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to recruit stem cells to the site of damage, where they pro-
mote heart repair.® Nevertheless, it remains to be deter-
mined what cytokines play a major role in generating
therapeutic effects among the many complex molecular
and cellular mechanisms involved.

We could find no ventricular premature beat by Holter
electrocardiographic analysis after the treatment (data not
shown). We® previously reported that rat and porcine MI
models show less arrhythmia after being treated with
SMB-sheet implantation than with needle injection. We
speculate that the needle damages the myocardium, which
may induce arrhythmia. In contrast, the SMB sheet implan-
tation technique does not normally injure the myocardium.
Moreover, we did not observe any cases of lethal ventricular
arrhythmia in animals implanted with SMB sheets wrapped
with omentum.

CONCLUSIONS

A new cell-delivery method using SMB sheets combined
with omentum allowed us to implant large numbers of
SMBs in a porcine MI model. The implanted sheets became
well-vascularized cardiac tissue, with less scarring and im-
proved cardiac function over that of the animals receiving
SMB sheets alone. This method may be applicable for re-
pairing the severely failing heart.

We thank Professor Nariaki Matsuura and Dr Naomasa Kawa-
guchi of the Department of Pathology, Osaka University Graduate
School of Medicine, and Mr Akima Harada for the histologic anal-
ysis, Mr Shigeru Matsumi for the excellent technical assistance,
Mrs Masako Yokoyama for RT-PCR, and Mrs Yuka Fujiwara
and Mr Hiroyuki Shimada for cell culturing. We also thank
Dr Leslie Miglietta and Dr Grace Gray for editing our manuscript.
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Dr Vivek Rao (Toronto, Ontario, Canada). 1 have no relevant
financial disclosures.

I thank the authors for the courtesy of providing me with a copy
of their manuscript well in advance of the meeting. I congratulate
them as well for a very elegantly performed and executed study,
and I will confirm with the audience that the results shown here
are just a small tip of the iceberg of the complete results presented
in the manuscript. Most important, the manuscript contains a lot of
functional data that, unfortunately, owing to time constraints,
Dr Shudo was unable to present.

Having said that, I have a few questions with regard to this
study. In the manuscript, it was not quite clear to me whether the
number of cell sheets delivered were different between the omen-
tum group (O group) and the cell-sheets-only group (S group). You
mentioned that to achieve the omentum wrapping you had a limita-
tion of 5 sheets in the omentum-plus-cell group (SO group). Was
that different from the total number of cell sheets implanted in
the cell-sheets-only group (S group)?

Dr Shudo. Thank you for your useful comments, Dr Rao.

In this study we used 30 cell sheets total. On the basis of our re-
sults in the previous studies, the increase in the number of im-
planted cell sheets was related to the favorable results, such as
enhancing the paracrine effect and improving cardiac function.
However, these previous studies also suggested that more than 5
layers of SMB sheets had disorganized vasculature in the im-
planted site, maybe owing to the primary ischemia. Therefore, in
this study, at most 5 layers were attached in one place and covered
and wrapped with the omentum to support the angiogenesis.

Dr Rao. I will point to some of the LV function data that were
presented in your manuscript. You measured LV function both at 4
weeks and 8 weeks after LAD ligation. What was striking to me
was that in most models of LAD ligation there is continued dete-
rioration in LV function in the control groups. In contrast, in your
study, the 3 relative control groups had stabilization of their LV
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function from 4 to 8 weeks with a continued improvement in LV
function in the omentum-plus-cell-transplant group (SO group).
Can you explain why the LV function appeared to stabilize in
your model.

Dr Shudo. In this study, MI was induced by first ligating the dis-
tal portion of the LAD for ischemic preconditioning, followed by
placement of the ameroid constrictor around the main trunk of the
LAD, just distal to the left circumflex artery branching. It has been
reported that the ameroid ring was estimated to occlude inside
completely about 2 weeks after being placed in vivo. As you men-
tioned (and as shown in one slide), LVEF seems to be unchanged 1,
2, and 3 months after placement of the ameroid ring, whereas
LVEDV and LVESYV indices significantly increased gradually after
induction of ML Therefore, I would like to mention that LV re-
modeling was successfully obtained in this model in this study.

Dr Rao. I have 1 final question. You showed that the cell reten-
tion was approximately double that with the addition of the omen-
tum wrapping, 60% cell retention versus 30% with the cell sheet
alone. Yet for almost all of your end points there was absolutely
no benefit to cell sheet implantation alone, which is obviously in
contrast to many of the studies done previously with SMBs show-
ing a benefit in function, angiogenesis, et cetera. Can you explain
why your cell sheet transplant alone had absolutely no benefit in
this model.
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Dr Shudo. That seems to be a bit confusing. We have obtained
good results even in the cell-sheet-only group (S group), too. How-
ever, we would like to focus on the preferable results of the new
cell-implantation method.

Thank you again for your comments and good questions.

Dr Paul Kurlansky (Miami, Fla). I have no disclosures.

This was very interesting work. I have just 2 questions. First,
what exact cells or mixture of cells are you putting into the cell
sheets? Second, have you looked histologically at the hearts to
see if you actually have myocardial regeneration or if you just
have hypertrophy and preservation of the residual border zone
myocardium?

Dr Shudo. Thank you so much. Regarding the first question, al-
though this is unpublished information, we performed the experi-
mental study about SMBs mixed with adipose tissue, derived
mesenchymal stem cells. This model shows priority to the SMB
cell-sheet-only group (S group).

