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Figure 1. Effect of dextran on the culture, adhesion, and proliferation. 3 x 10%cm? floating endothelial progenitor cells (EPCs) were cultured
in medium with 5% dextran (A-b and -e) and 10% dexiran (A-c and -f) or without dextran (A-a and -d) on human fibronectin-coated dishes.
After 4 days (A-a, -b, and -c) and 7 days (A-d, -e, and -f) EPCs were observed by a phase contrast microscope (x 10) (A). Dextran induced
differentiation of circulating EPCs toward adhesive EPCs. Floating EPCs exposed to various densities of dextran for 24 h were cultured for 6 h
and the adhesive cells were observed by a phase contrast microscope (x10) (B). EPCs exposed to d‘extran‘ significantly increased adhesion. The
number of adhesive cells per high-power field (HPF) was counted (C). N = 3. Floating EPCs exposed to various density of dextran for 24 h were
cultured for 24 h and the proliferation activity was measured (D). Dextran increased proliferation. N = 5. Data are means =+ SD. **P < 0.01,

*P < 0.05 versus dextran-free control.

Floating EPCs were exposed to 5% and 10% dextran
for 48 h, and changes in the mRNA levels of the endothe-
lial markers VEGF-R1, VEGF-R2, VE-cadherin, and Tie2,
and angiogenic factors eNOS, MMP9, and VEGF were
analyzed by real-time PCR. The expression levels of these
genes markedly increased in response to dextran
(Fig. 3B).

These findings suggest that dextran increases the sur-
face expression levels of endothelial marker proteins by
affecting those genes and induces floating-circulating
EPCs into endothelial differentiation.
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Dextran increases gene expression levels of
endothelial cell-related transcription factors

Floating EPCs were exposed to 10% dextran for 48 h,
and 69 representative mRNA expression levels of the tran-
scription factors expressing in embryonic endothelial cells
were analyzed by real-time PCR (Fig. 4A). Thirteen genes
in dextran EPCs increased more than 1.5 fold, whereas
nine genes in dextran EPCs decreased less than 0.67 fold.
Dextran significantly increased the mRNA expression lev-
els of endothelium-related transcription factors ID1/2,
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Figure 2. Effect of dextran on the migration, tube format;on and endothehal progenitor cell (EPC) colony formation. Floating EPCs were
cultured with or without 10% dextran for 24 h'and they were used for measurlng following bloactlvmes Nuclei of migrated EPCs were stained
with DAPI (x10) (A). The number of migrated cells was counted (B). Dextran increased migration. N.= 3, EPCs under exposure of dextran for
24 h were cultured in matrigel with HUVECs and were observed by a phase contrast microscope (x4) (C) Dextran apparently increased tube
formation. The number of tubes per low power field (LPF) was measUred (D). N = 5. EPCs were cultured in methylcelIu!ose-contammg medium
for 15 days, and EPC colonies were observed (E-a'and -b, x4; E-c and -d, x10). Representatlve plctures ofa pnmmve EPC colony (E-a and <c)
and a definitive EPC colony (E-b and -d). Dextran decreased the number of pr[mmve EPC colonies and mcreased that of deflmtlve EPC colonies
(F). N = 3. Data are means + SD. **P < 0.01, *P < 0.05 versus dextran-free control.

FOXM1, HEY1, SMADI1, FOSL1, NFkB1, NRF2, HIFIA,

and EPAS1 (Fig. 4B). On the other hand, dextran signifi- Multiple signal transduction pathways

reguiate profiferation, adhesion, tube

cantly decreased those of hematopoietic- and anti-angio-
genic-related transcription factors TAL1, RUNX1, ¢-MYB,
GATA1l/2, ERG, FOXH1, HHEX, and SMAD2/3
(Fig. 4C). These findings indicate that dextran increases
both protein and mRNA expression levels of endothelial
markers by affecting transcription factors.
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formation, and differentiation

To investigate which signal transduction pathways take
part in proliferation, adhesion, tube formation, and dif-
ferentiation in response to dextran, inhibitors of signal
transduction pathways were added in those assays.
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Figure 3. Effect of dextran on the protein and mRNA expression levels of endothelial markers. The expressidn rates of surface protein in
floating endothelial progenitor cells (EPCs) under exposure of 5% and 10% dextran for 24 h (24 h) or 48 h (48 h) were analyzed (A). In 24 h-
EPCs, 10% dextran increased the protein expression of VCAMT1. In 48 h-EPCs, 5% and/or 10% dextran increased vascular endothelial growth
factor (VEGF)-R1, VEGF-R2, VE-cadherin, Tie2, ICAMT, VCAMT, and integrin aw/B3. The mRNA expression levels of EPCs under exposure of 5%
and 10% dextran for 48 h were analyzed (B). 5% and/or 10% dextran increased gene expression levels of VEGF-R1, VEGF-R2, VE-cadherin,
Tie2, endothelial nitric oxide synthase, MMP9, and VEGF. Values are means =+ SD of five samples. **P < 0.01, *P < 0.05 versus dextran-free

control. :

