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FIGURE 4. Evaluation of cardiac performance. (a) The
left ventricular end-diastolic dimension (LVDd) and (b) left
ventricular end-systolic dimension (LVDs) were deter-
mined by echocardiography 8 weeks after cell transplan-
tation. (c) The left ventricular ejection fraction (LVEF) was
calculated as LVEF(%) = (LVDd*—LVDs®)/LVDd®*x100. The
positive control, group S, showed a lower LVDs and higher
LVEF compared with group C, whereas group A did not
show any differences from group C. Filled columns, group
C; checkered columns, group S; and open columns, group A.
*P less than 0.08.

transplantation might improve the therapeutic effect by min-
imizing the immune response.

We observed a strong immune reaction and low donor
integration in group A, which were associated with a loss of
therapeutic benefit. These findings have implications for the
mechanisms involved in SMB transplantation therapy for ML
In MSC transplantation therapy for AMI, paracrine factors
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may functjon as the main regulators, and donor cell survival
might not be so important (21). In addition, some reports
have suggested the contribution of soluble factors in SMB
transplantation (22-26). Farahmand et al. (24) reported that
the beneficial effect of SMB transplantation is because of the
inhibition of matrix remodeling in noninfarcted tissue, which
is probably mediated by a paracrine effect. However, it seems
unlikely that the therapeutic gain in SMB transplantation is
entirely due to a paracrine effect. In this study of SMB trans-
plantation, the donor cells were much more abundant and
survived for a longer period (Fig. 3), compared with MSC
transplantation. We previously evaluated the number of MSC
in infarct myocardium using the same technique (8). The
number of syngenic MSC in infarct myocardium decreased
notably within the first 24 hr and then continued to decrease
slowly, although it was effective. Conversely, even in allogenic
SMB transplantation, this number was higher compared with
syngenic MSC (day 1: 1.71X10°*84617 vs. 4.52X10*%
13061). In SMB transplantation therapy, it is possible that the
grafted SMB themselves contribute directly to reduce wall
stress, increase scar elasticity, and buttress infarcted LV walls,
which would limit LV remodeling (9). Although controversy
remains, it was also reported that SMBs in infarcted myocar-
dium differentiate into a myogenic lineage and compensate
for lost contractile ability (27). The low level and short-term
existence of allogenic SMBs in the myocardium may thus
relate to the absence of a therapeutic effect.

The number of donor SMBs was increased on day 4
after transplantation (Fig. 3). Some reports have noted that
grafted SMBs proliferate in both infarcted and noninfarcted
myocardium (28, 29). Furthermore, we previously reported
that MSCs do not proliferate (8). These findings may indicate
differences in the skeletal muscle cell properties, which po-
tentially have a greater tolerance than other cell types to hy-
poxic conditions (29). The donor SMBs began to decline on
day 7 (Fig. 3), which correlated with the activation of the
immune response (Fig. 2). In addition, the donor cells disap-
peared in group A, in which a stronger and more rapid im-
mune response occurred than in group S, strongly suggesting
that the disappearance of donor cells is influenced by their
immunogenicity.

In summary, in a rat model of infarcted myocardium,
MHC-mismatched allogenic SMB transplantation induced
an immune response with CD4- and CD8-positive T-cell ac-
tivation; this response was associated with accelerated donor
cell clearance and loss of therapeutic effect. Furthermore, our
findings suggest that donor cell survival and inflammation
are important aspects of the therapeutic mechanism of SMB
transplantation for AMI, although additional investigation is
needed.

§ L
Humane animal care was performed in compliance with the “Principals of
Laboratory Animal Care” formulated by the National Society for Medical
Research and the “Guide for the Care and Use of Laboratory Animals” pre-
pared by the Institute of Laboratory Animal Resources and published by the
National Institutes of Health (NIH publication No. 85-23, revised 1996).

SMB Harvest and Culture
SMBs were harvested from the tibialis anterior muscle tissues of 3-week-
old ACI (ACINJcl: RT-1*Y, CLEA Japan, Inc., Tokyo, Japan) and LEW
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TABLE 1. Primers and probes used in this study

Forward primer

Reverse primer

Probe

IL-2 GCCTTGTGTGTTATAAGTAGGAGGC AGTGCCAATTCGATGATGAGC
SRY GCCTCAGGACATATTAATCTCTGGAG GCTGATCTCTGAATTCTGCATGC
TCATACTTGGCAGGTTTCTCCA
CTTTCCCAGAGAGTGAGGCTTC
TTCTTATTGGCACACTCTCTACCC AACAACCCACAGATCCAGCACAAAGC

GAPDH CCATCACTGCCACTCAGAAGAC
IL-2R  CCCTCAGGTGTTTCTTGAGCTT
IFN-v  ATCGAATCGCACCTGATCACTA

TCTCCTCAGAAATTCCACCACAGTTGCTG
AGGCGCAAGTTGGCTCAACAGAATCC
CGTGTTCCTACCCCCAATGTATCCGT
TGGCCACTGCTACCTGATACTCCTTTGTGA

IL-2R, interleukin-2 receptor; IFN, interferon.

(LEW/Sea: RT-1}, Kyudo, Kumamoto, Japan) rats, as described previously
(30). Briefly, cells from the muscle mass were obtained by enzymatic disso-
ciation, by adding 0.2% collagenase type II (Life Technologies, CA) and
shaking vigorously for 1 hr at 37°C. The extracts of muscle cell were then
preplated in collagen-coated flasks (BD, NJ). Twenty-four hours after isola-
tion, the nonadherent cell suspension was collected and seeded on Matrigel
(0.5 mg/mL; BD)-coated flasks and allowed to attach for the next 48 hr. SMBs
were grown in Dulbecco’s modified Eagle’s medium (D-MEM,; Life Technol-
ogies) containing 20% heat-inactivated fetal bovine serum (lot selected for
promoting rapid SMB expansion; MP Biochemicals, LLC, CA), 2 mM
L-glutamine (Life Technologies), and penicillin streptomycin (Life Technol-
ogies) at 37°C and 5% CO, for 7 days. To identify implanted cells in vivo,
SMBs were labeled using a PKH26 red fluorescent linker kit (Sigma-Aldrich
Corp., MO) at the end of culture, following the manufacturer’s instructions.
To enhance SMB immunogenicity, SMBs were pretreated with 10 ng/mL
recombinant rat IFN-y (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
for 4 days before use (31).

Animal Experiments

LEW rats were prepared as a model of acute heart failure and placed
randomly into three treatment groups: those that underwent transplantation
of LEW SMBs (syngenic SMB transplantation: group S), those that under-
went transplantation of ACI SMBs (allogenic SMB transplantation: group
A), and those that underwent cell-free buffer injection, as the no-treatment
control (control: group C). Twenty-five rats in each group were used for
DNA and RNA preparations at 0 (15 min), 1 (24 hr), 4, 7, and 28 days after
transplantation (five rats at each time point). Six rats in each group were used
for histologic analysis at 4 and 7 days after transplantation (three at each time
point), whereas 10 rats in each group were examined by echocardiography 8
weeks after transplantation.

Eight-week-old female LEW rats weighing 150 to 180 g were used as SMB
recipients. MI was produced by ligation of the left anterior descending cor-
onary artery, as described previously (32), then subjected to cell transplanta-
tion 15 min later. A suspension of SMBs (5.0X10° in 200 uL of Hank’s
buffered salt solution; Sigma-Aldrich) obtained from a male ACI or LEW rat,
or 200 uL of cell-free Hank’s buffered salt solution, was injected into the LV
anterior wall of heart of each recipient female rat at five points, using a
26-gauge needle. Injection was performed under direct observation with a
surgical microscope to ensure there was no leakage of the cell suspension. If
leakage was suspected, the sample was excluded from the study. The rats were
allowed to recover under care.

The recipient rats were killed at 0 (15 min), 1 (24 hr), 4, 7, and 28 days after
surgery by intravenous injection of pentobarbital (200 mg/kg body weight;
DS Pharma Biomedical Co., Ltd, Osaka, Japan) and potassium chloride (30
mM; Wako Pure Chemical Industries) to cause cardiac arrest in diastole
under terminal anesthesia, and the heart was excised. Hearts used for sry gene
and RNA analyses were dissected to remove the right ventricular free wall and
soaked in RNA Later (Qiagen, Hilden, Germany). Hearts used for histologic
examinations were cut into three segments, embedded in optimal cutting
temperature (OCT) compound (Sakura Finetek Japan Co., Ltd., Tokyo, Ja-
pan), and snap-frozen in liquid nitrogen.

Measurement of Donor Cell Number

The procedure used to determine the number of donor cells in the recip-
ient hearts was described previously (8, 20). The number of donor SMBs was
determined at 0 (15 min), 1 (24 hr), 4, 7, and 28 days after transplantation.
Quantitative PCR assays for sry and IL-2 were performed with the primers
and probes listed in Table 1. The probes were labeled with a 5" fluorogenic
probe (6-carboxyfluorescein [6FAM]) and a 3' quencher (5/6-carboxy-
tetramethyl-rhodamine [TAMRA]).

