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Figure 3. Transplanted bone marrow-derived neural progenitor cells (BM-NPCs) in the injured spinal cord 8 weeks after transec-
tion. (A) Schematic drawing of a representative spinal cord from the BM-NPC group showing sites of transection (dotted line) and
transplantation (*). (B) Representative longitudinal section stained for neurofilaments corresponding to the white box in (A), showing
anatomical continuity of spinal cord parenchyma at the injury site. (C—E) Distribution of green fluorescent protein (GFP)-positive
transplanted cells at sites 1.2 mm rostral (C), 3.5 mm caudal (D), and 6.0 mm caudal (E) to the injury center in the dorsal spinal cord.
Positions of the panels are indicated by small boxes in (A). (F) Numbers of GFP-positive cells between 5 mm caudal and 5 mm rostral
to the injury center. The dotted line and arrowheads indicate the transected portion and the site of cell transplantation, respectively. Note
that the GFP-positive cells were incorporated into the host spinal cord. DAPI, 4’,6-diamidino-2-phenylindole. Scale bars: 2 mm (A),

250 pm (B), 100 pm (C-E).

Fluorogold Tracing Detected Extension of Neurites From
BM-NPCs Across the Transected Site in the Spinal Cord

Four days before the animals were sacrificed, we
injected the retrograde tracer FG 10 mm caudal to the
transected site, so that FG would be taken up through the
terminals of the regenerated neurites (Fig. 7A). Strikingly,
in the BM-NPC group, we detected FG-labeled grafted
cells in the rostral as well as caudal spinal cord in all four
rats (Fig. 7B—G). The presence of cells double positive
for FG and GFP rostral to the transected portion indi-
cated that the grafted cells extended their neurites across
the transected portion to reach the caudal spinal cord.
The site of injection was carefully examined to ensure
that no FG could have reached the transected portion by
diffusion (24). The number of cells labeled with FG and
GFP at the rostral boundary of the transected spinal cord
was 5.17 £0.75/mm?in the BM-NPC group. FG-labeled
BM-NPCs were located rostrally 1.8+0.18 mm from
the transection stump to a maximum of 4.6 mm. In the
vehicle group, no FG-labeled cells were found in the spi-
nal cord rostral to the transected site. In any of the injured
animals with or without treatments (n=4, each group),
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no FG-labeled cells were found in the cervical spinal
cord or in the brain sections.

Behavioral Analysis Indicated Improved Hind Limb
Locomotor Function After BM-NPC Transplantation

BBB locomotor scores for the BM-NPC and vehicle
groups were determined each week for 8 weeks after
injury (Fig. 8). Improvements in hind limb motor func-
tion were significantly greater in the BM-NPC group
than in the vehicle group after 2 weeks (p<0.01) and
over 3-8 weeks (p<0.001, repeated measures ANOVA
followed by post hoc Tukey’s test). Mann—Whitney
U test also indicated significant functional recovery
between 2 and 8 weeks (Fig. 8). Eight weeks after the
injury, averaged BBB scale of injured animals was 3.31
in the control group while 5.80 in BM-NPCs transplan-
tation group. Following the treatments, rats showed
symptoms of recovery; they showed extensive move-
ments of the three joints in the hind limbs. The differ-
ence between these groups was statistically significant
(p<0.001, post hoc Tukey’s test; p<0.01, Mann—Whitney
U test).
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Figure 4. Differentiation of green fluorescent protein (GFP)-positive bone marrow-derived neural progenitor cells (BM-NPCs)
in the spinal cord 8 weeks after injury. (A—Q) Cells labeled with neuron-specific class III B-tubulin (antibody: Tuj-1) (A-E) and
neuronal nuclei (NeuN) (F-I) were encountered more frequently than those labeled with nestin (J-M) or glial fibrillary acidic pro-
tein (GFAP) (N-Q). Arrowheads, positively labeled cells. Arrows, GFP-positive and Tuj-1-negative cells. DAPI, 4’,6-diamidino-2-

phenylindole. Scale bars: 20 um.