Regarding the analysis of border zone, our study using tissue
Doppler echocardiography and speckle tracking echocardiogra-
phy data showed that regional functional recovery was signifi-
cantly greater in the infarct border region. This result may
support the idea that cell-sheet-with-omentum therapy pre-
vented progression of MI by supporting the hibernating
myocardium.
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Induced Adipocyte Cell-Sheet Ameliorates Cardiac
Dysfunction in a Mouse Myocardial Infarction Model
A Novel Drug Delivery System for Heart Failure

Yukiko Imanishi, PhD; Shigeru Miyagawa, MD, PhD; Norikazu Maeda, MD, PhD;
Satsuki Fukushima, MD, PhD; Satoru Kitagawa-Sakakida, MD, PhD; Takashi Daimon, PhD;
Ayumu Hirata, MD, PhD; Tatsuya Shimizu, MD, PhD; Teruo Okano, PhD;

Tichiro Shimomura, MD, PhD; Yoshiki Sawa, MD, PhD

Background—A drug delivery system that constitutively and effectively retains cardioprotective reagents in the targeted
myocardium has long been sought to treat acute myocardial infarction. We hypothesized that a scaffold-free induced adipocyte
cell-sheet (ACS), transplanted on the surface of the heart, might intramyocardially secrete multiple cardioprotective factors
including adiponectin (APN), consequently attenuating functional deterioration after acute myocardial infarction.

Methods and Results—Induced ACS were generated from adipose tissue—derived cells of wild-type (WT) mice
(C57BL/6J), which secreted abundant APN, hepatocyte growth factor, and vascular endothelial growth factor in vitro.
Transplanted iACS secreted APN into the myocardium of APN-knockout (KO) mice at 4 weeks. APN was also detected
in the plasma of iACS-transplanted APN-KO mice at 3 months (245113 pg/mL). After left anterior descending artery
ligation, iACS, generated from either WT (n=40) or APN-KO (n=40) mice, were grafted onto the surface of the
anterior left ventricular wall of WT mice, or only left anterior descending artery ligation was performed (n=43). Two
days later, inflammation and infarct size were significantly diminished only in the WT-iACS treated mice. One month
later, cardiomyocyte diameter and percent fibrosis were smaller, whereas ejection fraction and survival were greater in
the WT-iACS treated mice compared with the KO-iACS—treated or nontreated mice.

Conclusions—Cardioprotective factors including APN, hepatocyte growth factor, and vascular endothelial growth factor were
secreted from iACS. Transplantation of iACS onto the acute myocardial infarction heart attenuated infarct size, inflammation,
and left ventricular remodeling, mediated by intramyocardially secreted APN in a constitutive manner. This method might be
a novel drug delivery system to treat heart disease. (Circulation. 2011;124[suppl 1]:5S10-S17.)

Key Words: acute myocardial infarction m adiponectin m cell therapy m drug delivery system m tissue engineering

espite recent progress in medical and surgical treatments
for heart failure, acute myocardial infarction (AMI) and
the subsequent deterioration of cardiac performance is still a
major cause of death, worldwide. An array of cardioprotec-
tive reagents have been identified to be effective in amelio-
rating AMI by administrating into the infarcted myocardium
in experimental models.! However, these reagents have failed
to show consistent therapeutic efficacy in several clinical
trials, probably due to poor retention or rapid inactivation of
reagents in the injured myocardial tissues.! Therefore, a drug
delivery system (DDS) that retains cardioprotective reagents
in the targeted myocardial area has long been sought.
Intramyocardially transplanted autologous stem cells secrete
various cardioprotective cytokines and growth factors, enhance

angiogenesis, reduce fibrosis, attenuate apoptosis, and suppress
myocyte hypertrophy, consequently ameliorating AMI in a
paracrine manner.23 However, cell transplantation for AMI has
shown only modest therapeutic efficacy in large-scale clinical
studies. It appears to result from insufficient paracrine effects
whose magnitude and figure are largely affected by the cell
delivery method or transplanted cell source.* To enhance the
survival and functions of the transplanted cells, we developed a
cell-sheet—based delivery method in which isolated cells, culti-
vated in vitro as a sheet without a scaffold, are simply placed on
the surface of the myocardium. This treatment enhances the
paracrine effects, resulting in better therapeutic efficacy.>¢
Adipocytes differentiated from adipose tissue—derived
stromal-vascular fraction (SVF) cells are a promising cell
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source for treating AMI because as they secrete hepatocyte
growth factor (HGF), vascular endothelial growth factor
(VEGF), and, importantly, adiponectin (APN).78 APN is a
circulating secretory protein that has multiple cardioprotec-
tive effects, including the attenuation of inflammation, fibro-
sis, and myocyte hypertrophy.®® However, the clinical use of
APN for treating AMI has been hampered by the lack of
effective systems for delivering APN to the heart. We
hypothesized that using cell-sheet technology to deliver
adipocytes that secrete multiple cardioprotective factors,
including APN, might attenuate the functional deterioration
after AML

Methods
Animal care complied with the “Guide for the Care and Use of
Laboratory Animals” (NIH publication No. 85 to 23, revised 1996).
Experimental protocols were approved by the Ethics Review Com-
mittee for Animal Experimentation of Osaka University Graduate
School of Medicine.

Generation and Assessment of
Adipocyte Cell-Sheet
The SVF cells of adipose tissue were isolated from wild-type (WT;
male 'C57BL/6J) or APN-knockout (KO) mice,’® as described
previously.!! The isolated SVF cells were cultured until they become
confluent on Upcell dishes (CellSeed Inc, Tokyo, Japan). Differen-
tiation into adipocytes was induced by insulin, dexamethasone,
isobutylmethylxanthine, and pioglitazone (Sigma-Aldrich, MO). In-
cubation at 20°C induced the cells to detach from the culture dishes,
yielding a scaffold-free cell-sheet, which we call an “induced
adipocyte cell-sheet” (JACS). The secretion of HGF, VEGF, leptin,
interleukin (IL)-6, tumor necrosis factor (TNF)-«, and IL-10 into the
culture supernatant was assessed by ELISA. Before transplantation,
" WT mouse-derived iACS (WT-iACS) and APN-KO mouse-d-
erived iACS (KO-iACS) were labeled with the use of a PKH26 kit
(Sigma-Aldrich).