LY294002, PD98059, JNK inhibitor II, and SB203580 were A proliferation assay and an adhesion assay with
used as the specific inhibitors of phosphoinositide 3- inhibitors showed that every inhibitor decreased the
kinase (PI3K), extracellular signal-regulated kinase 1/2  proliferation activity and the adhesive cell number
(ERK1/2), c-Jun N-terminal kinase (JNK), and p38 mito- - (Fig. 5A and B). These results indicate that PI3K/
gen-activated protein kinase (p38), respectively. Akt, ERK1/2, JNK, p38 pathways increase bioactivi-

2014 | Vol. 2 | Iss. 3 | e00261 © 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
Page 8 the American Physiological Society and The Physiological Society.



S. Obi et al.

B

A10 0004
2
Lc-’), 10003
= ]
B ]
C
2 100
£
c
g
g 104
o

14

1 10 100 1000 10000
Control intensity (copy)

c oDextran-free ® 10% dextran

mRNA expression level
(fold of dextran-free control)

— -
N

3

mRNA expression level
(fold of dextran-free control)
© o o o
o N -l.k [e)] o]

VI SRR GRS S IR
<P @)\\ o,@ 0?'3 0?'3 & QO+ X 6®?~ 6&?’

EPC Differentiation Assay

oDextran-free 8 10% dextran

N N N N A
O O B O o
N 3 Q0+ Q\Q’ %@v QO%

& L &
\\Q‘# QQ* \?\\Q ?:2?“

Figure 4. Effect of dextran on the transcription factors. The mRNA expression levels of transcription factors in floating EPCs under exposure of
10% dextran for 48 h were analyzed. Expression levels of 69 genes per 10,000 GAPDH copies are shown in A The horizontal (x) axis indicates
copy number in dextran-free EPCs (control intensity). The vertical () axis indicates copy number in dextran EPC (dextran intensity). The lines
display y = 1.5x, y = x, and y = 2/3 x, respectively. Relative expression levels of 10 selected genes are,'shown'in B and C. Dextran increased
gene expression levels of ID1/2, FOXM1, HEY1, SMAD1, FOSL1, NFkB1, NRF2, HIF1A, and EPAS1. While dextran decreased those of TAL1,
RUNX1, c-MYB, GATA1/2, ERG, FOXH1, HHEX, and SMAD2/3. N = 5. Data are means == SD. **P.< 0.01, *P.< 0.05 versus dextran-free

control.

ties of proliferation and adhesion in response to dex-
tran.

A tube formation assay showed that the ERK1/2, JNK,
p38 inhibitors suppressed tube formation, whereas the
PI3K inhibitor did not change it significantly (Fig. 5C).
This suggests that ERK1/2, JNK, and p38 pathways
increase the dextran-responsive tube formation.

A colony assay indicated that every inhibitor increased
the number of primitive EPC colonies; on the other hand,
it decreased the number of definitive EPC colonies
(Fig. 5D). This means that PI3K/Akt, ERK1/2, JNK, and
p38 are involved in the dextran-inducing differentiation.

To confirm how signal transduction pathways regulate
differentiation of EPCs, EPCs with inhibitors were
exposed to 10% dextran for 48 h and endothelial marker
genes were analyzed. A real-time PCR analysis showed

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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that the PI3K inhibitor decreased mRNA expression levels
of VEGFE-R1 and eNOS (Fig. 5E). The ERK1/2 inhibitor
decreased those of VEGF-R1, VE-cadherin, Tie2, and
eNOS. The JNK inhibitor decreased those of VEGEF-RI,
VE-cadherin, and eNOS. The p38 inhibitor decreased
those of VEGF-R2, VE-cadherin, and eNOS, on the other
hand, increased that of Tie2. These results indicate that
PI3K/Akt, ERK1/2, JNK, and p38 pathways complicatedly
regulate the EPC differentiation in response to dextran.

