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Angiogenic cell therapy represents a novel strategy for ischemic diseases, but some patients show poor
responses. We investigated the therapeutic potential of an induced pluripotent stem (iPS) cell sheet created by
a novel magnetite tissue engineering technology (Mag-TE) for reparative angiogenesis. Mouse iPS cell-derived
Flk-11 cells were incubated with magnetic nanoparticle-containing liposomes (MCLs). MCL-labeled Flk-11

cells were mixed with diluted extracellular matrix (ECM) precursor and a magnet was placed on the reverse
side. Magnetized Flk-11 cells formed multi-layered cell sheets according to magnetic force. Implantation of the
Flk-11 cell sheet accelerated revascularization of ischemic hindlimbs relative to the contralateral limbs in nude
mice as measured by laser Doppler blood flow and capillary density analyses. The Flk-11 cell sheet also
increased the expressions of VEGF and bFGF in ischemic tissue. iPS cell-derived Flk-11 cell sheets created by
this novel Mag-TE method represent a promising new modality for therapeutic angiogenesis.

T
herapeutic angiogenesis, a novel strategy for treating patients with severe peripheral arterial disease (PAD),
promotes the formation of collateral vessels. Recently, clinical trials have confirmed the safety and efficiency
of transplantation of progenitor cells derived from bone marrow or circulating blood in patients with PAD

or myocardial infarction1–5. However, patients with severe PAD associated with multiple coronary risk factors
have responded poorly to these therapies6–8.

Induced pluripotent stem (iPS) cells were generated from mouse skin fibroblasts by introducing four tran-
scriptional factors9. iPS cells could be used repeatedly and were capable of differentiating into a variety of cell types
as needed. Various cardiovascular cells are directionally induced from mouse and human iPS cell-derived fetal
liver kinase-1 positive (Flk-11) cells in vitro10,11. We previously demonstrated direct local implantation of mouse
iPS cell-derived Flk-11 cells to augment ischemia-induced angiogenesis in a mouse model of hindlimb ischemia12.
Thus, we speculated that iPS cell-derived Flk-11 cells might be applicable to therapeutic angiogenesis.

The most common method of cell transplantation is direct injections of cell suspensions using a needle. This
simple method has several disadvantages including rapid cell loss caused by leakage of the injected suspensions,
late cell loss due to unstable cell homing, and needle-mediated direct tissue damage13–17. Therefore, alternative cell
application strategies are needed.

The cell sheet technique has advantages such as being less invasive for host muscle, rather than skin, because the
cell sheet is only placed on muscle tissues. Recently, we reported a novel tissue engineering (TE) strategy, termed
the magnetic force-based TE (Mag-TE) system18–21. We succeeded in creating a mesenchymal stem cell (MSC)
sheet, comprised of 10–15 layers of cells, with an approximately 300 mm thickness. The transplanted MSC sheet
was successfully engrafted into ischemic tissues of mice, and stimulated neovascularization in response to limb
ischemia21. However, thick constructs may pose the risk of inducing ischemia of inner cell layers, due to insuf-
ficient oxygen and nutrient supplies.

In the present study, we attempted to construct multi-layered 3-D iPS cell-derived Flk-11 cell sheets
combining the Mag-TE system with an ECM (extracellular matrix) precursor embedding system. We tested
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the therapeutic potential of iPS cell-derived Flk-11 cell sheets for
ischemia-induced angiogenesis in vivo using a murine model of
hindlimb ischemia.