Generation of AMI Model and

Cell-Sheet Transplantation

An AMI model was generated by permanent ligation of the left
anterior descending artery (LAD) in male C57BL/6J mice, 10 to 15
weeks old.’? The mice were anesthetized by isoflurane inhalation
(Mylan Inc). Five minutes after the LAD ligation, WT-IACS (W
group, n=40) or KO-iACS (K group, n=40) was grafted onto the
surface of the anterior left ventricular (LV) wall, or a sham operation
was performed (C group, n=43). The mice were euthanized at 2 and
28 days after LAD ligation and cell-sheet transplantation.

Assessment of Cardiac Function and Survival
Cardiac function was assessed with the use of an echocardiography
system equipped with a 12-MHz transducer (GE Healthcare) at 4
weeks. The LV dimensions were measured, and LV ejection fraction
was calculated as (LVDd>~LVDs?*)/LVDd* X100, where LVDd and
LVDs are the LV end-diastolic and end-systolic dimensions, respec-
tively.'? The mice were housed in a temperature-controlled incubator
for 50 days after treatment to determine their survival.

Histological Analysis
Freshly excised hearts were stained with 1% 2,3,5-triphenyltetrazo-
lium chloride (TTC; Sigma-Aldrich). The red-stained infarct area
was quantified by computerized planimetry, using MetaMorph
Software (Molecular Devices). Frozen sections (8 um) of hearts and
cell-sheets were stained with antibodies against APN (Otsuka Phar-
maceutical, Tokushima, Japan) or CD11b (Abcam, Cambridge, UK).
The secondary antibody was Alexa 488 goat anti-rabbit (Life
Technologies). Counterstaining was performed with 6-diamidin0-2-7
a
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gen accumulation, heart sections were stained with Masson
trichrome. The collagen volume fraction was calculated in the
peri-infarct area. To assess cardiomyocyte diameter, heart sections
were stained with periodic acid-Schiff. MetaMorph Software was
used for the quantitative morphometric analysis.

Cytokine Antibody Array

Proteins were isolated from whole-heart samples and analyzed using
a Milliplex Mouse Cytokine/Chemokine Panel Premixed 32Plex,
according to the manufacturer’s instructions (Millipore).

Quantitative Real-Time PCR

Total RNA was isolated from the peri-infarct area by use of the
RNeasy Mini Kit and reverse-transcribed, using Omniscript Reverse
transcriptase (Qiagen, Hilden, Germany). Quantitative PCR was
performed with the PCR System (Life Technologies). The expres-
sion of each mRNA was normalized to that of glyceraldehyde-3-
phosphate dehydrogenase.

Statistical Analysis
Data are expressed as the mean=SEM. The data distributions were
checked for normality with the Shapiro-Wilk test and for equality of
variances with the Bartlett test. Comparisons between 2 groups were
made using the unpaired ¢ test or the Wilcoxon-Mann-Whitney U
test, as appropriate. For comparisons among 3 groups, we used
1-way ANOVA, followed by Fisher protected least-significance
difference test or the Kruskal-Wallis test, followed by the post hoc
pairwise Wilcoxon-Mann-Whitney U test, as appropriate. The sur-
vival curves were prepared by using the Kaplan-Meier method and
were compared using the overall log-rank test, followed by the post
hoc pairwise log-rank test. The multiplicity in pairwise comparisons
was corrected by the Benjamin-Hochberg procedure. All probability
values are 2-sided, and values of P<<0.05 were considered to indicate
statistical significance. Statistical analysis was performed with the
StatView 5.0 Program (Abacus Concepts, Berkeley, CA) and the R
program.!3

An expanded Methods section can be found in the online-only
Data Supplement.

Results

Characterization of the Adipocyte Cell-Sheets

Most SVF cells differentiated into mature adipocytes bearing
oil droplets by 7 days after differentiation induction. Induced
ACS or undifferentiated SVF cell-sheets were then generated
by lowering the temperature (Figure 1A). Each iACS was
approximately 7 mm in diameter (Figure 1B) and 100 wm
thick (Figure 1C). WT-iACS expressed abundant APN in the
cytoplasm and extracellular matrix around the oil-droplet—
rich adipocytes, as assessed by immunohistochemistry (Fig-
ure 1D) and ELISA (Figure 1E). In contrast, neither the SVF
cell-sheets of either origin nor the KO-iACS expressed APN
(Figure 1D and 1E). The ELISA showed abundant HGF
expression in WT-iACS and KO-iACS, which was down-
regulated compared with the WT SVF cells (Figure 1F). The
secretion of VEGF and leptin was remarkably enhanced by
the SVF cell differentiation into adipocytes. IL-6 and
IL-10 were secreted by the WT-iACS and WT-SVF cells at
similar levels, which were lower than the levels secreted
by KO-iACS. The secretion of TNF-a was not evident in
any group because the cell-free culture medium also
contained 2.29 pg/mL TNF-a.