Discussion

We have developed an epoch-making EPC differentiation
assay. The results of this study showed that dextran
enlarged the bioactivities of adhesion, migration, prolifer-
ation, and tube formation, as the mRNA expression levels
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Figure 5. Inhibitor analysis of the adhesion, proliferation, tube formation; endothelial progenitor cell (EPC) colony formation, and
differentiation. The abilities of proliferation (A), adhesion (B), tube formation (C), and EPC colony formation were analyzed (D) after floating
EPCs were exposed to 10% dextran for 24 h with various inhibitors of signal transduction pathways,: All inhibitors decreased proliferation and
adhesion. PD98059, JNK inhibitor Il, and SB203580 decreased tube formation. Every inhibitor decreased definitive: EPC colony formation,
meanwhile, increased primitive EPC colony formation. EPCs were exposed to 10% dextran for 48 h with various inhibitors and the mRNA
expression levels were analyzed (E). Inhibitors decreased almost all mRNA expression levels of vascular endothelial growth factor (VEGF)-R1,
VEGF-R2, VE-cadherin, Tie2, and endothelial nitric oxide synthase."However, SB203580 increased the mRNA expression level of Tie2. LY,
LY294002; PD, PD98059; JNK, JNK inhibitor II; and SB, SB203580. Values are means + 5D of 3-5 samples. **P < 0.01, *P < 0.05 versus

dextran control.
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of angiogenic factors, eNOS, MMP9, and VEGF genes
increased in floating EPCs cultured in a suspended man-
ner. In addition, dextran increased both protein and gene
expression levels of the endothelial markers VEGF-R1,
VEGEF-R2, VE-cadherin, and Tie2, and activated endothe-
lial markers ICAM1, VCAMI, and integrin ov/B3. Dex-
tran increased differentiating definitive type of EPC
colony-forming cells instead of primitive EPC colony-
forming cells. These findings indicate that dextran induces
circulating EPCs toward mature adhesive EPCs.

Dextran has various influences on cell bioactivities
through changing osmolality and viscosity, and binding
with macrophage mannose receptor (MMR). In addition,
dextran may be capable of presenting scaffold and differ-
entiation-related molecules to cells. There are integrins,
the cytoskeleton, receptor tyrosine kinases, and transient
receptor potential (TRP) channels which sense osmolality
and transmit the information into inner cells (Pedersen
et al. 2011). Cell swelling increases integrin Bl followed
by Rho activity. The actin cytoskeleton reorganizes rapidly
using Rho family G proteins, nonmuscle myosin II, cort-
actin, and the WASP/Arp2/3 system in response to osmo-
tic stress. Hypotonic swelling activates epidermal growth
factor receptor with integrin. TRPV4 displays hypotonic-
ity-induced calcium influx. However, the change in the
medium osmolality in this study by 10% dextran is less
than 5% and the values of osmolality are within physio-
logical state. Viscosity is gemerated by macrorheological
parameters, hematocrit and serum proteins like fibrinogen
and globulins, and microrheological parameters, the
degree of red blood cells aggregation and deformability
under blood- and tissue-flow condition. Impairment of
responses to viscosity leads to the development of various
vascular diseases such as hypertension (Koenig et al.
1989), diabetes (Skovborg et al. 1966; Cho et al. 2008),
strokes, and ischemic heart diseases (Lowe et al. 1997).
The blood viscosity is about 3.5 c¢P (Ercan et al. 2002; Lo
Presti et al. 2002; Marcinkowska-Gapinska and Kowal
2006) and the viscosity in bone marrow is 37.5 cP (Gur-
kan and Akkus 2008). In this study, the viscosity of con-
trol medium, medium with 5% dextran, and medium
with 10% dextran is about 1, 3.5, and 8 cP, respectively.
The viscosity change by 5% or 10% dextran is not likely
significant for the physiological environment in which
EPCs exist. MMR is expressed in the endothelial cells in
embryo and adult, macrophages, and dendritic cells
(Sallusto et al. 1995; Takahashi et al. 1998; Groger et al.
2000). MMR is a 175 kDa transmembrane glycoprotein
characterized by a cysteine-rich NH,-terminal domain,
eight C-type lectin carbohydrate recognition domains
with broad specificity for sugars, and a cytoplasmic tail
related to endocytosis and phagocytosis (Ezekowitz et al.
1990; Stahl 1992; Taylor and Drickamer 1993). MMR-

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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knockout mice show that high amounts of mannose and
N-acetylglucosamine reside in serum and that elevated
levels of lysosomal hydrolases exist in serum, suggesting
that MMR regulates serum glycoprotein homeostasis (Lee
et al. 2002). MMR is expressed in M2 macrophages which
secrete cytokines including interleukin 10, chemokine, cc
motif, ligand 17 (CCL17), CCL22, transforming growth
factor beta (TGFB) and promote tissue repair and angio-
genesis (Fairweather and Cihakova 2009). This study
shows that dextran increases protein expression levels of
integrin ov/P3 in floating-circulating EPCs. This suggests
that EPCs may recognize dextran as scaffold. Further-
more, dextran may serve more differentiation-related
molecules into EPCs. Considering the above-mentioned,
elucidation of the stimulation mechanism by dextran
would provide deeper insight into the mechanism of bio-
activities and differentiation of EPCs.