Results
Differentiation of iPS cell-derived Flk-11 cells with MCLs into
vascular cells. We used the mouse iPS cell line "iPS-MEF-Ng-20D-
17" generated from mouse embryonic fibroblasts by introducing four
factors (Oct3/4, Sox2, Klf4 and the c-Myc mutant c-Myc T58A).
First, we assessed the differentiation of iPS cell-derived Flk-11 cells
magnetically labeled with nanoparticle-containing liposomes
(MCLs). We induced mature endothelial cells and smooth muscle

cells from Flk11 cells labeled or unlabeled with MCLs.
Immunofluorescence analysis revealed that CD311 endothelial
cells and a-SMA1 smooth muscle cells were selectively induced
from Flk11 cells, regardless of the presence or absence of labeling
with MCLs (Supplementary figure 1A). There were no significant
differences in the proportions of CD311 and a-SMA1 cells between
Flk11 cells labeled with MCLs and unlabeled Flk11 cells
(Supplementary figure 1B and C). Thus, the incorporation of
magnetic particles within the cells did not alter their phenotypes.

Construction of Flk-11 cell sheets by combining Mag-TE and
ECM precursor embedding systems. Mouse iPS cell-derived Flk-11

Figure 1 | Construction of iPS cell-derived cell sheet by combining Mag-TE and ECM precursor embedding systems. (A) Procedure for construction of

iPS cell-derived cell sheet. After FACS sorting, floating purified cells were mixed with MCL particles and incubated for 2 hours. One 3 106 MCL-labeled

cells were mixed with ECM precursor and seeded onto ultra-low-attachment plates, which were then placed on a cylindrical neodymium magnet. Vertical

magnetic force was applied to the plate. Excess ECM precursor was aspirated, a sufficient quantity of differentiation medium was then added to the plate,

and incubation was continued for an additional 24 hours. (B–G) Histological examination of iPS cell-derived Flk-11 or Flk-12 cell sheets. Upper column

shows the Flk-11 cell sheet, the lower column the Flk-12 cell sheet. (B) Macroscopic photographs. (C) Microscopic photographs with bright field.

Immunofluorescence staining shows the presence of Flk-1 (D), CD31 (E) and aSMA (F) in an iPS cell sheet (Flk-1 5 red; cell nuclei 5 blue). Neither

CD31 nor aSMA positive cells were detected in either cell sheet. (G) Representative photomicrographs of an iPS cell sheet stained with TUNEL. Apoptotic

nuclei were identified by TUNEL staining (green), and total nuclei were identified by DAPI (blue).
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cell sheets were constructed using the Mag-TE system and
ECM precursor embedding system, in combination, as shown in
Figure 1A. Figure 1B presents macroscopic views of Flk-11 or
Flk-12cell sheets constructed on an ultra-low-attachment culture
plate. These sheets were brown, the color of magnetite Fe3O4

nanoparticles, and had sufficient strength for handling. The sheet
was nearly circular with a diameter of 8 millimeters. In a
microscopic view, the sheets had a ‘‘reticular pattern structure’’ or
‘‘net-like pattern structure’’ comprised of pile-ups of 15 to 20 layered
cells with an approximately 300 mm thickness (Figure 1C). Immu-
nofluorescent staining confirmed the expression of Flk-1 within the
Flk-11, but not the Flk-12, cell sheet (Figure 1D). CD311 endothelial
cells and a-SMA1 smooth muscle cells were virtually absent from
these cell sheets (Figure 1E and F). Also, virtually no TUNEL
positive-apoptotic cells were observed at 24 h after the initiation of
sheet construction (Figure 1G). Thus, we succeeded in creating iPS
cell-derived Flk-11 or Flk-12 cell sheets by combining the Mag-TE
and ECM precursor embedding systems. In addition, we attempted
to construct iPS cell-derived Flk-11 cell sheets from another mouse
iPS cell line, BM21, generated from dendritic cells of 21-month-old
C57/BL6 mice22. We succeeded in creating iPS cell-derived Flk-11 cell
sheets from this cell line (Supplementary figure 2A and B). Our iPS
cell-derived Flk-11 cell sheets combining the Mag-TE system with an
ECM precursor embedding system were thus created employing two
different cell lines.

