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Figure 3. Blasticidin selection of hADMPCs transduced with single tet-off lentiviral vector platform. hADMPCs were transduced with
pTRE-EGFP-CMV-tTA-2A-Bsd (CMV) or pTRE-EGFP-EF-tTA-2A-Bsd (EF) at m.o.i. of 250. The cells were treated with 4 ug/mL blasticidin and 1 pg/mL Dox
for 2 weeks. Then, the cells were cultured in the absence (Dox (-)) or presence (Dox (+)) of 1 ug/mL Dox for 4 days, and analyzed under a microscope
(A) and flow cytometer (B). The cells were treated with 100 nM TSA (TSA), 5 M 5-aza-dC (aza-dC), or both for 48 h before analyzed by flow
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cytometer. (C) A representative fluorescence histogram of EGFP. (D) The median fluorescence intensities of the EGFP-expressing populations. Error
bars represent the standard error of 3 independent analyses. **, P<<0.01 (Student’s t test). Scale bar, 200 pm.

doi:10.1371/journal.pone.0066274.g003

C-terminus (tTA-2A) and Bsd. tTA-2A binds to the TRE-tight in
the absence of Dox, a tet derivative, and activates transcription of
EGFP to a very high level. In the presence of Dox, tTA-2A is
unable to bind the TRE-Tight in a tet-responsive promoter, and
the system is inactive.

To investigate the usefulness of these lentiviral vectors,
hADMPCs were transduced with pTRE-EGFP-CMV-tTA-2A-
Bsd or pTRE-EGFP-EF-tTA-2A-Bsd at a m.o.i. of 250. As shown
in Figure 2C, expression of EGFP was observed in the absence of
Dox, whereas addition of Dox (1 pg/mlL) was enough to suppress
the cxpression. Flow cytometry analysis revealed that the
transduction efliciency was rclatively low (EGEFP-positive cells
were 7.5~10%) compared with that of CSII-CMV-EGFP or
CSII-EF-EGFP (EGFP-positive cells were 45% or 77% at a m.o.i.
of 250, respectively; Figure 1A), and the tet-off system completely
abolished gene expression in the presence of Dox (Figure 2D).
Flow cytometry analysis also revealed that fluorescent intensity was
relatively uniform in hADMPCs transduced with pTRE-EGFP-
EF-tTA-2A-Bsd, but a wide range of fluorescent intensities was
observed in hADMPCs infected with pTRE-EGFP-CMV-tTA-
2A-Bsd. These data suggest that tTA-2A functions properly in this
system. Morcover, western blot analysis against t1'A showed the
efficient cleavage (>95%) of tTA-2A-Bsd proteins into tTA-2A
and Bsd (Figure 2E).

To further determine that Bsd cleaved from tTA-2A-Bsd was
effective in this system, 4 pg/mL blasticidin was administered to
hADMPCs. Within 1 week after the selection, control hRADMPCs
were completely killed (data not shown), whercas hADMPCs that
were successfully transduced with either pTRE-EGFP-CMV-tTA-
2A-Bsd or pTRE-EGFP-EF-t{TA-2A-Bsd could survive and
proliferate, demonstrating that Bsd from tTA-2A-Bsd is sufficient
to confer blasticidin resistance to the cells. The surviving cells were
kept in culture medium with blasticidin and then divided into 2
populations, either with Dox (1 pg/mL) or without Dox. As shown
in Figure 3A and 3B, almost all (>90%) the cells transduced with
pTRE-EGFP-EF-tTA-2A-Bsd strongly expressed EGIFP in the
absence of Dox. In hADMPCs transduced with pTRE-EGFP-
CMV-tTA-2A-Bsd, however, >50% of the cells were EGFP
negative regardless of their blasticidin resistance. Moreover,
fluorescent intensities were quite variable; some cells expressed
very high levels of EGFP, while others expressed very low levels
(Figure 3A and 3B). This might be due to “promoter suppression,”
transcript repression of an upstream transcriptional unit by a
downstream unit when 2 transcriptional units lic adjacent in head-
to-tail tandem on a chromosome [28,29]. Studies have revealed
that the suppression by adjacent units is epigenetic and involves
modification of the chromatin structure, including DNA methyl-
ation at CpG sites within the promoter, histone deacetylation,
histone methylation at specific residues (e.g., H3K9, H3K27), and
densely packed nucleosomes that create a closed chromatin
structure. In order to determine if inhibiting histone deacetylases
or DNA methylation would re-induce EGFP expression, pTRE-
EGFP-CMV-tTA-2A-Bsd cells were treated with histone deace-
tylase inhibitor trichostatin A {T'SA) and/or DNA methylation
inhibitor 5-aza-2'-deoxycytidine (5-aza-dC). TSA trcatment sig-
nificantly increased the number of EGFP-positive cells and
strengthened the fluorescent intensities of EGFP, whereas 5-aza-
dC had no effect, suggesting that EGFP expression was repressed
by histone deacetylation when stably transduced with pTRE-
EGFP-CMV-tTA-2A-Bsd (Figure 3C and 3D). These inhibitors
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had no effect on hADMPCs transduced with pTRE-EGFP-EF-
tTA-2A-Bsd. These data suggest that the dual-promoter lentiviral
vector using the EF promoter is more resistant to gene silencing
than that using the CMV promoter.

Blasticidin-selected hADMPCs Maintain the Properties of
Their Parental hADMPCs

hADMPCs are an attractive material for cell therapy because of
their ability to secrete various cytokines and growth factors. These
cells also have the ability to differentiate into various types of cells,
including adipocytes, chondrocytes, osteocytes, hepatocytes, car-
diomyoblasts, and neuronal cells. Gene manipulation of
hADMPCs may thus generate great possibilities for cell therapy
and tissue engineering. From this point of view, the development
of an cfficient and stable Dox-responsive gene transfer system to
achieve high levels of transgene expression in hADMPCs, without
affecting the phenotype, is of special interest for the field. We
therefore studied the cell properties of hADMPCs transduced with
the single tet-off lentiviral vector after blasticidin selection. Flow
cytometry analysis revealed no changes in the expression of the
main surface markers (positive for CD13, CD29, CD44, CD73,
CD90, CD105, and CD166, and negative for CD34) either in the
absence or presence of Dox (Figure 4). To further confirm the
properties of hADMPCs, the cells were differentiated into
adipocytes, osteocytes, chondrocytes, and neuronal cells. As shown
in Figure 5, blasticidin-sclected hADMPCs maintained their
ability to differentiate into adipocytes, osteocytes, chondrocytes,
and ncuronal cells. Morcover, EGFP was stably expressed in the
differentiated cells only in the absence of Dox (Figure 5).

Discussion

In recent years, there is growing interest in the use of MiSCs for
cell therapy and tissue engineering because of their differentiation
potential and ability to secrete growth factors [7-11]. Further-
more, because of their hypo-immunogenicity and immune
modulatory effects, MSCs are good candidates for gene delivery
vehicles for therapeutic purposes [12,14]. In addition to primary
MSGCs, genetically modified MSCs have been applied to bone
regeneration, muscle repair, diabetes, Parkinson’s disease, and
myocardial infarction recovery [14,30-35]. Duan et al. reported
that the angiogenic effect of MSCs could be enhanced by
adenovirus-mediated HGF overexpression in the treatment of
cardiac ischemia injury [14]. Karnieli et al. and Li et al. both
reported the reversal of hyperglycemia in streptozotocin-induced
diabetic mice after transplantation of insulin-producing cells
originating from genetically modified Pdx-1 expressing MSCs
[32,33].

