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Original Article
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After intra-arterial delivery in the dystrophic dog, allogeneic
muscle-derived stem cells, termed MuStem cells, contribute
to long-term stabilization of the clinical status and preserva-
tion of the muscle regenerative process. However, it remains
unknown whether the human counterpart could be identified,
considering recent demonstrations of divergent features be-
tween species for several somatic stem cells. Here, we report
that MuStem cells reside in human skeletal muscle and display
a long-term ability to proliferate, allowing generation of a clin-
ically relevant amount of cells. Cultured human MuStem
(hMuStem) cells do not express hematopoietic, endothelial,
or myo-endothelial cell markers and reproducibly correspond
to a population of early myogenic-committed progenitors
with a perivascular/mesenchymal phenotypic signature,
revealing a blood vessel wall origin. Importantly, they exhibit
both myogenesis in vitro and skeletal muscle regeneration after
intramuscular delivery into immunodeficient host mice.
Together, our findings provide new insights supporting the
notion that hMuStem cells could represent an interesting ther-
apeutic candidate for dystrophic patients.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked recessive
muscle disorder that represents the most common form of muscular
dystrophy, affecting about one in 3,500–5,500 male births.1,2 It is
caused by mutations in the dystrophin gene, which give rise to
the protein lack, resulting in myofiber degeneration, followed by
severe fibrosis.3 This leads to progressive muscle weakness and
premature death near 30 years of age.4,5 Currently, there is no effec-
tive treatment, despite the development of pharmacological strate-
gies, molecular-based ones (such as viral-based transfer of short
form of dystrophin or oligonucleotide-induced exon-skipping),
and cell therapy.6
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Concerning the last one, intramuscular (IM) injections of murine7,8

or human9,10 myoblasts generated encouraging results, with demon-
stration of cell fusion and dystrophin restoration in the murine DMD
model, i.e., themdxmice. The first clinical studies, however, produced
very limited successes, failing to deliver significant levels of dystro-
phin and to demonstrate clinical benefit.11,12 Later, specific condi-
tions of cell delivery and immunosuppression, corresponding to a
“high-density injection” protocol and the use of tacrolimus, were
defined in suitable animal models13 to adequately take into account
the acute immune rejection,14 poor survival,15,16 and low migration17

of injected cells advanced to explain the disappointing initial results.
Phase IA clinical trials designed with these appropriate conditions in
DMD patients unequivocally demonstrated a significant increase
of the engraftment efficiency, with up to 34.5% myofibers expressing
donor-derived dystrophin at the injection sites for a long period.18–21

Although myoblast transplantation could be an elective treatment for
small and accessible muscles, it seemed quite inappropriate to treat
numerous large ones, considering the migration of myoblasts and
the potential invasiveness of the injection protocol, which prompted
the search for alternative cell types.

Over the past 15 years, several cell types distinct from satellite cells
(SCs) have been described as exhibiting myogenic fate after engraft-
ment into damaged or diseased muscle (Table S1).22–99 After IM or
intra-arterial (IA) injection in scid/mdx mice, blood- and muscle-
derived CD133+ cells were able to participate in muscle regeneration
ary 2018 ª 2017 The American Society of Gene and Cell Therapy. 1
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and colonize the SC niche.30,32 Such cells were even more effective
than myoblasts when injected intramuscularly in Rag�/�/gC�/�/
C5�/�mice.35 Successively, intravenous (i.v.) delivery in lethally irra-
diated mdx mice of total bone marrow cells or a Hoeschst 33342-
stained subpopulation of bone marrow cells called side population
cells resulted in cell integration into skeletal muscle and formation
of up to 4% dystrophin+ myofibers.39,40 Human mesoangioblasts
(Mabs)/pericyte-derived cells crossed the vessel barrier following IA
injection in scid/mdx mice and colonized host muscle, where they
generated numerous dystrophin+ myofibers and replenished the SC
pool.57 In addition, IA delivery of wild-type canine Mabs resulted in
muscle homing, dystrophin expression recovery, and improvement
of muscle function as well motility in Golden Retriever muscular dys-
trophy (GRMD) dogs that represent the clinically relevant DMD
model.56 Following IM or IA injections in mdx mice, murine mus-
cle-derived stem cells (MDSCs) (preplated cells that adhered between
96 and 168 hr) exhibited an improved ability to restore dystrophin
expression compared to myoblasts.67 Similarly, human adipose-
derived stem cells (ADSCs) reached skeletalmuscle, engrafted, and ex-
pressed dystrophin after local or systemic delivery in mdx mice or
GRMD dogs.81,86 IM injection of myogenic endothelial cells in scid/
mdx mice was shown to give rise to efficient myofiber regeneration
and dystrophin restoration.91 Finally, PW1+ interstitial cells (PICs)
were shown to generate new myofibers, SCs, and PICs following
engraftment into damaged muscle.100 Together, these compelling re-
sults have opened up novel therapeutic opportunities for muscular
dystrophies to face the limited efficacy of myoblast transplantation.

