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The low survival rate of administered cells due to ischemic and
inflammatory environments limits the efficacy of the current
regenerative cell therapy in peripheral artery disease (PAD).
This study aimed to develop a new method to enhance the effi-
cacy of cell therapy in PAD using cell sheet technology. Clus-
tered cells (CCs) from myoblast cell sheets obtained from
C57/BL6 mice were administered into ischemic mouse muscles
7 days after induction of ischemia (defined as day 0). Control
groups were administered with single myoblast cells (SCs) or
saline. Cell survival, blood perfusion of the limb, angiogenesis,
muscle regeneration, and inflammation status were evaluated.
The survival of administered cells was markedly improved in
CCs compared with SCs at days 7 and 28. CCs showed signifi-
cantly improved blood perfusion, augmented angiogenesis
with increased density of CD31+/a-smooth muscle actin+ arte-
rioles, and accelerated muscle regeneration, along with the up-
regulation of associated genes. Additionally, inflammation
status was well regulated by CCs administration. CCs adminis-
tration increased the number ofmacrophages and then induced
polarization into an anti-inflammatory phenotype (CD11c�/
CD206+), along with the increased expression of genes associ-
ated with anti-inflammatory cytokines. Our findings suggest
clinical potential of rescuing severely damaged limbs in PAD
using CCs.

INTRODUCTION
The prevalence of peripheral artery disease (PAD) is increasing
worldwide.1 As the most severe form of PAD, chronic limb threat-
ening ischemia (CLTI) is associated with an increased risk of major
amputation rate and poor prognosis.2 Surgical bypass and endovascu-
lar therapy are the mainstays of CLTI treatment; however, approxi-
mately 25% to 40% of CLTI patients are not eligible for revasculariza-
tion because of the poor general and anatomical conditions.3 For such
patients, regenerative therapy, which induces angiogenesis to
improve limb perfusion, is a good alternative to prevent major ampu-
tations. However, to date, there is no established regenerative therapy
due to limited efficacy,4–9 and current guidelines do not recommend
regenerative therapy despite their potential therapeutic effects.2,10 In
particular, the low survival rate of administered cells in the ischemic
and inflammatory environment of CLTI limits the efficacy of current
regenerative cell therapy. Due to the low survival rate, the adminis-
Mole
This is an open access article under the CC BY-NC-N
tered cells could not induce sufficient angiogenesis to change
outcomes.9,11

In addition to enhancing angiogenesis in regenerative therapy in
PAD, muscle regeneration should also be considered because recov-
ering the ambulatory function is an important goal of CLTI treat-
ment.2 Deteriorated muscles due to poor blood supply lead to an
impaired ambulatory function, an important predictor of poor
prognosis.12,13

In myocardial ischemia, myoblast cell sheet implantation effectively
restored cardiac function through angiogenesis induced by the para-
crine effect of various cytokines.14 In addition to the paracrine effect,
the extracellular matrix (ECM) framework of cell sheets would have
a beneficial effect for tissue regeneration.15,16 The ECM plays an
important role as an adhesive agent to the transplanted site and
an anti-cell death agent, which would prevent early loss of adminis-
tered cells, and also as a scaffold for angiogenesis.16–18 However, cell
sheet placement on ischemic leg muscles is not an ideal cell delivery
method because of the large volume of ischemic muscles and the
anatomical relationship between muscle surface and major arteries.
Whereas coronary arteries are located on the surface of the heart,
leg arteries are deep inside muscles. Considering that the administra-
tion of cells around occluded arteries is important to augment the
arteriogenic process,19 an injectable form of cells is more preferable
than cell sheet placement in PAD because cell delivery into the peri-
vascular area deep inside muscles is almost impossible to reach using
cell sheets.

Therefore, using cell sheet technology, we developed novel injectable
form clustered cells and investigated their efficacy on angiogenesis
and muscle regeneration of ischemic limbs (see Figure 1 for the study
protocol). We hypothesized that the injection of clustered cells with
an ECM framework can augment cell survival and subsequently
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Figure 1. Creation of clustered cells and study

protocol

(A) Cell sheet formation in a 12.8 mm temperature-

responsive culture dish using 1.0 � 106 myoblast cells. (B)

Representative images of H&E-stained cell sheets. (C)

Immunohistochemical analysis of cell sheets. (D) Clustered

cells on a dish. (E) Microscopic images of clustered cells.

Scale bar: 100 mm. (F) Timeline of experimental protocol.

RT-PCR, real-time PCR.
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improve angiogenesis and tissue regeneration compared with single-
cell administration.