Augmentation of ischemia-induced angiogenesis by iPS cell-
derived Flk-11 cells sheet. We examined whether in vivo implanta-
tion of an iPS cell-derived Flk-11 or Flk-12 cell sheet augmented
ischemia-induced angiogenesis using a mouse model of hindlimb
ischemia. The assessment strategy for ischemia-induced angioge-
nesis in vivo is shown in Figure 2A. KSN athymic nude mice were

randomly allocated into 3 groups. The Flk-11 and Flk-12 groups (1 3

106 cells/sheet; each group) received the iPS cell-derived Flk-11 and
Flk-12 cell sheets, respectively, placed on ischemic adductor muscles
after hindlimb surgery. The control group received the ECM
precursor gel sheet.

Figures 2B to D show serial procedures for harvesting an iPS
cell sheet created using the Mag-TE and ECM precursor embed-
ding systems. A neodymium magnet under the culture plate was
removed. Then, an Alnico magnet covered with a hydrophilic
PVDF film was positioned on the surface of the culture medium.
A sheet was recovered by magnetic force, and was then placed on
the adductor muscles of the mouse hindlimb using the Alnico
magnet. After sheet placement, the skin was closed with a simple
interrupted 5-0 suture.

On gross morphologic examination at postoperative day 21, the
Flk-11 and Flk-12 cell sheets showed successful engraftment,
appearing as a brown spot on the ischemic tissue (Figure 3A).
In the Flk-11 group, large numbers of macroscopically visible
collateral blood vessels were confirmed around the sheets. No
tumor formation was detected in the mice onto which Flk-11 cell
sheets had been transplanted, at any time during the observation
period. However, transplantation of the Flk-12 cell sheet was
associated with significant rates of teratoma formation (10.8%).
Therefore, in vivo studies were carried out after exclusion of the
teratoma-forming animals.

Figure 3B shows representative laser Doppler blood flow (LDBF)
images of hindlimb blood flow immediately after ischemia-inducing
surgery and at different time points thereafter. Quantitative analysis
revealed that the Flk-11 group showed a significant increase in limb
perfusion 7, 14 and 21 days after surgery as compared to the control
and Flk-12 groups (Figure 3C).

Figure 2 | Procedures for transplanting iPS cell sheets into nude mouse hindlimbs. (A) The in vivo experimental design. Nude mice were

randomly allocated into 3 groups. The Flk-11 and Flk-12 groups received the iPS cell-derived Flk-11 and Flk-12 cell sheets, respectively, placed on

ischemic adductor muscles after hindlimb surgery. The control group received the gel sheet of ECM precursors. (B) An alnico magnet was positioned on

the surface of the culture medium. The Flk-1 cell sheet floated up to the surface of the culture medium without disruption. (C) The magnetized Flk-1 cell

sheet attached to an Alnico magnet covered with PVDF membrane via a magnetic force. (D) Flk-1 cell sheets were placed on the adductor muscles of nude

mice using the Alnico magnet.
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To investigate the extent of angiogenesis at the microcirculatory
level, capillary density was measured in histological sections har-
vested from the ischemic adductor muscle. Representative photomi-
crographs of CD31-stained ischemic muscles are presented in
Figure 3D. Figure 3E shows a quantitative analysis revealing that,
on postoperative day 21, the tissue capillary density in ischemic
muscles was significantly increased in the Flk-11 group as compared

to the Flk-12 and control groups. Interestingly, capillary density
within the sheet was also significantly greater in the Flk-11 than in
the Flk-12 group (Figure 3F and G).