While significant progress has been made in the use of
genetically modified MSCs for basic and applied research, the
current methods for gene manipulation are still insufficient for
some applications. Adenoviral vectors are commonly used for
transient expression because they remain epichromosomal in the
host cells, and their ability to transiently infect target cells
minimizes the risk of insertional mutagenesis [36]. However,
relatively brief transgene expression may limit the utility of this
approach to tissue repair applications. On the other hand,
lentiviral vectors, which are promising vectors for gene delivery
in primary human cells, integrate into the host cell genome, which
may bc an appropriate strategy for tissue repair applications
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Figure 4. Expression pattern of surface cell markers on Dox-responsive hADMPCs. Dox-responsive hADMPCs after selection by blasticidin
were cultured in the absence (Dox(-)) or presence (Dox (+)) of 1 pg/mL Dox for 4 days. Expression of the different surface markers were analyzed by
flow cytometry and compared to the expression by a parental hADMPCs. They were stained with PE-coupled antibodies against CD13, CD29, CD34,
CD44, CD73, CD90, CD105, and CD166. Histogram of a PE-coupled mouse IgG1 « isotype control is shown in gray. CMV; hADMPCs transduced with
pTRE-EGFP-CMV-tTA-2A-Bsd, EF; hADMPCs transduced with pTRE-EGFP-EF-tTA-2A-Bsd.

doi:10.1371/journal.pone.0066274.g004
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Figure 5. Differentiation potential of Dox-responsive hADMPCs. Dox-responsive hADMPCs were differentiated into adipocytes (A, E),
osteocytes (B, F), chondrocytes (C, G), and neuronal cells (D, H). (A-D) Phase contrast (ph) and fluorescent (GFP) images. Dox-responsive hADMPCs
were differentiated in the absence of Dox (Dox(—)) or in the presence of 1 pg/mlL Dox (Dox(+)) as described in the material and methods section. (E-I)
Confirmation of differentiated cells by oil red O staining for adipocytes (E), alizarin red staining for osteocytes (F), immunohistochemical staining
against collagen Il for chondrocytes (G), and immunohistochemical staining against Pp3-tubulin for neuronal cells (H). The percentages of
differentiated cells to each cell type were calculated by the computerized image analysis (I). Cells that were not induced to differentiate (non-

induced) were used as a negative control. CMV; hADMPCs transduced with pTRE-EGFP-CMV-tTA-2A-Bsd, EF; hADMPCs transduced with pTRE-EGFP-
EF-tTA-2A-Bsd. Scale bar, 50 pm.

doi:10.1371/journal.pone.0066274.g005
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requiring sustained, long-term expression of therapeutic proteins.
In this study, we generated novel lentiviral vectors with a tet-off
system, and demonstrated that our lentiviral vector systems were
significantly effective and strictly regulated in hADMPCs, without
affecting their stem cell properties.

Gene silencing is of considerable importance where stable, long-
term expression is required. Researchers have reported that
transgene silencing occurred when the CMV promoter was used in
some cell types, especially in embryonic stem cells [15-17]. Since
Kawabata et al. also demonstrated that virus-derived promoters
inefficiently functioned in embryonic stem cells in gene transfer
experiments [37], down-regulation and unsuitability of promoters
in stem cells should be considered. Therefore, transduction
efficacy and durability of transgene expression in hADMPCs is
also an important issue to be determined. Qin et al. reported that
the human EF-la promoter and the TRE promoter are more
efficient than the CMV promoter to drive lentiviral mediated
transgene expression in rat bone marrow-derived MSCs [18].
McGinley et al. also showed that EF-la and human phospho-
glycerate kinase-1 (PGK) promoters have a clear advantage over
the CMV promoter in transducing rat bone marrow-derived MSC
transduction with lentivirus [19]. Consistent with their findings,
our data also demonstrated that the EF-lo promoter was more
efficient than the CMV promoter to drive EGFP expression in
hADMPCs (Figure 1A, B). Morcover, a significant decrease in
fluorescent intensity was observed by 28 days after transduction
with lentiviral vector CSII-CMV-EGFP (Figure 1C), suggesting
that the CMV promoter might be silenced in hADMPCs. We also
demonstrated the intriguing finding that most (>90%) of the
hADMPCs transduced with pTRE-EGFP-EF-tTA-2A-Bsd strong-
ly expressed EGFP in the absence of Dox, whereas >50% of the
cells transduced with pTRE-EGFP-CMV-tTA-2A-Bsd were
EGFP negative, regardless of their blasticidin resistance
(Figure 3A, B). Our data demonstrated that the inhibitor of
histone deacetylation trichostatin A (TSA) re-induced the expres-
sion of EGFP (Figure 3C, D), suggesting that “promoter
suppression” might occur by histone deacetylation, not by DNA
methylation of CpG sites within the TRE tight promoter.
“Promoter suppression” is a transcript repression of a 5’
transcriptional unit by a 3’ unit when 2 transcriptional units lie
adjacent in head-to-tail tandem on a chromosome [28,29]. In this
study, it is possible that the downstream unit of CMV-tTA-2A-Bsd
repressed the upstream unit of TRE-EGFP because (1) resistance
to blasticidin implies the transcriptional unit of CMV-tTA-2A-Bsd
is active, and (2) reactivation of EGFP expression by TSA implies
the transcriptional unit of TRE-EGFP is epigenetically silenced. In
order to eliminate the promoter suppression or transcriptional
interference between 2 transcriptional units, some researchers
have been trying to scparate the 2 units by polyadenylation,
terminator, and insulator sequences [28,38]. However, these
sequences extend the lentiviral vector size, which may affect the
lentiviral titers produced from the vector. From this point of view,
our finding that the transcriptional unit driven from the TRE tight
promoter is resistant to gene silencing when arranged in tandem
with the EF-tTA-2A-Bsd transcriptional unit (Figure 3) is of
interest in the fields of both basic and clinical research, although
the underlying mechanism remains elusive.

In general, large numbers of cells displaying the appropriate
phenotypes are required for tissue engineering. Moreover, fully
differentiated cells do not proliferate [39]. Therefore, in order to
obtain enough cells to perform a transplant from genetically
modified MSCs, it is important to develop a system in which the
gene of interest is tightly regulated and inducible, and in which
stably expressing transgenic cell lines can be obtained without
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affecting their stem cell properties. Using the system, MSCs
transduced with lentiviral vectors can be selected and increased in
numbers from a limited number of MSCs, before the target genes
are induced. After obtaining an adequate number of gene-
manipulated MSCs, the target genes could be induced in order to
start differentiation. According to our data, hRADMPCs transduced
with pTRE-EGFP-EF-tTA-2A-Bsd were successfully selected by
blasticidin, could proliferate, maintain their stem cell properties,
and regulate EGFP expression tightly by Dox (Figure 4, 5),
demonstrating that this all-in-one lentiviral vector is a promising
gene delivery system for generating the material for artificial
organs.

A major advantage of using the 2A cleavage factor in the
construction of multi-cistronic vectors is its small size compared to
internal promoter entry site (IRES) sequences. Because the titer of
the lentivirus decreases with increasing size of the lentiviral vector,
it is important to minimize the length of the sequences. In
addition, linkage of 2 genes by 2A peptide resulted in efficient co-
expression of the genes, whereas a gene placed downstream of an
IRES is expressed at 2- to 3-fold lower levels than a gene placed
upstream [40,41]. In this study, tTA-2A-Bsd cassette driven from
CMV or EF-lo. promoter showed ~90% cleavage (Figure 3).
However, the point that should be considered is the effect of
residual 2A peptide on the protein. As the processing occurred at
the end of the 2A peptide, the 2A tag remains attached at the tTA
C-terminus. Our data demonstrated that the presence of this extra
2A peptide did not seem to interfere with the activity of tTA since
Dox strictly regulated the expression of EGFP under the control of
TRE-tight promoter (Figure 2D, 3A, 3B and 5). Moreover, when
Bsd is cleaved, an additional proline is attached at the N-terminus.
We demonstrated that this did not affect a function of Bsd because
hADMPCs transduced with either pTRE-EGFP-CMV-tTA-2A-
Bsd or pTRE-EGFP-EF-tTA-2A-Bsd could survive and proliferate
in medium containing blasticidin at a concentration at which all of
the parental hADMPCs died.

