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EGFP-expressing populations. (B) hADMPCs transduced with CSII-CMV-EGFP or CSH-EF-EGFP at m.o.i. of 100, 250, 500, and 1000 were analyzed. (C)
hADMPCs transduced with CSII-CMV-EGFP or CSII-EF-EGFP at m.o.i. of 1000 were analyzed over a 28 day period. Error bars represent the standard

error of 3 independent analyses. **, P<0.01; *, P<0.05 (Student’s t test).

doi:10.1371/journal.pone.0066274.9001

100, 250, 500, and 1000. Four days later, the cells were analyzed
with a Guava easyCyte 8HT flow cytometer (Merck-Millipore)
using an argon laser at 488 nm. Dead cells were excluded with the
LIVE/DEAD fixable far red dead cell stain kit (Invitrogen). For
analysis of hADMPCs transduced with pTRE-EGFP-EF-tTA-2A-
Bsd or pTRE-EGFP-CMV-tTA-2A-Bsd, hADMPCs were trans-
duced with the lentiviral vector at a m.o.i of 250 and were
cultured with or without I pg/mL Dox. Four days later, a part of
the cells were analyzed with a Guava easyCyte 8HT flow
cytometer. The rest of the cells were cultured with 4 pg/mL
blasticidin and 1 ug/mL Dox for 3 weeks. Then, the cells were
seeded in 6-well plates and cultured with or without Dox for 4
days. The cells were harvested and re-suspended in staining buffer
(PBS containing 1% BSA, 2 mM EDTA, and 0.01% sodium
azide) at a density of 1x10° cells/mL and incubated with
phycoerythrin (PE)-conjugated antibody against CD13, CD29,
CD34, CD44, CD73, CD90, CD105, or CD166 for 20 min. Non-
specific staining was assessed using relevant isotype controls. 525/
30 nm and 583/26 nm band pass filters were used for the
detection of EGFP and PE, respectively. Dead cells were excluded
with the LIVE/DEAD fixable far red dead cell stain kit
(Invitrogen). FlowJo software (TreeStar Inc., Ashland, OR, USA)
was used for quantitation analysis. The threshold for gating was
determined as the fluorescence value above which less than 1% of
the control cells were considered as positive events.

Fluorescence Microscopy

Phase contrast and fluorescence images were obtained using
Fluorescence Microscope (BZ-3000; Keyence, Osaka, Japan) using
BZ Analyzer Software (Keyence).

Adipogenic, Osteogenic, Chondrogenic, and Neurogenic
Differentiation Procedures

For adipogenic differentiation, cells were cultured in differen-
tiation medium (Zen-Bio, Durham, NG, USA). After 3 days, half
of the medium was changed to adipocyte medium (Zen-Bio), and
this was repeated every 3 days. Three weeks after differentiation,
characterization of adipocytes was confirmed by microscopic
observation of intracellular lipid droplets by oil red O staining.
Osteogenic differentiation was induced by culturing the cells in
DMEM containing 10 nM dexamethasone, 50 mg/dL ascorbic
acid 2-phosphate, 10 mM B-glycerophosphate (Sigma), and 10%
FBS. Differentiation was examined by alizarin red staining. For
chondrogenic differentiation, 2x10” hADMPCs were centrifuged
at 400x g for 10 min. The resulting pellets were cultured in
chondrogenic medium (a-MEM supplemented with 10 ng/mL
transforming growth factor-B, 10 nM dexamethasone, 100 mM
ascorbate, and 1x insulin—transferrin—selenium solution) for 14
days, as described previously [27]. The pellets were fixed with 4%
paraformaldehyde in PBS, embedded in OCT, frozen, and
sectioned at 8 um. The sections were incubated with PBSMT
(PBS containing 0.1% Triton X-100, 2% skim milk) for 1 h at
room temperature, and then incubated with mouse monoclonal
antibody against type II collagen (Abcam, Cambridge, MA, USA)
and rabbit polyclonal antibody against GFP (Invitrogen) for 1 h.
After washing with PBS, cells were incubated with Alexa 546
conjugated anti-mouse IgG and Alexa 488 conjugated anti-rabbit
IgG for chondrocytes (Invitrogen) or Alexa 546 conjugated anti-

PLOS ONE | www.plosone.org

rabbit IgG and Alexa 488 conjugated anti-rat IgG (Invitrogen) for
neuronal cells. The cells were counterstained with 4'-6-diamidino-
2-phenylindole (DAPI) (Invitrogen) to identify cellular nuclei. For
neurogenic differentiation, cells were cultured in Hyclone
AdvanceSTEM neural differentiation medium (Thermo Scientific,
South Logan, UT, USA) for 2 days. Differentiation was examined
by immunofluorescent staining against B3-tubulin. Cells were fixed
with 4% paraformaldehyde in PBS for 10 min at 4°C and then
washed 3 times in PBS. Blocking was performed with PBSMT for
1 h at room temperature. The differentiated cells were incubated
with rabbit monoclonal antibody against f3-tubulin (Cell Signal-
ing Technologies, Danvers, MA, USA) and rat monoclonal
antibody against GFP (Nacalai, Kyoto, Japan). After washing
with PBS, cells were incubated with Alexa 546 conjugated anti-
rabbit IgG and Alexa 488 conjugated anti-rat IgG (Invitrogen).
The cells were counterstained with 4'-6-diamidino-2-phenylindole
(DAPI) (Invitrogen) to identify cellular nuclei.