Histologic Analysis

Histologic analyses were performed at 4 and 7 days after transplantation.
The hearts were cut transversely from the apex to the base into three equal
slice samples and frozen in liquid nitrogen. These frozen samples were cut
into 5-um cryosections. To evaluate T-cell infiltration into the border zone,
the sections from day 7 were stained with antibodies for CD4 and CD8 (1:100
dilutions, Millipore, MA). The second antibody was Alexa488-conjugated
goat anti-mouse antibody (1 pg/mL, Life Technologies). The samples were
then counterstained with 6-diamidino-2-phenylindole (1 ug/mL, Dojindo
Laboratories, Kumamoto, Japan). To identify implanted cells, which had
been labeled with fluorescent dye, the sections from day 4 were stained with
6-diamidino-2-phenylindole or hematoxylin-eosin and examined by fluo-
rescence microscopy (Keyence Corp., Osaka, Japan) and confocal micros-
copy (Bio-Rad Laboratories Inc., CA).

Statistical Analysis

All values are expressed as the mean*standard error of the mean. To assess
the significance of differences between individual groups, statistical evaluations
were conducted using one-way analysis of variance with Fisher’s protected least
significant difference (PLSD). P less than 0.05 was considered significant.

An expanded Materials and Methods section is available as Supplemental
Digital Content 2 (http://links.lww.com/TP/A338).

The authors thank Masako Yokoyama for excellent tech-
nical assistance. They also thank all the members of the Cardio-
vascular Surgery Laboratory of Osaka University for helpful
discussions.
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A 34-year-old woman with fulminant myoccarditis underwent emergent implant with the Toyobo (Nipro,
Osaka, Japan) paracorporeal biventricular assist device (BIVAD). The patient had been stable for 6 months,

device; until she started to develop heart failure symptoms due to severe pulmonary insufficiency. Pulmonary valve
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centrifugal pump;
axial-flow pump;
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- transplantation

and she was discharged home.

closure and BiVAD conversion to implantable rotary pumps was performed. A DuraHeart centrifugal pump
(Terumo Heart Inc, Ann Arbor, MI) was used for left ventricular assist, and a Jarvik 2000 axial-flow pump
(Jarvik Heart Inc, New York, NY) was used for right ventricular assist. Although strict management was
required to balance the flow rates of the 2 different types of devices, her postoperative course was uneventful
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Despite excellent long-term results of implantable con-
tinuous-flow left ventricular assist devices (LVAD),'™ ex-
tracorporeal devices are often used for patients who require
biventricular support as a bridge to transplantation.*® This
1is problematic, especially in Japan, where the average wait-
ing time for transplantation with device support exceeds 2

" years. We report a case of successful implantation of con-
tinuous-flow VADs for biventricular support.

Case report

A 34-year-old woman with cardiogenic shock due to fulmi-
" nant, myocarditis was referred to our institute under extra-
corporeal life support. Emergent biventricular assist device
(BiVAD) implantation with the Toyobo (Toyobo-Nipro,
Osaka, Japan) paracorporeal device was performed.
" Intraoperatively, neither ventricle had visible contrac-
tions and no significant electrical activity, even with epicar-
dial pacing. Histopathologic “study of the myocardium

Reprint requests: Yoshiki Sawa, MD, Department of -Cardiovascular
Surgery, Osaka University Graduate School of Medicine (E1), 2-2
Yamada-oka Suita, Osaka 565-0871, Japan. Telephone: +81-6-6879-3154.
Fax: +81-6-6879-3159. )

E-mail address: sawa@surgl.med.osaka-u.acjp

showed very few viable cardiomyocytes due to massive
inflammatory cell infiltration.

Two ischemic strokes occurred postoperatively; fortunately,
the patient recovered from both events without any significant
neurologic sequela. Owing to the lack of recovery of cardiac
function, she was listed as a potential heart transplant recipient.
Even though her native cardiac function had been completely
absent, the patient was stable with BiVAD support for 6
months, until further heart failure symptoms developed sec-

“ondary to severe pulmonary insufficiency.

Because of the long waiting times expected for heart
donation, pulmonary valve closure and BiVAD conversion
to implantable rotary pumps was performed. We selected
the DuraHeart (Terumo Heart Inc, Ann Arbor, MI) as the
LVAD and the Jarvik 2000 (Jarvik Heart Inc, New York,
NY) as the right VAD (RVAD). :

Cardiopulmonary bypass (CPB) was established and the
Toyobo BiVAD was explanted. When the inflow cannula.of
the Toyobo LVAD was removed, a fresh wedge of throm-
bus was found around the inflow cannula. This was com-
pletely removed to prevent further thromboembolism. The
main pulmonary artery was opened, and the pulmonary valve
was directly closed using 5-0 Prolene (Ethicon, Somerville,
NI) continuous suture. Because the DuraHeart LVAD has the
same size inflow cannula as the Toyobo LVAD, the previous

1053-2498/$ -see front matter © 2011 International Society for Heart and Lung Transplantation. All rights reserved.

doi:10.1016/j.healun.2010.11.013
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Figure 1 The inflow cannula of D i feft ventrieular
assist deviee (LVADY is Inserted 1n the LY apex and the outflow
graft is anastomosed to the ascending aorta. The Jarvik 2000
right ventricular assist device (RVADY s within the RV, and the
aoutflow grafl is anagtomosed 10 the pulmonary trunk. The align-
ment of the 2 devices was execliont and there was no difficulty
in closing the chest.

Tovobo LY apicax! cuff was left in place, and the DuraHeart
inflow cannula was connected. The inflow cufl of Tovobo
RVATD, which was put on the Eit‘xf ee wall, was replaced with
a new Jarvik 2000 inflow cuff. Ehc, anterior feaflet of the
tricuspid valve was sutured 1o the anterior wall of the RV 1o
avoud RVAD mflow obstruction. The outflow graft was routed
thiovgl the left slomose d te the main
pulmonary arery in end-to-side fushion. The f il
2 devices is show nin Figore 1

Weaning from CPB was scm-wwhat difficult because it re-
quired a deh'“'ue adiustment of the BIVAD flow. Even though
the Jarvik 2000 RVAD fow rate was set at the minimum (dial
I 8,000 rpm), the RV was sucked down, and an adequate
forward flow could not be obtained initally. Transesophageal
echocardiography (TEE) showed that the ventricular septum
was markedly shifted towards the RV (Figure 2). With ade-
quate volume resuscitation and careful flow adjustment by

plewral space and an

Figure 2
biventricular
rpmd. On st o
wall by the Jarvik 2000

was ohbserved, [ \ ieft ventnicle.

gd aaé {E; on ;&a‘tﬁ
i septum shifted i

patient was

How fnally

monitering both LY and RV volume with
successfully weaned from CPB, and Bid
reached approximately 4.5 liters/min.

At the ume of the second operation, the contraction of
the both ventricles was still completely absent. The myo-
cardial biopsy specimen revealed that the myocardinm had
been replaced with fibrous tissue.

The patient’s postoperative course was uneventful. She
was extubated on the fifth post-operative day: however,
¢ pulmonary distress developed and the patient wias
fater. Chest X-ray imaging showed
tion (Figure 3A), which was im-
reintubation and increasing the
LY AD flow by 10 ( re 3BY This BIVAD flow imbal-
ance seemed 0 be caused by a sudden reduction of the
pulmonary vascular resistance after ﬂ}i[ilb&iil(}ﬁ. She was
Ny exmbated 5 days later by increasing the flow
DuraHeart LVAD (Figure 3C) and keeping her in
room air w control the pulmonary circulation. Pulmonary
ion haw not secwred, and the LVAD flow s stable
gure 300, Her ventricles have now been standstil] for 17
mgmhq, ami 11 months have passed after the BiVAD con-
sion. She is Tiving an almost normal daily life as a
housewife and 15 waiting at home for heart transplaniation.

5
reintubated 6 hours
severe pulmanary cong
mediately resolved

Various types of implantable LVADs have been used sue-
cesstully for patients with end-stage heart failore as a bridge

o transplantation, bridge stinafion ther-
apy. Although recently developed small, implaniable, wn—
tinuous-flow pumps have demonsirated excellent results, '™

extracorporeal devices are still the first choice in patients xth
require biventricular sapport for their easy management,™

Extracorporest devices have several limitations, including poor
blood compatibility, high infection rates, high cerebrovascular
event rates, and the need for a prolonged hospital stay with a
reduced quality of Tife.”® Their use is mited to short-term to
medium-term support. This makes it very difficult o bridge a
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patient with the Toyobo paracorporeal B] V.ald o transplanta-
ton i Japan, where the average waiting ume for heart trans-
plantation exceeds 2 years.

