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Transplantation of human cardiomyoblast-like cells (hCLCs) from human adipose tissue-derived multi-
lineage progenitor cells improved left ventricular function and survival of rats with myocardial infarction.
Here we examined the effect of intracoronary artery transplantation of human CLCs in a swine model of
chronic heart failure. Twenty-four pigs underwent balloon-occlusion of the first diagonal branch followed

Keywords: ) by reperfusion, with a second balloon-occlusion of the left ascending coronary artery 1 week later fol-
i%“M“]l)ag cardiomyoplasty lowed by reperfusion. Four weeks after the second occlusion/reperfusion, 17 of the 18 surviving animals
S

with severe chronic MI (ejection fraction <35% by echocardiography) were immunosuppressed then ran-
domly assigned to receive either intracoronary artery transplantation of hCLCs hADMPCs or placebo lactic
Ringer’s solution with heparin. Intracoronary artery transplantation was followed by the distribution of
Dil-stained hCLCs into the scarred myocardial milieu. Echocardiography at post-transplant days 4 and
8 weeks showed rescue and maintenance of cardiac function in the hCLCs transplanted group, but not
in the control animals, indicating myocardial functional recovery by hCLCs intracoronary transplantation.
At 8 week post-transplantation, 7 of 8 hCLCs transplanted animals were still alive compared with only 1
of the 5 control (p = 0.0147). Histological studies at week 12 post-transplantation demonstrated engraft-
ment of the pre Dil-stained hCLCs into the scarred myocardium and their expression of human specific
alpha-cardiac actin. Human alpha cardiac actin-positive cells also expressed cardiac nuclear factors;
nkx2.5 and GATA-4. Our results suggest that intracoronary artery transplantation of hCLCs is a potentially
effective therapeutic strategy for future cardiac tissue regeneration.

© 2012 Elsevier Inc. All rights reserved.

Myocardial infarction
Transplantation

1. Introduction Cellular cardiomyoplasty was developed as a new approach to

restore normal heart function, [3,4] using a variety of cell types

End-stage heart failure remains a major cause of death world-
wide, mainly due to myocardial ischemia. Cardiac transplantation
and mechanical support using implantation of the left ventricular
assist system (LVAS) were established as the ultimate means of
support for these patients [1,2]. However, these treatment entities
have certain limitations including donor shortage, rejection, and
LVAS durability, and alternative strategies are needed in such
circumstances.

* Corresponding author at: The Center for Medical Engineering and Informatics,
Osaka University, 2-2 Yamada-oka, Suita, Osaka 565-0879, Japan.
E-mail address: akifumi-matsuyama@umin.ac,jp (A. Matsuyama).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.08.004

[3-5]. Mesenchymal stem cells (MSC) seem particularly advanta-
geous for cellular therapy in general because they are multipotent,
potentially immune privileged [6]. MSC also proliferate rapidly and
differentiate into cardiomyogenic cells [7-10]. MSC can be isolated
from human adipose tissue, which can be resected easily and safely
in most patients [11,12]. In fact, we have reported that adipose tis-
sue-derived multilineage progenitor cells (ADMPCs), which met
the criteria as mesenchymal stem cells [13], can differentiate into
hepatocytes both in vitro and in vivo [14,15]. Recently, we demon-
strated that human cardiomyoblast-like cells (hCLCs) from human
adipose tissue-derived multi-lineage progenitor cells transplanted
into rats with chronic myocardial infarction reversed wall thinning
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in the scarred area with the engrafted cells forming a thick stra-
tum, and that the hCLCs reversed left ventricular dysfunction in
the long term and survival of rats with experimentally-induced
myocardial infarction [16].

The present study is an extension to the above study and was
designed to accelerate the clinical application of hCLCs. Specifi-
cally, we examined in pre-/non-clinical studies the effects of hCLCs
transplantation on cardiac dysfunction and on long-term survival
with swine chronic myocardial infarction model. We also docu-
mented the histological regeneration of damaged myocardium
after transplantation of hCLCs in vivo.

2. Materials and methods
2.1. Adipose tissue

Adipose tissue samples were resected from five human subjects
during plastic surgery (all females, age, 20-60 years) as excess
discards. Ten to 50 g of subcutaneous adipose tissue were collected
from each subject after obtaining of informed consent. The proto-
col was approved by the Review Board for Human Research of
Kobe University Graduate School of Medicine, Osaka University
Graduate School of Medicine and Foundation for Biomedical
Research and Innovation.