There are some EPC studies reporting that transcrip-
tion factors such as SP1, ID1, HIF1A, FOXO3A, KLF4
affected differentiation of EPCs. We have previously dem-
onstrated that shear stress increased the expression level
of arterial marker ephrinB2 by activating SP1 in adhesive
EPCs (Obi et al. 2009). Conditional ID1 suppression in
EPCs impaired the mobilization of EPCs and angiogenesis
(Mellick et al. 2010). Knockdown of HIF1A decreased the
expression of VEGF, CD31, VEGF-R2, and eNOS and the
production of NO in adhesive EPCs (Jiang et al. 2006).
Expression of FOXO3A was down regulated in differenti-
ated adhesive EPCs, while overexpression of FOXO3A
reduced the number of differentiated adhesive EPCs
(Mogi et al. 2008). Overexpression of KLF4 in adhesive
EPCs increased CD34 expression and decreased tube for-
mation (Li et al. 2012a).

This study showed that dextran increased mRNA
expression levels of ID1/2, FOXMI, HEYl, SMADI,
FOSL1, NFkB1, NRF2, HIF1A, and EPASI in circulating
EPCs. However, dextran decreased those of hematopoi-
etic- and anti-angiogenic-related transcription factors,
such as TALI, RUNXI, ¢-MYB, GATA1/2, ERG, FOXH],
HHEX, and SMAD2/3.

ID1 increases proliferation, migration, and tube forma-
tion through transcriptional activation of VEGF by stabi-
lizing HIF1A protein (Lee et al. 2006). ID1 also increases
adhesion and tube formation through integrin B and Rho
kinase signaling (Qiu et al. 2011). ID1 and ID3 double
knockout mice show vascular malformations indicating
that ID regulates vascular differentiation (Lyden et al.
1999). FOXMI1 increases proliferation, migration, and
angiogenesis by inducing VEGF and MMP9 (Ahmad et al.
2010). FOXMI1 knockout mice display defects in the for-
mation of peripheral pulmonary capillaries (Kim et al.
2005). HEYs function as downstream targets of arterial
endothelium marker Notch signaling pathway and HEY1

2014 | Vol. 2 | Iss. 3 | 00261
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is induced by bone morphogenetic protein (BMP) and
Notch signaling pathway (Itoh et al. 2004). SMADs func-
tion as downstream targets of TGFB and BMP signaling
pathways. SMAD1 and SMADS lead to ID1 expression
and induce proliferation, migration, and tube formation.
While, SMAD2 and SMAD3 lead to plasminogen activa-
tor inhibitor 1 expression and inhibit proliferation,
migration, and tube formation (Scharpfenecker et al.
2009). FOSLI knockout mice lack a properly vascularized
labyrinth layer of placentas (Schreiber et al. 2000). NFkB
is a master regulator of inflammation-related gene expres-
sion such as ICAM1 and VCAMI. It is reported that ID1/
PI3K/Akt/NFkB/survivin signaling pathway increases pro-
liferation of EPCs (Li et al. 2012b). NRF2 regulates gene
expressions of antioxidant and anti-inflammation (Mann
et al. 2007). HIFIA and EPAS1 are the key factors of
angiogenesis in a low oxygen environment although there
are many reports in which HIFIA is regulated through
oxygen-independent factors including interleukin 1 beta,
TGFB1, insulin-like growth factor 2 (Zelzer et al. 1998;
Gorlach et al. 2001; Jung et al. 2003). TAL1, RUNXI, c-
MYB, GATA1/2, and ERG are representative markers of
the HSC lineage (Doré and Crispino 2011). FOXHI1 and
HHEX inhibit the transcription of VEGF-R2 and suppress
angiogenesis (Minami et al. 2004; Choi et al. 2007).

Taken together, these transcription factors are impor-
tant for EPC differentiation. Further studies of interaction
among these transcription factors will elucidate the differ-
entiation process and the origin of EPCs as well as devel-
opmental endothelial cells.

Previous studies have reported that the PI3K/Akt sig-
naling pathway regulates the differentiation of circulating
EPCs; mechanical shear stress induces endothelial differ-
entiation of circulating EPCs via the PI3K/Akt/mTOR
pathway (ODbi et al. 2012), and ginsenoside Rg3 decreases
differentiation of circulating EPCs via the Akt/eNOS
pathway (Kim et al. 2012). This study showed that dex-
tran induced differentiation of circulating EPCs toward
adhesive EPCs through multiple signal transductions
including PI3K/Akt, ERK1/2, JNK, and p38 (Fig. 6). It is
reported that dextran binds with MMR in dendritic cells
and is taken up by endocytosis via the mTOR, JNK, and
p38 signaling pathways (Arrighi et al. 2001; Hackstein
et al. 2002; Nakahara et al. 2004). Clarification of the dif-
ferences in these pathways would lead to a better under-
standing of the molecular mechanism by which dextran
regulates differentiation of circulating EPCs.