Functional MRI Was Not Able to Provide Evidence
of Reconstruction of Local Neuronal Networks
After BM-NPC Transplantation

In response to electrical stimulation to the hind limbs,
we counted fMRI signals in the bilateral somatosensory
cortex in both BM-NPC and vehicle groups. BOLD sig-
nal changes were as high as 2.4% in the original hind
limb territory in the BM-NPC group (Fig. 9). In the con-
tralateral hind limb territory (HL) as defined in Figure
9B (36), volumes of activation in the BM-NPC group
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were significantly larger than those in the vehicle group
(»=0.014, Student’s ¢ test) (Fig. 9C). Particularly, we
noticed that cortical activation in spinally injured rats was
not confined to the original hind limb territory in the pri-
mary somatosensory cortex (Fig. 9D). Signals extended
more medially and even to the ipsilateral side of stimula-
tion. Total volumes of cortical activation were 1.53+0.83
and 0.41+0.17 mm?®in the BM-NPC and vehicle groups,
respectively, while the difference was not statistically sig-
nificant (p=0.11, Student’s ¢ test).
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Figure 5. Synaptophysin expressed around GFP-positive bone marrow-derived neural progenitor cells (BM-NPCs). Photomicrographs
depicting synaptophysin (A), DAPI (B), GFP (C), and a merged image (D) staining of transplanted cells in the spinal cord. This
finding suggests the synapse formation between the transplanted cells and host cells. Arrowheads indicate positively labeled cells.
Abbreviations are as in Figure 4. Scale bars: 20 pm.

GFP PSD95

Figure 6. Postsynaptic density (PSD-95) localized adjacent to synaptophysin on GFP-positive bone marrow-derived neural progenitor
cells (BM-NPCs). Photomicrographs depicting GFP (A), PSD-95 (B), DAPI (C), and synatophysin (D) staining of cells in the spinal
cord. This finding suggests synapse formation between the transplanted cells and host cells. Arrowheads indicate positively labeled
cells. Abbreviations are as in Figure 4. Scale bars: 50 um.
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Figure 7. Expression of the retrograde tracer Fluorogold (FG) injected 10 mm caudal to the transected site of the spinal cord.
(A) Schematic drawing of a representative spinal cord taken from the bone marrow-derived neural progenitor cell (BM-NPC) group,
showing sites of FG injection (red arrow). Red dotted lines indicate the supposed routes by which FG was transported from the termi-
nals of extended neurites and crossed the transected portion. (B—G) Green fluorescent protein (GFP)-positive BM-NPCs, transplanted
rostral (B-D) and caudal (E-G) to the injured site, were also positive for FG in representative sections obtained 1.6 mm rostral and
0.4 mm caudal to the transected site. Abbreviations, schematic drawings, and arrowheads are as described in Figures 2 and 3. Scale

bars: 2.0 mm (A) and 20 pm (B-G).

DISCUSSION

In this study, we report that transplantation of BM-
NPCs promoted functional recovery of the spinally
injured animals evidenced by improved locomotor scores.
The grafted cells survived and committed predominant
neuronal differentiation in the injured spinal cord. Immuno-
histochemistry using synaptophysin and PSD-95 as well as
the FG tracing indicated synaptic formation of the BM-
NPCs with the surrounding neurons and extension of the
neurites across the transected portion in the spinal cord.
As a consequence, neuronal networks were partially restored
7 weeks posttransplantation, which was represented as
increased cortical signals in fMRI of the BM-NPC trans-
planted animals. However, the representation of the corti-
cal signals was diverse and altered when compared to the
original sensory map. Therefore, reestablishment of neu-
ronal networks by transplantation of BM-NPCs was not
fully accomplished.