2.2. Isolation of hRADMPCs and preparation of hCLCs

Human adipose tissue-derived multi-lineage progenitor cells
(hADMPCs) were prepared as described previously [13-17]. After
passaging 5 to 6 times, the hADMPCs were replated and treated
with 0.1% dimethyl sulfoxide (DMSO) (Cryoserve, GE Healthcare
Biosciences, Uppsala, Sweden) for 48 h.

2.3. Reverse transcriptase-polymerase chain reaction

Total RNA was isolated from hADMPCs and cardiomyoblasts
using an RNAeasy kit (Qiagen, Hilden, Germany). After treatment

1% balloning to D1 (#9)

with DNase, cDNA was synthesized from 500 ng total RNA using
Superscript Il reverse transcriptase RNase H minus (Invitrogen,
Carlsbad, CA). Real-time PCR was performed using the ABI
Prism 7900 Sequence Detection System (Applied Biosystems,
Foster City, CA). 20X Assays-on-Demand™ Gene Expression Assay
Mix for nkx2.5 (Hs00231763_m1), islet-1 (Hs00158126_m1),
GATA-4 (Hs00171403_m1), alpha-cardiac actin (Hs01109515_m),
cardiac troponin I (Hs00165957_m1), myosin light chain (MLC)
(Hs00166405_m1), myosin heavy chain (MHC) (Hs00411908_m1)
and  glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)
(Hs99999905_m1) were obtained from Applied Biosystems. Taq-
Man® Universal PCR Master Mix, No AmpErase® UNG (2X), was
also purchased from Applied Biosystems. Reactions were per-
formed in quadruplicate and the mRNA levels were normalized rel-
ative to human GAPDH expression. Then the fold-inductions of
hCLCs were compared to hADMPCs.

2.4. Animal model of myocardial infarction and cell transplantation

Five weeks before transplantation, the first diagonal branch
(D1; #9) of the coronary arteries of 24 pigs (8-week-old female,
30.5 + 0.7 kg, mean * standard error of the mean) was balloon-oc-
cluded for 60 min followed by reperfusion, (Fig. 1A). One week la-
ter, the left ascending coronary artery of the same animals was
balloon-occluded just proximal of the first septal branch diver-
gence (#6), followed by reperfusion (Fig. 1A). To rescue the better
baseline survivals and to obtain severe old myocardial infarction
swine model, two separate reperfused infarcts one week apart
were performed. From 5 days before cell transplantation to the
end of the experiment, the swine received tacrolimus as an immu-
nosuppressant (0.1 mg/kg/day intramuscularly) (Fig. 1B) as previ-
ously reported [18] with modification. Four weeks after the
second occlusion/reperfusion (day 0), we examined 17 animals
with chronic severe MI (ejection fraction <35% by echocardiogra-
phy) of only 18 survivors. The tacrolimus-immunosuppressed
chronic MI swine were randomly assigned to receive intracoronary
transplantation of hCLCs (3 x 10° cells/mL concentration of cell

27 halloning to LAD (#6}

B Ballooning Transplantation Sacrifice
-5day | Tacrolimus .Amgim. / kg / day |
L 1
T —
e 0Oday 4w 8w 12w
wow
Echocardiogram t T 1 T

Fig. 1. Study protocol and angiographic demonstration of transient coronary artery occlusion. (A) Five weeks before transplantation, the first diagonal branch (D1; #9) of the
coronary arteries was balloon-occluded followed by reperfusion (a, arrowhead). One week later, the left ascending coronary artery of the same animals was balloon-occluded
just proximal of the first septal branch divergence (#6), followed by reperfusion (b, arrowhead). (B) From 5 days before cell transplantation to the end of the experiment, the
swine received tacrolimus as an immunosuppressant. At day 0, 17 animals with chronic severe MI were applied for the experiment.

16



H. Okura et al./Biochemical and Biophysical Research Communications 425 (2012) 859-865 861

Table 1
Cardiocytic induction of hCLCs.