Another advantage of our lentiviral system is the availability of a
restriction enzyme treatment/ligation independent cloning system,
called the Gateway system (Invitrogen). In general, the construc-
tion of lentiviral vectors using a conventional restriction enzyme/
ligation cloning method has poor efficiency due to the large sizes
and the lack of proper cloning sites. In our hands, cloning
efficiency into our new lentiviral vectors pTRE-RfA-CMV-tTA-
2A-Bsd or pTRE-RfA-EF-tTA-2A-Bsd using LR recombination
reaches nearly 100%, saving time and effort in construction of the
vectors. In addition, there are several resources available that take
advantage of the Gateway vector. For example, CCSB Human
ORFeome Collection (Dana-Farber Cancer Institute, Center for
Cancer Systems Biology) represents almost 12,000 fully-sequenced
cloned human ORFs which can be readily transferred to Gateway
compatible destination vectors for various functional proteomics
studies [42]. Block-iT pol II miR RNAi system from Invitrogen,
which is designed to express artificial miRNAs, also enables
compatibility with Gateway destination vectors for gene knock-
down experiments [43].

In conclusion, our new single tet-off lentiviral vector system
provides powerful tools not only for applied research on
hADMPCs and other stem cells, but also basic research on a
variety of cell lines and primary cells.
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ABSTRACT

Background: Clinical application of skeletal myoblast transplantation has been curtailed due to arrhythmogenicity
and inconsistent therapeutic benefits observed in previous studies. However, these issues may be solved by the
use of a new cell-delivery mode. It is now possible to generate “cell-sheets” using temperature-responsive dishes
without artificial scaffolds. This study aimed to validate the safety and efficacy of epicardial placement of
myoblast-sheets (myoblast-sheet therapy) in treating heart failure.
Methods and resuits: After coronary artery ligation in rats, the same numbers of syngeneic myoblasts were trans-
planted by intramyocardial injection or cell-sheet placement. Continuous radio-telemetry monitoring detected
increased ventricular arrhythmias, including ventricular tachycardia, after intramyocardial injection compared
to the sham-control, while these were abolished in myoblast-sheet therapy. This effect was conjunct with avoid-
ance of islet-like cell-cluster formation that disrupts electrical conduction, and with prevention of increased
arrhythmogenic substrates due to exaggerated inflammation. Persistent ectopic donor cells were found in the
lung only after intramyocardial injection, strengthening the improved safety of myoblast-sheet therapy. In addi-
tion, myoblast-sheet therapy enhanced cardiac function, corresponding to a 9.2-fold increase in donor cell sur-
vival, compared to intramyocardial injection. Both methods achieved reduced infarct size, decreased fibrosis,
attenuated cardiomyocyte hypertrophy, and increased neovascular formation, in association with myocardial
upregulation of a group of relevant molecules. The pattern of these beneficial changes was similar between
two methods, but the degree was more substantial after myoblast-sheet therapy.
Conclusion: The cell-sheet technique enhanced safety and therapeutic efficacy of myoblast-based therapy, com-
pared to the current method, thereby paving the way for clinical application.

© 2012 Elsevier {reland Ltd. All rights reserved.

1. Introduction

The commonly used cell-delivery method in previous studies is di-
rect intramyocardial injection of trypsin-treated SMB suspensions

Despite pre-clinical evidence showing that transplantation of skele- [1,2]. This method is, however, known to produce islet-like localized
tal myoblasts (SMBs) greatly improves the function of damaged hearts cell-clusters, which could cause disturbance of the electrical conduc-
mainly via the paracrine effect |1}, the use of this cell type in clinical cell tion, leading to re-entrance arrhythmias [3-5]. In addition, this method
therapy has been largely curtailed. This was mainly due to two adverse is associated with considerable donor cell loss by initial leakage and by
findings in previous clinical studies: occurrence of fatal ventricular ar- cell death/damage due to injection-mediated mechanical injury and
rhythmias and insufficient or inconsistent therapeutic effects {1,2]. We subsequent myocardial inflammation. Additional donor cell damage is
speculate that these issues were associated with the use of a suboptimal caused by the enzymatic digestion (i.e. trypsinization) used for cell col-
cell-delivery method, and that application of a moere suitable method lection from culture dishes {5~7] Trypsinization disrupts cell surface

may solve both of these concerns.

proteins and destroys cell-cell connections, thus deteriorating donor
cell viability and functionalities. These adverse effects would collective-

*  Grant support; this work was supported by the UK National Institute of Health Research ly result in poor donor cell engraftment, which will consequently limit
(New and Emerging Applications of Technology Programme (NEAT L018) and Cardiovascular the benefit from this approach [} ]

Biomedical Research Unit Award), and the Barts and The London Charity (ETHG1B8R).
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Recent development of the unique culture dish coated with a
temperature-responsive polymer { poly-N-isopropylacrylamide) has en-
abled fabrication of “cell-sheets” simply by reduction of the temperature
without any harmful chemical treatment and without using artificial
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scaffolds {7]. At 37 °C this polymer is hydrophobic, and cells can adhere
to the dishes and grow. However, when the temperature is dropped to
25 °C or below, the polymer rapidly becomes hydrophilic, hydrated
and swollen, losing its cell-adhesiveness. As a result, the cells detach
from the dish as a free cell-sheet. In contrast to trypsinization, cell sur-
face proteins, cell-cell junctions and underpinning extracellular matrix
(ECM) are well preserved in this method. Following epicardial place-
ment, cell-sheets are expected to quickly adhere to the heart due to
the preserved ECM, minimizing donor cell leakage. Taken together, the
epicardial placement of SMB-sheets (SMB-sheet therapy) is likely to
achieve greater retention, survival, and engraftment of donor SMBs in
the heart while maintaining important donor cell functionalities includ-
ing the secretion of paracrine mediators, resulting in augmentation of
therapeutic benefits, compared to intramyocardial injection. In addition,
this innovative method will not produce intramyocardial tissue disrup-
tion that disturbs the electrical conductance, and therefore might pre-
vent occurrence of ventricular arrhythmias. In fact, therapeutic effects
of SMB-sheet therapy have been reported in various models [8-10].
However, more detailed pre-clinical investigations, particularly on ar-
rhythmia occurrence and other factors concerning the safety and effects,
are needed for this approach to be widely established in the clinical
arena.

2. Materials and methods

All animal studies were performed with the approval of the institutional ethics com-
mittee and the Home Office, UK. The authors of this manuscript have certified that they
comply with the Principles of Ethical Publishing in the International Journal of Cardiology.
All procedures were carried out in a blind manner whenever possible.

2.1. Generation of SMB-suspensions and SMB-sheets

SMBs were collected from male Lewis rats (150-175 g, Charles River) by the single
fiber method as previously described [5,11]. To generate an SMB-sheet, 4x 10% SMBs
(passage 4-5) were seeded on a 35-mm temperature-responsive culture dish (UpCell,
CellSeed, Inc.). Following 12~15 hincubation at 37 °C, the temperature was lowered to
22 °C, enabling the SMB-sheet to detach from the dish {8]. For injection, 4x 10° SMBs
were collected using trypsinization and suspended in 200 ul PBS [5]. The size of gener-
ated SMB-sheets was approximately 15 mm in diameter. For graft tracking studies,
SMBs were labeled with CM-Dil (Molecular Probes) according to the manufacturer's
protocol.

2.2. Induction of myocardial infarction (MI) and SMB transplantation

Female Lewis rats (180-200 g, Charles River) underwent left coronary artery ligation as
previously described {3,5]. The animals were randomly assigned to receive either SMB-sheet
therapy (Sheet group), intramyocardial SMB injection (IM group), or sham-treatment {Cont
group). For the Sheet group, an SMB-sheet was epicardially placed to cover the left ventric-
ular (LV) free wall including both infarct and border areas. For the IM group, SMB suspen-
sion was injected into 2 sites (100 y each) of the LV free wall, aiming to target a similar
area to SMB-sheet therapy {3,5].