RESULTS
Enhanced angiogenesis effect of clustered myoblast cells

Change in laser Doppler perfusion imaging value during time

course

In this study, cells were administered into ischemic muscles 7 days af-
ter induction of hindlimb ischemia (defined as day 0). The time
course of blood perfusion evaluated with laser Doppler perfusion im-
aging (LDPI) is shown in Figure 2. Compared with other groups, the
clustered-cell group showed a marked improvement of blood perfu-
sion early after administration (clustered cells, 41.8% ± 5.0%; single
cells, 21.8%± 1.6%; and saline, 25.1% ± 3.4%, at day 7) and signifi-
cantly improved perfusion status compared with other groups
throughout the time course (clustered cells, 72.0% ± 3.2%; single cells,
49.0% ± 4.8%; and saline, 36.2% ± 3.2%, at day 28).

Density of microvasculature

The density of the microvasculature showed consistent results with
blood perfusion changes. At day 28, the densities of the CD31+ cap-
illaries were 244.1 ± 34.7/mm2, 201.6 ± 30.6/mm2, and 109.1 ±

11.2/mm2; and those of the CD31+/aSMA+ arterioles were 71.7 ±

17.1/mm2, 34.1 ± 3.1/mm2, and 16.9 ± 3.2/mm2 in the clustered-
cell, single-cell, and saline groups, respectively (Figures 3A and
3B). Compared with the saline group, the clustered-cell group
showed significantly higher numbers of both CD31+ capillaries
(p = 0.009) and CD31+/a-smooth muscle actin (SMA)+ arterioles
(p = 0.005). Although the number of CD31+ capillaries was not
significantly different between the clustered-cell and the single-
cell groups (p = 0.53), the number of CD31+/aSMA+ arterioles
was significantly higher in the clustered-cell group (p = 0.048).
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Expression of genes regarding angiogenesis

The expression of angiogenesis-related genes,
including vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF), fibro-
blast growth factor 2 (FGF2), angiopoietin-1
(ANGPT1), and C-X-C motif chemokine ligand
12 (CXCL12), is shown in Figure 3C. The clus-
tered-cell group showed higher values within
7 days after administration than other groups.
The clustered-cell group, especially VEGF
and FGF2, showed significantly higher values
compared with the other two groups at day 5. At day 28, the expres-
sion of these angiogenesis-related factors was similar in all experi-
mental groups.

Extracellular matrix formation and cell survival

ECM proteins, including fibronectin, laminin, and vitronectin, were
well expressed in the clustered cells compared with single cells (Fig-
ures 4A and 4B). Laminin and fibronectin are mainly localized in
the marginal areas of the cell cluster, whereas vitronectin is mainly
found in the central area (Figure 4B). Significantly augmented cell
survival was observed in the clustered-cell group compared with
the single-cell group at days 7 (clustered cells, 2130.0 ± 554.5, and sin-
gle cells, 471.4 ± 37.6; p = 0.02) and 28 (clustered cells, 411.8 ± 67.8,
and single cells, 182.8 ± 17.9; p = 0.008) (Figures 4B and 4C).

Skeletal muscle regeneration

Enhanced skeletal muscle regenerative effect

Figure5A shows themorphological change in ischemic skeletalmuscles.
At day 3, lysis of damaged muscle fibers was detected in the single-cell
and saline groups but was seldom detected in the clustered-cell group.
Cell infiltration into the temporary ECM,which is formed following tis-
sue injury among muscle fibers and functions as a scaffold for tissue
regeneration,20 was detected, albeit at different degrees among the
groups. At days 3 and 5, marked infiltration was detected in all groups.
At day 7, a narrow interstitial space betweenmuscle fibers was observed
in the clustered-cell and single-cell groups, whereas a wide interstitial
space between muscle fibers without marked cell infiltration was
observed in the saline group. At day 28, in the clustered-cell group,
almost normal alignments of muscle fibers with some cell infiltration
were observed, whereas in the single-cell group, cell infiltration was still
detected. In the saline group, the space remained wide with quite a few
cell infiltrations detected in some areas.



Figure 2. Time course change in limb perfusion

(A) Changes in hindlimb perfusion at pre-ligation (non-

ischemic) and days 0 (7 days after hindlimb ischemia induc-

tion and day of administration), 7 14, 21, and 28 in mice

injected with clustered myoblast cells, single myoblast cells,

and saline (n = 10 each). *p < 0.05 versus saline group; yp <

0.05 versus single-cell group as analyzed by Tukey’s post

hoc test. Data are presented as the mean ± SEMs. (B)

Representative LDPI images at days 0, 7, 14, and 28.
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The number of centrally nucleated muscle fibers was significantly
different among groups during the time course (Figure 5B). Cen-
trally nucleated fibers are newly formed muscle fibers derived
from satellite cells that are muscle progenitor cells.21,22 The clus-
tered-cell group had the highest number of centrally nucleated
fibers at day 3. However, this gradually decreased and reached
the lowest by day 28 during the time course and became quite
rare at day 28. On the other hand, in the single-cell and saline
groups, the number of centrally nucleated fibers was low at day
3, gradually increased, peaked at day 7, and remained high even
at day 28.