Transplanted Induced ACS Supplied APN to
the Myocardium
WT-iACS were transplanted onto the heart of intact APN-KO

phenylindole (Life Technologies). To analyze the myocardial coll 391ice to evaluate behavior of the WT-iACS, including APN
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Figure 1. Characterization of induced adipocyte cell-sheet (IACS) in vitro. A, Histological analysis showing mature adipocytes with oil
droplets in the cytosol. B, Induced ACS detached from the temperature-responsive culture dish. C, Cross-sectional view of hematoxylin
and eosin-stained iACS. D, Representative pictures of adiponectin (APN)-stained cell-sheets. Wild-type (WT)-IACS showed strong
labeling for APN. The WT stromal-vascular fraction (SVF) cell-sheet, knockout (KO)-IACS, and KO SVF cell-sheet were negative for
APN. Green indicates APN; blue, nuclei. E, APN secretion into the WT-IACS culture supernatant determined by ELISA (WT SVF cell
sheet, n=2; WT-IACS, n=5; KO-iACS, n=8; P<0.05, Kruskal-Wallis test). *P<0.05 versus WT SVF cell-sheet, 1P<0.05 versus
KO-IACS, post hoc Wilcoxon-Mann-Whitney U test. F, Hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF), lep-
tin, interleukin (IL)-6, IL-10, and tumor necrosis factor (TNF)-a secretion into the culture supernatant, measured by ELISA. WT-IACS
secreted HGF, VEGF, leptin, IL-6, and IL-10 but not TNF-a (WT SVF cell sheet, n=2; WT-IACS, n=8 to 12; KO-IACS, n=6 to 9). HGF,
VEGF, and leptin (P<0.05, ANOVA); *P<0.05 versus WT SVF cell-sheet, 1P<0.05 versus KO-iACS, post hoc Fisher protected least-
significance difference test. TNF-q, IL-6, and IL-10 (P<0.05, Kruskal-Wallis test); *P<0.05 versus WT SVF cell-sheet, 1P<0.05 versus
KO-iACS, post hoc Wilcoxon-Mann-Whitney U test.
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Figure 2. Local and systemic delivery of induced adipocyte cell-sheet (JACS)-derived adiponectin (APN) in vivo. A, Immediately after
wild-type (WT)-iACS implantation onto the knockout (KO) mouse heart, iIACS-expressed APN was detected on the epicardium. Arrow-
heads show the implanted WT-IACS. Green indicates APN; blue, nuclei. B, WT-IACS stained with red fluorescent dye were implanted
onto KO myocardium. Twenty-eight days after transplantation, APN was detected both in the surviving WT-IACS and the extracellular
matrix (ECM) of the KO mouse myocardium at the implanted site. Asterisk indicates the implanted WT-IACS. Arrows show iACS-
derived APN in the host myocardium. C, KO-iACS stained with red fluorescent dye and implanted onto KO myocardium. Twenty-eight
days after transplantation, the implanted KO-iACS survived, but no APN was detected in the KO-IACS or the ECM. Asterisk indicates
the implanted KO-iACS. Green indicates APN; red, KO-IACS; and blue, nuclei. D through F, Hematoxylin and eosin staining of a serial
section from the sample in A, B, and C, respectively. G, High-magnification image of the square in B and H. Plasma APN concentration
of WT-IACS (WT) or KO-IACS (KO) recipient APN-KO mice. APN was detected in the WT group plasma 1 (n=4) and 3 months (n=3) after
transplantation but not in the KO group plasma {(n=4, P<0.05, Kruskal-Wallis test). *P<0.05 versus KO 1 month, post hoc Wilcoxon-Mann-

Whitney U test.

production. Immediately after transplantation, the WT-iACS
expressed APN epicardially at the anterior LV wall, but it was
not expressed intramyocardially (Figure 2A). Four weeks
after transplantation, the WT-iACS had survived, was ap-
proximately 600 um thick, and contained adipocytes and
connective tissue. At this time, the WT-iACS was tightly
integrated with the epicardium, but no invasion of trans-
planted cells into the recipient myocardium was observed
(Figure 2B and 2E). APN was expressed in the cytoplasm of
scattered surviving WT-iACS cells and in the myocardium
close to the WT-iACS (Figure 2B and 2G). In contrast,
although the KO-iACS transplanted into KO mice survived
(Figure 2C and 2F), they did not express or secrete APN
(Figure 2C). When WT-iACS was transplanted into KO mice,
APN was detected in the plasma 1 and 3 months later, but it
was not detected in the plasma of KO mice with the KO-iACS
implant (Figure 2H).

Induced ACS Implantation Reduced Inflammatory
Responses and Infarct Area 2 Days After MI

The anti-inflammatory effects of WT-iACS were evaluated
by cytokine antibody array analysis of whole-heart lysates
from the AMI mice that were treated with WT-iACS (W),
KO-iACS (K), or no iACS (C) groups at 2 days after
implantation (Table). A significantly lower level of the
inflammatory factor granulocyte macrophage colony-
stimulating factor (GM-CSF) was observed in the W group
compared with the others, and the levels of other inflamma-
tory cytokines, keratinocyte chemoattractant, IL-6, granulo-
cyte (G)-CSF, and monocyte chemotactic protein-1 (MCP-1)
showed a trend toward downregulation in the W group.
Quantitative RT-PCR showed that the TNFa mRNA levels
were lower in the peri-infarct area of the W group than in that
of the K and C groups, which reached statistical significance

7 4 -Fn the W group (Figure 3A). Furthermore, immunohistochem-
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Table. Cytokine Antibody Array

W Group K Group C Group
n=4) (n=5) (n=6)

Granulocyte macrophage 0.0+0*t 21.8x1.3 18.5+6.7
colony-stimulating
factor, pg
Keratinocyte 292.7+427  539.9+564  629.9%+113.1
chemoattractant, pg
Interleukin-6, pg 175.3+16.0  2953*+440  281.4=515
Granulocyte-colony 37.6+5.7 94.6+35.0 52.8+9.5
stimulating factor, pg
Monocyte chemotactic 316.4x51.9  467.6+50.4 388.7+87.1

protein-1, pg

P<0.05, Kruskal-Wallis test.
*P<0.05 versus C group.
+P<0.05 versus K group, post hoc Wilcoxon-Mann-Whitney U test.

istry for CD11b showed significantly fewer infiltrated mac-
rophages in the peri-infarct area of the W and K groups than
in that of the C group (Figure 3B). Finally, a semiquantitative
assessment by TTC staining showed that the infarct area was
significantly smaller in the W group than in the K and C
groups (Figure 4).

