co-culture
cell-sheet transplantation

The LV structure was better maintained after SMB-only or
MSC-only cell-sheet transplantation, compared to the con-
trol, in which the LV cavity was severely enlarged with a
thin anterior wall, as assessed by HE staining (Fig. 4A). The
LV structure was even better maintained after the co-culture
cell-sheet transplantation. In the control, abundant collagen
accumulations were observed in the infarct area, and diffuse
fibrotic changes were induced in the remote area, whereas
collagen accumulation was attenuated in both the remote
area with the single cell-type sheet transplants, as assessed
by Masson’s trichrome staining (Fig. 4B, C). Fibrotic changes
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in the remote area were further attenuated by transplanta-
tion of the co-cultured cell sheet (Fig. 4D).

A greater number of vWF-positive blood vessels was de-
tected in the peri-infarcted myocardium following the
transplantation of either single-cell-type cell sheet, compared
to the control (Fig. 5A), and even more vWFE-positive blood
vessels were seen with transplantation of the co-cultured cell
sheet. The capillary density in the peri-infarcted myocar-
dium, which was semi-quantitatively assessed in 10 ran-
domly selected individual fields, was significantly greater
following the transplantation of either single-cell-type cell
sheet, compared to the control (Fig. 5B), and it was further
increased after the co-cultured cell-sheet transplantation.

Major intercellular signaling molecules relevant to angio-
genesis and cell survival were analyzed by western blotting.
The ratio of p-STAT3 over total STAT3 was greatly increased
after co-cultured cell-sheet transplantation (Fig. 5C).

Survival of transplanted cells in the heart

Four weeks after the cell-sheet transplantation, signifi-
cantly more transplanted rat cells survived in co-cultured
sheets than SMB-only sheets, as analyzed by PCR assays for
the Y-chromosome-specific Sry gene (Fig. 6A).

Control

FIG. 4. Histological reverse
remodeling after cell-sheet
transplantation. (A) Macro-
scopic (x40) views of the
heart stained by hematoxy-
lin—eosin. (B) Macroscopic
(x40) views of the heart
stained by Masson’s tri-
chrome. (C) Microscopic
(x200) representative Mas-
son’s trichrome staining at
the remote myocardium
(white bar=40 pm). (D)
Quantification of percent fi-
brosis at the remote area.
Significant suppression of fi-
brosis was found after
SMB+MSC sheet transplan-
tation compared with the
other three groups. N=5 in
each group. *p <0.05 versus
SMB. Tp<0.05 versus MSC.
1p<0.05 versus control. Error
bars=SD. Color images
available online at www

¥ Jiebertpub.com/tea
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The percentage of TUNEL-positive myocytes was signifi-
cantly lower following the transplantation of the co-cultured
cell sheet compared to the control (Fig. 6B).

Akt-1 and Bc)-2 were highly expressed in the heart fol-
lowing transplantation of the SMB-only or co-cultured cell
sheet, compared with the control, as analyzed by real-time
quantitative PCR using rat-specific primers (Fig. 6C).

Notably, among apoptosis-signaling molecules, Bcl, and
cleaved PARP were increased 1 day after the co-culture cell-
sheet transplantation. There was no significant difference in
the ratio of phosphorylation of Akt over Akt (Fig. 6D).

Upregulation of cardioprotective factors in the
myocardium after cell-sheet transplantation

The mRNA expression of cardioprotective factors, such as
HGE, VEGF, IGF-1, and bFGF, in the infarct and infarct-
remote areas of the myocardium was analyzed by real-time
PCR using rat-specific primers, which detected factors re-
leased by transplanted SMB or the native myocardium. The
expression of these factors was not significantly different
after transplantation of either single-cell-type cell sheet or no
treatment, except for HGF expression in the infarct area,
which was significantly greater after the SMB-only sheet
transplantation (Fig. 7A, B). In contrast, following trans-
plantation of the co-cultured cell sheet, the HGF and VEGF

Control
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levels in the infarct area were significantly greater than after
transplantation of either single cell-type cell sheet or control,
although the levels of IGF-1 and bFGF were unchanged
(Fig. 2A). The intramyocardial protein levels of HGF and
VEGF, analyzed by ELISA, were significantly greater after
transplantation of the co-cultured cell sheet than of either
single-cell-type cell sheet or no treatment (Fig. 7C).

Immunoconfocal microscopy showed that HGF was
found in the transplanted SMBs from the co-cultured cell
sheet (Fig. 8A).

MSCs differentiate into new vessels in situ

The differentiation capacity of the transplanted h-MSCs
was assessed by immunoconfocal microscopy. As expected,
no human-derived cells were seen in either the r-SMB-only
transplantation group or the control group. However, hu-
man vWE-positive staining was observed in the host vessels
in both the co-cultured cell-sheet group and the h-MSC-only
cell-sheet transplantation group. Thus, the h-MSCs could
differentiate into vessel walls in vivo (Fig. 8B).

Discussion

Here, we demonstrated that SMB cell sheets abundantly
synthesized and extracellularly released multiple cytokines
and chemokines, and adding MSCs enhanced the SMB cell