Many studies have demonstrated that circulating EPCs
are influenced by physiological and pathological factors
such as age, estrogen, exercise, smoking, hypertension,
hyperlipidemia, diabetes mellitus, myocardial ischemia,
heart failure, and renal failure (Leone et al. 2009). Circu-
lating EPCs are also influenced by drugs including
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Figure 6. A schematic diagram which shows that dextran induces
differentiation of circulating endothelial progenitor cells.

angiotensin-converting enzyme inhibitor, hydroxymethyl-
glutaryl-CoA reductase inhibitor, peroxisome prolifera-
tor-activated  receptor vy, insulin, erythropoietin,
granulocyte colony-stimulating factor (G-CSF). These
factors affect mobilization, homing, adhesion, migration,
proliferation, and vasculogenesis. Clinically G-CSF is
used by EPC transplantation therapy for myocardial
ischemia and hind limb ischemia (Li et al. 2007; Los-
ordo et al. 2007; Kawamoto et al. 2009; Lara-Hernandez
et al. 2010). This study showed that dextran increased
bioactivities of proliferation, adhesion, migration, and
tube formation. It suggests that dextran may be effective
for the EPC-mediated therapy.

In conclusion, we have made an EPC differentiation
assay by using dextran. Dextran increases differentiation,
adhesion, migration, proliferation, and vasculogenesis of
circulating EPCs. The differentiation mechanism in
response to dextran is regulated by multiple signal trans-
ductions including PI3K/Akt, ERK1/2, JNK, and p38.
The new differentiation assay using dextran will clarify
the molecular and physiological mechanisms at
successive stages of EPC differentiation from circulation
to tissue.
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ABSTRACT

Functional and Electrical Integration of Induced Pluripotent Stem Cell-Derived Cardiomyocytes
in a Myocardial Infarction Rat Heart
Higuchi T, Miyagawa S, Pearson JT, Fukushima S, Saito A, Tsuchimochi H, Sonobe T, Fujii Y,

In vitro expanded beating cardiac myocytes derived from induced pluripotent stem cells (iPSC-CMs)
are a promising source of therapy for cardiac regeneration. Meanwhile, the cell-sheet method has been
shown to potentially maximize survival, functionality and integration of the transplanted cells into the
heart. It is thus hypothesized that transplanted iPSC-CMs in a cell-sheet manner may contribute to
functional recovery via direct mechanical effects on the myocardial infarction (MI) heart.

: F344/NJcl-rnu/rnu rat were left coronary artery-ligated (n=30), followed by transplantation of
Dsred-labeled iPSC-CMs cell-sheets of murine origin over the infarct heart surface. Effects of the
treatment were assessed, including iz vivo molecular/cellular evaluations using a synchrotron radiation
scattering‘ technique. Ejection fraction and activation recovery interval were significantly greater from
day 3 onwards after iPSC-CMs transplantation compared to those after sham operation. A number of
tranépla’hted iPSC-CMs were present on the heart surface expressing cardiac myosin or connéxiﬁ43
over two weeks, assessed by immunoconfocal microscopy, while mitochondria in the transplanted
iPSC-CMs gradually showed mature structure as assessed by electronmicroscopy. Of note, X-ray
diffraction identified 1,0 and 1,1 equatorial reflections attributable to myosin and actin-myosin lattice
planes typical of organized cardiac muscle fibers within the transplanted cell-sheets at 4 weeks,
suggesting cyclic systolic myosin mass transfer to actin filaments in the transplanted iPSC-CMs.
Transplantation of iPSC-CM cell-sheets into the heart yielded functional and electrical recovery with
cyclic contraction of transplanted cells in the rat MI heart, indicating that this strategy may be a

promising “cardiac muscle replacement” therapy.

Keywords: iPS cell; regeneration therapy; cell-sheet; synchrotron imaging
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INTRODUCTION

To increase the number of functional cardiomyocytes in the heart is a goal of regenerative
therapy for advanced cardiac failure (14). It has been shown that induced pluripotent stem
cells (iPSCs) differentiate into functional cardiomyocytes in vitro by specific culture regimens,
suggesting that replacement of damaged cardiac tissue might be achieved by transplantation
of iPSCs-derived cardiomyocytes (iPSC-CMs) into the damaged area using an appropriate
cell-delivery method. Further, it has been shown that the cell-sheet method, in which a
scaffold-free sheet-shaped cultured cell-cluster is placed on the surface of the heart, delivers a
large number of the cells while preserving the functionality of the cells and the myocardium,
indicating that the cell-sheet method may be an ideal delivery method of iPSC-CM to replace
the damaged cq’rdiag area (8,9,15). In fact, we reported that transplantation of iPSC-CMs into
theheartby thé‘:,,(::‘el‘ly-;sheet method improves ﬁmctiongl performance of the infarcted heart in
pigé‘:‘(S)k:; However, iﬁltﬁat: study (5), synchronous contraction of the transplanted iPSC—CMS as
“cardiac myocytes” that express the regular, cyclic actin-myosin cross-bridge motion, which
is the aim of this treatment, was not demonstrated due to the limitations of current image
analysis methods in vivo.