However, several major obstacles have hindered the development of
analogous approaches in clinically relevant models or clinical trials.
Analysis of muscle biopsies from a DMD patient who received
bone marrow transplantation 13 years before for X-linked severe
combined immune deficiency revealed a very limited ability of donor
cells to integrate myofibers and produce dystrophin.42 Also, wild-type
bone marrow cell transplantation did not restore dystrophin expres-
sion or improve muscle function in GRMD dogs.44 Following umbil-
ical cord blood cell transplantation done in a DMD patient to treat
chronic granulomatous disease, neither donor cell engraftment nor
dystrophin expression was observed.47 A modest regenerative index
was observed after IM injection of human MDSCs (preplated cells
that adhered between 48 and 120 hr) in scid/mdxmice.70 In addition,
a lack of demonstration of effective integration into myofibers was
determined after IM injection of muscle-derived CD133+ cells in
DMD patients, which nevertheless can largely be due to the fact
that the graft was autologous, making the location of cells and poor
number of injected cells difficult.33 Importantly, a phase I/IIa clinical
trial consisting of multiple IA infusions of human leukocyte antigen
(HLA)-matched donor Mabs/pericytes into immunosuppressed
DMD patients pointed on a very low level of donor cell engraftment,
with no or only a few dystrophin+ myofibers as well as a lack of any
functional improvement.63

In 2011, we isolated MDSCs as preplated cells that adhered between
120 and 192 hr (we named them cMuStem cells) from healthy dogs
2 Molecular Therapy Vol. 26 No 2 February 2018
and established that their systemic delivery into immunosuppressed
GRMD dogs was associated with a striking and persistent clinical
stabilization.96 Concomitantly, a positive histological impact was
determined with long-term and diffuse dystrophin expression,
increased regeneration activity characterized by a persistent presence
of developmental myosin+ myofibers, and reduced endomysial space.
In parallel to modifications in both lipid homeostasis and energy
metabolism processes, an enhancement of the ubiquitin-dependent
protein degradation pathway, the structural interactions between my-
ofibers and the extracellular matrix, and the oxidative stress response
was also shown though transcriptomic and proteomic studies.97–99

These preclinical data positionedMuStem cells as a possible attractive
therapeutic avenue for DMD patients. Here, we report for the first
time the isolation of human MuStem cells (hMuStem cells) based
on an adaptation of the protocol initially developed for canine muscle.
In addition, we provide an extensive analysis of their phenotype as
well as in vitro/in vivo behavior. Overall, we demonstrate in vitro
myogenesis and a muscle regenerative potential of hMuStem cells,
reinforcing the fact that they could be presented as a therapeutic
option in view of clinical application.

RESULTS
hMuStem Cells Reside in Adult Skeletal Muscle and Exhibit a

High Proliferation Rate

MuStem cells were initially isolated from a pool of posterior limb
and postural muscles of 2.5-month-old healthy dogs.96 To analyze
whether a similar muscle-resident cell subset could be identified
in humans, we performed experiments using a modified version
of our original protocol, as shown in Figure S1. We isolated
hMuStem cells from small biopsies of postural (pP; Longissimus
dorsi) muscle or locomotor (pL; Gastrocnemius, Fascia lata tensor,
and Vastus lateralis) muscles (n = 3 each) collected from 15- to
51-year-old male (n = 4) or female (n = 2) subjects free from a
known muscle disease. 5 days after the first plating, floating cells,
corresponding to 0.9 � 105 to 1.8 � 105 cells per gram of muscle,
were seeded on new gelatin-coated plastic to finally obtain a mar-
ginal fraction of poorly adherent cells, corresponding to hMuStem
cells 3 days later. These cells remained as small round cells for
the following 7 days independently of the source of the tissue sam-
ples from which they were collected. After that, they started to pro-
liferate as pseudo-clonal cultures composed of poorly adherent cells
(Figure 1A), some of which clearly remaining in the supernatant as
refractile round cells (Figure 1A, arrows). Although most of the thin
fusiform cells divided to generate spindle-shaped cells, pairs of
round cells were regularly observed during the first step of prolifer-
ation (Figure 1A, inset with arrowhead), revealing their ability to
divide as floating cells. In contrast, myoblasts that adhered between
24 and 96 hr after the initial plating rapidly formed lengthened and
large spindle-shaped cells, for which cell outlines were sometimes
difficult to define (Figure 1B). After two passages, hMuStem-cell-
derived primary cultures were composed of some refractile round
cells (Figure 1C, arrows) and a majority of thin spindle-shaped
ones (Figure 1C, arrowhead). No spontaneous fusion event was
observed despite high confluence of cultures and the presence of