Transplantation of iPS cell-derived Flk-11 cell sheets increased
VEGF and bFGF expressions. We investigated whether transplan-
tation of iPS cell-derived Flk-11 cell sheets stimulated the expressions

Figure 3 | Implantation of iPS cell-derived Flk-11 cell sheets augmented ischemia-induced angiogenesis. (A) Representative images of implanted cell

sheets, persisting on ischemic adductor muscles on postoperative day 21. Macroscopically visible collateral blood vessels were identified around the sheets

in the Flk-11 group (arrows). (B) Representative LDBF images obtained on postoperative days 3, 7, 14 and 21 (n 5 5); ECM precursor gel sheet in the

control (upper), Flk-11 cell sheet (middle) and Flk-12 cell sheet (lower) groups. (C) Quantitative analysis of the ischemic/normal LDBF ratio. *p , 0.05,

* *p , 0.001 vs. control and Flk-12 cell sheet groups. (D) Representative photographs of capillary networks (Red 5 CD31) on postoperative day 21.

(E) Quantitative analysis of capillary density in ischemic hindlimb tissue. (F) Representative photograph of capillary networks within and around the cell

sheet (green 5 CD31) on postoperative day 21. (G) Quantitative analysis of capillary density within and around the cell sheet.
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of vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF) in ischemic hindlimb tissues. On postoperative
day 7, mouse VEGF and bFGF mRNA levels were increased in the
Flk-11 group as compared to the Flk-12 and control groups
(Figure 4A and B).

Transplantation of iPS cell-derived Flk-11 cell sheets promotes
angiogenesis more effectively than conventional direct-injection
of Flk-11 cell suspension. We assessed the effect of Flk-11 cell
transplantation via a needle injection on blood flow recovery of
ischemic muscle, as compared to that of transplantation of Flk-11

cell sheets. The Flk-11 cell-injected group showed a significant
increase in limb blood perfusion on days 3, 7, 14 and 21 after
surgery as compared to the phosphate buffered saline (PBS)-
injected group (Figure 5A). Blood perfusion was greater in the
ischemic limbs of the Flk-11 cell-sheet group than in those of the
Flk-11 cell-injected group (Figure 5A).

We also created iPS cell-derived Flk-11 cell sheets using only the
ECM precursor embedding system, and assessed the effect of this
sheet on blood flow recovery of ischemic muscle. The iPS cell-derived
Flk-11 cell sheet created employing only the ECM precursor embed-
ding system suffered from fluctuations in cellular density and did not
have an adequate sheet-like structure (Supplementary figure 3A and
B). Implantation of iPS cell-derived Flk-11 cell sheets created
employing only the ECM precursor embedding system (the Flk-11

cell-ECM group) did not achieve increased recovery of blood flow as
compared to the PBS-injected group (Figure 5A).

Furthermore, VEGF and bFGF mRNA levels were increased in the
Flk-11 cell-injected group and the Flk-11 cell-sheet group as com-
pared to the control group and the Flk-11 cell-ECM group on post-
operative day 7. The VEGF and bFGF mRNA levels were higher in
the Flk-11 cell-sheet group than in the Flk-11 cell-injected group
(Figure 5B and C). The Flk-11 cell sheet group also showed a signifi-
cant decrease in the proportion of TUNEL-positive apoptotic cells in
host ischemic muscles as compared with the Flk-11 cell-injected
group and the Flk-11 cell-ECM group (Figure 5D). In the in vitro
experiments, treatment with a glutathione (GSH)-depleting agent, L-
buthionine-[S,R]-sulfoximine (BSO), increased the ratio of trypan
blue positive-dead cells in iPS cell-derived Flk-11 cells, and this effect
was attenuated by MCL labeling (Supplementary figure 4).
Collectively, implantation of an iPS cell-derived Flk-11 cell sheet
promoted angiogenesis more effectively than the conventional
direct-injection of an Flk-11 cell suspension.

Finally, we assessed whether or not cell sheets created using Mag-
TE elicited a foreign body reaction. The ECM precursor gel sheet
created using Mag-TE was placed on the adductor muscles of mice
with a C57/BL6 background. Tissue samples were stained with
hematoxylin-eosin for evaluation of inflammatory responses. We
also assessed the mRNA levels of pro-inflammatory cytokines in
muscle tissues after transplantation using real-time PCR.
Transplantation of cell sheets created by Mag-TE did not induce
the recruitment of neutrophils to muscle (Supplementary figure
5A). In addition, the expression levels of pro-inflammatory cytokines
such as IL-6 and MCP-1 were not affected by sheet transplantation
(Supplementary figure 5B and C). These results indicated that trans-
plantation of cell sheets created by Mag-TE did not elicit a foreign
body reaction.