The most significant number of embryonic myosin heavy chain
(eMHC), a known marker of early stage muscle regeneration,22–24

was detected in the clustered-cell group at day 3 (clustered
cells, 53.8 ± 12.8/mm2; single cells, 9.9 ± 3.8/mm2; and saline,
3.2 ± 1.1/mm2) (Figures 5C and 5D).

Expression of genes and protein related to muscle regeneration

The expression of genes related to muscle regeneration, including
paired box 7 (PAX7), myogenic differentiation 1 (MYOD1), and my-
ogenin (MYOG), is shown in Figure 5E. The expression of PAX7, a
marker of satellite cells,22 showed the most significant increase
at day 7 in the clustered-cell group. MYOD1, a marker
of differentiating satellite cells and myoblast cells,25 was significantly
upregulated at days 3 and 7 in the clustered-cell group compared with
the saline group. Although the expression ofMYOG, a marker of my-
otubes,22 showed no significant difference, that in the clustered-cell
group was relatively the lowest at day 28 (p = 0.057 versus single cells,
p = 0.059, versus saline), indicating the completion of muscle regen-
eration. The protein expression level related to muscle regeneration
Mo
was evaluated with western blotting using muscle
harvested at day 7. Extracellular signal related-
kinase 1/2 (ERK) and phosphorylated-ERK1/2
(p-ERK) were evaluated. Western blotting anal-
ysis showed that phosphorylation of ERK1/2
was significantly upregulated in the clustered
cells group compared with the other groups (Fig-
ures 5F and 5G).

Together, these results showed that, in the clus-
tered-cell group, the muscle regeneration process
was significantly augmented early following
administration and was almost completed within 28 days. In contrast,
in the other two groups, muscle regeneration progressed more slowly
and remained incomplete at day 28.

Direct differentiation of administered myoblast cells into

skeletal muscle fibers

During the experiment using green fluorescent protein (GFP) positive
myoblast cells, direct differentiation of administered myoblast cells
into muscle fibers was detected in both single-cell and clustered-cell
groups (Figure 4E), although this direct differentiation was infrequent
with <1% of muscle fibers.

Inflammation and tissue-repairing process

Accelerated transition from pro-inflammatory to anti-

inflammatory macrophages

To elucidate the mechanism underlying accelerated tissue repair,
we evaluated the inflammatory status, especially macrophage po-
larization. Macrophages have multiple phenotypes that exert
various effects, and their polarization into activated forms occurs
during tissue repair.26 Macrophage phenotypes are roughly classi-
fied into the proinflammatory M1 type and the anti-inflammatory
M2 type. We determined the number of proinflammatory macro-
phages with CD11c and anti-inflammatory macrophages with
CD206.27

The total number of macrophages increased within 4 days after in-
duction of hindlimb ischemia and then decreased gradually, indi-
cating that acute inflammation subsided when administration of cells
was performed at day 0 (data not shown). The changes in the number
and phenotype of macrophages following administration are shown
in Figures 6A and 6B.
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Figure 3. Angiogenesis induced by clustered cells

(A) Representative immunohistochemistry images of the

microvasculature in ischemic muscles at 28 days after

administration: anti-alpha SMA (green), CD31 (red), and

nuclei (blue) at 28 days after administration. Scale bar:

50 mm. (B) Density of CD31+ and CD31+/aSMA+ vessels at

28 days after administration (n = 6 each). (C) Gene

expression of angiogenesis-related factors in ischemic

muscles measured using real-time PCR at days 3, 5, 7, and

28 (n = 6 each). *p < 0.05 versus saline group; yp < 0.05

versus single-cell group as analyzed by Tukey’s post hoc

test. Data are presented as the mean ± SEMs.
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The total number of macrophages was the highest in the clustered-cell
group within 7 days after administration but gradually decreased. At
day 3, the number of CD11c+/CD206+ macrophages increased after
clustered cells administration. At day 5, in the clustered-cell group,
the number of anti-inflammatory CD11c�/CD206+ macrophages
significantly increased (12.9 ± 2.3/mm2 at day 3; 202.8 ± 25.1/mm2

at day 5; p < 0.0001), whereas that of CD11c+/CD206+ macrophages
decreased and was similar to that of the other two groups. At day 5, in
the clustered-cell group, although the number of CD11c+/CD206�

macrophages did not significantly increase (105.2 ± 18.6/mm2 at
day 3 and 150.1 ± 40.5/mm2 at day 5; p = 0.5), it was significantly
larger than that of the other groups at day 5, suggesting that clustered
1242 Molecular Therapy Vol. 30 No 3 March 2022
cells administration induced macrophage polari-
zation dominantly into the anti-inflammatory
but partially into the proinflammatory pheno-
type. Then, the numbers of each macrophage
phenotype decreased gradually.