2.3. Measurement of arrhythmia occurrence

Incidence of spontaneous arrhythmias, including premature ventricular contraction
(PVQ), ventricular tachycardia (VT) and ventricular fibrillation (VF), was continuously
monitored by a radio-telemetry system (Data Sciences International) as described previ-
ously [3,5]. For accurate evaluation of the arrhythmia severity, the modified Curtis and
Walker's scoring system [ 12} was applied, where frequencies of PVC, VT and VF were sys-
tematically taken into account.

24, Histological analysis

At chosen time points, the hearts were excised, fixed with 4% paraformaldehyde, and
frozen. Cryosections were cut and incubated with polyclonal anti-cardiac troponin-T anti-
body (1:200 dilution, HyTest}, biotin conjugated Griffonia simplicifolia lectin I-isolectin By
(1:100, Vector), monoclonal anti-CD45 antibody (1:50, BD), monoclonal anti-CD11b
antibody (1:50, Chemicon), monoclonal anti-granulocyte antigen (1:20, AbD Serotec),
monoclonal OX62 (1:25, AbD Serotec), polyclonal CD3 (1:100, Abcam), or monoclonal
connexind3 (Cx43; 1:250, Millipore), followed by visualization using appropriate
fluorophore-conjugated secondary antibodies with or without nuclear counter-staining
using 4',6-diamidino-2-phenylindole (DAPI). Ten different fields from each of the border
and remote areas per heart were randomly selected and assessed. Another set of sections
were stained with 0.1% picrosirius red for assessing infarct size and for detecting collagen de-
position {3,5]. To evaluate the cardiomyocyte size, the cross-sectional area of appropriately

detected cardiomyocytes [13] was measured of 50 cardiomyocytes in each border and re-
mote area per heart.

2.5, Evaluation of cardiac performance

Cardiac function and dimensions, and hemodynamic parameters were measured by
using echocardiography (Vevo-770, VisualSonics) and cardiac catheterization (SPR-320
and PVAN3.2, Millar Instruments) by a blinded operator as previously described {3,5,131

2.6, Analysis for donor cell survival in the heart and other organs

DNA was extracted from the heart, lung, liver, kidney, and spleen post treatment.
The presence of male cells in each female organ was quantitatively assessed to define
donor cell presence using real-time PCR (Prism 7900HT, Applied Biosystems) for the
Y-chromosome-specific sry gene as previously described [3,5]. Non-heart organs that
were positively detected for sry expression were defined to be ectopic donor cell
survival,

2.7. ELISA for myocardial IL-1f3 levels

Proteins were extracted from the homogenates from frozen whole LV samples col-
lected at day 3 post-treatment with lysis buffer (0.15 M NaCl, 1 mM EDTA, 20 mM Tris
pH 7.4, 1 mM DTT and protease inhibitor cocktail {Sigma)). After measuring the pro-
tein concentration (BioRad DC protein assay), levels of IL-15 were measured using
an ELISA kit (eBioscience) according to the company's instruction.

2.8. Analysis for myocardial gene expression

Total RNA was extracted from frozen whole LV samples and assessed for myocardial
gene expression of genes presumably relevant to the SMB-mediated paracrine effect by
quantitative RT-PCR (Prism 7900HT) as previously described {14]. TaqMan primers and
probes were purchased from Applied Biosystems. Expression was normalized using
Ubiquitin C.

2.9. Statistical analysis

All values are expressed as mean -- SEM. Statistical comparison of the data was per-
formed using the Student’s unpaired t-test for the donor cell survival in the heart and
using y*-test for the ectopic donor cells. Other data were analyzed with one-way ANOVA
followed by Fisher's post-hoc analysis to compare groups. A value of p<0.05 was consid-
ered statistically significant.

3. Results
3.1. Eliminated arrhythmia occurrence by SMB-sheet therapy

We established a rat model to investigate whether the use of the
cell-sheet technique might reduce arrhythmogenicity associated with
SMB transplantation. Continuous electrocardiogram monitoring using
radio-telemetry revealed frequent episodes of premature ventricular
contractions (PVCs) in the IM group at both day 1 and 28 (Fig. 14, C)
consistent with previous clinical and experimental reports [ 1,5}, validat-
ing the suitability of this model. There was a smaller number of PVC oc-
currence observed in the Cont group, which is also commonly seen
post-MI {5,11}], and more importantly the frequency of PVCs in the
Sheet groups was just comparable to this base-line data. Furthermore,
the IM group showed more frequent ventricular tachycardia (VT) occur-
rence than other groups; more than one-third of the animals in the IM
group developed VT (Fig. 1B, D). Furthermore, one animal of the IM
group developed transient ventricular fibrillation (VF) at day 28. In con-
trast, there was no animal that developed VT or VF in the Sheet group
throughout the period studied. Consequently, the IM group, but not
Sheet group, showed a higher arrhythmia score than the Cont group
(Fig. 1E). These data are the first quantitative evidence that SMB
transplantation-induced arrhythmogenicity can be prevented by the
use of the cell-sheet technique.

3.2. Donor cell behaviors after SMB-sheet therapy

To gain an insight of the mechanism by which SMB-sheet therapy
attenuated arrhythmogenicity, we first assessed the quantitative donor
cell survival (presence). As a result, the donor cell presence in the heart
in the Sheet group was 3.5-fold and 9.2-fold higher than that in the IM
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Fig. 1. Eliminated arrhythmogenicity by SMB-sheet therapy. Arrhythmia occurrence was assessed by continuous electrocardiogram monitoring using radio-telemetry. Representative patterns
of PVC {A) and VT (B) in the IM group at day 28 are shown. The IM group, but not the Sheet group, increased the occurrence of PVC (C) and VE (D; % animals) and consequently elevated the
arrhythmia score (E; accumulated hourly scores for 6 h), in association with elongated QRS duration, at day 28 (F), compared to the Cont group. p<0.05 vs. Cont group, *p<0.05 vs. Sheet group,

n=6-8 in the Cont, IM, and Sheet groups, respectively.

group at day 3 and 28, respectively (Fig. 2A). This meant that SMB-sheet
therapy achieved much greater SMB existence in the heart, but contra-
dictorily reduced arrhythmia occurrence, suggesting that changes in
the donor size was not a reason for the eliminated arrhythmogenicity
after SMB-sheet therapy. We then looked into the differences in distribu-
tion and associated behaviors of SMBs between two methods by histo-
logical studies with tracking CM-Dil-labeled SMBs. As expected from
previous studies {5}, the IM group formed islet-like, localized cell-
clusters composed of donor SMBs and host CD45™ inflammatory cells
at day 3 (Fig. 2B, F), which persisted up to day 28 with a reduced size
(Fig. 2C, G). In addition, immunolabeliing for Cx43 demonstrated that
grafted SMBs expressed Cx43 protein (though to a limited extent) within
the cell-clusters at day 3 in the IM group (Fig. 2]), but there was no Cx43-
containing gap junction formation between SMBs and cardiomyocytes
on day 3 or 28 (Fig. 2], K). In contrast, the donor cell distribution was
markedly different after SMB-sheet therapy; the majority of donor cells
remained on the epicardial surface at both day 3 and 28 in the Sheet
group, thus cbviating the induction of myocardial heterogeneity or

disruption (Fig. 2D, E, H, 1). Also, there was no gap junction formation be-
tween SMB-sheets and cardiomyocytes after SMB-sheet therapy (Fig. 2L,
M). Collectively, intramyocardial SMB injection caused the donor cell
clusters with intense inflammation within the myocardium, which was
electrically isolated from host cardiomyocytes, causing physical distur-
bance to electrical impulse propagation, and resulting in conduction
delay, block, and eventually re-entrance arrhythmias. In contrast, SMBs
were localized on the epicardial surface (outside myocardium) after
cell-sheet placement and did not affect the electrical conductance of
the host heart. Corresponding to these findings, the QRS duration was
elongated at day 28 in the IM group compared to other groups (Fig. 1F).