Discussion
The present study yielded three major findings: (i) We successfully
created multi-layered iPS cell-derived Flk-11 and Flk-12 cell sheets
by combining a new TE modality, termed the Mag-TE system, and
the ECM precursor embedding system. (ii) Implantation of iPS cell-
derived Flk-11 cell sheets augmented ischemia-induced angiogen-
esis. (iii) Implantation of iPS cell-derived Flk-11 cell sheets increased
VEGF and bFGF gene expressions in ischemic muscle in vivo.

Recently, some research groups have conducted iPS cell sheet-
based TE utilizing monolayer cell sheets harvested from temper-
ature-sensitive culture surfaces23. It has been shown that a sheet
comprising 3 or more layers, obtained by employing temperature-
responsive culture surfaces, suffers central apoptosis or necrosis due
to lack of oxygen23–30. Previously, we attempted to create iPS cell
sheets using only the Mag-TE method. However, this attempt was
unsuccessful because central apoptosis was induced in iPS cell sheets
due to lack of oxygen. It is noteworthy that the multi-layered sheet
created by the combination of Mag-TE and ECM precursor embed-
ding systems led to eventual formation of a ‘‘reticular pattern struc-
ture’’. In other words, the combination of Mag-TE and ECM
precursor embedding systems resolved the difficulty encountered
in creating multi-layered iPS cell sheets by improving cell viability
within the sheet. Furthermore, it takes only 24 h to create our multi-
layered sheets. These iPS cell-derived Flk-11 cell sheets, devised
employing our novel approach, are extremely viable and convenient.
Taken together, these results suggest our new method to be a poten-
tially novel strategy in the field of regenerative medicine using cell
sheets.

Figure 4 | Implantation of iPS cell-derived Flk-11 cell sheets stimulated VEGF and bFGF expressions in ischemic tissues. VEGF (A) and bFGF

(B) syntheses in ischemic hindlimb muscles on postoperative day 7 were determined by real-time RT-PCR. Results are expressed as VEGF or bFGF mRNA

levels relative to GAPDH mRNA levels (n 5 4 in each group).
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We have also created iPS cell sheets using only the ECM precursor
embedding system, and assessed the effect of this type of sheet on
blood flow recovery of ischemic muscle. The sheet created employing
only the ECM precursor embedding system had the problem of
fluctuating cellular density and did not have a truly sheet-like struc-
ture. Furthermore, implantation of iPS cell-derived Flk-11 cell
sheets, created by combining the Mag-TE and ECM precursor
embedding systems, promoted angiogenesis more effectively than
those obtained with only the latter system. In addition to these
results, we have shown that MCL labeling is itself likely to contribute
to cell survival via stimulation of peroxidase-like anti-oxidative activ-
ities. Thus, having a pre-formed sheet-like structure obtained using
the combination of Mag-TE and ECM precursor embedding systems
achieves therapeutic benefit as compared to simply mixing the cells
with the ECM.