Here, we demonstrated that transplantation of BM-NPCs
was an efficient method in supplying neuronal lineage
cells in a severely injured spinal cord. Majority of sphere-
derived cells cultured with several trophic factors were
reported to express neuronal markers such as BIII tubulin
(Tuj-1) and microtubule associated protein 2 in a high ratio
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Figure 8. Basso, Beattie, Bresnahan (BBB) locomotor scale.
Open-field locomotor hind limb function of all rats was tested
on the day after injury and then weekly for 8 weeks post-
operatively. Results are shown separately for groups trans-
planted on day 9 with bone marrow-derived neural progenitor
cells (BM-NPCs) (n=10) or injected with vehicle (n=14).
Repeated measures ANOVA followed by the post hoc Tukey’s
test as well as Mann—Whitney U test showed significant differ-
ences between the groups. Two weeks after injury, BBB scores
of the BM-NPC group were significantly higher than those of
the vehicle group. *p<0.01, **p<0.001 post hoc Tukey’s test.
#p<0.05, ##p<0.01 Mann—Whitney U test.
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Figure 9. Cortical fMRI signals in response to hind limb stimulation 8 weeks after spinal cord transection. (A) Time course of blood
oxygenation level-dependent (BOLD) signals (%) in a voxel in the original hind limb territory in the bone marrow-derived neural pro-
genitor cell (BM-NPC) transplantation group (n=6). Gray bars indicate the period of stimulation. (B) Schematic drawing of a rat brain
to illustrate medial cortical areas (dark gray), the hind limb territory of the primary somatosensory cortex area (HL) and lateral cortical
areas (light gray), in which cortical activations were counted. (C) Volumes of functional magnetic resonance imaging (fMRI) signals
in vehicle and BM-NPC groups. Significant differences between the BM-NPC and vehicle injection groups were noted in the signals
in the contralateral cortex and the hind limb territory of the contralateral side to the stimulation (*p<0.05). Note that broad cortical
areas were activated in response to hind limb stimulation 8 weeks after spinal cord injury. (D) A representative cortical sensory map
from the BM-NPCs group, demonstrating neuronal activation in various cortical areas outside of the original hind limb territory in the
primary somatosensory cortex. Signals were observed on the left side (L), which was ipsilateral to the stimulation as demonstrated in
a coronal section (left) at bregma —1.4 mm and a horizontal section (right). The color scale indicates T statistics calculated by statisti-
cal parametric mapping software (SPM2). The coronal sections are superimposed on a schematic brain section from the same level
[reproduced with permission of Elsevier from the Paxinos and Watson atlas (36)].

(98.5% and 95.7%, respectively) and GFAP in a low ratio In general, the environment of the spinal cord is not
(0.7%) (17). These findings clearly indicated that cells in permissive for survival and neuronal differentiation of the
the BM-NPC-derived spheres tended to differentiate into transplanted cells (19,27). Exogenous neural stem cells
neurons and were not initially committed to the glial fate. undergo proliferation and differentiate mainly into astro-
In the same study in which BM-NPC-derived spheres were cytes in the spinal cord (33). When naive neural stem cells
transplanted into the rat stroke model, BM-NPCs predomi- were transplanted into the injured spinal cord, 84% of the
nantly differentiated into NeuN-expressing postmitotic cells were GFAP-positive 9 weeks after transplantation,
neurons (79.5%), and only a small population of the trans- while only 4% of the cells had neuronal characteristics (18).
planted cells expressed GFAP (1.9%) (17). In the pres- Even when cells are shown to differentiate into neuronal
ent study, we found that the rate of the differentiation of lineage cells in vitro, the degree of neural induction in vivo
the transplanted GFP-positive cells into the neuronal fate may turn out to be less than expected after transplantation
detected by Tuj-1-positive cells was 77.2%; however, that into the injured spinal cord (7). Our findings indicate that
of postmitotic neurons positive for NeuN was only 36.0%. BM-NPCs are a reliable source of neuronal cells that can be
The rate of differentiation into GFAP-positive astrocytes used in cell transplantation therapy for SCI. Previously, we
was 2.9%, similar to that observed in the transplantation transplanted BM-NPCs and naive BMSCs in a rat stroke
into the rat stroke model. These observations indicate model and compared the results (17), in which BM-NPCs
that, although the ratio of the differentiation into post- demonstrated much higher efficacy in survival, differentia-
mitotic neurons was dependent on the disease models, tion, and integration into the host brain. Having established
the BM-NPC-derived sphere cells predominantly differ- the difference between BM-NPCs and naive BMSCs, we
entiate into the neuronal fate after transplantation. solely used BM-NPCs in the current protocol.
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As Abematsu et al. demonstrated recently, grafted neu-
ronal cells may establish neuronal connectivity by mak-
ing synaptic connections with endogenous surrounding
neurons (1). In this study, immunohistochemistry for syn-
aptophysin and PSD-95 revealed the adjacent localization
of synaptophysin and PSD-95 in the same GFP-positive
transplanted cells (Fig. 6). Synaptophysin and PSD-95
are markers for presynaptic vesicles and postsynaptic
density, respectively, suggesting that the transplanted cells
constructed synaptic connections and received synaptic
inputs from host and/or surrounding neurons.