Fold induction

Mean SE
nkx2.5 2.49 1.02
islet-1 1.32 0.36
GATA-4 6.84 1.47
Alpha-Cardiac actin 1.46 022
Cardiac troponin [ 2.36 0.47
Myosin light chain 1.89 0.49
Myosin heavy chain 109.89 6.13

suspension, 1 mL/kg cell suspension was transplanted.) (n=8),
hADMPCs (3 x 10° cells/mL concentration of cell suspension,
1 mL/kg cell suspension was transplanted.) (n = 4), or placebo lactic
Ringer’s solution with heparin (n =5), at 4 weeks after the second
occlusion/reperfusion. Transplantation procedure was performed
as following, the transarterial catheter was placed in the left coro-
nary artery, and then the cell-suspensions or placebo control solu-
tions were transplanted into LAD (#6). The Osaka University
Graduate School of Medicine Standing Committee on Animals ap-
proved all experimental protocols.

2.5. Assessment of swine cardiac function and histological analysis

Cardiac ultrasound studies were performed before cell-trans-
plantation and at 4, 8 and 12 weeks after transplantation using a

A

control

hCLC-
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transplanted
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30 4 ) ~ g [control Hazard ratio=0.108
D0 I SIS, S S 1 b W ~ 5% CI
1 8 i 0,013 10 0.6254)
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day

VIVID 7 system (GE Healthcare Biosciences, Uppsala, Sweden)
and the data at the day transplantation, 4- and 8-week-after trans-
plantation were applied for the statistical analysis. The studies
were shown as M-mode with short axis view observed from left
fifth intracostal space.

For histological analysis, the swine hearts were dissected out at
the end of the experiment and immediately fixed overnight in 4%
paraformaldehyde and processed for embedding in paraffin wax.
Sections were cut at 3-pm thickness, deparaffinized and then rehy-
drated through a graded ethanol series into distilled water. The
sections were then immersed in Target Retrieval Solution (Dako,
Glostrup, Denmark) and boiled, followed by cooling at room tem-
perature for 20 min. Sections were incubated overnight with 10%
blocking solution (Nacalai tesque) in TBS-T, and then in a humidity
chamber for 16 h at 4 °C with mouse monoclonal antibodies to hu-
man alpha-cardiac actin (American Research Products., Belmont,
MA), human myosin heavy chain (MHC) (mouse monoclonal
anti-human myosin heavy chain cardiac antibody, Cat: 05-833.,
Upstate, NY) and CD34 (ab81289 [EP373Y], Abcom) diluted in
blocking solution, followed by Alexa Fluor 488-labeled anti- IgG
(Molecular Probes, Eugene, OR) with counter DAPI-staining. Hema-
toxylin and eosin stain, Masson trichrome stain and Sirius red stain
were also performed. The stained all slides were viewed on a Bio-
Zero laser scanning microscope (Keyence, Osaka, Japan). The
scarred area percentages of the middle portion and apex side of
LV were calculated by area stained blue with Masson’s trichrome
staining/total of 10 each independent sections using software Dy-
namic Cell Count (Keyence, Osaka, Japan).
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Fig. 2. Effects of hCLCs transplantation on cardiac function and survival rate. (A) In the hCLCs transplanted group, M-mode echocardiography showed improved wall motion
within 4 weeks of transplantation. In contrast, worsening of the wall motion was noted in the mock-transplanted control swine. (B) Anterior wall thickness (AWT), ventricular
ejection fraction (EF) and fractional shortening (FS) improved significantly in the hCLCs transplanted group, as confirmed by echocardiography. In the hCLCs transplanted
swine, cardiac functions were recovered from transplantation to the end of the study. In the hADMPCs transplanted swine, cardiac functions were maintained from
transplantation to the end of the study. In contrast, worsening of these cardiac function parameters was noted after mock-transplantation. The left ventricular diastolic
dimension (LVDd) was maintained during the course of the experiment in hCLCs transplanted swine, but increased in the control groups. Posterior wall thickness (PWT) and
left ventricular mass (LVM) showed no significant difference in the groups. Solid lines and squares indicated the transplanted group and the dashed lines and open squares
indicated the control group. The symbol # indicated p <0.01 hCLCs -transplanted vs control and indicated p <0.01 hADMPC-transplanted vs control, respectively. Bars
indicated mean * standard error of the mean (SEM). (C) Effect of hCLCs transplantation (n = 8), hADMPCs transplantation (n = 4) and lactic Ringer’s solution injection (n = 5) on
long-term survival rates of swine. Kaplan-Meier survival curve analysis demonstrated significant difference in the survival rates between the hCLCs group and the lactic

Ringer’s solution group.
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2.6. Statistical analysis

Longitudinal changes between groups were tested with the use
of mixed-model repeated-measures analysis of variance, with
adjustment for baseline values. When the overall P value for the
main effect of group or time, or interaction between group and time
was less than 0.05, the post hoc multiple comparisons with the use
of the single-step adjustment method as implemented by Hothorn
et al. were performed [19]. Survival curves were constructed by the
Kaplan-Meier method and survival among groups was compared
using the Log-Rank test (StatMate I1I for Windows, Atoms, Tokyo).