At day 5, in the clustered-cell group, macro-
phages exhibited mixed population of these three
different phenotypes, suggesting the simulta-
neous activation of various phenotypes during
tissue regeneration, depending on the phase of
regeneration (Figure 6C). On the contrary, in
the saline group, the number of macrophages re-
mained low but rather persistent within 28 days,
indicating the prolonged inflammatory status.
This was similarly observed in the single-cell
group; however, the number of anti-inflamma-
tory CD11c�/CD206+ macrophages remained
relatively high at day 28, suggesting a therapeutic
effect, albeit weak and slow acting.

Expression of genes related to inflammation

and tissue repair

The gene expression of proinflammatory cyto-
kines, including tumor necrosis factor-a (TNF),
interleukin-1b (IL1B), and IL6 (Figure 6F),
showed no significant difference, although the
clustered-cell group had the highest levels. We
attribute this to the increased number of proin-
flammatory macrophages. IL4, which is a trigger for macrophage po-
larization into the anti-inflammatory phenotype,26 was significantly
increased at day 3 after clustered cells administration. The gene
expression of anti-inflammatory cytokines, including IL10 and trans-
forming growth factor b1 (TGFB1), which are secreted by anti-in-
flammatory M2 macrophages, was the most significantly upregulated
at days 5 and 7 in the clustered-cell group.

DISCUSSION
This study demonstrated that clustered cells formed using cell sheet
technology improved the survival of administered cells and subse-
quently augmented angiogenesis and muscle regeneration.



(legend on next page)
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Furthermore, they regulated inflammation via macrophage polariza-
tion mainly into the anti-inflammatory phenotype.

We observed that the administration of clustered cells significantly
improved blood perfusion and was associated with marked increases
in gene expressions of angiogenesis-associated factors, including
VEGF,28,29 FGF2,30 HGF,31 ANGPT1,29,32 and CXCL12.25 Consis-
tently, histological analysis showed superior angiogenesis effect as
evaluated by CD31+/aSMA+ arterioles, which are more mature ves-
sels than CD31+ capillaries. Moreover, remarkable muscle regenera-
tion was detected following the administration of clustered myoblast
cells. The number of centrally nucleated muscle fibers peaked at day 3,
and muscle regeneration was almost completed within 28 days
following the administration of clustered cells. In contrast, in the sin-
gle-cell and saline groups, muscle regeneration was incomplete at day
28 after administration. A previous study has reported, after induc-
tion of hindlimb ischemia, full recovery as evidenced by blood perfu-
sion, and muscular morphology required at least 56 days.24 Thus, we
speculate that the administration of clustered cells dramatically accel-
erated the muscle regeneration process. We also detected the signifi-
cant activation of the ERK signaling pathway following the clustered
cells administration. The ERK-mediated signaling pathway is re-
ported to be important for both angiogenesis and muscle
regeneration.33,34

The interaction between angiogenesis and muscle regeneration, two
processes that occur simultaneously, is important for augmented
regeneration.22,35 In muscle regeneration, the activation, proliferation,
and differentiation of satellite cells, which are the muscle progenitor
cells, are prerequisites.22 After muscle injuries, quiescent satellite cells
are activated, proliferate, and then differentiate into myoblast cells,
which fuse with damaged muscle fibers, thereby causing muscle regen-
eration.22 In contrast, during angiogenesis, vascular endothelial cells
secrete various growth factors, including VEGF, HGF, and FGF2,
that promote the proliferation of satellite cells and myoblast cells in a
paracrine fashion.22,36–39 Additionally, satellite cells and myoblast cells
also secrete VEGF and HGF to further enhance muscle regeneration in
an autocrine fashion.16,22 Through these paracrine and autocrine ef-
fects, muscle regeneration and angiogenesis were enhanced, following
the administration of clustered cells.