3.3. Prevention of exacerbation of myocardial inflammation by SMB-sheet
therapy

Another possible mechanism by which SMB transplantation induces
ventricular arrhythmias may be an increase in the arrhythmogenic sub-
strates, including inflammatory response. Post-Ml failing cardiomyocytes
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(F-M).

suffer adverse alterations of cellular properties including inappropriate
gap junction expression/distribution and electrical instability, which
will increase vulnerability to arrhythmogenic stimuli [15]. Our
immunolabeling analyses demonstrated that there was increased accu-
mulation of CD45™ inflammatory cells globally into the host myocardi-
um post M, both at border and remote areas, in the Cont group
(Fig. 3A). More importantly, this inflammatory response was further ex-
acerbated in the IM group widely and persistently, while in contrast this
exacerbation was prevented in the Sheet group. The IM group increased
the accumulation of granulocytes (Fig. 3B), CD11b™* monocytes/macro-
phages (Fig. 3C), and 0X62™ dendritic cells (Fig. 3D) into the border
areas at both day 3 and 28, compared to other groups. Correspondingly,
the myocardial level of a major pro-inflammatory cytokine, IL-1P, was
significantly increased in the IM group, compared to the Cont group,
whereas this increase was entirely absent after SMB-sheet therapy
(Fig. 3E). IL-1p is known to increase arrhythmia susceptibility by increas-
ing the Ca; leak from the sarcoplasmic reticulum [16]. These data
collectively showed that intramyocardial SMB injection exacerbated
inflammation and increased susceptibility of arrhythmias, while this
adverse effect was obviated by SMB-sheet therapy.

3.4. Attenuated donor cell leakage into the lung by SMB-sheet therapy

During this study, we unexpectedly found another safety concern as-
sociated with intramyocardial SMB injection. PCR for the sry gene in var-
ious organ samples detected a substantial presence of male donor cells in
the lungs of all host female animals at day 28 in the IM group (Fig. 4A).

Consistent with this, donor cell trafficking studies using CM-Dil-labeled
SMBs uncovered that there were a considerable number of donor cells
globally distributing in the lung, forming discrete loci (Fig. 4C, D). It
has been reported that many donor cells leak into other organs, com-
monly the lung and kidney, at early phases of intramyocardial injection
of bone marrow-derived cells [17]. This aspect in the case of SMBs re-
mains largely unexplored, and our study clarified that after intramyo-
cardial SMB injection a considerable number of donor cells leaked and
survived in the lung for at least 28 days. In contrast, in the Sheet
group, no donor cells were detected in any organ studied, by either
PCR or histological study (Fig. 4A, B), shedding the light on a further ad-
vantage of SMB-sheet therapy in safety over the current method, in ad-
dition to the elimination of arrhythmogenicity.

3.5. Improved cardiac performance by SMB-sheet therapy

Previous clinical trials of intramyocardial injection of SMB suspension
showed insufficient or inconsistent therapeutic effects, in corresponding
with poor donor cell survival/engraftment {1,2]. Considering the ability to
increase donor cell survival (Fig. 2A), the use of the cell-sheet technique
may solve this issue. Indeed, echocardiography showed that LV ejection
fraction was improved in the IM group compared to the Cont group,
and this was further enhanced in the Sheet group at day 28 post treat-
ment (Fig. 5A). In addition, both LV end-diastolic and end-systolic dimen-
sions in the Sheet group were smaller than those in other groups (Fig. 5B,
C). Cardiac catheterization also showed improved cardiac function in the
Sheet group compared to the other groups (Fig. 5E). LV end-diastolic
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Fig. 3. Prevention of exacerbation of myocardial inflammation by SMB-sheet therapy. Immunolabeling demonstrated that the number of CD45™ cells accumulating in the myocardium was
persistently increased in the IM group, but not in the Sheet group, widely in both border and remote areas (A). In addition, in the IM group, there was increased accumulation of granulocytes
(B), CD11b* monocytes/macrophages (C), and OX62* dendritic cells (D) at both day 3 and 28. ELISA showed increased myocardial IL-1 levels at day 3 in the IM group compared to other

groups (E). *p< 0.05 vs. Cont group, ¥p<0.05 vs. Sheet group, n=4-6 in each group.

pressure was lower and developed pressure was higher in the Sheet
group compared to the Cont group.

3.6. Mechanisms underpinning the therapeutic effects of SMB-sheet therapy

We subsequently studied the mechanism by which SMB-sheet ther-
apy improved cardiac function. Agreeing with previous findings |1,5],
we could not find any cardiomyocyte-fike cells derived from donor
SMBs (via either trans-differentiation or fusion) in any group by histo-
logical trafficking of CM-Dil labeled SMBs. Instead, our histological stud-
ies detected favorable changes in each cardiac component in the Sheet
group. These included reduced infarct size (Fig. 5D), decreased extracel-
lular collagen deposition (Fig. 6A~G), increased vascular formation
(Fig. 6H-N), and attenuated cardiomyocyte hypertrophy (Fig. 60-R) at
day 28 in the Sheet group compared o the Cont group. Of note, these
beneficial effects were widely observed not only in the border areas
but also in the remote areas. These beneficial changes were also seen

in the IM group, but to a reduced extent in general, correlated with the
reduced donor SMB presence.

To obtain a further mechanistic insight of the therapeutic effects of
SMB-sheet therapy, we analyzed myocardial expression of reportedly
relevant genes by quantitative RT-PCR. As a result, we observed that ex-
pression of IL-10, HIF1-o, MMP-2, TIMP-1, IGF-1, and SDF-1, was signifi-
cantly upregulated in the Sheet group at day 3 compared to the Cont
group (Fig. 7). These data corresponded well with the above histological
findings of beneficial changes in cardiac components as the paracrine ef-
fects. An anti-inflammatory cytokine, JL-10, is known to increase donor
cell survival after cell transplantation and also increase angiogenesis
{18]. Upregulation of a major pro-angiogenic factor, HIFI-« [ 19], could
also play a role in the increased capillary density in the Sheet group,
while upregulation in MMP-2 and TIMP-1 would correlate with the re-
duced fibrosis {3]. Upregulation of IGF-1 and SDF-1, which are known
to stimulate endogenous progenitor cells {20,21], might have increased
endogenous regeneration. Of note, the upregulation of these genes in
the Sheet group was mostly reduced to the post-MI background level
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Fig. 4. Attenuated ectopic donor cells in other organs after SMB-sheet therapy. At day 28 post treatment, PCR for sry detected the presence of donor cells in the lungs of all host animals in the IM
groups (A). There were no donor cells detected in any organs after SMB-sheet therapy. Fluorescence observation demonstrated that SMBs (CM-Dil-labeled; orange) were widely distributed in
the lung, forming discrete loci, at day 28 in the IM group (C, D), while there were no SMBs detected in the lung of the Sheet group (B). Blue (DAPI) represents nuclei. Scale bar =100 um in (B, C)

and 30 pym in (D).

in the Cont group by day 28, in corresponding with the reduced donor
cell presence by day 28 (Fig. 2A). Despite this, cardiac function remained
improved for at least 28 days after SMB-sheet therapy compared to the
sham control. This let us speculate that paracrine mediators would con-
tribute to the myocardial recovery mainly during the early phase after
the treatment, and the effects on cardiac function and structure, once
established, could last for a longer time.

4. Discussion

This pre-clinical study demonstrated that epicardial placement of
SMB-sheets, which were generated with temperature-responsive culture
dishes without enzymatic treatment and without artificial scaffolds, over-
came both key problems of the current SMB transplantation method:
critical arrhythmogenicity and limited therapeutic efficacy {1,2].

This study for the first time provided comprehensive, quantitative
evidence showing that the use of the cell-sheet technique prevents
arrhythmogenicity associated with SMB-transplantation therapy to the
heart. We established a rat mode] in which intramyocardial SMB injection
induced frequent ventricular arrhythmias, including VT, in an equivalent
manner to the previous clinical reports {1,2,22]. Using this clinically-
relevant model, our continuous monitoring using radio-telemetry clearly
demonstrated that arrhythmia occurrence was reduced after SMB-sheet
therapy to the base line (MI hearts; Cont group). Together with another
novel finding that SMB-sheet therapy attenuated ectopic donor cell dis-
tribution in the lung, which was seen after intramyocardial injection,
these data highlight the improved safety of SMB-sheet therapy.