One of the major mechanisms underlying the effects of iPS cell-
derived Flk-11 cell sheet therapy is mediation of angiogenesis via
release of angiogenic cytokines such as VEGF and bFGF rather than
direct differentiation of transplanted cells into mature endothelial
cells8,31,32. We previously showed that direct local implantation of
mouse iPS cell-derived Flk-11 cells by conventional needle injections
augmented VEGF expression in ischemic tissues12. We confirmed
that VEGF and bFGF mRNA expressions in ischemic tissues were
significantly increased by implantation of iPS cell-derived Flk-11 cell
sheets. Furthermore, VEGF and bFGF levels were higher in the
Flk-11 cell-sheet group than in the Flk-11 cell-injected group.
Thus, the use of multi-layered cell sheets could lead to stable and
continuous secretion of angiogenic factors such as VEGF from
numerous resident implanted cells, while minimally impacting the
implanted tissue. It is reasonable to speculate that iPS cell-derived

Figure 5 | Implantation of iPS cell-derived Flk-11 cell sheets promotes angiogenesis more effectively than the conventional direct-injection of a
suspension of Flk-11 cells. (A) Quantitative analysis of the ischemic/normal LDBF ratios in the Flk-11 cell-sheet, Flk-11 cell-injected, Flk-11 cell-ECM

and control PBS groups. *p , 0.05 vs. Flk-11 cell-injected group. VEGF (B) and bFGF (C) syntheses in ischemic hindlimb muscles on postoperative day 7

were determined by real-time RT-PCR. Results are expressed as VEGF or bFGF mRNA levels relative to GAPDH mRNA levels. (D) Quantitative analysis

of TUNEL positive apoptotic cells in host ischemic tissues (n 5 5 in each group).
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Flk-11 cell sheet implantation promotes angiogenesis more effec-
tively than the conventional Flk-11 cell suspension direct-injection
method.

Several reports have suggested that magnetic nanoparticles may
elicit DNA damage in lung epithelial cells and hepatoma cells33,34. In
contrast, we and other groups have shown Fe3O4 nanoparticles
themselves to have an intrinsic peroxidase-like activity when mag-
netic nanoparticle-containing liposomes (MCLs) were co-incubated
with various stem cells35,36. In cultured human mesenchymal stem
cells, MCL-labeling inhibited BSO (the aforementioned GSH-deplet-
ing agent)-induced cell death and the expression of the pro-apoptotic
protein Bax36. We confirmed that treatment with BSO increased the
ratio of trypan blue positive-dead cells among iPS cell-derived Flk-11

cells, and that this effect was attenuated by MCL labeling. Thus, the
MCL labeling is itself likely to contribute to stem cell survival via
stimulation of peroxidase-like anti-oxidative activity.

In the present study, there was no tumor formation at any point
during the observation period in mice transplanted with Flk-11 cell
sheets. However, transplantation of the Flk-1- cell sheet was associated
with significant rates of teratoma formation. In this regard, we used
the Flk-1 negative population as Flk-12 cell sheets, whereas Flk-1
positive and Nanog-negative cells were used as Flk-11 cell sheets. It
is safer to transplant differentiated rather than undifferentiated iPS
cells in order to avoid potential teratoma formation37. Thus, it is
possible that Nanog positive cells included in the Flk-1 negative popu-
lation can produce teratomas after Flk-12 cell sheet transplantation.
Further long-term experiments are needed to exclude the possibility of
tumor formation by cellular contaminants present in small amounts.

Finally, both iPS cell-derived Flk-12 cells and ECM precursor gel
were used as controls. However, a better negative control cell group
would be cell sheets containing the parental MEFs, since the FLK12

cells consist of a highly heterogeneous population which is difficult to
characterize.

In conclusion, our iPS cell-derived Flk-11 cell sheet, created by
combining our novel Mag-TE system and the ECM precursor embed-
ding system, was successfully engrafted into ischemic tissues of nude
mice and promoted revascularization. Transplantation of iPS cell-
derived Flk-11 cell sheets may become a novel regenerative medicine
strategy for ischemic limbs as well as cardiac diseases in the future.

Methods
All protocols were approved by the Institutional Animal Care and Use Committee of
Nagoya University School of Medicine. Investigators conducting the follow-up
examinations were blinded to the identities of the treated animals.