3. Results
3.1. Cardiocytic commitment of hADMPCs into hCLCs

The potential for hADMPCs to commit into CLCs was evaluated
from the mRNA expression of several cardiocytic markers by quan-
titative reverse transcriptase-PCR before and after DMSO induc-
tion, as follows: islet-1 is a cardiac stem cell marker; nkx2.5 and
GATA-4 are transcription factors required for subsequent cardiac
differentiation; and alpha-cardiac actin, myosin light chain (MLC),
and myosin heavy chain (MHC) are markers of cardiocytic commit-
ment (Table 1). After induction, hADMPCs expressed all markers
with increment, indicating that hADMPCs could be successfully
committed into cells of the cardiac lineage, hCLCs.

hCLC
transplanted

A &

HE MT | SR
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100 1 100 A —
50 - p<0.0001 90 - p<0.0001 p<0.05
?80 1 ,‘-;80 k
70 | S 70 |
© ©
260 9 g 60
_8 50 s 50
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.
middle portion apex
of LV

3.2. Effects of hCLCs transplantation on cardiac function and survival
rate

Cardiac function was assessed by echocardiography. Four weeks
after intracoronay transplantation of hCLCs, wall motion was im-
proved but not in the placebo group (Fig. 2A). The wall motion of
control swine worsened at 12 weeks after transplantation, while
the improved motion was maintained after the hCLCs transplant
(Fig. 2A). In the early post-transplantation period, there was no sig-
nificant difference in left ventricular diastolic dimension (LVDd)
between hCLCs -transplanted swine and the control. During the
course of the study, LVDd exacerbated gradually in the control
swine while it did not change significantly in the transplant swine
(Fig. 2B). Likewise, the left ventricular ejection fraction (EF) and
fractional shortening (FS) improved in the implanted group, but
not in control swine (Fig. 2B). After hCLCs transplantation via left
anterior descending (#6), the anterior wall thickness improved in
the implanted group, but not in control swine. These results indi-
cate that intracoronary transplantation of hCLCs resulted in recov-
ery of cardiac function.

The Kaplan-Meier survival curves showed higher long-term
survival rates for the hCLCs transplanted group than the control
(Fig. 2C). Notably, only 1 of 8 swine died after transplantation of
hCLCs. Survival at 12 weeks after transplantation was significantly
higher in the hCLCs group (87.5%) than the control group (20%, 1 of
5) (Log-rank test: p = 0.0147. Hazard ratio = 0.108: 95% CI 0.013 to
0.625). These results suggest that transplantation of hCLCs

hADMPC
transplanted

HE MT SR

Fig. 3. Effects of hCLCs transplanted via coronary artery on cardiac structure. (A) (a) Photomicrographs of representative myocardial sections of the scarred area stained with
hematoxylin/eosin (HE), Masson trichrome (MT) and Sirius red (SR) in the hCLCs-, hADMPC-transplantation and mock-transplanted control groups. Transplantation of hCLCs
improved myocardial wall thickness in the infarcted myocardium and resulted in the development of new cardiac muscles on the surface. Bars = 500 pm. HE; hematoxylin
and eosin staining, MT; Masson trichrome staining, and SR; Sirius red staining. (b) The scarred area percentages of the middle portion and apex side of LV. The scarred area
percentages of hCLCs-, hADMPC-transplantation and control groups were calculated by area stained blue with Masson’s trichrome staining /total of 10 independent sections.
The error bar indicated SEM. (B) Photomicrographs of representative myocardial sections of apical side of the anterior wall stained with HE (a), MT (b), SR (c) or phase contrast
merge image of neighboring sections stained with anti-human alpha-cardiac actin (hCA; green), and DAPI as counter staining (d). In the HE-, MT-, and SR-stained sections,
cardiac muscles were distributed on the scarred areas, and some parts of these muscles expressed human alpha-cardiac actin (green). Bars = 500 pm. LAD; left anterior
descending.
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