Results

The Efficiency of the EF-1a Promoter was Higher than
that of the CMV Promoter in hADMPCs

To determine the efficiency of the EF-loat promoter and the
CMV promoter, hADMPCs were transduced with CSII-EF-
EGFP or CSIH-CMV-EGFP at a m.o.i. of 25, 50, 100, 250, 500,
and 1000 and analyzed by flow cytometry. As shown in Figure 1A,
percentage of GFP-positive cells increased in a dose-dependent
manner. Intriguingly, transduction efficiency of CSII-EF-EGFP
was significantly higher than that of CSII-CMV-EGFP in
hADMPCs (Figure 1A). Moreover, a higher induction level of
GFP was observed under the EF-lo promoter than under the
CMV promoter, based on the median fluorescent intensity
(Figure 1B). Furthermore, GFP fluorescent intensities driven from
the CMV promoter were significantly decreased (from 100% on
day 7 to 49.3% on day 21 and 38.4% on day 28; Figure 1C),
indicating that promoter silencing occurred as previously reported
[19]. In contrast, hADMPCs transduced with CSII-EF-EGFP
sustained GFP expression levels with no significant reduction
throughout the 28-day experimental period (Figure 1C).

Construction and Characterization of Dual-promoter
Lentiviral Vectors in hADMPCs

Next, we constructed dual-promoter lentiviral vectors, which
contain TRE-Tight followed by an improved version of tet-
controlled transactivator (tTA advanced) induced under the CMV
or EF-lo promoter (Figure 2A). In this “single tet-off lentiviral
vector platform”, the regulator and response elements are
combined in a single lentiviral genome, along with a Gateway
cassette containing a#R recombination sites flanking a ccdB gene
and a chloramphenicol-resistance gene, which allows an easy and
rapid shuttling of the gene of interest into the vectors using the
Gateway LR recombination reaction (Figure 2A). Using this
system, we constructed pTRE-EGFP-CMV-tTA-2A-Bsd or
pTRE-EGFP-EF-tTA-2A-Bsd (Figure 2B). Both the CMV and
the EF-loe promoters drive the mRNA expression of tTA
advanced linked to the Bsd gene by the Thosea asigna virus 2A
(T2A) peptide sequence. This single transcript is then translated
and cleaved into 2 proteins; tTA advanced carrying 2A tag at the
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Figure 2. Schematic drawings of the single lentiviral vectors for tet-off system used in this work. (A) Gateway-compatible destination
vectors containing attR recombination sites flanking a ccdB gene and a chloramphenicol-resistance gene, which allows an easy and rapid shuttling of
gene of interest flanked by attL sites into the destination vectors using the Gateway LR recombination reaction. They also have an improved version
of tetracycline-controlled transactivator (tTA) linked to the blasticidin resistant (Bsd) gene by the Thosea asigna virus 2A (2A) peptide sequence,
whose expression is regulated by the CMV or EF-1o. promoter. In the present study, we constructed an entry vector encoding EGFP flanked by attl,
resulting in a destination clone, pTRE-EGFP-CMV-tTA-2A-Bsd or pTRE-EGFP-EF-tTA-2A-Bsd (B). In the absence of doxycycline (Dox), tTA-2A binds to
the TRE-Tight promoter and activates EGFP transcription. For more details, see the Results section. CMV pro, CMV promoter; LTR, long terminal
repeats; \s, packaging signal; RRE, rev response elements; cPPT, central polypurine tract; TRE, tet-responsive element; CmF, chloramphenicol
resistance; tTA, tetracycline-controlled transactivator; Bsd, blasticidin resistance; WPRE, woodchuck hepatitis virus posttranscriptional control element;
SIN, self-inactivating. (C) (D) hRADMPCs were transduced with pTRE-EGFP-CMV-tTA-2A-Bsd or pTRE-EGFP-EF-tTA-2A-Bsd at m.o.i. of 250. Four days after
transduction, the cells were divided into 2 populations; with 1 pg/mL of Dox (Dox (+)) and without Dox (Dox (). (C) Fluorescent and phase contrast
images. Scale bar, 200 um. (D) Log fluorescence histograms of EGFP by flow cytometry analysis. (E) The whole cell lysates from hADMPCs transduced
with pTRE-EGFP-CMV-tTA-2A-Bsd or pTRE-EGFP-EF-{TA-2A-Bsd were subjected to western blotting to monitor the cleavage efficiency of tTA-2A-Bsd
proteins. A primary antibody against TetR was used to detect either tTA-2A-Bsd (non-cleaved form) or tTA-2A (cleaved form). Asterisk indicates a
nonspecific band. .

doi:10.1371/journal.pone.0066274.9g002
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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-{TA-2A-Bsd (CMV) or pTRE-EGFP-EF-tTA-2A-Bsd (EF) at m.o.i. of 250. The cells were treated with 4 pg/mL blasticidin and 1 ug/mL Dox
for 2 weeks. Then, the cells were cultured in the absence (Dox (-)) or presence (Dox (+)) of 1 pg/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 uM 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 um.