Furthermore, our results also imply information regarding the mech-
anism underlying SMB-induced arrhythmias, which remains uncertain
[22]. Previous in vitro studies have suggested a possible role of
automaticity or spontaneous electrical activity of the SMBs on the
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Fig. 5. Improved cardiac performance by SMB-sheet therapy. Enhanced cardiac function, reduced heart dimensions and improved hemodynamics in the Sheet group, compared to other groups,
were detected by using echocardiography (A-C) and catheterization (E) at day 28. Picrosirius red staining showed the smallest infarct size in the Sheet group (D). HR = heart rate, LVDd =LV
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Fig. 6. Recovery of post-MI failing myocardium by SMB-sheet therapy. Picrosirius red staining showed that extracellular collagen deposition (red color) in the Cont group (A, D) was reduced in
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(CSA=cross sectional area) was reduced in the Sheet group compared to the Cont group (O-R). Green signals for cardiomyocytes (¢TnT); red for endothelial cells (Isolectin B4). Cells
surrounded by white arrowheads represent the cardiomyocytes chosen for the CSA measurement. Scale bar =100 pm in (A-F) and 30 pm in (H-M, 0-Q). *p<0.05 vs. Cont group, Tp<0.05

vs. IM group, n=4-6 in each group.

arrhythmogenicity [23,24]; however, results of our in vivo study were
rather negative for these, as the cell-sheet technique showed reduced
arrhythmogenicity despite the increase in surviving SMBs. Alternatively,
our results propose that the formation of local heterogeneity by
intramyocardial injection may play a causative role [4,5,22]. We observed
that intramyocardial injection formed discrete cell-clusters composed of
donor SMBs and host inflammatory cells. Given our histological finding
that grafted SMBs rarely formed gap junctions with host cardiomyocytes,
such intramyocardial heterogeneity would cause physical disturbance to
electrical impulse propagation, resulting in conduction delay, block, and
eventually re-entrance arrhythmias. This concept was supported by
additional finding of the elongated QRS duration after intramyocardial
SMB injection. In contrast, after SMB-sheet therapy, the majority of
SMBs rernained on the epicardial surface, obviating the intramyocardial
tissue disruption. This resulted in the maintenance of electrical conduc-
tance, therefore preventing arrhythmogenicity. 1In addition, this study
provided new data which suggest another mechanism by which intra-
myocardial SMB injection induced arrhythmias; exacerbation of post-MI
arrhythmogenic substrates [12,22]. Intramyocardial SMB injection
resulted in persistent and widespread increase of inflammatory response,
which could amplify the pathological substrates and increase arrhythmia

susceptibility. In contrast, SMB-sheet therapy did not aggravate myocar-
dial inflammation nor therefore increase arrhythmogenic substrates.
Insufficient therapeutic efficacy was another key issue of SMB trans-
plantation {1,2], and this may also be solved by the use of the cell-sheet
technique. It has been shown that SMB-sheet therapy improves perfor-
mance of the damaged heart in various models | 8-10], but this study fur-
ther confirms this ability of SMB-sheet therapy in a more comprehensive
manner by direct comparison with intramyocardial injection. In addi-
tion, we showed that this augmented efficacy was correlated to the in-
creased donor cell engraftment. Our quantitative assessment showed
that donor cell survival at day 3 was 3.5-fold higher in SMB-sheet ther-
apy compared to intramyocardial injection, suggesting that the use of
the cell-sheet technique increased the early retention and/or survival
of donor cells. Furthermore, the surviving donor cell number at day 28
was more apparent, 9.2-fold, larger in SMB-sheet therapy. This indicates
that SMBs grafted by the cell-sheet technique survived between day 3
and 28 with a higher rate {17.5/52.3 =0.33) compared to intramyo-
cardial injection (1.9/15.0=0.13), suggesting that the cell-sheets
would provide a more comfortable environment for SMBs to survive.
Consistent to previous reports {1,5], we did not find donor SMB-derived
cardiomyocytes either after SMB-sheet therapy or intramyocardial SMB
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injection. Considering the beneficial histological changes, including de-
creased infarct size, reduced fibrosis, increased neovascular formation,
and attenuation of cardiomyocyte hypertrophy, the “paracrine effect”
may be the major mechanism responsible for the therapeutic benefits
by SMB-sheet therapy. As regards this, we found that a group of possibly
relevant molecules, including [L-10, HIF1-o, MMP-2, TIMP-1, IGF-1 and
SDF-1, were upregulated in the heart after SMB-sheet therapy. We
could not specify what paracrine molecules among these (or others)
were really responsible for the effects of SMB-sheet therapy, but specu-
late that the obtained effects may be a result of the net input of certain
groups of paracrine molecules, rather than a single molecule. However,
further investigation is needed to conclude this issue.

In conclusion, SMB-sheet therapy attenuated both the
arrhythmogenicity and ectopic donor cell distribution in the lung that
were associated with the current method for SMB transplantation, to-
gether with augmented therapeutic efficacy in the treatment of heart

failure. These data may encourage the development of this emerging ap-
proach towards clinical application.
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Figure 7.
Hemodynamic measurements determined using cardiac catheterization after cocultured bi-

level cell-sheet transplantation (cell-sheet, n=6), cocultured cell injection (cell injection,
n=6), and control (control, n=8). Examinations were performed at 4 weeks of follow-up after
the operation. A, Representative pressure—volume loops during inferior vena cava occlusion
from cell-sheet, cell injection, and control groups. B, There was no significant difference in
heart rate (HR), end-systolic pressure (ESP), end-diastolic pressure (EDP), mimimal rate of
change in left ventricular (L'V) pressure (min. dP/d¢), cardiac output (CO), or end-diastolic
pressure—volume relationship (EDPVR; HR, P=0.35; ESP, P=0.19; EDP, P=0.14; min.
dP/de, P=0.05; CO, P=0.07; EDPVR, P=0.70; Kruskal-Wallis test). The maximal rate of
change in LV pressure (max. dP/df) and end-systolic pressure—volume relationship (ESPVR)
significantly improved in the cell-sheet group compared with the other 2 groups (max. dP/dz,
P=0.04; ESPVR, P=0.03; Kruskal-Wallis test).
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Sustained-Release Delivery of Prostacyclin Analogue
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Abstract i

Background: A prostacyclin analogue, ONO-1301, is reported to upregulate beneficial proteins, including stromal cell
derived factor-1 (SDF-1). We hypothesized that the sustained-release delivery of ONO-1301 would enhance SDF-1
expression in the acute myocardial infarction (Mi) heart and induce bone marrow cells (BMCs) to home to the myocardium,
leading to improved cardiac function in mice.

Methods and Results: ONO-1301 significantly upregulated SDF-1 secretion by fibroblasts. BMC migration was greater to
ONO-1301-stimulated than unstimulated conditioned medium. This increase was diminished by treating the BMCs with a
CXCR4-neutralizing antibody or CXCR4 antagonist (AMD3100). Atelocollagen sheets containing a sustained-release form of
ONO-1301 (n=33) or ONO-1301-free vehicle (n=48) were implanted on the left ventricular (LV) anterior wall immediately
after permanent left-anterior descending artery occlusion in C57BL6/N mice (male, 8-weeks-old). The SDF-1 expression in
the infarct border zone was significantly elevated for 1 month in the ONO-1301-treated group. BMC accumulation in the
infarcted hearts, detected by in vivo imaging after intravenous injection of labeled BMCs, was enhanced in the ONO-1301-
treated hearts. This increase was inhibited by AMD3100. The accumulated BMCs differentiated into capillary structures. The
survival rates and cardiac function were significantly improved in the ONO-1301-treated group (fractional area change
23+1%; n=22) compared to the vehicle group (19+1%; n = 20; P=0.004). LV anterior wall thinning, expansion of infarction,
and fibrosis were lower in the ONO-1301-treated group.