Shiba et al. reported that the fluorescent signal of calcium sensor, GCaMP3, which
has been genetically encoded in the cells prior to transplantation into the heart, was useful for
visualizing spontaneous contraction of the transplanted cells in the heart in vivo (16). However,
the calcium sensor signal does not necessarily correlate with normal cyclic actin-myosin
cross-bridge motion. On the other hand, third generation synchrotron radiation (SPring-8,
Hyogo, Japan) has been utilized to quantify actin-myosin cross-bridge dynamics in cardiac
fibres of localized regions in vivo (12,17). We herein hypothesized that transplanted

iPSC-CMs in a cell-sheet manner may contribute to functional recovery via direct mechanical
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effects on myocardial infarction (MI) heart. We therefore explored functional and electrical
integration of the transplanted iPSC-CMs in the acute MI rat heart using the latest imaging

modality utilising synchrotron radiation from a third generation facility.

METHODS

Studies were performed with the approval of the ethics committee of Osaka University
Graduate School of Medicine and the Animal Experiment Review Committee of the Japan
Synchrotron Radiation Research Institute. All animals used in this study received care in
compliance with the Guide for the Care and Use of Laboratory Animals (National Institutes of

Health Publication No 85-23, revised 1996).

Cellfcultﬁijé and cell—sheet generation
Gerr'nline'-competent“,‘m0Use, 1PSC-line 256H18 was established by introducing only Oct3/4,
Sox2, and KIf4 (without c-Myc), constitutively expressing red-fluorescent protein (Dsred)
(generously contributed by Professor S Yamanaka, Kyoto University, Japan) (11).
Maintenance of the 256H18 iPSCs and induction of cardiomyogenic differentiation was
performed following the protocol established in Professor Yamanaka’s and our laboratories,
respectively (7,23). Briefly, the iPSCs were maintained on feeder layers of mitomycin
C-treated mouse embryonic fibroblasts (Chemicon, Billerica, MA). Embryoid bodies (EBs)
were then generated under the presence of 6-bromoindirubin-3'-oxime (Calbiochem,
Darmstadt, Germany) (23).

The EBs were plated on 12-well temperature-responsive culture dishes (CellSeed,
Tokyo, Japan) at 37°C with the EB number adjusted to 20 per well, thereafter the EBs were

differentiated in the serum free medium with insulin-transferin-selenium-X (Invitrogen,
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Carlsbad, CA). Subsequently, the dishes were removed to refrigerator set at 20°C, while
scaffold-free iPSC-CM cell-sheets detached spontaneously from the dish surfaces (23).
Cardiac troponin T positivity in this preparation assessed by immunohistolabelling was

consistently 70-80% (7,23).

Generation of acute myocardial infarction (MI) model and cell-sheet transplantation

Female F344/NJcl-rnu/mu rats of 6 weeks of age (Crea, Tokyo, Japan) were anaesthetized by
inhalation of isoflurane (1.5%) and endotracheally intubated for mechanical ventilation. The
left coronary artery was then permanently occluded under thoracotomy (3). Two weeks after
the ligation, the cell-sheet generated by iPSC-CMs or mitomycin C-treated mouse embryonic
fibroblasts were simply placed on surface of the left ventricle (LV, n=6 each) (6). Bupivacaine
(1%’ 1n sahne,250 ul) was subcutaneously injected near the incision line to minimize the
postoﬁ@ratiye pain and the rats were ’then recovered in a temperature-controlled individual

cage.

Transthoracic echocardiography analysis

Transthoracic echocardiography was performed using a system equipped with a 12-MHz
transducer and SONOS5500 (Agilent Technologies, Palo Alto, CA) under isoflurane
inhalation (1%). Diastolic/systolic dimensions (Dd/Ds), and ejection fraction (EF) of the LV

were measured (n=6 each) (3).

Telemetry study
A telemetry transmitter with two electrodes (Data Sciences International) was implanted prior
to the treatment (day 14 post-MI) under inhalation of 1.5% isoflurane (n=4 each) (3).

Electrocardiogram was then continuously monitored over 7 days. Ventricular premature
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contractions (VPC) were detected and the frequency of the VPC was expressed as the number

of VPC per day divided by the daily cumulative heart beats.