Figure 1. Morphological Features of hMuStem Cells

and Myoblasts

(A) 7 days after the end of the isolation protocol, phase

contrast microscopy revealed that hMuStem cells formed

a colony unit composed of round and thin cells (arrow) as

well as short spindle-shaped cells. A part of the cells re-

mained in the supernatant as floating cells, corresponding

to small and highly refractile cells positioned above

adherent cells (arrowhead in insert). (B) Typical length-

ened and large spindle-shaped cells were observed in

myoblast-derived primary culture. (C) hMuStem-cell-

derived primary culture was characterized by a large

majority of thin elongated cells aligned in networks

(arrowhead) and a permanent presence of some refractile

round cells (arrow). (D) Monolayer of spindle-shaped cells

and thick multinucleated cells characterized the

myoblast-derived primary cultures. Scale bars, 100 mm.
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cell multilayers as well as alignments even after 1 month of culture
(Figure 1C). In contrast, myoblasts generated cell monolayers
composed of much larger and elongated cells as soon as they
reached confluence (Figure 1D).

The in vitro expansion potential is an essential cell feature, especially
when a therapeutic application based on whole body treatment is
considered. hMuStem cells were able to generate a mean cumulative
number of population doubling of 25.5 ± 3.5 over a period of 38 days,
corresponding to a doubling time of 1.5 ± 0.2 days (n = 4; Figure S2).
Interestingly, the rate of expansion was quite homogeneous, despite a
distinct origin of the muscle, age, or gender of the donors. Also, it is in
agreement with those previously described for cMuStem cells and
other muscle-derived progenitor cells (see Discussion).

A clonogenic potential was also demonstrated in vitro for the four cell
batches we tested, although it was limited because we obtained 1–14
clones (25–731 cells per clone) after 30 days from 300 initially seeded
cells. Importantly, the presence of both spindle-shaped cells and
round ones was detected in colonies, as described for the original
primary cultures, which demonstrated atypical division modalities
for the hMuStem cells.
Mo
hMuStem Cells Mainly Correspond to Early

Myogenic-Committed Cells of Perivascular

Origin

To characterize the hMuStem cell population, a
large panel of lineage-specific markers was
investigated using RT-PCR, flow cytometry,
and immunocytochemistry analysis on cells at
passage 5 (P5). First, 2 out of 4 cell batches con-
tainedmore than 99% of cells positive for the SC
and myoblast marker CD56 (NCAM) (CD56+

cell batch; representative profiles are shown in
Figure 2A, top), whereas 69% and 73% of
CD56+ cells were determined in the other cell
batches (CD56+/� cell batch; Figure 2A,
bottom). In contrast, CD29 (b1-integrin), recently shown to be ex-
pressed by human muscle stem cells/SCs,101,102 was homogeneously
detected in all hMuStem cell batches. The same homogeneous expres-
sion profiles were obtained for CD82, another newly identified
marker of SCs103 and myogenic cells displaying high proliferation
and differentiation rates104, and for CD318, also reported to be pre-
sent in SCs.103 45%–93% of the cells were positive for the muscle-spe-
cific marker desmin. RT-PCR analysis showed a lack of the paired box
transcription factor PAX7 mRNA in all hMuStem cell batches,
whereas PAX3, M-cadherin (CDH15), and C-MET transcripts, corre-
sponding to classical markers of SCs andmyogenic cells, were system-
atically detected (Figure 2B). In addition, hMuStem cells expressed
the myogenic regulatory factors (MRFs) MYF5, MYOD1, MRF4,
and myogenin (MYOG) at the RNA level, which was implemented
at the protein level by the detection of MYF5+ cells (range:
14%–40%), MYOD+ cells (less than 14%), and few myogenin+ ones
(less than 5%).

Multi-labelings with CD56 and well-described perivascular cell
markers evidenced that CD56+ cells contained at least 86% of
CD140b+, whereas CD56� cells were all CD140b+ (Figure 2C). Both
cell types exhibited similar CD146 expression patterns, with around
lecular Therapy Vol. 26 No 2 February 2018 3
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25% of CD146+ cells, and interestingly expressed the mesenchymal
progenitor marker CD201, but with a higher intensity in the CD56+

cells. In return, the other typicalmesenchymal stemcell (MSC)markers
CD44, CD73, CD90, and CD105 were homogeneously observed in all
hMuStem cells (Figure 2D). Lastly, hMuStem cells did not express the
classical hematopoietic markers CD34, CD45, and CD117 and were
consistently defined by a lin� phenotype based on the expression of
CD4, CD8, CD19, CD33, andCD38 antigens (Figure S3A). In addition,
they were uniformly negative for the expression of the endothelial
markers CD31, CD144, vascular endothelial growth factor receptor 1
(VEGFR1), and VEGFR2 (Figure 2D). Interestingly, the same profiles
were observed for CD15, CD133, and CD338, which are commonly
used to identify myo-adipogenic cells, AC133+ cells, and side popula-
tion ones (Figure S3B). Overall, we showed that the hMuStem cell
population mainly corresponded to early myogenic-committed
progenitors, with expression of several typical SCmarkers and a signa-
ture of perivascular mesenchymal cells evoking a pericyte origin.