doi:10.1371/journal.pone.0066274.9003

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 pug/mL) was enough to suppress
the expression. Flow cytometry analysis revealed that the
transduction efficiency was relatively low (EGFP-positive cells
were 7.5~10%) compared with that of CSII-CMV-EGFP or
CSI-EF-EGFP (EGFP-positive cells were 45% or 77% ata 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 hADMPGCs 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. Moreover, western blot analysis against tTA 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 | week after the selection, control hRADMPCs
were completely killed (data not shown), whereas hADMPCs that
were successfully transduced with either pTRE-EGFP-CMV-tTA-
2A-Bsd or pTRE-EGFP-EF-tTA-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 fig/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 EGFP 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 lie 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 (TSA) and/or DNA methylation
inhibitor 5-aza-2'-deoxycytidine (5-aza-dC). TSA treatment 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 efficient 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 hRADMPCs 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 hADMPGs, the cells were differentiated into
adipocytes, osteocytes, chondrocytes, and neuronal cells. As shown
in Figure 5, blasticidin-selected hADMPCs maintained their
ability to differentiate into adipocytes, osteocytes, chondrocytes,
and neuronal cells. Moreover, 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 MSCs 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
MSGs, 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 be 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 hRADMPCs. They were stained with PE-coupled antibodies against CD13, CD29, CD34,
CD44, CD73, CD90, CD105, and CD166. Histogram of a PE-coupled mouse IgG1 x isotype control is shown in gray. CMV; hADMPCs transduced with
pTRE-EGFP-CMV-tTA-2A-Bsd, EF; hADMPCs transduced with pTRE-EGFP-EF-{TA-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/mL Dox (Dox(+)) as described in the material and methods section. (E-)
Confirmation of differentiated cells by oil red O staining for adipocytes (E), alizarin red staining for osteocytes (F), immunohistochemical staining
against collagen |l for chondrocytes (G), and immunohistochemical staining against B3-tubulin for neuronal cells (H). The percentages of
differentiated cells to each cell type were calculated by the computerized image analysis (). 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 um.

doi:10.1371/journal.pone.0066274.9g005
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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-lo 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-lo. and human phospho-
glycerate kinase-1 (PGK) promoters have a clear advantage over
the GCMV promoter in transducing rat bone marrow-derived MSC
transduction with lentivirus [19]. Consistent with their findings,
our data also demonstrated that the EF-1o promoter was more
efficient than the CMV promoter to drive EGFP expression in
bADMPCs (Figure 1A, B). Moreover, 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-
Iy 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 (T'SA) 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 separate 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, hADMPCs 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-la 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 systern,
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, CGSB Human
ORFeome Collection (Dana-Farber Cancer Institute, Genter 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 RNAIi 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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Addition of Mesenchymal Stem Cells Enhances
the Therapeutic Effects of Skeletal Myoblast Cell-Sheet
Transplantation in a Rat Ischemic Cardiomyopathy Model
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Introduction: Functional skeletal myoblasts (SMBs) are transplanted into the heart effectively and safely as cell
sheets, which induce functional recovery in myocardial infarction (MI) patients without lethal arrhythmia.
However, their therapeutic effect is limited by ischemia. Mesenchymal stem cells (MSCs) have prosurvival/
proliferation and antiapoptotic effects on co-cultured cells in vitro. We hypothesized that adding MSCs to the
SMB cell sheets might enhance SMB survival post-transplantation and improve their therapeutic effects.
Methods and Results: Cell sheets of primary SMBs of male Lewis rats (-SMBs), primary MSCs of human female
fat tissues (h-MSCs), and their co-cultures were generated using temperature-responsive dishes. The levels of
candidate paracrine factors, rat hepatocyte growth factor and vascular endothelial growth factor, in vitro were
significantly greater in the h-MSC/r-SMB co-cultures than in those containing r-SMBs only, by real-time PCR
and enzyme-linked immunosorbent assay (ELISA). MI was generated by left-coronary artery occlusion in female
athymic nude rats. Two weeks later, co-cultured r-SMB or h-MSC cell sheets were implanted or no treatment
was performed (=10 each). Eight weeks later, systolic and diastolic function parameters were improved in all
three treatment groups compared to no treatment, with the greatest improvement in the co-cultured cell sheet
transplantation group. Consistent results were found for capillary density, collagen accumulation, myocyte
hypertrophy, Akt-signaling, STAT3 signaling, and survival of transplanted cells of rat origin, and were related to
poly (ADP-ribose) polymerase-dependent signal transduction.

Conclusions: Adding MSCs to SMB cell sheets enhanced the sheets’ angiogenesis-related paracrine mechanics
and, consequently, functional recovery in a rat MI model, suggesting a possible strategy for clinical applications.

Introduction

ARECENT LARGE-SCALE clinical trial, in which autologous
skeletal myoblasts (SMBs) were directly injected into
the heart by needle, reported only modest therapeutic
benefits and a substantial risk of ventricular arrhythmias,
due at least partly to the delivery method."? The major
drawbacks of SMB delivery by needle injection are poor cell
survival in the heart, leading to insufficient paracrine ef-
fects, and mechanical myocardial injury, potentially causing
lethal arrhythmia.' In contrast, cell-sheet techniques,
which we developed, deliver SMBs more effectively with

minimal myocardial injury, enhanced paracrine effects, and
consequently better cardiac function than attained by nee-
dle injection.*™®

The mechanism by which damaged myocardium is re-
stored by transplanted SMB cell sheets is complex, involving
many pathways.”® Recent reports show beneficial effects of
SMB cell-sheet transplantation in several animal experi-
mental models and patients with heart failure, which are
primarily attributed to cytokine secretion from the trans-
planted cell sheets (i.e., a paracrine effect).*?

However, SMB cell sheets attached to the surface of the
infarcted myocardium are poorly supported by the vascular
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CO-CULTURED CELL-SHEET IMPLANTATION

network of the native myocardium, which limits the survival
of the SMBs and, consequently, their therapeutic effects.”
Thus, conventional SMB cell-sheet transplantation might be
insufficient to repair severely damaged myocardium, which
has poor viability. Mesenchymal stem cells (MSCs) are used
as feeder cells to support the survival, proliferation, and
differentiation of co-cultured stem/progenitor cells
in vitro."** Moreover, MSCs are advantageous for cellular
therapy because they are multipotent, potentially immune
privileged, and expand easily ex vivo. MSCs also proliferate
rapidly and induce angiogenesis.">**

We hypothesized that adding MSCs to the SMB cell sheets
in vitro might enhance their survival and function after
transplantation, which might enhance the benefits of SMB
cell-sheet transplantation therapy. Here, we investigated
whether co-culturing SMBs with MSCs would enhance the
SMBs’ cytokine production in vitro. We also examined the
therapeutic effects on chronic ischemic heart failure of
transplanting cell sheets created from co-cultured SMBs and
MSCs, compared with SMB-only and MSC-only- cell sheets.