Meanwhile, the continuous activation of satellite cells to differentiate
into myoblast cells eventually leads to the loss of satellite cells and
muscle regenerative capacity; therefore, the subsequent self-renewal
of satellite cells, which is controlled by angiogenesis, is essential.40,41

During angiogenesis, vascular endothelial cells extend and are located
near satellite cells, and this proximity regulates the activation of sat-
Figure 4. Extracellular matrix included in clustered cells and cell tracking after

(A) Representative immunohistochemistry images of the extracellularmatrix included in clus

cells): fibronectin (red), laminin (green), and nuclei (blue). Scale bars: 50 mm. (B) Magnified v

Upper row: laminin (green), fibronectin (red), and nuclei (blue); bottom row: vitronectin (gree

myoblast cells derived from enhanced GFP-transgenic mice at days 7 and 28. Scale bars

presented as the mean ± SEMs. (E) Differentiation of administered GFP+ myoblast cells i
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ellite cells and then induces their self-renewal.36,40 In this study, in
the clustered-cell group, we detected increased PAX7 at day 7
following MYOD1 elevation, which peaked at day 3. Because PAX7
is a marker of quiescent satellite cells,22,25 we speculate that these
events correspond to an augmented active muscle repair phase and
the subsequent self-renewal phase of satellite cells, respectively, thus
resulting in markedly augmented muscle regeneration.

The proper regulation of inflammation is important for healthy
regeneration; in contrast, uncontrolled persistent inflammation leads
to fibrosis and scarring.42 Macrophages play pivotal roles in inflam-
matory response and have various phenotypes, such as proinflamma-
tory M1, an anti-inflammatory M2, and intermediate phenotypes,
including M1b (CD11c+/CD206+) macrophages.27,43–46 In the clus-
tered-cell group, we initially observed an increase in the number of
intermediate CD11c+/CD206+ macrophages, followed by partial po-
larization into M1 and dominant polarization into M2 macrophages
at day 5. Among the various triggers of macrophage polarization, IL4,
a classic trigger for polarization into the anti-inflammatory pheno-
type,26 was significantly increased at day 3 after the administration
of clustered cells. Additionally, the phagocytosis of residual damaged
cells by increased macrophages,22,47 increased number of endothelial
cells during angiogenesis,48 and administration of the ECM scaffold,
which is included in clustered cells,49–51 would have induced polari-
zation into the anti-inflammatory phenotype. Administration of
ECM can affect macrophage polarization through its structural com-
ponents, scaffold resident growth factors, and interactive signaling
among the surface receptors of macrophages and the ECM.52

Although anti-inflammatory macrophages play a pivotal role in tissue
regeneration, their partial and temporal polarization into proinflam-
matory macrophages, which we have detected in this study, would be
also important for tissue regeneration. Although the persistent exis-
tence of proinflammatory macrophages negatively affects angiogen-
esis, their short-term presence positively affects tissue repair in
various ways: activating endothelial tip cells to promote angiogen-
esis26; phagocytosing injured muscle debris, which in turn induces
a phenotype switch into the anti-inflammatory phenotype22,47; and
enhancing the proliferation of satellite cells to promote muscle regen-
eration.47,53 Anti-inflammatory macrophages, which we detected as
dominant, secrete VEGF and TGF-b that promote the formation of
mature CD31+/a-SMA+ vessels.54 Anti-inflammatory macrophages
also accelerate muscle regeneration by secreting TGF-b to activate
fibronectin, laminin, and proteoglycans, which bind to collagen types
I and III at the injured sites, thus forming a temporary ECM.20,42,55,56

The temporary ECM and basement membrane of injured muscles
provide a suitable environment for myoblast differentiation and act
administration

teredmyoblast cells and singlemyoblast cells (acetic acid/ethanol fixation of scattered

iew of cell clusters stained with antibodies against laminin, fibronectin, and vitronectin.

n), laminin (red), and nuclei (blue). Scale bars: 50mm. (C) Survival of clustered and single

: 50 mm. (D) Density of surviving myoblast cells at days 7 and 28 (n = 4 each). Data are

nto muscle fibers at day 7: GFP (green) and desmin (red). Scale bar: 50 mm.
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as a scaffold for muscle fiber regeneration.20,42 By balancing the tem-
porary ECM formation and degradation, ECM remodeling occurs,
which is essential for angiogenesis and muscle regeneration; this bal-
ance is regulated by both proinflammatory and anti-inflammatory
macrophages.20

Furthermore, the administration of clustered cells improved the sur-
vival of administered myoblast cells and subsequently augmented tis-
sue regeneration. In vitro study comparing the clustered cells and the
single cells using ELISA showed that production ability of angiogen-
esis-related cytokines, including VEGF, HGF, CXCL12, and FGF2,
was not significantly different between the groups (data not shown).
This result would support the theory that improved cell survival is the
major contributor to the enhanced tissue repair. Enhanced cells sur-
vival is attributed to the ECM that surrounds the myoblast cells. In
addition to the anti-apoptotic effect exerted by laminin and vitronec-
tin by maintaining intracellular signaling among administered
cells,17,57 the administered ECM, including laminin, vitronectin,
and fibronectin, functions as an adhesive agent to the injured
sites.17,58,59 Fibronectin formed in the clustered cells can also act as
a scaffold for endothelial cells to aggregate and form new ves-
sels,18,60,61 which may in turn promote blood perfusion to adminis-
tered cells and may contribute to improved cell survival.