Conclusions: Sustained-release delivery of ONO-1301 promoted BMC recruitment to the acute MI heart via SDF-1/CXCR4
signaling and restored cardiac performance, suggesting a novel mechanism for ONO-1301-mediated acute-MI| heart repair.
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Introduction is essential to suppress inflammation and fibrosis and to improve
bloodflow supply in the injured myocardium consecutively.
Recently, stromal ccll-derived factor (SDF)-1 and its correspond-
ing receptor CXCR4 have been shown to play prominent roles in

Despite a number of medical and interventional treatments
have been developed to treat acute myocardial infarction (AMI),

the trcatx.ncgt for 'massivc ANH has nq be?n fully cstablis}')cd‘ homing of bone marrow cells (BMC) which promotes neovascu-
Myocardial infarction (MI) is a progressive disease, characterized larization and prevention of apoptosis via paracrine mechanism
by massive ischemic necrosis of the myocardial tissue and [1,2,3,4].

subsequent inflammation. This leads to cardiac remodeling that  ONO-1301 ({5-[2-({[(1E)-phenyl(pyridin-3-yl)methylene] ami-

exacerbates thel oxygen shorFage in the‘ surYiving cardiac tissue. no}oxy)ethyl]-7,8-dihydronaphthalen-1-yl}oxy)acetic acid) is a
These pathological and functional deteriorations eventually cause synthetic prostacyclin agonist. As it lacks the typical prostanoid
end-stage heart failure. To delay the progression of heart failure, it
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structure of a five-membered ring and an allylic alchol, ONO-
1301 is chemically and biologically stable in wvivo. In addition,
thromboxanc A2 synthethase is inhibited by ONO-1301, resulting
in the promotion of endogenous prostacyclin synthesis. ONO-
1301 has been reported to induce the production of endogenous
hepatocyte growth factor (HGF) and vascular-endothelial growth
factor (VEGY) in fibroblasts by stimulating ¢cAMP production
[5,6,7,8]. The administration of a slow-release form of ONO-1301
shows therapeutic potential, mainly duc to the restoration of
bloodflow in MI models of rat and swine and in a cardiomyopathic
hamster [6,7,8]. The potential mechanism of the functional
benefits of ONO-1301 mainly result from the enhanced sccretion
of growth factors, such as HGF and VEGF, which induce
angiogenesis, restore bloodflow, and attenuate the progression of
fibrosis. Recently we identified that ONO-1301 also upregulates
SDF-1 secrction in the fibroblasts. Enhanced BMC homing in the
MI heart by ONO-1301 therapy is attractive therapeutic modality.
We thus hypothesized that ONO-1301 can induce BMC
accumulation mediated by the upregulation of SDF-1 to elicit
functional improvement in a mouse model of ML

Methods

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Committee on the Ethics of Animal
Experiments of the Osaka University (H23-123). All surgery was
performed under sodium pentobarbital or isoflurane anesthesia,
and all efforts were made to minimize suffering.

ONO-1301 and a slow-rcleasc form of ONO-1301 were
purchased from ONO Pharmaccutical Co. Ltd. (Osaka, Japan)
[7,8,9].

Migration Assay

Normal human dermal fibroblasts (NHDYF's; Takara bio, Shiga,
Japan) were cultured with or without ONO-1301 for 72 hours.
The SDF-1 concentration in the culture supernatants was
measured by ELISA (R&D systems, MN). BMCs were obtained
from a green fluorescent protein (GIEP)-transgenic mouse
[C57BL/6-Tg(CAG-EGFP); Japan SLC, Inc., Shizuoka, Japan],
and their migration toward the supernatants was assessed using a
culture insert system (BD Falcon). The number of migrated BMCs
was determined using fluorescence microscopy (Carl Zeiss,
Gattingen, Germany).

Mouse AMI Model and Sheet Transplantation

An AMI model was generated by permanent ligation of the left
anterior descending artery (LAD) in 10-15-week-old male C57BL/
6N, BALB/cA, or BM-GFP chimera mice [10]. ONO-1301
microspheres and control microspheres were resuspended in saline
at 10 mg/ml and added to atelocollagen sheets just before
transplantation. Five minutes after the LAD ligation, atelocollagen
sheets that included ONO-1301-containing microspheres (ONO-
1301-treated group, n =40) or empty microspheres (vehicle group,
n =40) were fixed onto the surface of the anterior left ventricular
(LV) wall. The mice were euthanized 7, 21, and 28 days after the
LAD ligation and ONO-1301 administration.

Assessment of BMC Homing

BMG:s harvested from BALB/cA mice were labeled by Xeno-
light DiR (Caliper Life Sciences, MA) following the manufacturer’s
instructions and injected into the tail vein of BALB/cA mice after
the MI and ONO-1301 treatment. On days 1 and 3, the whole-
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body imaging of the mice was mcasured by an @ viwo imaging
system (IVIS, Caliper Life Sciences).

Assessment of Cardiac Function and Survival

Cardiac function was assessed using an echocardiography
system equipped with a 12-MHz transducer (GE Healthcare,
WI) 4 weeks after MI and ONO-1301 trecatment. The LV areas
were measured, and LV fractional arca change (FAC) was
calculated as (LVEDA-LVESA)/LVEDA %100, where LVEDA
and LVESA are the LV end-diastolic and end-systolic area,
respectively.[10] The mice were housed in a temperature-
controlled incubator for 28 days post-treatment to determine their
survival. ‘

Histological Analysis

Frozen scctions (8 pm) of hearts were stained with antibodies
against von Willebrand factor (vWF; Dako, Glostrup, Denmark)
and CD31 (Abcam, UK). The sccondary antibody was Alexa 546
goat anti-rabbit (Life Technologies, CA). Counterstaining was
performed with 6-diamidino-2-phenylindole (DAPL; Life Tech-
nologics). The sections were also stained with isolectin (Life
Technologies) following the manufacturer’s instructions. To count
GFP-positive  cells, isolectin-positive cells, and CD31-positive
capillary densities, 10 images were captured for cach specimen.
Capture and analysis were performed using Biorevo (Keyence,
Japan). To analyze the myocardial collagen accumulation, heart
sections were stained with Masson’s trichrome. The collagen
volume fraction in the peri-infarct arca was calculated.

Quantitative Real-time PCR

The total RNA was isolated from the peri-infarct area using the
RNeasy Mini Kit and reverse transcribed using Omniscript
Reverse transcriptase (Qiagen, Hilden, Germany). Quantitative
PCR was performed with a PCR System (Life Technologies). The
expression of cach mRNA was normalized to that of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). The primers and
probes are shown in Table S1 in File S1.

Statistical Analysis

Data are expressed as the mean *+ SEM. The data distributions
were checked for normality. Comparisons between 2 groups were
made using the Student’s &-test. For comparisons among 3 or more
groups, onc-way analysis of variance (ANOVA) followed by
Fisher’s protected least significant difference (PLSD) test were
used. The survival curves were prepared using the Kaplan-Meier
method and compared using the log-rank test. All P-values are
two-sided, and values of P<0.05 were considered to indicate
statistical significance. Statistical analyses were performed using
the StatView 5.0 Program (Abacus Concepts, Berkeley, CA) and
Statcel? (The Publisher OMS Litd., Saitama, Japan).

An expanded Methods section can be found in the online-only
in File S1.