Materials and Methods

This study was approved by the Institutional Ethics
Committee of the Osaka University. Humane animal care
was used in compliance with the “Principles of Laboratory
Animal Care” formulated by the National Society for Medi-
cal Research, and the “Guide for the Care and Use of La-
boratory Animals” prepared by the Institute of Animal
Resources and published by the National Institutes of Health
(Publication No. 85-23, revised 1996). All procedures and
evaluations, including assessments of cardiac parameters,
were carried out in a blinded manner. The authors had full
access to the data and take full responsibility for its integrity.
All authors have read and agreed to the article as written.

Isolation of SMBs and adipose tissue-derived
mesenchymal cells, and cell-sheet preparation

Primary skeletal myoblasts of rat origin (r-SMBs) were
isolated from Lewis rats (3 weeks old, male; CLEA Japan,
Inc.) and expanded in vitro as described previously”®: more
than 70% of the isolated cells were actin positive and 60-70%
were desmin positive, as determined by flow cytometry
(data not shown). To detect r-SMBs, we used GFP transgenic
Lewis rats.'® Primary human MSCs (h-MSCs) were isolated
from female subcutaneous adipose tissue samples as de-
scribed.”® h-MSCs exhibit mesenchymal morphology (Fig.
1A). Cell sheets consisting of r-SMBs or h-MSCs were pre-
pared using temperature-responsive culture dishes (UpCell®;
CellSeed), as described.' Cell sheets containing both r-SMBs
and h-MSCs were prepared by co-culturing these cells in
temperature-responsive culture dishes.

Rat myocardial infarction model
and cell-sheet implantation

A proximal site of the left anterior descending coronary
artery (LCA) of athymic nude rats (F344/NJcl-rnu/rmu, 8-
week-old, female, 120-130g; CLEA Japan) was permanently
occluded using a thoracotomy approach. The animals were
then kept in temperature-controlled individual cages for 2
weeks to generate a subacute ischemic heart failure mod-
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B Study protocol

Treatment procedure
SMB+MSC
SMB
MSC
Control
2w ow W 4w 6W 8w
Echo Echo Echo Echo Echo Echo
PV loop
Histology
FIG. 1. (A) Morphology of SMB and MSC. (B) Study pro-

tocol used for the assessment of cardiac function and histology.
Athymic nude rats (F344/NJcl-rnu/rmu) underwent induction
of myocardial infarction by occluding the LAD permanently,
followed by the treatment procedure 2 weeks later. Cardiac
function was assessed by echocardiography just before 2, 4, 6,
and 8 weeks after the treatment procedure. Eight weeks after
the treatment procedure, invasive hemodynamic analysis and
histological examination were performed following the sacri-
fice. SMB +MSC, co-culture of SMBs and MSCs; SMB, skeletal
myoblast; MSC, derived mesenchymal stem cell; Echo, echo-
cardiography; PV loop, invasive hemodynamic analysis. Color
images available online at www liebertpub.com/tea

el.”312 The rats were then divided into 4 experimental groups

(n1=10 in each) as follows: (1) transplantation of triple-layer h-
MSC cell sheets (7.5 % 10° cells per sheet), (2) transplantation of
triple-layer r-SMB cell sheets (3.0x10° cells per sheet), (3)
transplantation of triple-layer co-cultured r-SMB (3.0x10°
cells per sheet) and h-MSC (7.5x10° cells per sheet) sheets,
and (4) no treatment (control) (Fig. 1B). Thereafter, the rats
were kept in individual cages for 4 weeks.

Echocardiography

Echocardiography was performed under general anes-
thesia using 1% isoflurane just before, and 2, 4, 6, and 8
weeks after the treatment procedure (SONOS 7500; Philips
Medical Systems) (Fig. 1B). Left ventricular end-diastolic
diameter (LVEDD), left ventricular end-systolic diameter
(LVESD), and end diastolic anterior wall thickness at the
level of the papillary muscles were measured for at least
three consecutive cardiac cycles, following the American
Society for Echocardiology leading-edge method. Fractional
shortening (FS) and ejection fraction (EF) were calculated as
parameters of systolic function, as follows:

FS (%)= (LVEDD-LVESD)/LVEDD

EF (%)=[(LVEDD’ - LVESD®)/LVEDD’]*

Cardiac catheterization

To assess systolic and diastolic cardiac function, cardiac
catheterization was performed under general anesthesia
using 1% isoflurane, 8 weeks after the treatment procedure.
A MicroTip catheter transducer (SPR-671; Millar Instru-
ments, Inc.) and conductance catheters (Unique Medical
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Co.) were placed longitudinally in the left ventricle (LV)
from the apex and connected to an Integral 3-signal
conditioner-processor (Unique Medical Co.). End-systolic
pressure-volume relationships (ESPVR) were determined
by transiently compressing the inferior vena cava. Data
were recorded as a series of pressure-volume loops (~20),
which were analyzed using Integral 3 software (Unique
Medical Co.). The maximal and minimal rates of change in
LV pressure (dP/dt max and dP/dt min, respectively) were
obtained from steady-state beats using custom-made soft-
ware. We assessed the early active part of the relaxation
using the relaxation time constant (t), which was deter-
mined from the LV pressure decay curve. After the hemo-
dynamic assessment, the heart was removed for further
biochemical and histological analyses.