Induced ACS Transplantation Suppressed LV
Remodeling Development at 4 Weeks After MI
Four weeks after LAD ligation, the C group showed a typical
MI with a large anterior LV scar, dilatation of the LV cavity,
and cardiomyocyte hypertrophy. By comparison, the LV of
the W group was less dilated, and the anterior wall was
thicker (Figure 5A). The diameter of the cardiomyocytes was
significantly smaller in the W group (Figure 5B and 5C), and
there was less collagen accumulation (Figure 5D and SE).
There was no difference in capillary density among the
groups (online-only Data Supplement Figure 1).

Therapeutic Effects of Induced ACS
Transplantation on Cardiac Performance and
Survival at 4 Weeks After MI

Cardiac performance was evaluated by 2D echocardiography
4 weeks after implantation. Both the diastolic and systolic LV

A TNFa B Cp11b
20 1500
3 o
215 E1000 { % %
g 10 <
* 2 500
W
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Figure 3. Induced adipocyte cell-sheet (ACS) effects on inflam-
matory responses after myocardial infarction at the implant/
myocardium border zone 2 days after implantation. A, Quantita-
tive RT-PCR results for the tumor necrosis factor (TNF)-«
transcript. TNF-a transcription was significantly lower in the W
group (n=4) than in the K (n=4) and C groups (n=6, P<0.05,
Kruskal-Wallis test) *P<0.05 versus C group, tP<0.05 versus K
group, post hoc Wilcoxon-Mann-Whitney U test. B, Quantifica-
tion of CD11b-positive cells. The number of CD11b-positive
cells was significantly lower in the W (n=4) and K (n=4) groups
than in the C group (n=6, P<0.05, ANOVA). *P<0.05 versus C
group, Fisher protected least-significance difference test.

dimensions were smaller in the W group than the others, but
the difference was not significant. In contrast, LV ejection
fraction was significantly greater in the W group than the K
and C groups (Figure 6A). In addition, in a WT-i1ACS—
transplanted rat model of acute MI, invasive hemodynamic
analysis showed higher end-systolic pulmonary vascular re-
sistance and dP/dtmax and lower dP/dtmin, compared with
sham transplantation (online-only Data Supplement Figure
2). Mortality was substantial until 14 days after LAD ligation
in the K and C groups. In contrast, in the W group, there was
little mortality 5 days after MI and thus a significant differ-
ence in survival (Figure 6B).

Discussion
We developed an adipocyte cell-sheet—based DDS for the
heart. These sheets, which are generated from adipose tissue—
derived SVF cells induced to differentiate in culture, secreted
multiple cardioprotective factors in vitro, including APN,
HGF, and VEGF. Although adipose tissue—derived SVF cells
had no ability to secrete APN, after the differentiation to
adipocytes, the cells started to secrete APN in addition to
HGF and VEGF. APN was secreted from the iACS into the
myocardium and blood for at least 3 months, probably along

-with HGF, VEGEF, leptin, and IL-10. In a mouse model of

AMI, WT-iACS significantly decreased inflammation and
myocardial infarct size at the acute stage. Furthermore,
myocardial fibrosis and cardiomyocyte hypertrophy were
significantly attenuated at the late stage, which led to im-
proved cardiac performance and a better post-MI survival
rate. Importantly, the transplantation of KO-iACS onto in-
farcted hearts resulted in only modest therapeutic benefits,
indicating that APN plays a pivotal role in attenuating the
AMI in this experimental model.

There have been many experimental and clinical studies in
which the administration of exogenous proteins, including
APN, induced angiogenesis, reversed remodeling, and im-
proved cardiac function.!4 The issues in this method may be
that naked protein is delivered to the heart and is often poorly
retained or quickly inactivated and therefore lacks long-term
efficacy.’s MI is a progressive disease, characterized by
massive ischemic necrosis of the myocardial tissue and
subsequent inflammation. This leads to cardiac remodeling
that exacerbates the oxygen shortage in the surviving cardiac
tissue. These pathological and functional deteriorations even-
tually cause end-stage heart failure. A constitutive and
balanced supply of cardioprotective reagents, rather than the
1-time administration of a single reagent, should inhibit this
vicious circle. The direct injection of plasmid vectors encod-
ing targeted reagents and the transplantation of genetically
modified cells can provide a controlled and stable supply of
reagents over the long term; however, their clinical use is
limited because the safety of the viral systems used as vectors
for the plasmids and of modifying cells for transplant is still
a concern.!6 Encapsulation as the DDS for biomaterials is
another attractive approach; however, difficulty in controlling
the rate of reagent release, such as the occurrence of an initial
burst release, limits its therapeutic efficacy.1”:1# In addition,
biodegradable polymers that carry reagents may induce the

74 eposition of extracellular matrix and myocardial inflamma-
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tion, leading to pathological fibrotic states.!® Qur cell-sheet—
based DDS constitutively and effectively delivered multiple
cardioprotective factors over the long term, leading to reverse
LV remodeling after MI, without gene modification or
scaffold use. Thus, this strategy might be more practical and
effective than other methods for delivering therapeutic pro-
teins for treating MI in the clinical arena.

It is possible that the delivery of multiple growth factors
will improve therapeutic efficacy over the delivery of a single
factor. This hypothesis is supported by a study showing that
the combination of HGF and VEGF leads to better engraft-
ment and significant angiogenesis, compared with either
factor alone.?° In our study, the KO-iACS, which secreted
HGF and VEGEF but not APN, reduced macrophage infiltra-
tion but did not induce functional or survival benefits. These
benefits were conferred by the WT-iACS, which produced
APN, suggesting that APN's benefits are different from and

Infarction

Adipocyte Cell-Sheet Transplantation for AMI S15

Figure 4. Infarct area of induced adipocyte
cell-sheet (IACS)-treated heart 2 days after
myocardial infarction. A, Representative 2,3,5-
triphenyltetrazolium chloride staining images at
border zone of infarct. B, Quantification of infarct
size. The percent infarcted area was significantly
lower in the W group (n=8) compared with the
other groups (K, n=7; C, n=9; P<0.05, ANOVA).
*P<0.05 versus C group. 1P<0.05 versus K group,
Fisher protected least-significance difference test.

in addition to those of known paracrine mediators, such as
HGF or VEGF.