In our model, retrograde axonal tracing showed the
presence of cells double positive for FG and GFP in the
spinal cord rostral to the transected portion. However, no
FG-positive cells were detected in cervical spinal cord or
brain sections, when we performed histological analyses
4 days following the injection of FG. In a previous report
using a matrix seeded with BMSCs to fill the gap of the
spinal cord transection injury, FG-labeled neurons were
detected in the cortex and in the brainstem a week after the
FG injection (22). With regard to the time between the FG
injections and histological analyses, 4 days might not be
long enough for the retrograde tracers to reach the brain
stem through the severely injured spinal cord. Therefore,
the purpose of the FG tracing was focused on evaluating
grafted BM-NPCs located rostral to the transected stump.
To avoid confusion in interpreting results, we only injected
FG caudally and 10 mm from the stump. In this way, we
could minimize the possibility that the tracer would dif-
fuse and go across the transected portion (22). Results of
the FG thus indicated that the grafted cells survived, dif-
ferentiated, and might have extended neurites across the
transected portion of the spinal cord.

Furthermore, the FG-labeled BM-NPCs localized
4.6 mm rostral to the spinal cord stump. Recently, we dem-
onstrated the capacity of migration of BM-NPCs in a rat
model of stroke (17). In spinal cord, various studies using
in vivo MRI tracking systems have observed that the
transplanted cells could actually migrate long distances.
In one of these study, injected live cells traveled as far
as 9 mm in 8 weeks following the transplantation (23).
Although it is possible that dispersion might have trans-
ferred the grafted cells a few millimeters, the aforemen-
tioned information suggested that the BM-NPCs had the
capacity to migrate in the spinal cord.

In this study, transplantation of BM-NPCs to the com-
pletely transected adult rat spinal cord led to a significant,
albeit modest improvement of hind limb motor function
as determined by BBB scoring. Eight weeks after the
injury, the BBB score of injured animals was 3.3 with-
out BM-NPC transplantation, while with the transplanta-
tion, it improved to 5.8. In other studies, BMSC-derived
Schwann cells or olfactory mucosa were transplanted into
similar complete spinal cord transection models in Wistar
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rats. In those studies, BBB scores were 3.6 and 2.6 in the
controls, while 7.0 and 4.6 in the treatment groups, respec-
tively (3,20). Degrees of improvement in BBB scores by
BM-NPC transplantations were therefore comparable to
those of the other studies. Importantly, to judge degrees
of locomotor recovery by the BBB scores needs cau-
tion, since functional improvement may also depend on
the strains used or the types of treatments applied. For
instance, in Sprague—Dawley strains, BBB scores were
lower and between O and 2 following complete transection
of the spinal cord (13,26,41). In one of these studies,
10 weeks posttransplantation of olfactory ensheathing
cells, BBB scores improved to 4.3 from 1.0 (26).

FMRI also demonstrated an increase of BOLD signals
in cortex cerebri in response to electrical stimulation of a
hind limb. In particular, cortical activations were not only
observed in the original somatosensory cortex, rather the
BOLD signals had an abnormal and diverse distribution,
including ipsilateral activity. Together, the addition of the
BM-NPCs to the injury area might lead to the reestab-
lishment of a degree of ascending and descending neu-
rotransmission across injury, while we could not confirm
reconstruction of the disrupted neuronal networks by the
distribution of recovered cortical activations in fMRI

One of the reasons for such ambiguity could partly rely
on the end point of this study, which was 7 weeks post-
transplantation. In the current methods, we set the end point
mainly based on the time course of locomotor recovery. As
shown in Figure 8, BBB scores improved and reached a pla-
teau 5—-6 weeks after the transplantation. In another experi-
ment using fMRI to evaluate sensory recovery in a rat model
of SCI, fMRI was performed 9 weeks posttransplantation,
which demonstrated recovery of cortical responses (18).
Moreover, in our previous experiment applying BMSC-
derived Schwann cells to a rat model of complete spinal
cord transection, it was 6 weeks posttransplantation when
the axonal regeneration was histologically confirmed (20).
However, as we demonstrated previously, reorganization in
cerebral cortex may take place over 6 months long after SCI
(13). After severe thoracic SCI, cortical connections from
the spared forelimbs expanded and took over the deaffer-
ented hind limb areas (13,16). If such deafferentation plastic-
ity occurs, the corresponding somatosensory cortex may no
longer be available to receive or process recovered ascend-
ing sensory information. In this sense, the time allowed for
recovery following the complete transection could be too
short and limit the value of fMRI in this study.