Reagents. Biotin conjugated anti-mouse Flk-1 antibodies, Allophycocyanin (APC)
conjugated anti-mouse Flk-1, were purchased from eBioscience (San Diego, CA, USA).
Fluorescein isothiocyanate conjugated anti-mouse CD31 monoclonal antibodies were
purchased from BD Pharmingen (San Diego, CA, USA). Monoclonal antibodies for
mouse aSMA were purchased from SIGMA-ALDRICH (St Louis, MO, USA).

Cell Culture. Germline competent mouse iPS cell lines, termed ‘‘iPS-MEF-Ng-20D-
17’’, which were generated from mouse embryonic fibroblasts by introducing four
factors (Oct3/4, Sox2, Klf4 and the c-Myc mutant c-Myc T58A) using retroviral
vectors, were provided by Riken Cell Bank with the permission of Dr. S. Yamanaka9.
In some experiments, another mouse iPS cell line, BM21, generated from dendritic
cells of 21-month-old C57/BL6 mice, was used22. iPS cells were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen) containing 10% Knockout Serum
Replacement, 1% fetal bovine serum (FBS), nonessential amino acids, 5.5 mmol/L 2-
mercaptoethanol, 50 U/mL penicillin and 50 mg/mL streptomycin on feeder layers
of mitomycin-C–treated mouse embryonic fibroblast cells stably releasing leukemia
inhibitory factor (LIF). Cell differentiation was induced as described previously10. In
brief, differentiation medium (DM) (a-minimum essential medium supplemented
with 10% FBS and 5 3 1025 mol/L 2-mercaptoethanol) was used for iPS cell
differentiation. Flk-11 mesodermal cells were induced by cultivating iPS cells (plated
at 1.7 3 103 cells/cm2) in DM in the absence of LIF on type IV collagen-coated dishes
(ASAHI GLASS CO., LTD, Tokyo, Japan).

Cell separation. Cultured cells were harvested after induction of undifferentiated iPS
cells cultivated in DM on type IV collagen-coated dishes. Induced cells were stained
with biotin conjugated anti-mouse Flk-1 antibody followed by APC streptavidin
secondary antibody. Flk-11 cells were identified and sorted by fluorescence-activated

cell sorting; FACS (BD FACS Aria; Becton Dickinson, Franklin Lakes, NJ, USA).
Induced cells were stained with APC conjugated anti-mouse Flk-1 antibody. Stained
cells were analyzed employing BD FACS Canto (Becton Dickinson) and FlowJo
software (Tree Star, Ashland, OR, USA). Purified Flk-11 cells were re-plated on type
IV collagen-coated dishes with DM in the presence of human VEGF165 (WAKO,
Osaka, Japan), 8bromo-cAMP (Nacalai Tesque, Kyoto, Japan) and SB-431542
(SIGMA). Four days later, re-plated Flk-11 cells had differentiated into mature
vascular cells. Differentiated cells were assessed by staining with CD31 or a-SMA. In
some experiments, Flk-11 cells with or without MCL labeling (100 pg-magnetite/cell)
were treated with 1 mM BSO. After 48 h, cell viability was assessed by trypan blue
exclusion.

Construction of cell sheets. iPS cell-derived cell sheets were constructed using the
Mag-TE system and the ECM precursor embedding system, in combination. To
magnetically label the cells, purified cells were first incubated with MCLs at a
concentration of 100 pg-magnetite/cell. After a 2-h incubation, 1 3 106 cells labeled
with MCLs were mixed with type I collagen (Cellmatrix Type-ITM, Nitta-gelatin) and
matrigel (BD MatrigelTM Basement Membrane Matrix Growth Factor Reduced, BD).
These cells were then seeded into a 24-well ultra-low-attachment cell culture plate
(Corning, NY, USA). A cylindrical neodymium magnet (magnetic induction, 4000
Gauss) was placed on the reverse side of the ultra-low-attachment plate to provide
magnetic force vertical to the plate, and the cells were cultured for an additional 24 h.
After this culture, the neodymium magnet on the reverse side of the culture plate was
removed. In some experiments, we created iPS cell sheets using only the ECM
precursor embedding system.