We selected the DuraMHenrt for LVAD and the Jarvik
2000 or RVAD because the size of the inflow cannula and
the vutflow graft of Duralear s those of the

tare the same

Toyobo pump. Subsequently, | ‘rze inflow cuff did not need to
¢ not needed

by
| L;rwforno%ed o

= :»:idcrr:d silitable as an L Ai} for ;_;L-mm.sxax in whom i.,‘v
contraction is totally absent.” The Jarvik 2000 is operated in
an intermittent low-speed mode” o allow aortic valve open-
ing, but this function would only adversely affect in patients
whose aortic valve never opens and whose cardiac output is
completely dependent on the LVAD flow. On the other
hand, the Jarvik 2000 is small and does not require a pump
pocket, and was considéred suitable as an RVAD to be
implanted together with an ia‘np!am;zh? LY AL, even In
small Japanese patients (Figare D)

Although we expected that the same device for both
sides would be easier to control, the dual Dur i BIVAD
was impossible to implant in the patent because 1t reguires
a large pump pocket. The dual Jarvik 2000 BIVAD would
have been one of the choices if the patent’s LV function
had been bhetter. However, in fact, the handling of the
unrelated right and left devie es, although their output and
funcrion are not automatically coordinated, was not too
difficult. Because we used the Jurvi as the RVAD, all
we had to do was to set the RVAD al the minimal pump
speed and conirol the LVAD speed.

The importance of balancing the nght and left device
flow was first learned with the original Jarvik total amificial
heart (TAHL® Eve small excess in the output of the

18 Vel
right-sided device compared with that of the left-sided de-

R R IR IR TR TR
v was observad after extubation. (B)

: ow increased aller o
the chronic phase. POD. postoperative days,

: 2722430 [POLE
Phe pulmonary congestion was improved immediately
sctubation. Although dynamic fow change ocourred i

vice results in immediate onset of pulmoenary edema. Rous-
sel et al'” reported that pulmonary edema was one of the
important adverse events resulting in respiratory dysfunc-
tion in patients receiving implantation of Jarvik TAH.'

A leading factor that has prevented the use of continu-
ous-flow devices in BiVADs or TAH% is the lack of pre-load
sensitivity. Pulsatile devices are generally pre-load-sensi-
tive and efficient at adapting to the patient’s physiclogic
condition with a Frank-Starling-like response to venous
return, However, continuous-flow pumps are generally
ruch mare after-load-sensitive, making it more difficult to
respond to varying patient pre-load. A group at Cleveland
Clinic is now developing a TAH that could passively self-
regulate the flow balance between lefl and right artificial
hearts in response to atrial pressure balance.'™'™ Clinical
apphications of such devices would overcome the drawbacks
of the continuous-flow BiVAD/TAH.

In the present case, the optimal flow balance between the
2 pumps was initially difficult to achieve. As soon as CPB
was converted to the BiVAD support, severe sucking of the
RV by the Jarvik 2000 RVAD occurred, even with the
mimmal setting of the device (Figure 2A and B). Post-
operatively, an acute decrease in pulmonary vascular resis-
tance by termination of positive pressure ventilation re-
sulted in severe pulmonary congestion (Figure 3A). Once
the optimal How balunce between the right and left pump
was achieved, the flow imbalance never ocourred again,
even with changes in the patient’s activity (Figure 3C).
Interestingly, it appears that the patient’s body regulates the
balance itsell in the chromic phase. We specujate that the
patient’s remaining ventricles. although they totally lack
contractility, act as buffer chambers and prevent the acute
flow mismatch berween the LVAD and the RVAD. In that
it would be more difficult o control the bhalance

SEnse,
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between systemic and pulmonary flow with a TAH because
it needs to remove both ventricles.

In conclusion, we report a patient with fulminant myo-
carditis with completely absent.cardiac function, in whom
the Toyobo paracorporeal BiVAD was successfully con-
verted to the DuraHeart LVAD and Jarvik 2000 RVAD.
Thus, we report the simultaneous implantation of centrifu-
gal-flow and axial-flow implantable VADs for LV and RV
assist, respectively.
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Several recent basic research studies have described
surgical methods for cardiac repair using tissue cardio-
myoplasty. This review summarizes recent advances in
cardiac repair using bioengineered tissue from the view-
point of the cardiac surgeon. We conclude that the results
of many basic and preclinical studies indicale that bio-
engineered tissue can be adapted to conventional surgi-
cal technigques. However, no clinical studies have vet

eart failure, which is mainly caused by ischemic or

dilated cardiomyopathy (DCM), is a life-
threatening disorder worldwide. Many excellent surgical
techniques for treating cardiac diseases have been devel-
oped, and current cardiac surgical freatments are stable
and prolong human life. Surgical treatments for end-
stage heart failure were unexplored until innovative
cardiac surgeons and researchers introduced left ventric-
ular assist device (LVAD) implantation [1] and heart
transplantation [2] to this field.

Owing to the untiring efforts of many doctors and
researchers, these strategies have made tremendous con-
tributions to the treatment of heart failure for several
decades. These procedures have some limitations, how-
ever, because of the limited durability of the LVAD [3]
and the shortage of heart donors [4]. Thus, cardiac
surgeons have considered alternative strategies for treat-
ing end-stage heart failure. Recently, there have been
many reports on the use of the LVAD to induce myocar-
dial regeneration [5] in addition to its powerful LV
support [6]. This innovative treatment is called the bridge
to recovery, but its efficacy has only been shown in
selected patients [7].

Recently, remarkable progress has been made in myo-
cardial regeneration therapy using cellular cardiomyo-
plasty, a technique that involves injecting skeletal myo-
blasts [8] or bone marrow mononuciear cells [9] into the
myocardium. This technique has been introduced in
clinical trials for treating heart failure and was shown to
be feasible and safe, although its efficacy was insufficient
to repair the severely damaged myocardium. Thus, a
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proved bioengineered tissue is effective as a treatment
for human heart failure. Today's cardiac surgeons can
look forward to the advent of new techniques to benefit
patients who respond poorly to existing treatment for
heart failure,

(Ann Thorac Surg 2011;91:320-9)
© 2011 by The Society of Thoracic Surgeons

next-generation strategy for myocardial regeneration
therapy, tissue-engineered cardiomyoplasty, which uses
cell sheet and cell-based scaffold implantation tech-
niques, is being developed in the laboratory and in the
clinic. In addition, to induce angiogenesis to treat isch-
emic heart diseases, injectable scaffolds and new drug
delivery methods have been developed. Other attractive
techniques for cardiovascular surgery include tissue-
engineered valves [10] and a right ventricular outflow
patch that grows in situ [11, 12].

In this environment, these recent advances suggest
that cardiovascular surgeons will soon be able to use
these advanced techniques to treat heart failure patients
whose disease is currently intractable. Moreover, these
techniques have the potential to enhance the effective-
ness of conventional surgical procedures when used in
combination with them. The aim of this review is to
analyze recent advances in myocardial regeneration that
make use of bicengineered cardiac tissue and to depict
their potential application and possible drawbacks from -
the viewpoint of the cardiac surgeon.

Literature Search

PubMed was searched for terms including, “cell,”
“sheet,” “heart failure,” “scaffold,” “clinical trial,” “myo-
cardial infarction,” “temperature responsive cell culture
surface,” “tissue engineering, ” “biomaterial, ” and “car-
diomyocyte.” We reviewed the abstracts of the obtained
articles and chose to analyze critically only those that
addressed cell sheets and cell scaffolds. During the re-
view of these articles, if we found a reference that was not
captured in the initial literature search but appeared
relevant to the topic, it was refrieved and included.

0003-4975/5$36.00
doi:10.1016/j.athoracsur.2010.09.080
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Recent Advancements in Bioengineered
Myocardial Grafts

In recent studies using animals, instead of implanting
scattered cells, artificial cardiac tissue was created ex vivo
and implanted into the distressed heart. This cardiac
tissue can be implanted into the failed heart only by a
surgical procedure, so cardiac surgeons hold an unchal-
lenged position to introduce this techmquu in the clinic.
This method can provide viable muscle tissue (myogen-
esis) to the severely damaged myocardium that has few
myocytes and massive ﬁbrasis and can also induce an-
giogenesis. These distinctive features of bioengineered
_cardiac tissue are attractive to clinicans who seek to
regenerate the severely damaged myocardium.

Bioengineered Myocardial Grafts Without a
Scaffold

Development of Engineered Cell Sheets

In 1999 a 3-dimensional cardiac-like tissue with sponta-
neous contractile activity was developed using the self-
assembling properties of neonatal cardiomyocytes [13].
Kelm and colleagues [14] created a 3-dimensional micro-
tissue using the same approach, and Baar and colleagues
[15] prepared a cylindrical construct that spuntaneously
contracted and produced force. Another encouraging
approach for creating myocardial tissue without a scaf-
fold is the cell sheet technique, which was developed by
Okano and colleagues [16] and has been applied to
several diseased organs, including the heart [17], eye [18],
and kidney [19], in the laboratory or clinic, or both.