The proposed mechanisms of augmented tissue regeneration
following the administration of clustered myoblast cells is illustrated
in Figure 7. Overall, clustered myoblast cells created using cell sheet
technology improved the survival of administered cells, leading to
the augmented secretion of cytokines that promote both angiogenesis
and muscle regeneration. Additionally, clustered cells administration
modulated the inflammatory status by inducing macrophage polari-
zation, thus establishing a suitable microenvironment for tissue
regeneration.

In summary, we demonstrated that clustered cells synthesized using
cell sheet technology improved the survival of administered myoblast
cells in a mouse model of limb ischemia. The number of macrophages
increased, and their polarization into a dominant anti-inflammatory
phenotype was detected, thus promoting angiogenesis and muscle
regeneration. We are now investigating the applicability of the clus-
tered cell technology for another cell type, and the result is positive
so far. The clustered cell technology will augment regenerative effect
of various cell therapy. Our findings suggest clinical potential of
rescuing severely damaged limbs in PAD using clustered cells.
Figure 5. Muscle regeneration induced by clustered cells administration

(A) Representative images of H&E-stained ischemic muscles following the administra

administration. Arrows indicate cell infiltration into the temporary ECM, whereas arrowhe

indicate centrally nucleated fibers. Scale bars: 50 mm. (B) Numbers of centrally nucleate

versus single-cell group as analyzed by Tukey’s post hoc test. (C) Representative imm

chain (MHC) (pseudo-colored red), desmin (green), and nuclei (blue). Scale bars: 50 mm. (

genes related to skeletal muscle regeneration related factors in ischemic muscles at day

group; yp < 0.05 versus single-cell group as analyzed by Tukey’s post hoc test. (F) Prote

blot using ischemic muscles at day 7 after administration. (G) Quantification of protein

group; yp < 0.05 versus single-cell group as analyzed by Tukey’s post hoc test. Data a
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MATERIALS AND METHODS
Animals and ethical considerations

C57BL/6J male mice (4- or 8-week-old) and enhanced GFP (eGFP)-
transgenic male mice (C57BL/6J background) were used. Wild-type
C57BL/6J mice were purchased from CLEA Japan (Osaka, Japan)
and eGFP-transgenic mice were from Japan SLC (Shizuoka, Japan).
All animal experiments were performed according to the Guide for
the Care and Use of Laboratory Animals (National Institutes of Health
publication No. 85-23, revised 1996). Experimental protocols were
approved by theAnimal Experiments Committee ofOsakaUniversity.

Isolation and culture of myoblast cells and generation of

clustered cells

Myoblast cells were isolated from the skeletal muscles of the hind
limbs of 4-week-old wild-type C57BL/6J mice or eGFP-transgenic
C57BL/6J mice and cultured as previously reported.62 At 70% conflu-
ence, cells were dissociated from the culture dishes using trypsin-eth-
ylenediaminetetraacetic acid and re-incubated (1.0� 106 per dish) on
12.8 mm temperature-responsive culture dishes (UpCell; CellSeed,
Tokyo, Japan) at 37�C. After 24 h, the dishes were incubated at
20�C for 30 min, during which the myoblast cell sheets detached
spontaneously to generate free-floating monolayer cell sheets. To pro-
duce an injectable form, each cell sheet was fragmented and mixed
with 0.3 mL saline by five times repetitive aspiration and expiration
using 1 mL syringe through a 23-gauge needle, forming clustered
myoblast cells (Figures 1A–1E).

Flow cytometry

Cultured cells were enzymatically dissociated using TrypLE Select
(Thermo Fisher Scientific, MA, USA), washed, and labeled with fluo-
rescence-conjugated primary antibodies for CD56 for 30 min at 4�C.
The samples were then assayed by flow cytometry (FACSCanto II; BD
Biosciences, CA), and the results were analyzed using BD FACSDiva
Software (BD Biosciences). As a result, more than 90% of the cultured
cells were CD56+.