APN is a protective factor against cardiovascular dis-
eases.2! In particular, its anti-inflammatory properties may
be the major reason for its beneficial effects on cardiovascular
disorders, because APN-deficient mice exhibit increased
TNF-a production and myocardial apoptosis in response to
ischemia reperfusion.22.22 We observed that the expression of
TNF-a in the AMI heart was significantly reduced by
transplanting WT-iACS but not KO-iACS, which secrete
similar levels of the same cytokines, except for APN, sug-
gesting that the direct anti-inflammatory effects of APN
played a key role in the attenuated inflammation in this study.
In addition, the infarct size was significantly smaller in the
WT-iACS-transplanted hearts than in the KO-iACS—trans-
planted ones. Infarct size is determined by multiple factors,
including the magnitude of ischemic stimuli, degree of

Cell diameter

*4

W K C

Fibrosis

Figure 5. Effects on left ventricular remodeling by induced adipocyte cell-sheet (IACS) transplantation 4 weeks after myocardial infarc-
tion. A, Representative macro images from each group. B, Representative periodic acid-Schiff staining of tissue remote from infarct
site. C, Quantification of cardiomyocyte diameter. Cardiomyocyte diameters in the tissue remote from the infarct site were significantly
smaller in the W group (n=6) than in the other groups (K, n=8; C, n=5; P<0.05, ANOVA). *P<0.05 versus C group. tP<0.05 versus K
group, Fisher protected least-significance difference test. D, Representative Masson trichrome staining images at the border area. E,
Quantification of percent fibrosis. Fibrosis at the border area was significantly suppressed in the W group (n=6) compared with the
other groups (K, n=8; C, n=5; P<0.05, Kruskal-Wallis test). *P?Oj-\gsus C group. 1P<0.05 versus K group, post hoc Wilcoxon-

Mann-Whitney U test.
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inflammation, and amount of apoptosis. The beneficial ef-
fects of APN on inflammation after the iACS treatment may
have led to the attenuated infarct size and suppressed the
exacerbation of cardiac performance. In addition, APN has
been shown to directly inhibit the hypertrophic response in
myocytes.?* Therefore, the combined direct and indirect
actions of APN probably inhibit the development of patho-
logical hypertrophy and preserve myocardial mass. Although
we traced the iACS-derived APN by using APN-KO mice to
demonstrate the APN delivery, HGF, VEGF, and other
beneficial growth factors are probably also released constitu-
tively by the iACS. Thus, iACS can provide a combined and
balanced release of multiple paracrine mediators that may
synergistically augment therapeutic benefits.2023

On the other hand, APN is reported to have proangiogenic
potential.” In fact, VEGF secretion from WT-IACS and
KO-iACS were also greater compared with undifferentiated
WT-SVF cell-sheet in this study. However, the capillary
density in the treated myocardium, which was assessed by
CD31 immunohistolabeling, was not higher at 28 days after
WT-ACS transplantation, compared with post-KO-iACS
transplantation and sham transplantation. These inconsistent
findings may result from the AMI model in which neoangio-
genesis substantially occurs in the treated area, not allowing
dissection of the slight difference in capillary density between
the experimental groups. Rather, the findings of this study
suggested that anti-inflammatory effects were the major mech-
anism for the improvement after WT-iACS transplantation in
this model. Another disease model such as dilated cardiomyop-
athy and old myocardial infarction may be more appropriate to
evaluate angiogenic property of iACS treatment.

The treatment strategy for AMI studied here is not directly
applicable to the clinical arena, because the time required to
" isolate, cultivate, or manipulate cells in vitro is not available

finding that this therapy yielded marked cardioprotective
effects through constitutive APN production should be ben-
eficial for treating other types of cardiac pathologies, such as
the chronic phase of MI, dilated cardiomyopathy, or myocar-
ditis. In addition, this sophisticated cell-sheet, which elevates
the systemic APN level for some time, might also be effective
for treating systemic disorders such as obesity-linked cardio-
vascular or metabolic disorders, although this possibility will
require further investigation.®?!

A potential limitation of this study is that the small sample
sizes in our experiments limit their statistical power. Thus, the
apparent absence of a statistical difference may be due to
the lack of statistical power to detect small ditferences; therefore
our negative results may have no meaning. Nevertheless, despite
the small sample sizes, we at least clearly showed that APN
was delivered by WT-iACS and that the therapeutic effect of
WT-iACS implantation was attained through APN. Further-
more, we conducted multiple statistical tests for significance
separately for each outcome in a univariate manner, although
we adjusted for multiple pairwise testing between groups
within each outcome. Such tests for multiple outcomes could
lead to the inflation of the type I error probability in making
treatment effect claims.

In the present study, we focused on the delivery of
cytokines by iACS. However, we speculate that other mech-
anisms may also contribute to the functional recovery after
iACS implantation. Tateno et al?$ clearly showed that cell
transplantation induces the recipient tissue to produce angio-
genic factors, including IL-1p, even though the transplanted
cells do not produce sufficient levels of cytokines to promote
angiogenesis directly. Similarly, iACS may stimulate recipi-
ent tissue, thus activating cells in the recipient to produce
angiogenic cytokines. Further study will be required to
elucidate what cross-talk occurs between the iACS and the

for AMI, which requires immediate treatment. However, th-e744zcipient myocardium.
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In summary, i1ACS may be a powerful DDS for cytokines,
including APN, HGF, and VEGF. The implantation of iACS
onto the infarcted mouse heart reduces the infarct size,
inflammation, and LV remodeling. This method is probably
adaptable as a novel DDS for treating heart failure.
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SUPPLEMENTAL MATERIALS