The cell sheets are generated on and removed from
special dishes that are coated with a temperature-
responsive polymer, poly[N-isopropylacrylamide], that
changes from hydrophobic to hydrophilic when the tem-
perature is lowered without destroying the cell-cell or
cell-extracellular matrix (ECM) adhesions in the cell
sheet (Fig 1). The greatest advantage of this technique is
that the sheet is made only of cells, and the cells produce
the ECM without requiring an artificial scaffold [20]. The

Isolated cells
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Hydrophobic

37°C

{ detached 1

Cardiomyocyte sheet
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cell sheet has a high ability to integrate with native
tissues because of the preservation of the adhesion mol-
ecules on its surface 21}

Cardiomyocyte Sheets

Shimizu and colleagues [22] developed a contractile chick
cardiomyocyte sheet in special dish, without enzymatic
or ethylenediaminetetraacetic acid treatment, that had a
recognizable heart-tissue-like structure and showed elec-
trical pulsatile amplitude [22]. They layered ome-cell
sheets to make bilayer cell sheets (the electrically com-
municative 3-dimensional cardiac conshruct) that showed
spontaneous and synchronous pulsation and showed that
the cell sheets adhered together rapidly, as indicated by the
presence of desmosomes and intercalated disks [23].

A #-layered neonatal rat cardiomyocyte sheet was also
developed that had electrical communication between
the sheets by connexing3. This pulsatile cardiac tissue,
when implanted subcutaneously, could survive for up to
1 year and showed spontaneous beating, heart tissue-like
struchure, and neovascularization, as well as increasing in
size, conduction velocity, and contractile force in propor-
tion to the host’s growth [24, 25].

Cardiomyocyte sheets are flexible and can change their
shape. Myocardial tubes have also been created that can
produce pressure and follow Starling’s law [26]. Sekine
and colleagues [27] wrapped a myocardial tube around
the rat thoracic aorta and showed that it could produce
pressure in vivo.

Interestingly, the electrical coupling between 2 sheets
starts approximately 34 minutes after they are brought
into contact and is completed by about 46 minutes, as
determined by a multiple-elecirode extracellular record-
ing system; histologic examination revealed the presence
of connexind3 within 30 minutes [28]. These data predict
that the electrical coupling between a cardiomyocyte
sheet and the host myocardium should occur within 1
hour of implantation.

Miyagawa and colleagues [17] demonstrated that a
neonatal cardiomyocyte sheet could survive in infarcted

Fig 1. Diagram shows the method for engi-
neering the cell sheets. Cell sheets harpesied
from a temperature-responsive culfure dish can
be layered fo construct a 3-dimensional cardiae
graft, (FIPAAnt = poly(N-isopropylacrylwmide.)

By layering the cell
~ sheets

Temperature-responsive
culture dish

PIPAAM
Hydrophilic

20°C
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myocardium and communicate electrically with the host
myocardium, as indicated by the presence of connexin43
and changes in the QRS wave and action potential
amplitude, leading to an improvement in cardiac perfor-
mance. Another report showed a similar electrical inte-
gration between a neonatal myocyte sheet and the host
heart by electrophysiology [29]. Moreover, functional gap
junctions and morphologic integration by “bridging car-
diomyocytes” between the sheet and the host myocar-
dinm were detected [30]. These in vitro and in vivo
studies clearly showed electric and morphologic coupling
between the cell sheet and the host myocardium and
revealed that the cell sheet may contract synchronously
with the beating of the host heart and improve the
regional systolic function.-

A great disadvantage of this technique is that it is
difficult to obtain thick cardiomyocyte sheets. For human
applications, the one- caldzmmrocyte -thick sheet is ap-
proximately 45-pm thick [24] and might not be strong
enough to repair the tissue damage that is characteristic
of end-stage heart failure. Thus, it is important to deter-
mine how many cardiomyocyte sheets can be layered in
vivo. The limiting factor is that oxygen needs to be
supplied to the cardiomyocyte sheet so that vasculariza-
tion with the cardiac tissue can occur after implantation.
A 4- or 6-layered neonatal cardiomyocyte sheet im-
planted into the subcutaneous tissue of athymic rats
survived 1 year and showed angiogenesis, which was
organized within a few days, and had a thickness of
approximately 100 pm [25].

When more than 4 such grafts were implanted, how-
ever, central necrosis was observed instead of the rapidly
organized microvasculature because of the insufficient
oxygen supply [31]. To overcome the poor vasculariza-
tion, a multistep polysurgical technique was developed
in which thick-layered cardiomyocyte sheets were gen-
erated in ectopic fissue. This multistep transplant tech-
nique could recreate approximately 1-mm-thick myocar-
dium with a well-organized vasculature network [31].
The problem now, however, was how to implant it into
the damaged myocardium; that is, how to connect the
microvasculature network in the thick-layered cardiomy-
ocyte sheets to the host myocardium. Thus, although this
method produced promising results in animal models,
technical hurdles still need to be overcome before it can
be clinically applied in humans.

In a smdy on the vascularization process after implan-
tation, Sekiva and colleagues [32] reported that the car-
diomyocyte sheet contains potential angiogenic factors
such as the expression of angiogenesis-related genes and
an endothelial cell network. Interestingly, the vasculature
in the layered cardiomyocyte sheet comes from the sheet
itself, and wvessels extend from the sheet to the host
myocardium to connect with the host vasculature [32]. An
important study showed that added angiogenic factors,
such as endothelial cells and some angiogenic growth
factors [33], can enhance angiogenesis to improve the
survival of thick-layered cardiomyocyte sheets in the
damaged myocardium. On the basis of this report,
Sekine and colleagues [34] performed a study showing

Ann Thorac Surg
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that a cocultured sheet of neonatal cardiomyocytes-
endothelial cells developed enhanced vascularization
and that the implanted sheet improved cardiac perfor-
mance compared with a cardiomyocyte-only sheet.
Such techniques designed to enhance angiogenesis
may lead to a breakthrough for integrating thick-
layered cardiomyocyte sheets, which have been incu-~
bated in ectepic tissue, with damaged myocardium in
humans.

Myoblast Sheets

In the clinical setting, cellular cardiomyoplasty using
dispersed cells is reported to have potential regenerative
capability, and a method using skeletal myoblasts has
been introduced in clinical trials and found to be rela-
tively feasible and safe [35]. Skeletal myoblasts are the
most likely cell source for clinical applications of tissue
cardiomyoplasty af this time.

Memon and colleagues [36] demonstrated that the
nonligature implantation of a skeletal myoblast sheet
into a rat cardiac ligation model regenerated the dam-
aged myocardium and improved global cardiac function
by attenuating the cardiac remodeling by hematopoietic
stem cell recrnitment and growth factor release. More~
over, this system of cell delivery by cell sheet implanta-
tion showed better restoration of the damaged myocar-
dium than needle injection [36]. In another study, the
application of a skeletal myoblast sheet to a DCM ham-
ster model resulted in the recovery of deteriorated myo-
cardium accompanied by the preservation of a-sarcogly-
can and p-sarcoglycan expression on the host myocytes
and the inhibition of fibrosis [37]. They used a 27-week
DCM hamster, which is at a moderate heart-failure stage
(fractional shortening, 16%), and showed preserved func-
tion and histology of the distressed heart and prolonged
survival.

In other studies, the grafting of skeletal myoblast
sheets attenuated the cardiac remodeling and improved
cardiac performance in a pacing-induced canine heart
failure model [38] and in a porcine chronic infarction
model [39]. In particular, the improvement in cardiac
performance in the porcine chronic infarction model was
maintained for at least 6 months, and the histology
showed well-developed smooth muscle cells {(not myo-
blasts) at the implanted site. Although these cells might
have played a pivotal role in the myocardial regeneration
after myoblast sheet implantation, their origin and char-
acteristics are unknown. Further study will be needed to
elucidate the function of these cells and clarify the
mechanisms of myocardial regeneration.

These reports demonstrate that skeletal myoblast
sheets can regenerate the deteriorated myocardium in-
duced by coronary artery diseases and DCM in small and
large animal models. Although these studies indicate
that skelefal myoblast sheets have potential usefulness
for treating moderate heart failure, their efficacy for
end-stage heart faflure is unknown and requires further
study.
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Mechanisms of Myocardial Regeneration After Cell
Sheet Implantation in Heart Failure
The mechanism of recovery in the damaged myocardium
treated with cell sheets has not been mmpleiolv eluci-
dated and may be very complicated. Although cytokine
release and hematopoietic stem cell recruitment have
been proposed as possible mechanisms of regeneration,
other mechanisms are likely to be involved. For example,
structural proteins may be restored by the relief of
myocyte stretching, as evidenced by a reduction in the
LV dimension or as a result of the action of growth
factors. Skeletal myobiaqic; cannot beat synchronously
with the host myocardium in vitro [40] or in vivo [41], and
these implanted cells are not functionally integrated.

Originally, the main focus of cell sheet technology was
to evaluate the potential of cell sheets applied to the
epicardium to replace cardiomyocytes lost after myocar-
dial infarction, but we still do not fully understand how
cardiomyocyte and skeletal myoblast sheets mtt_grate
ftmctmnaﬂ} with the diseased myocardium, and previ-
ous studies of the cardiomyocyte sheet and skeletal
myoblast sheet cannot fully explain the functional inte-
gration with the diseased myocardium.