Electrical potential mapping analysis

Electrical potential mapping study was performed under the repeated left thoracotomies in the
same animal at day 2, 3, 4, 7, and 14 (n=4 each group). There was no repeated
procedures-related morbidity or mortality. A sixty-four electrical potential mapping system
(Alpha MED Scientific, Osaka, Japan) was directly placed on surface of the LV via the
thoracotomy under general anaesthesia and endotracheal intubation with mechanical
ventilation as above. The electrical potential was recorded as the calculated activation

recovery interval (ARI) in the same animals at the indicated time-points (n=4 each group).

Syﬁchro«tron small-angle scattering study

The mndénlentalé of Syﬁchrotron small-angle scattering techniques for the investigation of
cross-bridge dynamics in the intact heart are presented in detail elsewhere (17). In brief, total
thoracotomy was performed under general anaesthesia and endotracheal intubation with
mechanical ventilation as above at the synchrotron radiation facility SPring-8 (n=4 in
iPSC-CMs treated rats and in Ml-only rats) as described in detail elsewhere (13). Cardiac
catheterisation was performed to allow continuous LV pressure-volume recordings
simultaneous with all SAXS and arterial pressure recordings. Pressure-volumetry was used to
establish the timing of the cardiac cycle in all treatment periods and to permit assessment of
actin-myosin contributions to global LV function. Heart rate (HR) was determined from the
interval between end-diastolic (ED) events in the pressure-volume loops. Hemodynamic data
were recorded using CHART (v5.5.6, ADInstruments, NSW) at a sampling rate of 1000/s.

A collimated quasi-monochromatic beam with 0.08 nm wavelength (15 keV),

CT-1353 Cell Transplantation Early Epub; provisional acceptance 12/04/2014



Copyright © 2015 Cognizant Communication Corporation
dimensions 0.2 x 0.1lmm (horizontal x vertical) and beam flux ~10" photons/s (ring current
90-100 mA) was focused on the surface myocardium at an oblique tangent (rat ~3m from the
detector). SAXS sequences (12 bit, 144 x 150 pixels) each lasting <2.1s were collected at a
sampling interval of 15 ms with the aid of an image intensifier (V5445P, Hamamatsu
Photonics, Hamamatsu, Japan) and a fast charge-coupled device camera (C4880-80-24A,
Hamamatsu Photonics). Patterns were then digitally recorded using HiPic32 software (v5.1.0
Hamamatsu Photonics). With rats in a supine position, X-ray diffraction profiles were
recorded vertically through the iPSC-CMs cell-sheet grafts and infarcted myocardium of the
anterior LV wall of the exposed in situ beating hearts (12). Periodically between diffraction
recordings a laser aligned with the X-ray beam was used to determine the point of path
trajectory at which the beam also passed through normal myocardium. Diffraction patterns
obtalnedfromm 31tu kiPSC sheets were of lower intensity compared to normal myocardium
(re;rr_‘l_ote;‘:reéioﬁé) and ;;yaasily ydi‘stingui‘shed on the basis of established cardiac fibre-intensity
peak orié;‘r'ltétiéns"‘(Zi)_ V k

Using custom software the average radial line profile around the centre of the
spectrum was calculated using a three point background curve fitting process with manual
definition of peak spectra limits. Background subtraction was then performed between
user-defined inner and outer limits on either side of the 1,0 and 1,1 reflections. The integrated
intensity of the 1,0 and 1,1 reflection intensities was then determined from the areas under the

reflection peaks, defined as I; o and I; ; respectively.

Enzyme-linked immunosorbent assay (ELISA)
Culture supernatants of cell-preparation were centrifuged to remove debris and cells. Content
of vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF) in the

undiluted culture supernatants was determined with an ELISA kit (R&D Systems, MN, USA).
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Immunohistolabelling analysis

Under anaesthesia by 5% isoflurane inhalation, heart was promptly excised, immersed in 4%
paraformaldehyde, cut transversely and then frozen (n=5 each group). Ten pm-cryosections
were labeled with monoclonal anti-cardiac myosin (Molecular Probes, Eugene, OR, USA), or
monoclonal anti-connexin(Cx)43 (Millipore, Billerica, MA, USA) antibodies. The labelled
sections were again labelled by the secondary antibodies (AlexaFluor488, or AlexaFluor594
phalloidin, Invitrogen), counterstained with 6-diamidino-2-phenylindole (DAPI, Invitrogen)

and then assessed by immunoconfocal microscopy (FV1000D, Olympus, Tokyo, Japan)

Electron microscopy analysis

Sliced ca"rdi’acf‘tissues were fixed with 2% glutaraldehyde in 0.1 mM phosphate buffer (pH
7.4) for’601 fninutes at 4°C, washed and immersed overnight in PBS at 4°C, and fixed in 1%
buffered bsmiﬁm‘tetrioxide, thefi déhydrated through graded ethanol and embedded in epoxy
resin. Ultrathin sections (85 nm) were double-stained with uranyl acetate and lead citrate, and

were observed under electron microscopy (H-7600; Hitachi, Tokyo, Japan).