Another possible explanation for the diverse cortical
signals in fMRI is misdirection of sensory inputs through
the reconstructed neuronal networks. After transplantation
of BM-NPCs, new synaptic pathways relaying peripheral
inputs to cortical areas were formed in the injured spinal
cord. However, they could be different from those in the
original ascending tracts. In such a situation, recovered
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sensory inputs would not connect with the original hind
limb territory, but with various cortical areas.

Besides specific neuronal cell induction, another pos-
sible strategy for treating SCI includes transduction of neu-
ral stem cells into the oligodendrocytic lineage to enhance
myelination (18,21). Using this approach, myelination of
spared axons led to recovery of conduction velocity and
promoted functional recovery in SCI. Hypothetically, how-
ever, if axons are completely severed in the damaged spi-
nal cord, as occurs in our injury model and a model used by
others (1), enhancement of myelination with oligodendro-
cytes may have limited effectiveness. In this situation, a
strategy in which added neuronal cells may serve as a form
of interneuron providing a link across the injury may be a
more reliable approach. Depending on the degree of injury,
one may need to select or combine different types of cell
transplantation to achieve the best functional recovery.

We conclude that delayed grafting of BM-NPCs into the
injured spinal cord was effective in providing neuronal lin-
eage cells. If an efficient neuronal induction in the injured
spinal cord was feasible, reconstruction of disrupted neu-
ronal circuits between grafted cells and endogenous sur-
rounding neurons can be a possible means of achieving
recovery from SCI. Depending on the degrees of SCI, we
can select or combine different types of cell transplantation
to achieve the best functional recovery in SCI and other
neural degenerative diseases occurring in the spinal cord.
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Multilineage-differentiating stress-enduring (Muse) cells are distinct stem cells in mesenchymal cell populations with the capacity

to self-renew, to differentiate into cells representative of all three germ layers from a single cell, and to repair damaged tissues by
spontaneous differentiation into tissue-specific cells without forming teratomas. We describe step-by-step procedures for isolating
and evaluating these cells. Muse cells are also a practical cell source for human induced pluripotent stem (iPS) cells with markedly
high generation efficiency. They can be collected as cells that are double positive for stage-specific embryonic antigen-3 (SSEA-3) and
CD105 from commercially available mesenchymal cells, such as adult human bone marrow stromal cells and dermal fibroblasts, or from
fresh adult human bone marrow samples. Under both spontaneous and induced differentiation conditions, they show triploblastic
differentiation. It takes 4-6 h to collect and 2 weeks to confirm the differentiation and self-renewal capacity of Muse cells.

INTRODUCTION

Mesenchymal stem cells (MSCs) are tissue stem cells that reside in
mesenchymal tissues and that have attracted attention because of
their unique properties. Generally, tissue stem cells are known to
differentiate into the cell types of the tissue in which they reside;
neural stem cells differentiate into neurons and glial cells, and
hematopoietic stem cells give rise to all blood cell types’:2. Distinct
from these tissue stem cells, MSCs have been reported to have the
broad-ranged differentiation ability that crosses the oligolineage
boundaries between the mesodermal and ectodermal or endoder-
mal lineages34. In particular, the differentiation ability of bone
marrow stromal cells (BMSCs), which are cultured as adherent
cells from bone marrow aspirates, has been studied from the late
1990s up to the present time. BMSCs in vitro have been reported to
give rise to cells not only in the same mesodermal lineage (osteo-
cytes, chondrocytes, adipocytes>9, skeletal muscle cells’-%, cardiac
muscle cells!®!1 and endothelial cells!2:13) but also in ectodermal
(neuronal cells!415, Schwann cells!®17) and endodermal (hepato-
cytes!819, insulin-producing pancreatic beta cells20:21) lineages.
In addition, when they are grafted into animals with tissue dam-
age, BMSCs have been shown to spontaneously differentiate into
and function as tissue-specific cells that replenish lost cells in vivo;
therefore, BMSCs are presumed to act as the ‘repairing cells’ This in
vivo spontaneous differentiation has been demonstrated in skeletal
muscle cells?2, cardiac muscle cells?3, neuronal cells?4, retinal cells?5,
keratinocytes26 and hepatocytes?” after grafting, but as the efficiency
of integration and differentiation is generally low, it is believed that
only a particular subset of BMSCs can lead to such reparative effects.
The similar differentiation abilities of mesenchymal cell popula-
tions have also been reported in adipose tissue28, synovial tissue2?,
dental pulp30, umbilical cord3! and dermis32.