Mouse model of hindlimb ischemia. Male KSN athymic nude mice or C57BL/6J
mice were used for this study. Mice, at age 8 weeks, were subjected to operative
unilateral hindlimb ischemia under anesthesia with sodium pentobarbital (50 mg/kg
i.p.) as described previously38,39. In some experiments, iPS cell-derived Flk-11 cells
with or without MCL labeling (1 3 106 cells/200 ml in PBS) were transplanted into 6
sites in the ischemic limb via a needle injection.

Laser Doppler blood flow analysis. Hindlimb blood flow was measured using a
LDBF analyzer (Moor LDI; Moor Instruments, Devon, United Kingdom).
Immediately before surgery and on postoperative days 3, 7, 14 and 21, LDBF analyses
were performed on legs and feet. Blood flow was displayed as changes in laser
frequency using different color pixels. After scanning, stored images were analyzed to
quantify blood flow. To avoid data variations due to ambient light and temperature,
hindlimb blood flow was expressed as the left (ischemic) to right (non-ischemic)
LDBF ratio38,39.

Immunohistochemical analysis. For histological evaluation, tissue samples were
obtained from the ischemic thigh adductor skeletal muscles beneath the cell sheet on
postoperative day 21. Frozen tissue sections 6 mm in thickness were prepared from
each sample. Tissue sections were stained with hematoxylin and eosin. Capillary
density in adductor muscles was analyzed to obtain specific evidence of vascularity at
the microcirculatory level. Capillary endothelial cells were identified by
immunohistochemical staining with CD31 monoclonal antibody. Fifteen random
microscopic fields from three different sections in each tissue block were examined
for the presence of capillary endothelial cells. Capillary density was expressed as the
number of CD-31-positive features per high power field (3400) and the number of
capillaries per muscle fiber39. To examine apoptotic cell death in adductor muscles, we
performed TUNEL staining using an In Situ Cell Death Detection Kit as previously
described (Roche, Mannheim, Germany)36,40. DAPI was used for nuclear staining.
Ten randomly chosen microscopic fields from four different sections in each tissue
block were examined for the presence of TUNEL positive cells.

Reverse Transcription PCR Analysis. Total RNA from adductor muscles was
extracted using a FastRNA Pro Green Kit (MP Biomedicals, OH, USA). Reverse
transcription was performed with 1 mg of RNA, random primers and MMLV reverse
transcriptase (ReverTraAce-a TOYOBO, Osaka, Japan). Quantitative real-time PCR
was performed with a LightCyclerT System (Roche Diagnostics, IN, USA) and a
QuantiTect SYBR Green PCR kit. Primers: mouse VEGF: sense, 59-CAGGCTGCT
GTAACGATGAA-39 and antisense, 59- GCATTCACATCTGCTGTGCT-39, mouse
bFGF: sense, 59-AGCGGCTCTACTGCAAGAAC-39 and antisense, 59-GCCGTC
CATCTTCCTTCATA-39, mouse IL-6: sense, 59- AGTTGCCTTCTTGGGACTG-39

and antisense, 59- TCCACGATTTCCCAGAGAAC-39, mouse MCP-1: sense,
59- AGGTCCCTGTCATGCTTCTG-39 and antisense, 59- TCTGGACCCATTCCT
TCTTG-39, mouse GAPDH: sense, 59-AACTTTGGCATTGTGGAAGG-39 and
antisense, 59-ACACATTGGGGGTAGGAACA-39.

Statistical Analysis. All analyses were performed using PASW Statistics18 software
(SPSS Inc., IL, USA). Student’s t test was used for comparisons between two groups.
One-way ANOVA was employed for comparisons among multiple groups. Repeated-
measures ANOVA was used for the blood flow data analyses. P , 0.05 was considered
significant. All data are presented as means 6 SEM.
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