The histologic detection of massive angiogenesis in the
implanted region is one of the critical factors for cardiac
improvement, and we speculate that angiogenesis and
the recovery of diastolic function [42] are major compo-
nents of the regenerative mechanism in myoblast sheet
implantation (Fig 2).

Other Types of Cell Sheets

A clinician can decide on the basis of the physiologic and
pathologic characteristics of a disease which type of cell
sheet is the most appropriate for treating it. In animals,
the cell sheet technique has been applied using several
different cell sources, such as skeletal myoblasts [36-38],
mesenchymal stem cells (MSCs) [43], human smooth
muscle cells [44], fibroblasts cocultured with endothelial

IMyoblast sheet immantai‘éoﬂz
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progenitor cells [45], and cardiomyocytes cocultured with
endothelial cells [34].

In a rat myocardial infarction model, the growth of an
MBSC sheel on infarcted myocardium improved the an-
terior wall thickness, with new vessels and some differ-
entiation of the implanted cells to cardiomyocytes [43].
Although an improvement in systolic function was ob-
served, the differentiated cardiomyocytes might not have
played a role because the incidence of differentiation
from M5Cs to cardiomyocytes was quite low. Rather, the
breakthrough of this study was that a thick-layered sheet
was obtained by self-incubating the cell sheet in vivo.
Although the MSC sheet of the maximum thickness
obtained, approximately 600 jum, is not strong enough to
correct human end-stage heart failure [46], this method
of self-incubation in vivo is a potential strategy for
creating thick-layered sheets in vivo.

A cell sheet composed of 2 types of cocultured cells was
developed to enhance angiogenesis in the rat [34, 45]. The
cocultured cell sheet, which combined fibroblasts and
endothelial progenitor cells, enhanced blood vessel for-
mation and led to functional improvement [45]. This
strategy might be effective for treating ischemic myocar-
dium or peripheral arterial disease by increasing angio-
genesis. In another study, the cocultured cell sheet com-
bined fibroblasts and human smooth muscle cells and
accelerated the secretion of angiogenic factors in vitro
and increased blood perfusion in vivo by the formation of
new vessels [44]. This enhanced effectiveness attained by
coculturing 2 cell types is supported by another study in
which the co-injection of bone marrow cells and myo-
blasts showed improved results over the transplantation
of a single cell type in a canine model of ischemic
cardiomyopathy [47).

Notably, the implantation of stem cells by needle
injection induces little myogenesis because of the low
incidence of their differentiation into cardiomyocytes in
vivo [48] and the massive cell loss associated with the

Fig 2. Paossible regeneration mechanisms in
myohlast sheet implantationMyoblast sheels
are proposed to preserve the left ventricular
(LV} geometry, provide elastic tssue fo a stif-
ened scar, and cause cytokine (HGF, SDF-1
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injection method [36]. Moreover, myoblast sheets cannot
yet be used for myogenesis to replace myocardial scar
tissue with functioning contractile tissue because there is
no evidence that the myoblasts undergo synchronized
beating in vivo, Unfortunately, we cannot yet use cardi-
omyocyte sheets clinically for myogenesis. The break-
throughs that will enable the clinical application of cell
sheet technology for end-stage heart failure may include
the development of a new cell source (contractile autol-
ogous celis) and the creation of a thick cardiac graft with
great vessels,

Future Prospects for Cell Sheet Technology
In summary, cell sheet technology has been applied
using many kinds of cells and has showed some func-
tional impact on the failed heart of many animal models
of heart disease. Although the improvement is mostly
due to the paracrine effect of cytokines, the mechanisms
by which the damaged myocardium heals are still incom-
pletely elucidated.

Some questions remain to be answered before cell
sheet technology can be applied to human patients. For
example:

® How many cell sheets should be implanted to heal
the severely failed heart?

o What severity of heart failure can be healed with
cell sheets?

e What is the best method for implanting cell sheets
with minimal cell loss?

» What is the best cell source for the cell sheet to
regenerate the severely failed heart?

o How long can implanted cell sheets survive in the
failed heart?

ECM remodeling in heart failure (excessive matrix
degradation and myocardial fibrosis) contributes to LV
dilatation and progressive cardiac dysfunction [49].
The most interesting matter in this field is about the
effect of cell sheets on the distressed ECM in the failed
heart. Moreover, can these implanted sheets normalize
the wall stress in the injured region? Besides the
changes of ECM after cell sheet implantation, the cell
sheet is mainly composed of collagen, providing struc-
tural support and giving the heart properties that
include stiffness and resistance to deformation. Myo-
cardial tissue engineering should follow this concept to
create physiologic scaffolds that could help to normal-
ize cardiac wall stress in injured regions and improve
strain distribution.

Finally, the data that comment about the superiority of
cell sheets compared with conventional needle injection
may be poor.

As mentioned, many drawbacks that should be elu-
cidated could be addressed in this field, and the
accurate answers for these queries about cell sheet
technology have not been proposed yet. Thus, some
studies that can answer these critiques should be
performed.

Ann Thorac Surg
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Bicengineered Myocardial Grafts With a Scaffold

Many reports describe myocardial constructs that use
artificial scaffolds combined with various kinds of cells
(Table 1). Because several different cell types can be
easily combined with scaffolds and many biocompatible
materials have been created, there has been much
progress in this field. However, which scaffold is the most
appropriate for treating heart disease has been contro-
versial. In this section, we will analyze several articles
and discuss the merits and shortcomings of this method.

Bioengineered Cardionyocyte Constructs With a
Scaffold

Bioengineered cardiac grafts created by culturing fetal
cardiac cells with porous alginate scaffolds [50] and
Gelform (Pfizer Inc, New York, NY) [51] were developed
and implanted into the infarcted myocardium of model
animals. These approaches resulted in significant angio-
genesis and attenuation of LV dilatation but caused no
change in LV contractility [50, 51]. Engineered heart
tissue was also developed by mixing embryonic chick
carciomyccytes with a collagen solution that resulted in a
highly organized heart tissue-like structure [52].

On the other hand, Zimmerman and colleagues [53]
created ring-shaped engineered heart tissue by mixing
neonatal cardiomyocytes and collagen; this tissue dem-
onstrated spontaneous beating and contraction force,
which was improved by increasing the calcium concen-
tration. They then developed a differentiated ring-shaped
cardiac muscle construct by mixing neonatal rat cardio-
myocytes with collagen I and matrix factors under me-
chanical overload [54]. This construct survived as an
implanted graft that showed intense vascularization and
differentiated heart muscle [55]. Histologic and electrical
integration between the cardiac graft and host myocar-
dium may be important for the regeneration of damaged
myocardium. Zimmerman and colleagues [56] also re-
ported that the implantation of large, 1- to 4-mm-thick,
engineered heart grafts into a rat myocardial infarction
model clearly improved the cardiac performance and
that there was good electrical coupling between the
grafts and host myocardium. However, the histologic
integration (the presence of desmosomes and connexins
between the graft and host myocardium) was not
confirmed.

Drawbacks of Bioengineered Cardiomyocyte Constructs
With a Scaffold

The major advantage of this technique is that the engi-
neered heart tissue can be made into various shapes,
including rings [54] and pouch-like forms [57], and into
large grafts [56]. This technigue is promising, but it may
be difficult to apply to large animal models or humans.
The problems include graft size and immunogenicity,
because these grafts cannot survive in vivo without
immunosuppression [55]. To reduce the immunogenicity,
a new culture technique was developed without Matrigel
(BD Biosciences, San Jose, CA), using serum-~free me-
dium with insulin and peptide growth factor [58].
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Table 1. Biomaterials Used in Bioengineered Cardiac Grafts for Heart Failure

Author . Matrices Cells HF Model . Function
Kutschka Collagen matrix/Matrigel/FGF ~ H9¢2 cell Rat MI ' T
or VEGF '
Simpson Collagen type I Human MSCs Rat MI 1
Birla Silicon chamber/fibrin gel M Rat FA
Yang P4HB Human pediatric aortic cells v
Matsubayashi PLA/PCL Rat SMCs RatMI t
Kellar Human dermal fibroblast Mouse MI | 1
Papadaki . Neonatal rat CM cee
Fukuhara PGAC/bFGF Rat BMC Rat MI 1
Zimmermann Collagen type I Neonatal rat CM Rat MI 1
Kofidis Mouse ES cell Rat reperfusion model T
Van Luyn, Yost . ~ Neonatal rat CM
Xiang Glycosaminoglycan MSCs _
Kofidis Collagen Neonatal rat CM e vt
Leor Alginate Neonatal rat CM Rat MI . -
Siepe PU Rat SM Rat MI 1
McDevitt PU/laminin Neonatal rat CM
Alperin PU/laminin/collagen ES cell-derived CM, mouse
: IVigelatin