The above findings suggested that MSCs include a particular
subset of stem cells that have the triploblastic differentiation abil-
ity that can give rise to various types of cells of all three germ
layers and that can function as tissue-repairing cells in vivo.
However, the ‘stemness’ of such cells has not been fully eluci-
dated. The term ‘MSCs’ is generally used to represent cells that
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are collected from mesenchymal tissues by adherent culture,
and therefore they are not composed of a single cell type but
of crude heterogeneous cell populations. Classification as stem
cells requires the presence of two fundamental properties:
differentiation and self-renewal3. The triploblastic differentiation
ability of MSCs mentioned above has largely been demonstrated
by studies using crude heterogeneous MSCs, whose self-renewal
property has not clearly been demonstrated3435. Although there
are some reports demonstrating the self-renewal property of a
particular stem cell population of the MSCs, the differentiation
ability presented in these studies was not triploblastic36:37. For
these reasons, it has long been debated whether a specific stem
cell population that shows both triploblastic differentiation and
self-renewal capacity exists among MSCs%38.

Properties of Muse cells

Recently, we used a clonal analyis to identify a specific cell popula-
tion that has a capacity for self-renewal and triploblastic differ-
entiation similar to that of pluripotent stem cells in adult human
mesenchymal cell populations3°. We refer to this specific stem cell
fraction as Muse cells because of their particular broad-ranged
differentiation ability and stress tolerance. They can be collected as
cells that are double-positive for the pluripotency marker SSEA-3
and the mesenchymal cell marker CD105 from commercially avail-
able mesenchymal cell populations, such as adult human BMSCs
and dermal fibroblasts, or they can be collected from the mono-
nuclear cell fraction of fresh adult human bone marrow aspirates.
These cells express other pluripotency markers and have the prop-
erty of self-renewal. A single Muse cell is able to give rise to not
only mesodermal-lineage cells such as osteocytes, chondrocytes,
adipocytes, smooth muscle cells and skeletal muscle cells but also
ectodermal and endodermal cells such as neurons, epidermal cells,
hepatocytes and biliary cells. Although these capacities of Muse
cells are considered similar to those of other pluripotent stem cells,
it is notable that, in contrast to embryonic stem (ES) cells or iPS
cells, Muse cells are not immortal in culture or tumorigenic in vivo.
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a

Isolation and cultivation of Muse cells from mesenchymal cells by FACS
Step 1, preparation of mesenchymal cells (choose option A or B)
Option A, culture of mesenchymal cell populations (BMSCs, dermal fibroblasts)
Option B, preparation of fresh bone marrow—derived mononuclear cells
Steps 2-9, isolation of Muse cells by FACS
Step 10, M-cluster formation in suspension culture (choose option A or B)
Option A, single-cell suspension culture
Option B, MC culture

Steps 11-17, adherent culture

b

Evaluation of the self-renewal property of Muse cells

Step 1, preparation of mesenchymal cells (choose option A or B)
Option A, culture of mesenchymal cell populations (BMSCs, dermal fibroblasts)
Option B, preparation of fresh bone marrow—derived mononuclear cells

Steps 2-9, isolation of Muse cells by FACS

Step 10A, M-cluster formation in suspension culture ¢
Step 18, evaluation of Muse cells in M-clusters
Step 19A, spontaneous differentiation on a gelatin-coated coverslip

Step 20, detection of cell differentiation marker

Steps 11-17, adherent culture

Steps 2-9, isolation of Muse cells by FACS

C

Evaluation of the triploblastic differ

ity of FACS-isolated Muse cells

Step 1, preparation of mesenchymal cells (choose option A or B)
Option A, culture of mesenchymal cell populations (BMSCs, dermal fibroblasts)
Option B, preparation of fresh bone marrow—derived mononuclear cells
Steps 2-9, isolation of Muse cells by FACS
Step 19, differentiation of FACS-isolated Muse cells (choose option A or C)
Option A, spontaneous differentiation on a gelatin-coated coverslip
Option C, induced differentiation into mesodermal, endodermal and ectodermal lineages