Real-time quantitative PCR

Total RNA was extracted from cultured cell sheets or
cardiac muscle tissue 8 weeks post-transplantation using
TRIzol reagent (Invitrogen) and reverse transcribed into
cDNA using TagMan Reverse Transcription Reagents (Ap-
plied Biosystems). Subsequently, real-time PCR assays were
performed using an ABI PRISM 7700 machine.*”* Hepato-
cyte growth factor (HGF), vascular endothelial growth factor
(VEGEF), basic fibroblast growth factor (bFGF), insulin
growth factor (IGF), and thymosin B were assayed using rat-
specific primers and probes (Applied Biosystems). The av-
erage copy number of gene transcripts for each sample was
normalized to that for GAPDH.

Survival of grafted donor cells

The presence of grafted male cells in the female heart was
quantitatively assessed by real-time PCR for the Y chromosome-
specific gene sry. Four weeks after cell-sheet transplantation,
genomic DNA was extracted from the entire LV walls using
the QIAmp genomic DNA purification system (Qiagen). The
signals for the autosomal single-copy gene were normal-
ized to the amount of total DNA.” The primers were sry:
forward, 5 GCCTCAGGACATATTAATCTICTGGAG-3"
reverse, 5-GCTGATCTCTGAATTCTGCATGC-3'.

Protein analysis

Enzyme-linked immunosorbent assay (ELISA) kits were
used to measure proteins, such as HGF (Institute of Im-
munology) and VEGF (Quantikine; R&D) of rat origin, se-
creted from the cultured cell sheets in vitro, according to the
manufacturers’ suggested protocols. Values were calibrated
for the extracted total proteins (n=5 in each group). The
ELISA kits were also used to quantitatively analyze HGF
(r-HGF) and VEGF (r-VEGF) of rat origin in heart tissue
lysates (n=>5 in each group).

Cytokine/chemokine multiplex immunology assay

The amount of each protein secreted from the cultured cell
sheets in vitro was measured by Milliplex Rat Cytokine/
Chemokine Panel Premixed 32Plex (Millipore), according to
the manufacturer’s instructions.* In this procedure, we ap-
plied human SMBs (h-SMBs) isolated and cultured from the
patient (age 53 years, male) and expand in vitro as described
previously.®

SHUDO ET AL.

Histological analyses

Eight weeks after cell-sheet implantation, the hearts were
dissected, fixed in 4% paraformaldehyde, and embedded in
either optimum cutting temperature compound for 5-pm-
thick cryosections or paraffin for 5-um-thick sections (=5 in
each group) (Fig. 1). The paraffin-embedded sections were
used for routine hematoxylin—eosin (HE) staining to assess
the myocardial structure. Masson’s trichrome staining was
performed to assess cardiac fibrosis in the remote myocar-
dium. The fibrotic cardiac area was calculated as the per-
centage of myocardial area. The data were collected from 10
individual views per heart at a magnification of x200. The
heart sections were also stained with an antibody to von
Willebrand Factor (VWF) to assess capillary density, which
was calculated as the number of positively stained capillary
vessels that were 5-10 um in diameter in 10 randomly se-
lected fields in the peri-infarct area, per heart. To determine
the extent of apoptosis, sections from frozen tissue samples
were subjected to terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) with an in situ
apoptosis detection kit (Apoptag; Chemicon). Image ] soft-
ware was used for quantitative morphometric analysis.

To detect 1-SMBs, we used GFP transgenic Lewis rats."®
Cryosections were stained with an anti-HGF antibody (1:50
dilution; LifeSpan BioSciences). To detect h-MSCs and dif-
ferentiation of the transplanted cell sheet, sections were
stained with an antibody to human leukocyte antigen (1:50
dilution; Dako). The secondary antibody was Alexa Fluor
555 goat anti-mouse (1:200 dilution; Molecular Probes). Cell
nuclei were counterstained with 6-diamidino-2-phenylindole
(DAPT; Invitrogen). The images were examined by fluores-
cence microscopy (Keyence).

Western blotting

Tissue homogenates from LV samples in the cell-sheet
transplanted site (11=3 in each group, on day 1) were prepared
using lysis buffer (100mM Tris pH 7.4, 20% SDS, 10mM
EDTA. 10mM NaF, 2mM sodium orthovanadate). The
equivalent total protein was loaded onto SDS-polyacrylamide
gel electrophoresis gels. Antibodies obtained from Cell Sig-
naling were antiphosphorylated STAT3 (#9145), antiphos-
phorylated Akt (#4051), anti-Bcl, (#2876), and anti-poly (ADP-
ribose) polymerase (PARP) (#9542). The labeled membrane
was stripped and then re-probed with anti-STAT3 (#9132),
anti-AKT (#9272), and anti-cleaved PARP (#9545) antibodies.
Blots were scanned, and quantitative analysis was performed
using Image J software. The relative proportion of the phos-
phorylated STAT3 was referred to that of the STAT3. The
relative proportion of the phosphorylated Akt was referred to
that of the Akt. The relative proportion of the PARP, cleaved
PARP, Bcl, was referred to that of the control group.

Statistical analysis

Continuous variables are expressed as the mean+5SD. The
significance of differences was determined using a two-
tailed multiple #-test with Bonferroni correction following
repeated-measures analysis of variance for individual
differences. A p-value less than 0.05 was considered to be
statistically significant. All statistical calculations were per-
formed using the SPSS software (version 11.0; SPSS, Inc.).



CO-CULTURED CELL-SHEET IMPLANTATION

Results

Production and release of cytokines/chemokines
by cell sheets

Both h-SMBs and h-MSCs, as analyzed by cytokine anti-
body array, released abundant angiogenic factors in vitro,
with distance profiles (Fig. 2A). Co-cultures of h-5MBs and
h-MSCs showed significantly enhanced levels of HGF,
VEGEF, Leptin, and PECAM-1, but not of follistatin, G-CSF,
1L-8, or PDGF-BB from the h-SMBs.