Li Gelatin Fetal rat CM Rat MI ’ -
Li v Fetal rat CM, SMC, FB,

: human CM
Akhyari Human pediatric heart cell e en
Chachques Collagen Human BMC Human MI ' T
Ishii, Shin PCL Neonatal rat CM
Zong PLA/PGA CM
Krupnick PLA/PTFE/collagen I, TV BM stem cells
Carrier PGA Neonatal rat CM-
Park PGA/PLA/PCL{collagen Neonatal rat CM
Fujita PGA/Collagen sponge BM stem cells
Pego TMC-DLLA copolymer M

Ott Decellularized heart Cardiac or endothelial cells

Kofidis Collagen fleece Neonatal rat CM
Radisic Collagen sponge/matrigel Neonatal CM, C2C12 cells
Gerecht-Nir, Radisic Neonatal rat CM .
Kofidis Fibrin glue - Neonatal rat CM .
Boublik Hyaluronan benzyl Neonatal rat CM

ester/fibrin
Iyer Polyethylene glycol * Neonatal rat CM, mouse FB,

mouse EC

bFGF = basic fibroblast growth facto; BMC = bone marrow cel; CM = cardiomyocyte; ~ DLLA = D,L-lactide; EC = endothelial

cell; ES = embryonic stem; FA = femoral artery; FB = fibroblast; FGF = fibroblast growth factor; HF = heart failure; Ml =
myocardial infarction; ~ MSCs = mesenchymal stem cells;  PAHB = poly-4-hydroxy-butyrate;  PCL = poly-e-caprolactone;  PGA = pol
glycolic add;  PGAC = polyglycolic acid cloth; ~ PLA = poly L-lactic acid; ~ PTFE = palytetrafluoroethylene;  PU = polyurethane; SM =

skeletal myoblast ~ SMC = smooth muscle cell; VEGF = vascular endothelial growth factor,- 1 =

improved;  — = no change.

TMC = 1,3-trimethylene carbonate;

Birla and colleagues [59] overcame the problem of
limited blood supply to the cardiac tissue by developing
a new method for creating contractile cardiac tissue, “in
situ incubation of cardiac tissue.” They implanted silicon
tubes that were filled with fibrin gel and seeded with
cardiomyocytes close to a vascular pedicle and found
that living vascularized tissue with the characteristics
of cardiac muscle developed around the great vessels
[59]. This approach is quite different from the other

reported methods for generating cardiac tissue, and
neither the maximum thickness of this cardiac tissue
nor how to implant it into the failing myocardium is
clear. )

Several questions about cell scaffolds remain to be
answered:

¢ How long do cells in these scaffolds survive in
vivo?
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o Do scaffolds have a bad influence on cell viability
or cell survival after implantation?

o What is the best scaffold for cell survival and
cell-host myocardium communication after
implantation?

» How are oxvgen and nufrition supplied to the
implanted graft after implantation, and are the
supplies disturbed by the scaffold?

An interesting report about appropriate scaffolds indi-
cates that knitted poly-L-lactide fabric is more suitable
for autologous cardiac grafts than gelatin and polygly-
colic acid, because it has better cellular penetration, no
thinning or dilatation in vivo, and elicits no inflammatory
response [60].

Major obstacles to applying cardiomyocyte constructs
with a scaffold include toxicity, immunogenicity, inap-
propriate elastic properties, and increased acidity in vivo,
any of which could cause a severe inflammatory re-
sponse. For example, polyesters such as polylactic acid
and polyglycolic acid increase the acidity in the body,
have irregular degradation kinetics that can lead to the
sudden disappearance of the construct’s mechanical
properties [61], and are less flexible than heart tissue [62].
Although elastomeric polvmers such as elastomeric poly-
urethane are more elastic, their degradation product,
diisocyanate, is toxic. Extracellular derivatives such as
collagen type I and fibronectin are good for cell viability,
but they have rapid degradation kinetics and frail me-
chanical properties. Moreover, collagen, Matrigel, and
glycosaminoglycan are immunogenic and have weak
mechanical properties [63]. Other scaffolds, in which
patches of polydioxanone were covered with Vicryl (Ethi-
con, Somerville, NJ) or poly-3-hydroxvbutyrate, in-
creased C-reactive protein messenger RNA after implan-
tation into the rat stomach [64].

Although we have only described cell-containing arti-
ficial scaffolds, recent innovative work has examined the
use of biologic scaffolds. Ott and colleagues [65] reported
that decellularized hearts can be reseeded with cardiac
and endothelial cells and that the reseeded hearts have
pump activity [65]. This reseeded heart still needs to be
analyzed in vivo for its ability to activate recellularization
and other properties. This technique has the potential to
create a whole heart, although immunity after implanta-
tion might still be a problem,

Bicengineered Cell Scaffolds With Other Types of
Cells

Bioengineered cardiac muscle grafts have been devel-
oped using human heart cells and gelatin-matrix scaf-
folds [66], neonatal rat cardiomyocytes and collagen
matrix [67], and cardiomyocytes and biodegradable poly-
urethane films [62]. All of these grafts showed spontane-
ous beating, but the outcomes after implantation into the
myocardium were not reported. Xiang and colleagues
[68] created collagen-glycosaminoglycan scaffolds con-
taining adult bone marrow-derived M5Cs and implanted
them into an ischemic reperfusion rat model. The scaf-
folds were degraded and the MSCs survived in the scar
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without acute inflammation, but there was no comment
about the improvement of cardiac function [68]. Simpson
and colleagues [69] demonstrated that the implantation
of a collagen type I matrix seeded with human MSCs into
a rat infarction model induced functional improvement
and prevented remodeling, without detecting the human
MSCs. This finding predicts that the functional improve-
ment does not require long-term graft survival.

Several other studies also showed improved cardiac
function after the implantation of a bicengineered car-
diac graft with scaffold into injured myocardium. In a
coronary ligation rat model, LV systolic function was
improved and LV dilatation attenuated after the implan-
tation of vascular smooth muscle cell-seeded poly-L-
lactide (a sponge polymer of epsilon-caprolactone-co-L-
lactide reinforced with knitted poly-L-lactide fabric), 4
weeks after injury, as assessed by echocardiography and
a Langendorff apparatus [70]. Bone marrow cell-seeded
polyglycolic acid cloth containing basic fibroblast growth
factor improved cardiac function and supported angio-
genesis in a rat ligation model assessed using a Langen-
dorff apparatus [71]. In addition, tissue composed of
human dermal fibroblasts cultured on a knitted Vicryl
mesh induced angiogenesis in a mouse ligation model
[72] and improved systolic function, as measured by the
Millar conductance catheter system [73].

Many different cell scaffolds have been reported and
are summarized in Table 1. The advantage of cell scaf-
folds is that thick grafts can be obtained and the shape of
the graft is flexible [55]. Moreover, the characteristics of the
material can be chosen according to the purpose of the
construct, for example, cell transport, enhanced angiogen-
esis, cell survival, or certain degradation kinetics [63].

Clinical Trial of a Scaffold-Containing Bioengineered
Construct
A clinical trial using collagen matrix seeded with bone
marrow cells was performed in 20 patients presenting
with LV postischemic myocardial scars [74]. Improve-
ments in New York Heart Association functional class,
LV end-diastolic volume, scar area and thickness, and
gjection fraction were observed in comparison with the
prefreatment values. However, when compared with
bone marrow cell implantation alone, only the change in
LV end-diastolic volume was significant. Because the
implantation was performed concomitantly with coro-
nary artery bypass grafting, the effectiveness of the cell
therapy is still unclear. However, this trial may indicate
that the treatment is feasible and safe because no deaths
or related adverse events have been reported to date.
The application of the cell-seeded construct to the
epicardium cannot replace the infarcted myocardium or
reshape the wventricle. The removal of the scar and
remodeling of the ventricle will provide an opportunity
to impact a cell-seeded scaffold in a ventricle that has a
normal size and shape and does not have heart failure.
The cell-seeded construct could then be used to prevent
recurrent dilatation. Recurrence is a major problem after
surgical ventricular restoration, and the use of a cell-
seeded graft rather than Dacron (DuPont, Wilmington,
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DE), polytetrafluoroethylene, or pericardium might offer
significant advantages.

Biomaterial implantation

The two main purposes of implanting biomaterials are to
enhance angiogenesis and te create cardiac tissue in situ
by inducing stem cell migration to the scaffold. Support-
ing this strategy, several reports have shown that resi-
dent cells recruited to the injured heart can create new
muscle and vascular tissue [75-77].

Gaballa and colleagues [78] reported that implanting
collagen type I into a rat myocardial infarction model
induced necangiogenesis and reduced LV remodeling.