MS ID#: CIRCULATIONAHA/2010/009993/R1

MS TITLE: Igdﬁced Adipocyte Cell-Sheet Ameliorates Cardiac Dysfunction in Mouse

Myocardial Infarction Model - A Novel Drug Delivery System for Heart Failure

Materials and Methods

Preparation of Adipocyte cell-sheet

Stromal-vascular fraction (SVF) cells were enzymatically isolated from adipose tissues." Briefly,
inguinal adipose tissue was excised from wild type mice (WT; male C57BL/6J), APN knockout
(KO) mice which were generated and backcrossed to C57BL/6J over 6 generations as described
previously?, or from rats (3-week-old, male LEW/Sea). Adipose tissue was digested in Hank’s
balanced buffered saline (Sigma-Aldrich, MO, USA) containing 0.1% collagenase type II (Life
Technologies, CA, USA) at 37°C with shaking vigorously for 1 hour. The adipose cell extracts
were passed 100 pm and 70 pm filters, resuspended in Dulbecco’s Modified Eagle’s Medium
(Life Technologies) containing 10% fetal bovine serum (Equitech-bio, TX, USA), 200 pM
ascorbic acid (Sigma-Aldrich), and antibiotics (Life Technologies), then cultured on culture
dishes (AGC Techno Glass, Chiba, Japan) at 37°C and 5% CO,. Twenty-four hours after plating,

all the non-adherent cells were removed by washing. The SVF cells were cultured for 3 days in
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the same medium. The SVF cells were then seeded at 7000 cells/cm” in an Upcell dish, which is
coated with temperature-responsive polymers (CellSeed, Tokyo, Japan). The culture area was
1.9 em® for mouse cells and 8.8 cm? for rat cells. Seven days after passage, the SVF cells were
induced to differentiate into the adipogenic lineage by adding 0.87 puM insulin, 0.25 uM
dexamethasone, 500 pM isobutylmethylxanthine (IBMX), and 5 upuM Pioglitazone
(Sigma-Aldrich) for 48 hours. Seven days after induction, the adipocytes were induced to
spontaneously detach by placing the plates at 20 °C for 1 hour, yielding a scaffold-free
sheet-shaped monolayer of induced adipocyte cell-sheet (IACS) that could be used as a graft.
Finally, two 1ACS were layered to make a thicker sheet for grafting. Both WT mouse-derived
iACS and APN-KO mouse-derived iACS were either assessed in vitro or labeled using a PKH26

red fluorescent linker kit (Sigma-Aldrich) prior to transplantation.

Enzyme-Linked Inmunosorbent Assay

To determine the content of the secreted factors, enzyme-linked immunosorbent assays (ELISA)
were performed. The collected culture supernatant of the WT-IACS, WT SVC cell-sheet or
KO-iACS was centrifuged to remove debris and contaminating cells. For APN, samples were
diluted 1:200 and analyzed (W, n=5; K, n=8). APN content of plasma samples from

1ACS-received APN-KO mice were analyzed with no dilutions (W 1 mo, n=4; W 3 mo, n=3; K
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1 mo, n=4). An APN ELISA kit was purchased from Otsuka Pharmaceutical (Tokushima,
Japan) according to the manufacturer’s instructions. Content of HGF, VEGF, leptin, IL-6, IL-10,
and TNFa in the culture supernatants were also analyzed by ELISA kit (R&D systems, MN,

USA) with no dilutions (W, n=8-12; K, n=6-9).

Animal experiments

Myocardial infarction (MI) model of mice was created by left anterior descending artery (LAD)
ligation as described previously.’ Mice (10-15-weeks old, male C57BL/6J) were anesthetized by
inhalation of isoflurane (1.5%, 1L/min, Mylan Inc., Pittsburgh, PA) provided by an anesthetic
gas machine (DS Pharma, Osaka, Japan). The anesthetized mice were intubated in an
endotracheal manner, and positive pressure ventilation was maintained with a ventilator (room
air, 90 cycles/minutes, tidal volume 1 ml, Shinano, Tokyo, Japan). Then, the heart was exposed
through a left lateral thoracotomy. With minimal manipulation of the fat pad surrounding the
heart, the LAD component could easily be visualized. LAD was ligated with an 8-0 prolene
suture (Johnson & Johnson, NJ, USA) at 1 mm distal to the left atrial appendage, immediately
after bifurcation of the major left coronary artery. The myocardial ischemic area was visually
assessed, to confirm that the LAD ligation had consistent ischemic effects. Procedure-related

mortality, which occurred prior to chest closure, was consistently 6% in all the experimental
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groups, suggesting a consistent level of acute myocardial ischemia. Within 5 minutes after LAD
ligation, the mice were randomly allocated into 3 groups; those that underwent transplantation
of WT-IACS (W group; n=40), those that underwent transplantation of KO-iACS (K group;
n=40) and those that underwent sham transplantatibn (C group; n=43). The pericardium was
closed to prevent the dislocation of iACS. The mice were allowed to recover under care. In the
experiment of iACS implantation to APN-KO mice, MI was not induced.

The mice were euthanized at 2 and 28 days after surgery by intravenous injection of
pentobarbital (200 mg/kg body weight; DS Pharma) and 30 mM of potassium chloride (Wako
Pure Chemical Industries, Osaka, Japan) to cause cardiac arrest in diastole under terminal
anesthesia, and the heart was excised.