ELISA

The difference in cytokine production between clustered cells and sin-
gle cells was analyzed with ELISA. Clustered myoblast cells and single
myoblast cells were disseminated on 12-well plates (Iwaki, Shizuoka,
Japan) (1.0 � 106 per well) and incubated at 37�C for 48 h. The cul-
ture supernatants were collected and analyzed. VEGF, HGF, SDF-1,
and FGF-2 concentrations were evaluated using ELISA kit (R&D Sys-
tems, MN, USA) according to the manufacturer’s protocol.
tion of clustered cells, single cell, or saline groups at days 3, 5, 7, and 28 after

ads indicate lysis of damaged muscle fibers. Muscle fibers encircled with green lines

d fibers at days 3, 5, 7, and 28 (n = 6 each). *p < 0.05 versus saline group; yp < 0.05

unohistochemistry images of ischemic muscles at day 3: embryonic myosin heavy

D) Numbers of embryonic MHC+muscle fibers at day 3 (n = 6 each). (E) Expression of

s 3, 5, 7, and 28 measured using real-time PCR (n = 6 each). *p < 0.05 versus saline

in expression levels of ERK and phosphorylated ERK (P-ERK) measured by western

expression levels at day 7 after administration (n = 4 each). *p < 0.05 versus saline

re presented as the mean ± SEMs.
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Induction of hindlimb ischemia and therapeutic intervention

C57B/6J mice (8-week-old) were anesthetized by an intraperitoneal
administration of combination anesthetic (medetomidine/midazo-
lam/butorphanol: 0.3/4/5) at a dose of 5 mL/kg. Hindlimb ischemia
was induced in the left hindlimb by exposing and ligating the femoral
artery and vein at the level of the inguinal ligament and the saphenous
artery and vein at the level just proximal to the ankle, and then by re-
secting all the vessels among ligations.

One week after induction of ischemia, blood perfusion was measured
using LDPI, and mice with LDPI relative value of %25% of the non-
ischemic limb were subjected to treatment interventions. Using the
strict criteria, we selected only the mice with severely impaired blood
perfusion with limited automatic angiogenesis ability, to evaluate the
regenerative efficacy genuinely attributable to the cell therapy. Then,
mice were randomly allotted into three groups: administration of clus-
tered myoblast cells, single myoblast cells, and saline. The single-cell
group was injected with the same number of myoblast cells (1.0 �
106 cells) as the clustered-cell group. Administered cells were mixed
with 0.3mL saline. Cell injection was performed into the ischemic thigh
adductors 1 week after the induction of limb ischemia (Figure 1F).

Evaluation of blood perfusion using LDPI

Blood perfusion was evaluated using the Laser Doppler Imager 2.0
system (Moor Instruments, Devon, UK) at pre-ligation, at post-liga-
tion, just before administration (7 days after ligation), and at 1, 2, 3,
and 4 weeks after administration. Mice were first anesthetized
through inhalation of 2% isoflurane/oxygen. The relative perfusion
value was calculated by dividing the perfusion value of the ischemic
limb by that of the contralateral non-ischemic limb.

Histological and immunofluorescence analysis

The harvested adductor muscles were formalin-fixed, made into
paraffin embedded, sectioned into 5 mm using a microtome, and
stained with H&E. To evaluate the morphometrics of the ischemic
muscles, images were visualized using an optical microscopy (KEY-
ENCE, Osaka, Japan).

For the immunohistochemical analysis, muscles were fixed with 4%
paraformaldehyde and embedded in optimal cutting temperature
compound for frozen sectioning and cut into 5 mm. The sections
were labeled with polyclonal antibodies against CD31 (Abcam, Cam-
bridge, UK) and visualized using an LSABTM kit (DAKO, Glostrup,
Denmark), an automated immuno-staining system based on the
lepto-streptavidin-biotin-peroxidase method. Sections were addition-
ally labeled using antibodies, including SMA (DAKO), desmin
Figure 6. Modulation of inflammation induced by clustered cells

(A) Representative immunohistochemistry images of macrophages in ischemic muscles

bars: 50 mm. (B) Density of macrophages at days 3, 5, 7, and 28. *p < 0.05 versus salin

analyzed by Tukey’s post hoc test. (C) Top: representative immunohistochemistry imag

anti-CD11c (green), and nuclei (blue). Bottom: corresponding images with H&E staining

solid lines; proinflammatory CD11c+/CD206�macrophages, broken lines; and intermedi

expression of inflammation-associated factors in ischemic muscles at days 3, 5, 7, and

0.05 versus single-cell group as analyzed by Tukey’s post hoc test. Data are shown as
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(DAKO), and embryonic MHC (Cell Signaling Technology, MA,
USA), CD206 (Abcam), CD11c (Abcam), and anti-GFP (Abcam),
and the corresponding secondary antibodies (Alexa Fluor 488 or
Alexa Fluor 555, Molecular Probes, OR, USA). Then, they were coun-
terstained by Hoechst 33,342 (Dojindo, Kumamoto, Japan) and visu-
alized using laser confocal microscopy (Olympus, Tokyo, Japan).