Step 20, detection of cell differentiation markers

d

E ion of the trip ic differentiation capacity of Muse cells in M-clusters

Step 1, preparation of mesenchymal cells (choose option A or B)
Option A, culture of mesenchymal cell populations (BMSCs, dermal fibroblasts)
Option B, preparation of fresh bone marrow—derived mononuclear cells
Steps 2-9, isolation of Muse cells by FACS
Step 10B, MC culture
Step 19, differentiation of Muse cells derived from M-clusters (choose option A or B plus C)
Option A, spontaneous differentiation on a gelatin-coated coverslip
Option B plus option C, induced differentiation

Step 20, detection of cell differentiation markers

Figure 1 | Schematic overview of isolation, cultivation and evaluation of Muse cells.

Their telomerase activity is as low as that detected in adult dermal
fibroblasts, and they do not form teratomas when transplanted
into the testes of immunodeficient mice, as is often observed after
transplantation of ES cells or iPS cells. In vivo, Muse cells can
integrate into damaged tissues and spontaneously differentiate
into tissue-specific marker—expressing cells according to the micro-
environment when transplanted into animal models of fulminant
hepatitis, skeletal muscle injury and skin injury3?. Therefore, Muse
cells are suggested to be the ‘repairing cells’ that have been postu-
lated to exist among MSCs3°. Another remarkable advantage of
Muse cells is that they can be an efficient and practical cell source
for iPS cell generation®0. Adult human dermal fibroblast—derived
Muse cells generated iPS cells with 30-fold higher efficiency than
naive fibroblasts did, whereas cells other than Muse cells failed to
form iPS cells, suggesting that Muse cells are virtually the original
cell source for iPS cells among human dermal fibroblasts*°. The
unique capacities of Muse cells, including triploblastic differen-
tiation, self-renewal, tissue repair without tumorigenic activity
and high iPS cell-generation efficiency have great benefits not
only in regenerative medicine but also in basic research into, for
example, the full characterization of MSCs and the mechanisms
of iPS cell generation.

Adult human mesenchymal tissues such as the bone marrow
and dermis are known to contain several kinds of stem or pro-
genitor cells such as multipotent adult progenitor cells, very small
embryonic-like stem cells, marrow-isolated adult multilineage
inducible cells, skin-derived precursors and CD146* osteopro-
genitors!841-47, some of which are known to express pluripotency
markers and are reported to have triploblastic differentiation abil-
ity similar to that of Muse cells!8:41-45. However, the triploblastic
differentiation ability of these stem cells has not been demon-
strated at a single-cell level, as has been shown in Muse cells*), so
that pluripotentcy in the above-mentioned cell types has been, in
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the strict sense, an open question. The expression pattern of cell
surface antigens in these stem cells is quite different from that
in Muse cells, and, in particular, none of these stem cells express
SSEA-3, by which Muse cells can be isolated directly from the adult
mesenchymal tissue such as fresh bone marrow. Besides, when
transplanted into the injured or degenerative tissues, Muse cells
show high tissue-repairing activity, by which 80% or more Muse
cells can differentiate into tissue-specific cell types, and they can
replenish lost cells in damaged tissues3®. A similarly high tissue-
repairing activity has not been reported in the above-mentioned
stem or progenitor cells. Thus, Muse cells are considered a dis-
tinct cell population from previously reported stem or progenitor
cells among mesenchymal cell populations. Although some of the
properties of Muse cells, namely self-renewal, triploblastic dif-
ferentiation in vitro and tissue-repairing effect in vivo, have been
clarified39:49, future studies are required to elucidate the specific
behavior of endogenous Muse cells, including the self-renewal
property that has been demonstrated in a particular cell popula-
tion of BMSCs46:47, as well as their broad-ranged differentiation,
the biological significance of the expression of pluripotency mark-
ers and the correlation between Muse cells and other tissue stem
or progenitor cells.

Experimental design

We present here the protocol for isolation, cultivation and
evaluation of Muse cells. A summary of our protocol is shown
in Figure 1. We first describe the methods for preparation of
mesenchymal cells (Step 1). In this section, the detailed pro-
tocol for culturing BMSCs and dermal fibroblasts is described
(Step 1A), because the viability and isolation efficiency of Muse
cells are highly dependent on the basic culture method of these
mesenchymal cells. As Muse cells can be isolated from mononu-
clear cells from fresh bone marrow, the protocol for preparing