On day 2, the specimens for RNA analyses were cut transversely, and then the apex-side
specimens were dissected to remove the right ventricular free wall, and part in the three pieces
of infarction, peri-infarction, and remote, and soaked in RNA Later (Qiagen, Hilden, Germany,
W, n=4; K, n=4; C, n=6). The specimens for CDI11b staining were cut into 4 segments,
embedded in OCT compound (Sakura Finetek Japan, Tokyo, Japan), and snap frozen in liquid
nitrogen (W, n=4; K, n=4; C, n=6). The appropriate segments used for gene expression or
histological analyses on day 2 were also used for TTC staining (W, n=8; K, n=7; C, n=9). The

specimens used for the cytokine-array analysis were snap frozen in liquid nitrogen on day 2 (W,
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n=4; K, n=5; C, n=6). The remaining mice were used for survival-rate analysis (W, n=24; K,
n=26; C, n=25), but cases of accidental death were excluded. Twenty-eight days after treatment,
18 mice from each group were randomly chosen for cardiac performance analysis by
echocardiography. Histological analyses were also performed at 28 days (W, n=6; K, n=8; C,
n=5).

MI was also created in rats (8-week-old, female LEW/Sea) by the same method described above,
except the tidal volume was 4 ml. Five minutes after LAD ligation, either two layers of iACS
were transplanted onto the LV (n=9) or a sham trénsplantation was performed (n=6). Four

weeks after the operation, a hemodynamic assessment was performed.

Quantitative real time PCR

Total RNA was isolated from the stored specimens using the RNeasy Mini Kit (Qiagen) and
reverse transcribed with Ominiscript Reverse transcriptase (Qiagen). Quantitative PCR was
performed with the ABI 7500 Fast Real-Time PCR System (Life Technologies) using Taqman
Universal Master Mix (Life Technologies). Measurement copy number of mRNA was
performed in triplicate. The primers and probes are shown in the Table. All probes were
designed with a 5’ fluorogenic probe 6FAM and a 3’ quencher TAMURA. The results were

normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Determination of infarct size
Freshly excised hearts from the W, K, and C groups 2 days after transplantation were washed
in PBS and dissected into four transverse slices. The slices were then stained for 5 min at 37°C
with 1% 2,3,5-triphenyltetrrazolium chloride (TTC; Sigma-Aldrich) to determine the infarct
area. The stained slices were photographed, and then the infarct area was determined by

computerized planimetry using MetaMorph Software (Molecular Device, CA, USA).

Histological analysis

Histological analyses of the hearts were performed 2 and 28 days after transplantation. The
hearts and cell-sheets were cut into 8-um sections. The sections were stained with antibodies for
APN (1:1000 dilution; Otsuka Pharama), CD11b (1:100 dilution; Abcam, Cambridge, UK), or
CD31 (1:200 dilution; Abcam). The secondary antibody was Alexa 488 goat anti-rabbit (1
pg/ml; Life Technologies). Counterstaining was with 6-diamidino-2-phenylindole (DAPI; 1
ng/ml; Life Technologies). Images were captured by fluorescence microscopy (Keyence, Osaka,
Japan). Routine hematoxylin-eosin staining was performed. Masson’s trichrome staining was
performed to analyze the collagen accumulation. The collagen volume fraction in the

peri-infarct area was calculated as the percentage of the myocardium. The data were collected
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from 10 individual views per heart at a magnification of x200. Furthermore, the heart sections
were stained with Periodic acid-Schiff (PAS) to assess the cardiomyocyte size. Cardiomyocyte
size at a magnification of x400 was average from 50 myocytes per sample. MetaMorph

Software was used for quantitative morphometric analysis.

Myocardial echocardiography

Echocardiography examinations were performed 4 weeks after cell transplantation by an
investigator blinded to the group identities (n=18 each). Two-dimensional, targeted M-mode
tracings were obtained at the level of the papillary muscles with an echocardiography system
equipped with a 12-MHz transducer (GE Healthcare, WI, USA). The left ventricular (LV)
dimensions were measured following the method of the American Society of Echocardiology
from at least 3 consecutive cardiac cycles. Three readings were obtained from each mouse and
averaged. The LV ejection fraction (EF) was calculated as (LVDd3-LVDs3)/LVDd3><1OO, where

LVDd is the LV end-diastolic dimension and LVDs is the LV end-systolic dimension.”

Hemodynamic analysis
Four weeks after LAD ligation and cell-sheet transplantation, rats (iACS-treated group, n=9;

sham-treated group, n=6) were anesthetized and ventilated. A silk thread was placed under the
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inferior vena cava to change the LV preload. The conductance catheter (Unique Medical, Tokyo,
Japan) was inserted through the LV apex toward the aortic valve along the longitudinal axis of
the LV cavity, then fixed. A Millar 1.4 F pressure-tip catheter (Millar Instruments, TX, USA)
was also inserted from the LV anterior and fixed. The conductance system and the pressure
transducer controller (Integral 3; Unique Medical) were set as previously reported.” The
conductance, pressure, and intracardiac electrocardiographic signals were analyzed with the
Integral 3 software. The baseline indices were initially measured under stable hemodynamic
conditions, then the pressure-volume loop was drawn during inferior vena caval occlusion, and
analyzed. The following indices were calculated: dP/dtmax, dP/dtmin, the time constant of

isovolumic relaxation (1), and the end-systolic pressure-volume relationship (ESPVR).

Evaluation of survival rate after the operation

To evaluate the life-saving effect of the implantation, survival rates were determined. The mice
were housed for 50 weeks after the operation. The survival rates of the mice in the W, K, and C
groups were evaluated by the Kaplan—Meier method. The comparison among the three groups
was analyzed by the overall log-rank test, and the pairwise comparisons were performed by

log-rank test with the Benjamin-Hochberg multiplicity correction.
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Cytokine antibody array

Protein was isolated from the stored specimens of mouse heart at -80°C. The whole heart tissues
were homogenized in Tissue Extraction Reaction Reagent I (Life Technologies), centrifuged,
and finally passed 0.22-um filter (Millipore, MA, USA). Protein contents were measured by
Milliplex Mouse Cytokine/Chemokine Panel Pre-mixed 32Plex, according the manufacturer’s

instructions (Millipore).
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