The seeding ratio of 4:1 r-SMBsh-MSCs elicited the
greatest in vitro mRNA expression of rat HGF and VEGF by
real-time PCR (Fig. 2B). The mRNA levels of SMB-derived
r-HGF and r-VEGF, analyzed by real-time PCR using rat-
specific primers, were significantly greater in the co-cultured
cell sheets than r-SMB-only ones (Fig. 2C), whereas the
mRNA levels of IGF-1, bFGF, SDF-1, and TMSB4 were es-
sentially the same (Supplementary Fig. S1; Supplementary
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Data are available online at www.liebertpub.com/tea). No
mRNAs for cytokines of rat origin were detected in h-MSC-
only cell sheets. Rat HGF and VEGF in the culture superna-
tants, analyzed by ELISA with rat-specific primary antibodies,
were significantly higher in the co-culture supernatants than
the r-SMB-only ones, and no rat cytokines were detected in
the h-MSC-only supernatants (Fig. 2D).

Cardiac functional recovery after cell-sheet
transplantation

The effects of cell-sheet transplantation on cardiac function
were assessed in a rat chronic ischemic heart-failure model.
Two weeks after permanent occlusion of the LCA, the LV
developed echocardiographic features typical of chronic is-
chemic heart failure, including decreased FS, EF, and anterior
wall thickness, and increased end-diastolic and systolic di-
ameter (EDD and ESD, respectively). Following myocardial
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infarction (MI), FS, EF, and anterior wall thickness showed and 8 weeks after treatment, FS, EF, and anterior wall
steady reductions, whereas EDD/ESD showed steady in- thickness were significantly greater following SMB-only
creases, suggesting progressive LV remodeling. or MSC-only cell-sheet transplantation than the control,

Following either SMB-only or MSC-only cell-sheet and significantly better recovery was obtained using the
transplantation, the heart showed mild recovery, including  co-cultured cell sheets than either single cell-type sheet
increases in FS, EF, and anterior wall thickness. At 2, 4, 6, (Fig. 3A).

A Echocardiography
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FIG. 3. Cardiac functional recovery after cell-sheet transplantation. (A) Echocardiographic analysis. Fractional shortening,
ejection fraction, and anterior wall thickness were significantly improved 2, 4, 6, and 8 weeks after cell-sheet transplantation
in the SMB+MSC sheet group, compared with the other three groups. Left ventricular end-diastolic and end-systolic di-
ameters in the SMB+MSC sheet group were significantly decreased 4, 6, and 8 weeks after cell-sheet transplantation,
compared with the other three groups (N=10 in each group. SMB+MSC group, green line; SMB group, blue line; MSC
group, pink line; control group, red line). (B) Hemodynamic measurements determined by cardiac catheterization (n=10 in
each group). Max. and min. dP/dt and ESPVR significantly improved in the SMB+MSC group, compared with the other
three groups. Max. dP/dt, maximal rate of change in left ventricular pressure; min. dP/dt, minimal rate of change in left
ventricular pressure; ESPVR, end-systolic pressure-volume relationship; EDPVR, end-diastolic pressure-volume relationship;
L active part of relaxation shown by the relaxation time constant. N=10 in each group. *p<0.05 versus SMB-only cell sheet.
"9<0.05 versus MSC-only cell sheet. *p<0.05 versus control. n.s., not significant. Error bars=SD. Color images available

online at www liebertpub.com/tea
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Assessment by LV catheter showed a similar trend. Eight
weeks after transplantation, the maximal and minimal rate of
change in LV pressure (max. dP/dt and min. dP/dt, respec-
tively) and end-systolic pressure-volume relationship (ESPVR)
were significantly greater following either single-cell-type cell-
sheet transplantation than the control, but t was significantly
different. After the co-culture cell-sheet transplantation, the
max. dP/dt, min. dP/dt, and ESPVR improved further, with
no significant difference in EDPVR or t (Fig. 3B).

Reverse remodeling after co-culture
cell-sheet transplantation

The LV structure was better maintained after SMB-only or
MSC-only cell-sheet transplantation, compared to the con-
trol, in which the LV cavity was severely enlarged with a
thin anterior wall, as assessed by HE staining (Fig. 4A). The
LV structure was even better maintained after the co-culture
cell-sheet transplantation. In the control, abundant collagen
accumulations were observed in the infarct area, and diffuse
fibrotic changes were induced in the remote area, whereas
collagen accumulation was attenuated in both the remote
area with the single cell-type sheet transplants, as assessed
by Masson'’s trichrome staining (Fig. 4B, C). Fibrotic changes

Histology
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in the remote area were further attenuated by transplanta-
tion of the co-cultured cell sheet (Fig. 4D).

A greater number of vWF-positive blood vessels was de-
tected in the peri-infarcted myocardium following the
transplantation of either single-cell-type cell sheet, compared
to the control (Fig. 5A), and even more vWE-positive blood
vessels were seen with transplantation of the co-cultured cell
sheet. The capillary density in the peri-infarcted myocar-
dium, which was semi-quantitatively assessed in 10 ran-
domly selected individual fields, was significantly greater
following the transplantation of either single-cell-type cell
sheet, compared to the control (Fig. 5B), and it was further
increased after the co-cultured cell-sheet transplantation.

Major intercellular signaling molecules relevant to angio-
genesis and cell survival were analyzed by western blotting.
The ratio of p-STAT3 over total STAT3 was greatly increased
after co-cultured cell-sheet transplantation (Fig. 5C).