Results

ONO-1301 Enhanced BMC Migration via SDF-1/CXCR4
Signaling

The effect of ONO-1301 on the SDF-1 secretion by NHDFs
was cvaluated by ELISA. As shown in Fig. 1A, the SDF-1
concentration in the NHDF culture supernatants increased in an
ONO-1301 concentration-dependent manner. The SDF-1 con-
centration in the culture supernatant of 1000 nM ONO-1301-
treated cells was significantly greater than that of cells cultured in
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the absence of ONO-1301 (Fig. 1A). To investigate the BMC
migration toward ONO-1301-treated NHDF conditioned medi-
um, a migration assay was performed using a modified Boyden
chamber with 8-um pores. The number of migrated BMCs was
significantly greater in the conditioned medium of cells treated
with 100 and 1000 nM ONO-1301 compared to that of cells
treated with 0 and 10 nM ONO-1301. The BMC migration to the
1000 nM ONO-130! conditioned medium was diminished by
treating the BMCs with a CXCR4-neutralizing antibody or
CXCR4 antagonist (AMD3100) (Fig. 1B, C).

SDF-1-mediated BMC Accumulation in the ONO-1301-
treated Infarcted Hearts

The effect of ONO-1301 on SDF-1 expression in the infarcted
hearts was evaluated by quantitative RT-PCR. Twenty-eight days
after treatment, the SDF-1 expression in the border area of the
ONO-1301-treated heart was significantly greater than that in the
vehicle-treated heart (Fig. 2A). The HGF and VEGF expressions
were also increased by ONO-1301 treatment (Fig. 2B, C). After
LAD occlusion, ONO-1301 treatment, and intravenous injection
of labeled BMCs, the BMC accumulation in the infarcted heart
was evaluated by an in vivo imaging system. The proportion of
BMCs in the heart showed a trend toward upregulation,
dependent on the dose of ONO-1301 (Fig. 2D). Hearts treated
with 100 mg ONO-1301/kg body weight showed significantly
more accumulated BMCs than those treated with 0 or 10 mg

SDF-1 secretion
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ONO-1301. In 100 mg/kg ONO-1301-treated hearts, CXCR4
antagonization significantly decreased the BMOC accumulation
(Fig. 2D). To identify the recruited BMCs w vivo, the acute MI
model was prepared using chimera mice by transplanting GFP-
expressing bone marrow into irradiated C57BL/6 mice. The
BMGs of the C57BL/6 transplant recipients were largely replaced
by GFP-expressing BMCs (91.8+/—4.3%, figure S1 in File SI).
The single-organ analyses using GFP-BM chimera mouse at day 7
also showed increased BMC accumulation in the ONO-1301-
treated myocardium (figure S2 in File S1).

Differentiation of BMCs in the Infarcted Myocardium
Seven days after MI and ONO-1301 administration to BM-
GFP chimera mouse, BMCs were dramatically accumulated in
both the infarcted area and the atelocollagen sheet (Fig. 3A, B).
Some of the BMCs formed tube-like structures and displayed von
Willebrand factor expression (Fig. 3C, D). Isolectin staining
showed that a greater percentage of isolectin-positive BMCs
accumulated in the myocardium in the ONO-1301-treated (O)
group than in the vehicle (V) group (Fig. 3E, F). We also evaluated
small blood vessels by CD31 immunostaining. The density of small
vessels was greater in the O group than in the V group (Fig. 3G).
Immunohistochemical analysis of Connexin 43 and smooth
muscle actin, cardiac-lineage and cardiac fibroblast markers,
respectively, was also conducted at 3 months, but no co-expression
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Figure 1. ONO-1301 enhanced SDF-1 secretion and BMC migration via SDF-1/CXCR4 signaling in vitro. NHDFs were stimulated with
ONO-1301 for 72 hours, then the SDF-1 concentration in the culture medium was determined by ELISA (n=3 each, *P<<0.05 vs. 0 nM). A) Number of
BMCs that migrated toward the conditioned medium from ONO-1301-stimulated-NHDFs (0, 10, 100, or 1000 nM ONO-1301, n=6; 1000 nM+nAB or
1000 nM+AMD, n =3). ¥*P<<0.05 vs. 0 nM, TP<<0.05 vs. 10 nM, $P<<0.05 vs. 1000 nM, 8P<0.05 vs. SDF-1. nAB, CXCR4-neutralizing antibody; AMD,
CXCR4 antagonist AMD3100. B) Representative pictures of BMCs that had migrated to the medium from ONO-1301-stimulated BMCs. Green, BMCs.

doi:10.1371/journal.pone.0069302.g001
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Figure 2. ONO-1301 enhanced SDF-1 secretion and BMC migration via SDF-1/CXCR4 signaling after MI. A-C) The SDF-1, HGF, and VEGF
expression at the border zone of the infarcted area was measured by quantitative RT-PCR. The expression levels of these cytokines were higher in the
ONO-1301-treated (0) group compared to the vehicle (V) group. (O group, n=7; V group, n=7-8; *P<0.05 vs. V group). The expression relative to
GAPDH is shown. D) BMC migration to ONO-1301-treated infarcted myocardium was evaluated using IVIS. Representative picture of IVIS at day 3. Left:
100 mg/Kg, Center: 0 mg/Kg, Right: 100 mg/Kg+AMD3100 (AMD). E) The number of accumulated BMCs was greater in the 100 mg/kg ONO-1301-
treated infarcted heart compared to the 0 and 10 mg/kg ONO-1301-treated infarcted heart. When BMCs treated with AMD were injected, the BMC
accumulation decreased in the 100 mg/Kg ONO-1301-treated infarcted heart compared with the untreated-BMC-injected heart (0 mg/Kg, n=4;

10 mg/Kg, n=8; 100 mg/Kg, n=5; 100 mg/Kg+AMD3100, n=4; ¥*P<<0.05 vs. 0 mg/Kg, TP<0.05 vs. 10 mg/Kg, £P<<0.05 vs. 100 mg/Kg).

doi:10.1371/journal.pone.0069302.g002

of GFP with either of these markers was observed (figure S3 in File
S1).

Therapeutic Effects of ONO-1301 Administration on
Cardiac Performance, Survival, and LV-remodeling at 4
Weeks Post-Mi

ONO-1301 was detected in the plasma of blood samples from
the ONO-1301-treated group 3 weeks after treatment (figure $4 in
File S1). The cardiac functions in the MI mice with and without
following ONO-1301 teatment were evaluated. Mortality was
substantial until 14 days post-LAD ligation in the vehicle group,
and similar mortality levels were observed with non-treated MI
mice [11]. In contrast, in the ONO-1301-treated group, there was
little mortality 7 days after MI, and thus a difference in survival
(Fig. 4A). Cardiac performance was evaluated by 2D echocardi-
ography 4 weeks after implantation. The LVEDA was smaller in
the ONO-1301-treated group than in the vehicle group, but the
difference was not significant. In contrast, the LVESA was
significantly smaller, and the LVFAC was significantly greater,
in the ONO-1301-treated group than in the vehicle group
(Fig. 4B). In the histological analysis, the vehicle group showed a
typical MI with a large anterior LV scar and dilatation of the LV
cavity. By comparison, the LV of the ONO-1301-treated group
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was less dilated, and the anterior wall was thicker (Fig. 4C, D). The
infarcted area and percent fibrosis were significantly smaller in the
ONO-1301-treated than in the vehicle-treated group (Fig. 4C, E~
G).

Discussion

Here, we showed that ONO-1301 promotes BMC accumula-
tion in the injured myocardium. /n wvitro, ONO-1301 enhanced
SDF-1 expression, and BMC migration was greater to conditioned
medium obtained from ONO-1301-stimulated cells. The en-
hanced migration was diminished by blocking SDF-1/CXCR4
signaling. Consistent with the @ vitro experiments, ONO-1301
enhanced the SDF-1 expression of myocardial tissue. High ONO-
1301 accelerated the BMC accumulation after MI in a SDF-1/
CXCR4-dependent manner. Some BMCs in the infarcted
myocardium differentiated into capillary structures within 7 days.
Furthermore, the sustained-release delivery of ONO-1301 in the
infarcted myocardium also led to functional improvements
following MI. Our data suggest that ONO-1301 is a novel
inducer of BMC recruitment, and that ONO-1301 treatment may
be a promising therapeutic strategy for the clinical treatment of
ML
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