Biodegradable polyester urethane urea implantation into

a rat infarction model improved systolic function and the
thickness of the LV wall, and smooth muscle cells with a
histologically contractile phenotype were found in the
implanted site [79]. The implantation of a porous colla-
gen scaffold enhanced the recruitment of neural crest
cells to the implanted patches, even though the fre-
quency of cardiogenic stem cells in the cryoinjured heart
is rare compared with the intact heart. Moreover, West-
ern blot analysis showed the expression of smooth mus-
cle and endothelial cell markers but not of cardiomyo-
cytes [80]. _

Ota and colleagues [81] implanted an ECM patch made
from porcine urinary bladder into the porcine right
ventricle (RV) wall and detected factor VIU-positive and
a-smooth muscle actin-positive cells. An ECM patch
derived from porcine urinary bladder was also implanted
into the RV free wall in dogs, and the remodeled tissue
contained approximately 30% cardiomyocytes [82], but it
is not known whether they represented the recruitment
of residual stem cells or of stem cells derived from bone
marrow.

Interestingly, Robinson and colleagues [83] unplanted
an ECM patch derived from urinary bladder into a
porcine infarction model and detected a-smooth muscle
actin-positive cells 1 month after implantation, but at 3
months, the cells derived from the ECM patch were
similar to those of normal myocardium by flow cytometry
analysis. The mechanism, improvement in cardiac func-
tion, and long-term results were not reported. An ECM-
derived myocardial patch was implanted into a canine
RV with a defect extending the full thickness of the RV
wall, which led to improvements in regional systolic and
diastolic function, compared with a Dacron patch, and to
the presence of cardiomyocytes [84].

Acellular bovine pericardium with a porous structure
affixed to genipin was implanted into the RV of a rat
model, and histologic examination revealed smooth mus-
cle cells, neomuscle fibers, neoglycosaminoglycans, and
neocapillaries in the implanted tissue, but myocytes
were not seen [85]. This strategy may interest research-
ers in the mechanisms of stem cell migration and
differentiation.

In this review, we surveyed many exciting topics in
myocardial generation therapy in which cardiac surgeons
are currently interested. Remarkable progress has been
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made in cell-based treatments, including cellular cardio-
myoplasty and tissue cardiomyoplasty, in a very short

" period of time. Many researchers and clinicians are

enthusiastic about developing new technologies to treat
currently intractable heart disease and examining the
mechanisms of these techniques from the physiologic,
cellular, histologic, and functional points of view. Owing
to such studies, some techniques have already been
applied clinically, but much remains to be learned, par-
ticularly because the technology is still rudimentary at
the basic research and clinical levels. The field of clinical
myocardial regenerative therapy is just emerging, how-
ever, and now is the time for cardiac suxrgeons to examine
ways to promote the assimilation of basic achievements
into routine clinical therapy.

This study was supported by the Banyu Fellowship Program
sponsored by Banyu Life Science Foundation International.
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Impaired Myocardium Regeneration With Skeletal
Cell Sheets—A Preclinical Trial for Tissue-Engineered
| Regeneration Therapy
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Background, We hypothesized that autologous skeletal cell (SC) sheets regenerate the infract myocardium in porcine
heart as a preclinical trial,

Methods and Results, The impaired heart was created by implantation of ameroid constrictor on left anterior descend-
ing for 4 weeks. SCs isolated from leg muscle were cultured and detached from the temperature-responsive domain-
coated dishes as single monolayer cell sheet at 20°C. The following therapies were conducted: SC sheets (SC group,
n=35); sham {C group n=>3). Echocardiography demonstrated that cardiac performance was significantly improved in
the SC group 3 and 6 months after operation (fractional area shortening, 3 months; SCvs. C=49.5£2.8 vs. 24.6+2.0%,
P<0.05} and left ventricle dilatation was well attenuated in the SC group. Color kinesis index showed that distressed
regional diastolic and systolic function in infarcted anterior wall was significantly recovered (SC vs. C=57.4£8.6 vs.
30.2£4.7%, £<0.05, diastolic: 58.5+4.5 vs. 35.426.6%, P<0.05, systolic). Factor VIII immunostains demonstrated
that vascular density was significantly higher in the SC group than the C group. And % fibrosis and cell diameter were
significantly lower in the SC group. And hematoxylin-eosin staining depicted that skeletal origin cells and well-

developed-layered smooth muscle cells were detected in the implanted area. Positron emission tomography showed

better myocardial perfusion and more viable myocardial tissue in the distressed myocardium receiving SC

sheets

compared with the myocardium receiving no sheets.
Conclusions. 5C sheet implantation improved cardiac function by attenuating the cardiac remodeling in the porcine
ischemic myocardium, suggesting a promising strategy for myocardial regeneration therapy in the impaired myocardium.

Keywords: Cells, Fleart failure, Myocardial infarction, Tissue, Transplantation.

{Transplaniation 2010;90: 364-372)

spite the recent remarkable progress in medical and
surgical treatments for heart failure, end-stage heart fail-
ure has been still a major cause of death worldwide. After
myocardial infarction, the myocardium is capable ofa limited
regenerative capacity and no medication or procedure used
clinically has shown efficacy in regenerating myocardial scar
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tissue with functioning tissue. Thus, there is a need for new
therapeutics to regenerate damaged myocardium.

Recent developmentsin tissue engineering show prom-
ise for the creation of functional cardiac tissues without the
need for biodegradable alternatives for the extracellular ma-
trix (I}. And we reported that cardiomyocyte sheets have
been developed by using temperature-responsive culture
dishes and these sheets survived in the back of nude rats and
showed a spontaneous contraction over a long period of time
(2). Recent reports suggested that cardiomyocyte sheets inte-
grated with the impaired myocardium and improved cardiac
performance in a rat model of ischemic myocardium (3).
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And more recently, in the aim of clinical application,
nonligature implantation of skeletal myoblast sheet regener-
ated the damaged myocardium and improved global cardiac
function by attenuating the cardiac remodeling in the rat li-
gation model (4) and dilated cardiomyopathy hamster model
(5). This cell delivery system by using cell sheets implantation
showed better restoration of damaged myocardium com-
pared with needle mjection (4,
skeletal myoblast sheets attenuated cardiac remodeling and
improved cardiac performance in pacing-induced canine
heart failure model (6).

Given this body of evidence, we hypothesized that the
autologous skeletal cell (SC) sheet implantation might re-
model the chronic heart failure caused by ischemic injury.

Therefore, this preclinical study using Swine model was
designed to test therapeutic effectiveness.

MATERIALS BEND METHODS
Mvocardial Infarciion Model

“Principles of Laboratory Animal Care” formulated by the National Soci-
ety for Medical Research and the “"Guide for the Care and Use of Laboratory
Animals” prepared by the Institute of Laboratory Animal Resource and pub-
tished by the National Institutes of Health (NTH Publicarion No. §6-23, re-
vised 1983). This animal experiment was approved by the Animal Care
Committec of Osaka university graduate school of medicine. We induced
acute myocardial infarction of 10 swine (20 kg, KEARI, Japan) by the follow-
ing method, Swine were preanesthetized by intramuscular injection of ket-
amine hydrochloride 20 mg/kg {Ketalar, Sankvo, Japan) and xylazine 2
mgfkg (Seractar, Bayer). Animals were positioned spine and a 22-gauge in-
dwelling needle (Surflo F&F, Teruma, Tokyo, Japan) was inserted in the
central vein of the auricle. A three-way cack (Terufusion TS-TR2K, Terumao,
Tokyo, Japan) was attached to the external eylinder of the indwelling needle
and an extension tube was connected for continuous anesthetic injection.
The animals were intubated with an endotracheal cannula {6 Fr, Sheridan’
using a pharyngoscope and then connected to an artificial respirator {(Har-
vard, LISAY by the cannula. Artificial respiration was implemented at a stroke
volume of 200 to 300 mListroke and a stroke frequency of 20/min. The
animals were continuously drip injected with propofol 6 mgikg/hr
{Diprivan, AstraZeneca) and vecuronium bromide 0.05 mg/kg/hr (Muscu-
iux, Sankvo Yell Yakuhin Ca,, Lid., Japan} using a syringe pump {Terufusion
TE-3310N, Terumo, Japan). The animal was then fixed in a recumbent po-
sition, so that the left thorax was exposed, and the outer layer of skin and
muscles between the third and fourth ribs were dissected. After confirming
the cutting into the thoracic cavity, the distance between the third and fourth
ribs was widened with a rib spreader to allow a direct view of the left auricle
and the LADY coronary artery. The pericardium was dissected along the LAD
from the upper part of the left auricle (-6 cm) to expose the myocardium
around the LAD. LAD on the proximal side below the left auride from the
myocardium was exfoliated for approximately 1 cm, and then a small
amount of lidocaine hydrochloride jelly {Xylocaine jelly, AstraZeneca) was
appiied to allow for anesthetizing the area. An ameroid constrictar {COR-
2.50-58, Research Instruments) was then fit using No. 1 or 2 suture. The chest
cavity was closed to end the procedures, The animals were randomly divided
into two treatment groups: the first received antologous SC sheet implanta-
tion (SC group, n=5). For conirol, we have performed sham operation
[ group, n=5. ‘

Preparation of Skeletal Cell Sheets for Grafting
One week after implantation of ameroid constrictor on LAD, skeletal

muscle weighing approximately 5 ¢ was removed from the pretibial re-

gion with the porcine under general anesthesia. Following the addition of
psin-ethyvlenediaminetetraacetic acid (Gibeo, Grand Island, NY), ex-

cessive connective tissue was carefully removed to minimize the content
of contaminating fibroblasts, and the muscle tissue was minced until the