Survival of transplanted cells in the heart

Four weeks after the cell-sheet transplantation, signifi-
cantly more transplanted rat cells survived in co-cultured
sheets than SMB-only sheets, as analyzed by PCR assays for
the Y-chromosome-specific Sry gene (Fig. 6A).

Control

FIG. 4. Histological reverse
remodeling after cell-sheet
transplantation. (A) Macro-
scopic (x40) views of the
heart stained by hematoxy-
lin—eosin. (B) Macroscopic
(x40) views of the heart
stained by Masson’s tri-
chrome. (C) Microscopic
(x200) representative Mas-
son’s trichrome staining at
the remote myocardium
(white bar =40 um). (D)
Quantification of percent fi-
brosis at the remote area.
Significant suppression of fi-
brosis was found after

SMB +MSC sheet transplan-
tation compared with the
other three groups. N=5 in
each group. *p <0.05 versus
SMB. p<0.05 versus MSC.
“p<0.05 versus control. Error
bars=SD. Color images
available online at www
Jiebertpub.com/tea
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The percentage of TUNEL-positive myocytes was signifi-
cantly lower following the transplantation of the co-cultured
cell sheet compared to the control (Fig. 6B).

Akt-1 and Bcl-2 were highly expressed in the heart fol-
lowing transplantation of the SMB-only or co-cultured cell
sheet, compared with the control, as analyzed by real-time
quantitative PCR using rat-specific primers (Fig. 6C).

Notably, among apoptosis-signaling molecules, Bcl, and
cleaved PARP were increased 1 day after the co-culture cell-
sheet transplantation. There was no significant difference in
the ratio of phosphorylation of Akt over Akt (Fig. 6D).

Upregulation of cardioprotective factors in the
myocardium after cell-sheet transplantation

The mRNA expression of cardioprotective factors, such as
HGF, VEGF, IGF-1, and bFEGF, in the infarct and infarct-
remote areas of the myocardium was analyzed by real-time
PCR using rat-specific primers, which detected factors re-
leased by transplanted SMB or the native myocardium. The
expression of these factors was not significantly different
after transplantation of either single-cell-type cell sheet or no
treatment, except for HGF expression in the infarct area,
which was significantly greater after the SMB-only sheet
transplantation (Fig. 7A, B). In contrast, following trans-
plantation of the co-cultured cell sheet, the HGF and VEGF

levels in the infarct area were significantly greater than after
transplantation of either single cell-type cell sheet or control,
although the levels of IGF-1 and bFGF were unchanged
(Fig. 2A). The intramyocardial protein levels of HGF and
VEGF, analyzed by ELISA, were significantly greater after
transplantation of the co-cultured cell sheet than of either
single-cell-type cell sheet or no treatment (Fig. 7C).

Immunoconfocal microscopy showed that HGF was
found in the transplanted SMBs from the co-cultured cell
sheet (Fig. 8A).

MSCs differentiate into new vessels in situ

The differentiation capacity of the transplanted h-MSCs
was assessed by immunoconfocal microscopy. As expected,
no human-derived cells were seen in either the r-SMB-only
transplantation group or the control group. However, hu-
man vWF-positive staining was observed in the host vessels
in both the co-cultured cell-sheet group and the h-MSC-only
cell-sheet transplantation group. Thus, the h-MSCs could
differentiate into vessel walls in vivo (Fig. 8B).

Discussion

Here, we demonstrated that SMB cell sheets abundantly
synthesized and extracellularly released multiple cytokines
and chemokines, and adding MSCs enhanced the SMB cell
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FIG. 6. Cell survival. (A)
Survival of transplanted cells
of rat origin was significantly
greater in the SMB+MSC
sheet group than in the SMB
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sheets’ release of HGF and VEGF but not of IGF-1, bFGF, or
SDF-1, in vitro. The transplantation of SMB-only cell sheets
into the chronically ischemic failing rat heart resulted in re-
versed LV remodeling, including increased capillaries, at-
tenuated collagen accumulation, and prolonged cell survival,
which increased global functional recovery, mediated by the
paracrine effects of upregulated HGF and VEGF in the
myocardium.

*#MSC

Recent studies, including ours, > have suggested that a
paracrine effect mediated by cytokines secreted from the
transplanted cell sheets is a likely mechanism for the thera-
peutic effects on the myocardium, which was a focus of the
present study. Here, we added h-MSCs to the cell sheets to
enhance the potential performance of the transplanted r-SMB
sheets. OQur in vitro findings, that h-MSCs enhanced rat
mRNA levels and the secretion of cytokines such as r-HGF
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and r-VEGF from r-SMBs, suggested that transplanted co-
cultured cell sheets would secrete r-HGF and r-VEGEF in vivo.
Although the exact mechanisms by which “feeder layers”
support cell growth have not been elucidated, it is possi-
ble that h-MSCs enhance the r-SMBs directly (via cellular
interaction) or indirectly (via secreted cytokines from the
h-MSCs).'® A more comprehensive examination aimed at
differentiating these effects might help reveal how feeder
layers work.

HGF and VEGF participate in many complex molecular
and cellular mechanisms, and their signaling pathways have
been intensively investigated i vivo.*? SMBs or MSCs act as
the natural supplier of both HGF and VEGF and provide
feasible and safe sources for cell therapy in clinical applica-
tions. Indeed, SMBs and bone marrow-derived mesenchymal
stem cell sheets can secrete growth factors (e.g., HGF and
VEGF) into the myocardium and accelerate neovasculariza-
tion in the damaged area.” More recent reports have re-
vealed that angiogenesis induced by HGF or VEGF, an

antifibrotic effect promoted by HGF, or the migration and
survival of SMBs supported by VEGF,'” could be beneficial
to an impaired heart.”® In addition, our data from a cyto-
kine/chemokine multiplex immunology assay indicate that
leptin may also be beneficial (e.g., by inducing angiogenesis
though the Jak/STAT pathway).'® Other cytokines may also
contnbute to the improvement of cardiac function by single-
cell-type cell sheets in as-yet-undiscovered ways.