Statistical analysis

All values were expressed as mean+tstandard deviations. Contents of VEGF and HGF in the
supernatant of the four different cultures were compared by one-way ANOVA followed by
Bonferroni’s test for individual significant difference. Frequency of the VPC, ARI and LVEF
were compared by two-way ANOVA followed by Bonferroni’s tests for individual significant

differences. P <0.05 was considered to be statistically significant.

RESULTS
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iPSCs-derived cardiomyocytes as a source of potential paracrine effects

It has been shown that cell transplantation into the heart produces “paracrine effects”, in
which the transplanted cells release a variety of protective factors into the adjacent native
cardiac tissue to enhance native regenerative process, such as neo-angiogenic, anti-fibrotic, or
anti-apoptotic effects (2). Capacity to release protective factors, such as VEGF and HGF,
which have been shown to be the most important factors in the paracrine effects, were
investigated here in vitro. Supernatant of the culture dishes of iPSC-CMs and fibroblasts was
collected to measure concentration of VEGF and HGF by ELISA, showing that concentration
of VEGF and HGF was not significantly different in the conditioned medium of the
iPSC-CMs and the fibroblasts, suggesting potential “paracrine effects” of the iPSC-CM

transplantation therapy.

Elec"tricél;ﬂintegriz"ty and fqngtiona! recovery after cell-sheet transplantation in vivo
Cellt-shéézt‘yirﬁefhdd‘h;s b:'e""en'sdeff to f’t’ransplai’lt‘ abundant somatic-tissue derived ceHs into the
heart, which can be integrated into the cardiac tissue with minimal damage to the transplanted
cells and to the myocardium (9). Functional integration of cell-sheets generated by iPSC-CM
into the heart is, however, poorly understood. We speculate that similarity of the phenotype
and/or character of the iPSC-CM to the native CM might result in a better integration into the
native cardiac tissue compared to somatic tissue-derived cells.

Scaffold-free cell-sheets generated by Dsred-labeled iPSC-CMs of mouse origin
were transplanted into the nude rat heart that had been subjected to permanent occlusion of
the left coronary artery prior to the cell-sheet transplantation. The cell-sheet generated by
Dsred-labelled fibroblasts, were used as controls. Electrical integrity and arrhythmogenicity
were assessed by daily Holter ECG monitoring and 64-channel electrical potential mapping.

In addition, global cardiac function was serially assessed by transthoracic echocardiography.
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Electrical potential mapping identified multiple ectopic excitations over the
cell-sheet transplanted area in the iPSC-CM group until day 2 (day 16 post-MI), which
gradually disappeared from day 3 onwards (day 17 post-MI) (Figure 1A). In contrast,
transplantation of the cell-sheet derived from fibroblasts, or MI-only rarely induced ectopic
excitations over the study period. Ventricular premature contractions more frequently
occurred post-iPSC-CM cell-sheet transplantation than those post-sham operation (Figure 1B).
In addition, ARI was significantly less in the iPSC-CM group than the other groups from day
3 onwards (day 17 post-MI) (Figure 2A). Moreover, LVEF was significantly greater in the
iPSC-CM group than the other groups between day 3 and day 14 (day 17 and day 28 post-MI)
(Figure 2B). These findings indicate that the transplanted cell-sheets of iPSC-CMs generated
functional and electrical integration into the acute MI rat heart more rapidly than those of

ﬁbroblasts,

In vivo rééordi’ng of actin-mybsin crbss-bridge activity in the transplanted iPSC-CMs in the
heart

While transplantation of iPSC-CM into the rat infarcted heart was shown to induce functional
and electrical recovery, mechanical or functional behavior of each transplanted iPSC-CMs in
the infarcted heart remains unclear. Actin-myosin cross-bridge interactions in the transplanted
iPSC-CM in the rat infarcted heart was therefore investigated using fast synchrotron
small-angle X-ray scattering.

At 4 weeks after the transplantation of iPSC-CM cell-sheets on the surface of the
infarcted heart (6 weeks post-MI), the rats were subjected to removal of thoracic wall for the
synchrotron study. X-ray diffraction profiles were recorded vertically through the iPSC-CM
grafts and infarcted myocardium of the anterior LV wall of the in situ beating hearts. It was

found that 1,0 and 1,1 equatorial reflections attributable to myosin and actin-myosin lattice
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