5). Moreover, grafting of
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fine pieces formed a homogeneous mass. The specimens were then incubated
at 37°C in shaker bath with 0.5% type 1 collagenase {Gibeo) in Dulbecco’s
modified Fagle's medivm {Gibeo), After brief placement, the Quid was
collected, and the same volume of culture medium, SkBM { Cambrex, Walk-
ersville, MDD} supplemented with feral bovine serum {Thermo Trace, Mel-
bourne, Australia}, was added to halt the enzymatic digestion process. The
cells were collected by centrifugation, and the putative SCs were seeded into
150 em” polystyrene flasks after removal af fibroblasts by sedimentation fora
few hours and cultured in SKBM at 37°C. During the culture process, we
maintained cell densities at Jess than 708 confluence by carrying out passag-
ing of cells for one time 1o prevent SCs from premature differentiation and
fusion process resalting in nyyotubes formation, When the cells become ap-
proximately 70% confluent after 10 to 11 days cultivation, the cells were
dissociated from the flasks with trypsin-ethylenediaminetetraacetic acid and
reincubated on 100 mm lemperature-responsive culture di‘thu; (Cellseed,
Tokyo, Japan} at 37°C with the LLH numbcrs adjusted to 1107 per u';h More
than %08 : ]
remaved 10 reft lgcrdrm sefar 2
During that dme, the SC sheets ¢ 'r-tcswd q‘m"tanen E
sheet had a diameter of 30 to 40 mm and consisted of Tay
WETE apprmimﬁdv Hi0-pum thick m cr ~crional views [Fig.
tely 10 sheets were obtained from the

am the surfaces, Each

: the sheets
11 Approxi-

3 g of skeleral muscle.

Implantation of Skeletal Cell Sheets

Autologous $C sheet implantation was performed in the swine 4 weeks
AD ligation, Swine were anesthetized as mentioned above. The swine
s identified visualiy

after
were exposed through the sternum, Th
fsurface scarring and abno
sheets into the infa
group was treated similarly but received no &

sifarct area wa

on the busis o
we implanted 10 5C

i motion. In the SC group,
ed myvocardium, The control
sheets, Because pilling up four
ar more sheets caused the central necrosis of the myoblasts presumubly be
cause the lack of in oxygen supply, we decided to pile two or threelayers ofthe
SC sheet over the broad surface of the impaired heart.

Measurement of Cardiac Punction

Swine were anesthetized as mentioned above, Cardiac ultrasonography
was performed with a commercially available echocardiograph, SONQS
3500 (PHILIPS Electronics, Tokyo, Japan}. A 3
ducerwas placed on u layer ofacoustic coupling gelthat was applied to the left
hemithorax, Swine were examined in a shallow left lateral decubitus posidon.

Fhe heart was first imaged in the fwo-dimensional mode in short-axis views

at the level of the largest left ventricle (LVY diameter, The caleulation of the
LV volume was based on the LV short-axis area using AQ system (7). And
a shortening (FAS} of the LY diastolic was calculated as follows:

Hz annular array frans-

fractional are

FAS

=[{1.Vend-diastolic area—LV end-svstolic area

AN

L.V end-diastolic area] » 100

These data are presented as the average of measurements of two or three
selected beats.

Quantification of Regional Diastolic and Systolic
Function by Color Kinesis
Diastelic CK images were obtained using a commerdciaily av:
system (SONQOS 3500, Philips Medical
or the determination of wa
CK examined every image pixel within the region of interest, which

ilable ul
sidpapilia
motion asynchrony as previous

wstems) from the |,

axis view
ported (8).
was drevwn wround the LV cavity, classifying it as blood or tssue based on inte-
grated backscatter data. D diastole, each pixel w ked into the next
frame, and pixel transitions from endocardium to blood were detected and in-
terpreted as diastolic endocardial motions. These pixel transitions were encoded
using a color hue specific to each consecutive video frame, sot m each color
represents the excursion of that segment during a 32 i i
of regional LV ulaﬁt(‘a];a wall motm.z ory i
stands
wall. The CK d;as‘icnhc éndrsx was defined as the |
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FIGURE 1. Histological character-
istics of skeletal cell (8C) sheet. (a)
5C sheet detached from the Poly
(N-isopropylacrylamide)-grafied

polystyrene by lowering the temper-
ature. Its size is approximately 3
cmx2 cm?. (b) Hematoxylin-eosin
(H&E) stain; cross-sectional views of
5C sheet in vitro. 8C sheet demon-
strates homogeneous heari-like tis-
sue. {c)} Not so many smooth muscle
cells were detected in the SC sheets,
The arrow indicates the smooth mus-
cle cells in the 8C sheet. (d) H&E stain
revealed that BC sheets attached on
the surface of epicardium. Left square
bracket indicates implanted SC sheets.
{e) Oval-shaped cells that showed posi-
tive for eosin in cytoplasm were de-
tected in the SC group microscopically
in some layers over epicardium. (f) Elas-
tica Masson Goldner showed that oval-
shaped cells that supposed to origin
from skeletal tissue exist in the ransplan-
tation site. Arrows indicate oval-shaped
cells that suppose to be originated form
skeletal tissue.

dduring the first 30% of the diastolic filling time (LY segmental cavity arca expan-
sion during the first 30% of diastole, divided by the segmental end-diastolic LV
cavity area expansion, expressed asa percentage ). We introduced the use of color
kinesis method that displays endocardial motion in real tme w0 evaluate the
regiomal systolic function (

Histopathology
LV myocardium specimens were obtained 6 months after the $C sheet
implantation, Each specimen was fixed with 109% buffered formalin and
embedded in paraffin, A few serial sections were prepared from each
specimen and stained with hematoxylin-eosin (H&E} stain and elastica
Masson-Goldner for histological examination or with Masson's
trichrome stain to assess the collagen content,
To label vascular endothelial cells so that the bi
counted, immunohistochemical staining of factor VIil-related antigen was
performed according to a modified protocol. Frozen sections were fixed with
a 286 paraformaldehyde solution in phosphate-buffered saline {PBS) for 5
min at room temperature, immersed in rethanol with 3% hydrogen perox-
ide for 15 min, then washed with PBS. The samples were covered with bovine
serum albumin solugion {DAKO LSAB Kit DAKQ CORPORATION, Denmark)
for 10 min 1o block nonspecific reactions. The specimens were incubated over-
night with an Enhanced Polymer One-Step Staining (EPOS$)-conjugated anti-
body against factor VIH-related antigen coupled with horseradish peroxidase
{DAF.O EPOS Human Von Wille brand Factor/HRP, DAKQ, Denmark).
Afrer the samples were washed with PBS, they were immersed in diaminobenzi-
dine solution [0.3 mg/mL diaminobenzi o obtain positive stain-
ing. Ten different fields at 200X magnification were randomly selected, and
the number of the steined vascular endothelial cells in each feld was counted
under a light microscope. The resull was expressed as the number of blood
vessels per square millimeter,
The following antibodies ag

ood vessels could be

st smooth muscle cells and skeletal myosin

1

{slow} were nsed te evaluate the existence of SCs: primary antibodies, anti-

Transplanfation » Volume 90, Number 4, August 27, 2010

smooth muscle actin (clone 1A4, DAKO) antiskeletal myosin {slow) {clone
NOQ7 54D, Sigma); secondary antibodies, anti-mouse Ig biotinylate (IDAKO),

Picro-sirius red staining for the assessment of myocardial fibrosis
odic acid-Schiff staining for that of cardiomyocyte hypertrophy was per-
formed as deseribed (9.

or peri-

Positron Emission Tomography Procedure

We performed positron emission tomography (FET) studies on pigs which
were transplanted SC sheets and control by using ¥0-water and '*F-FDG. The
pigs were anesthetized by the introduction of pentobarbital followed by contin-
uous inhalation of propofol (4 mg/fkg/hr and were placed supine on the bed of
the scanner. PET was performed using a HEADTOME-TIT tomograph {Shi-
madzu, Kyoto, Japan) and data were analyzed as described elsewhere (10).

Holter Electrocardiography

To evaluate arrhythmia we used Holter electrocardiography (ECG) for 24
hours. We checked arrhythmia by checking the number of ventricular prema-
ture beat afrer 8C sheet implantation in myocardial infarction porcine (n=3,

Data Bnalysis

Data are expressed as means = SEM and subjected to multiple analysis of
varfance (ANOVA) using the StatView 5.0 program (Abacus Concepts, Berkeley,
CA). Echocardiographic data were first analyzed by two-way repeated measure-
ment ANOVA for differences across the whole time course, and one-way
ANOVA with the Tukey-Kramer posthoc test was used to verify the significant
for the specific comparison at cach time point, To assess the significance of the
differences between individual groups concerning other numeral data, statistical
evaluation was performed with an unpaired £ test. Statistical significance wag
determined as having a P value less than 0,05,