The mechanism by which the implanted cell sheet atten-
uates ventricular remodeling and improves cardiac function
seems to depend on the cell sheet being placed over the
scarred area of the myocardium and leads to repair of
the anterior wall thickness, reduction of LV wall stress, and
the improvement of ejection performance.” Previous studies
indicated that the surviving myocardium and implanted cell
sheet attenuate complex cellular and molecular events, in-
cluding hypertrophy, fibrosis, apoptosis of the myocardium,
and the pathological accumulation of extracellular matrix.”
Similarly, the greater cellularity observed after cell-sheet
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treatment might have resulted from released SDF-1, which is
related to cell migration, adhesion, and proliferation, by the
transplanted cell sheet'*?°

In this study, we performed additional investigations on
the paracrine mechanism from a new perspective, by ana-
lyzing signaling pathways within the myocardium following
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FIG. 8. Characterization of
transplanted cells, (A) Cryosec-
tions were stained with an anti-
body to HGF to detect the
distribution of SMB and HGF in
the heart. HGF expressions and
GFP-positive cells were found in
the myocardium after trans-
plantation of the SMB+MSC
sheet. White broken line shows
the border between the trans-
planted cell sheet and the host
heart. Green indicates GFP; red,
HGEF; blue, nuclei. (B) Cryosec-
tions were stained with anti-
bodies to human leukocyte
antigen (HLA) and to von Will-
ebrand factor (vWF). Human
vWEF-positive (white arrows)
staining was observed in the
host vessels in the h-MSC-trans-
planted group. Green indicates
vWF; red, HLA; blue, nuclei.
Color images available online at
www liebertpub.com/tea
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cell-sheet transplantation because the signals induced by
released paracrine mediators presumably activate phos-
phorylation cascades of signaling molecules. We found that
STAT3 and Akt phosphorylations were significantly in-
creased, and cleaved PARP was significantly downregulated,
24h after the co-cultured cell-sheet implantation. Together
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with our findings that vascular density was significantly
enhanced, and myocardial apoptosis and fibrosis was sig-
nificantly attenuated in the co-cultured group, it is possible
that the co-cultured cell-sheet transplantation induced an-
giogenesis partially through the Jak/STAT signaling path-
way'® and that it prolonged cell survival by preventing
apoptosis through PI-3K/Akt-mediated signaling, which is
partially modulated by HGF.* ‘

Although we emphasized combining SMBs with h-MSCs,
some investigators have focused on different combinations
of various cell sources. Sekine et al.”? reported that cardio-
myocytes co-cultured with endothelial cells induce greater
numbers of capillaries, due to increased secretion of angio-
genic growth factors.”* Another report showed that a dermal
fibroblast sheet co-cultured with endothelial progenitor cells
was more effective than either single cell-type sheet for im-
proving damaged heart function, accompanied by the inhi-
bition of fibrotic tissue formation and the acceleration of
neovascularization in the infarcted myocardium.? Thus, the
paracrine effect may be improved by combining different cell
sources; however, further investigation focused on deter-
mining the optimal combinations of cell sources is needed.

Regarding h-MSCs as a cell scurce, bone marrow-derived
or adipose tissue-derived stem cells are reported to differ-
entiate into mature endothelial cells and participate in blood
vessel formation in the recipient heart.”* The presence of
endothelial capillary networks improves the survival and
organization of implanted cells by maintaining a minimum
intercapillary distance to provide oxygen and nutrients.
Therefore, the presence of endothelial capillary networks
may be partially correlated with cardiac function.

For future tissue engineering for cardiac therapy, the cre-
ation of thick cell-dense constructs with functional vessels
may be essential. Capillary formation occurs via two basic
vessel-constructing processes: angiogenesis, that is, the for-
mation of new capillaries via sprouting or intussusception
from pre-existing vessels, and vasculogenesis, which occurs
in the developing embryo.” Here, the morphology of the
vessel formation within myocardial tissues, including the
diameter, composition, and fragility of vessel walls, sug-
gested that improper vascularization may occur under
pathological conditions. It is likely that not only biological
factors but also physical stimuli such as flow and shear stress
are required to mimic the i1 vivo environment and enable the
formation of mature vascular networks.

A potential limitation of this study is that the exact
number of transplanted cells was different in each group
in vivo. Clinically, open-chest surgery is unlikely to gain easy
acceptance except in certain situations; however, less inva-
sive methods (e.g., intracoronary catheter-based procedures)
might be technically difficult for carefully placing the cell
sheets. Additionally, further studies. that include longer
timeframe than 8 weeks are needed to examine a longer term
restoration of heart function post-MI It is likely that the
source of HGF is the transplanted SMB; however, it is un-
clear whether the source of other therapeutic cytokines is the
transplanted cells, such as SMBs, MSCs, or both, or native
cardiac cells.

In conclusion, we found that h-MSCs enhanced the para-
crine effects of r-SMB sheets, thus enhancing angiogenesis,
lowering fibrosis, inhibiting cellular hypertrophy, improving
cardiac function, and prolonging cell survival in MI model

SHUDO ET AL.

rats. These observations of improved effects from this co-
cultured cell sheet may lead to new regeneration therapies
for heart failure following advanced cardiomyopathy that
are superior to the conventional SMB-only cell-sheet tech-
nique.
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