Muscle fibers were counted from five randomly selected fields per
sample at 20� magnification. The percentage of centrally nucleated
fibers was calculated by dividing the number of centrally nucleated fi-
bers by the total number of fibers. The numbers of CD31+ capillaries
and CD31+/aSMA+ arterioles were also counted from five randomly
selected 20� images per sample.

For the macrophages, polyclonal antibodies against CD11c and CD206
were used. To evaluate the number of macrophages located in the tem-
porary ECM among muscle fibers, which is formed during tissue
repair,20 we determined the number of CD11c+/CD206�, CD11c+/
CD206+, and CD11c�/CD206+ macrophages from five randomly
selected fields per sample at 40� magnification. The total number of
macrophages was calculated by adding all these three phenotypes.

Evaluation of cell survival and differentiation

The observation of cell survival and lineage tracing of administered
cells were performed by injecting 4-week-old eGFP-transgenic mice
derived myoblast cells into ischemic adductor muscles of hindlimb
ischemia models. After 1 and 4 weeks after administration, mice
were euthanized; adductor muscles were harvested and the existence
of GFP+ myoblast cells was counted using five randomly selected im-
ages per sample at 40� magnification.

RNA isolation and quantitative real-time PCR

Total RNAwas extracted from the adductor muscles using an RNeasy
Kit according to the manufacturer’s protocol (Qiagen, Hilden, Ger-
many). Then, cDNA was synthesized using an Omniscript Reverse
Transcription Kit (Qiagen). Real-time PCR was performed with the
TaqMan Gene Expression Assay Master Mix (Applied Biosystems,
CA, USA) on the 7500 Fast Real-Time PCR System (Applied
Biosystems).

The following genes were analyzed using the TaqMan Gene
Expression Assay (Applied Biosystems): VEGF (Mm01281449_m1),
HGF (Mm01135184_m1), FGF2 (Mm01281449_m1), CXCL12
(Mm004545553_m1), ANGPT1 (Mm00833184_s1), PAX7 (Mm
01354484_m1),MYOD1 (Mm00521984_m1),MYOG (Mm00446194_
m1), TNF (Mm00443258_m1), TGFB1B(Mm01178820_m1), IL1Bb
at days 3, 5, 7, and 28: anti-CD206 (red), anti-CD11c (green), and nuclei (blue). Scale

e group;yp < 0.05 versus single-cell group; zp < 0.05 versus clustered-cell group as

es of macrophages at day 5 after administration of clustered cells: anti-CD206 (red),

. The clusters of anti-inflammatory CD11c�/CD206+ macrophages are encircled in

ate CD11c+/CD206+macrophages, indicated by arrows. Scale bar: 50 mm. (D) Gene

28 measured using real-time PCR (N = 6 each). *p < 0.05 versus saline group; yp <

the mean ± SEMs.



Figure 7. Mechanism of tissue regeneration induced by clustered cells

Proposed mechanism of angiogenesis and muscle regeneration following the administration of clustered myoblast cells.
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(Mm00434228_m1), IL6 (Mm00446190_m1), and IL10 (Mm
00439614_m1). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Mm99999915_g1) was co-amplified as an internal control for RNA
integrity.

Western blotting

For western blotting, 100 mg of protein acquired from the collected
muscles was electrophoresed with PROTEAN precast gels (Bio-Rad
Laboratories, CA, USA) and transferred to a polyvinylidene fluoride
blotting membrane (GE Healthcare Life Sciences, MA, USA). The
membrane was incubated with the primary antibody overnight, fol-
lowed by incubation with the secondary antibody. Signals were de-
tected and visualized using Amersham enhanced chemilumines-
cence (ECL) Prime western blotting detection reagent (GE
Healthcare). Luminescence was detected using the ChemiDoc MP
Imaging System (Bio-Rad). Quantification of bands intensity was
performed with Image Lab software version 5.0 (Bio-Rad). Ischemic
muscles harvested at day 7 were used for analysis. The following an-
tibodies were analyzed: anti-p-ERK (#4370), anti-ERK1/2 (1:1000;
Cell Signaling Technology), and anti-GAPDH (1:10000; Cell
Signaling Technology). Amersham ECL anti-rabbit immunoglob-
ulin G (GE Healthcare) was used as a secondary antibody at a dilu-
tion of 1:10000.
Statistical analysis

Multiple comparisons of LDPI values, real-time PCR data, and mus-
cles and vessel counts were performed using the analysis of variance
followed by a Tukey’s post hoc test. Data are presented as the mean ±

SEM, unless otherwise noted. p < 0.05 indicates statistical signifi-
cance. JMP (version 13.1, SAS Institute, NC, USA) was used for the
statistical analyses.
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