hMuStem Cells Display an Oligopotent Status

We next investigated the degree of plasticity of the hMuStem cells.
First, the in vitro differentiation potential into mesodermal lineages
of cells at P5 was examined. After 7 days in low serum “fusion
promoting” medium, all hMuStem cell batches formed multinucle-
ated myotubes expressing sarcomeric myosin heavy chain isoform
(sarcMyHC) and displayed a fusion index (FI) of 28% ± 3.0%,
revealing their ability to differentiate into the myogenic lineage (Fig-
ure 3A). Their differentiation into adipocytes was revealed with the
cytoplasmic accumulation of small lipid vesicles in all hMuStem-
cell-derived cultures 2 weeks after their switch in adipogenic induc-
tion media using oil red O staining (Figure 3B). Also, adiponectin
and lipoprotein lipase (LPL) mRNAs were detected by RT-PCR (Fig-
ure 3C). Alizarin red staining indicated the formation of calcium
deposits in all cultures when cultivated for 3 weeks in osteogenic
induction media, revealing the ability of hMuStem cells to differen-
tiate into osteogenic lineage (Figure 3B). In addition, expression of
the osteogenic-specific gene, osteoprotegerin (OPG), was detected
by RT-qPCR (mean cycle threshold [CT] of 26.4 ± 1.8). Finally, we
showed that hMuStem cell populations cultivated in endothelial-
specific medium and plated on Matrigel aligned and formed capil-
lary-like structures (Figure 3D). In return, they did not express the
endothelial markers CD31, CD144, and von Willebrand factor
(VWF), demonstrating that they failed to commit into endothelial
lineage (Figure S4).
Figure 2. Cell Lineage-Specific Phenotype of hMuStem Cells

(A) Immunolabelings against CD56, CD29, CD82, CD318, and desmin were performed

of a representative cell batch (n1) made exclusively of CD56+ cells, whereas the lower li

and specific signal are in white and gray, respectively. For labelings done on culture c

100 mm. (B) Detection of transcripts specific to SC and myogenic cell markers on the

RPS18 were used as positive control (T+) and housekeeping gene, respectively. (C) Rep

and CD146) and mesenchymal (CD201) markers in gated CD56+ and CD56� cells. Isoty

flow cytometry profiles revealing the homogeneous expression of MSC markers CD44

hematopoietic (CD34, CD45, and CD117) and endothelial (CD31, CD144, VEGFR1, and

and gray profiles, respectively.
Finally, we addressed the expression profile of the pluripotent stem
cell markers. All hMuStem cell batches expressed KLF4 and NANOG
mRNAs (respective mean CT values of 26.9 ± 1.3 and 30.9 ± 1.0),
whereas OCT-4A transcripts were not detected (Figure 3E). Also,
SOX2 transcript was only detected in a single cell batch upon 4. At
the protein level, KLF4 and NANOG were respectively expressed by
95% ± 3% and 83% ± 10% of hMuStem cells (Figure 3F). Taken
together, our results indicated that hMuStem cells correspond to
oligopotent cells and not to pluripotent ones.

CD56+ Subset in hMuStem Cell Population Exhibits a Higher

Myogenic Commitment In Vitro

To deepen the characterization of the hMuStem cell population,
CD56� cells that could be detected in some cell batches as a minor-
ity fraction were investigated. For that, CD56+ and CD56� cells
(n = 4) were separated by magnetic microbeads and analyzed on
the basis of their expression for MRFs and desmin as well their
ability to fuse in vitro (Table 1). The MYF5+ cells represented
4.6%–27.0% of the cells among CD56+ cells and only 1.9%–3.5%
in CD56� cells (Mann-Whitney; p < 0.03). In addition, less than
1% MYOD+ cells and a lack of myogenin+ cells were detected in
both cell fractions. Desmin was expressed by 49.0%–98.0% of
CD56+ cells compared to 8.0%–35% desmin+ cells among the
CD56� ones (Mann-Whitney; p < 0.03). When switched into
myogenic differentiation medium, sorted CD56+ cells gave rise to
multinucleated myotubes after 7 days, which was illustrated by FI
ranging from 5% to 23% (Table 1). In contrast, sorted CD56� cells
only formed thin myotubes, with a lower number of nuclei, as
revealed by a FI < 3.5% (Mann-Whitney; p < 0.03). Overall, these
results showed that CD56+ and CD56� hMuStem cells differed
in vitro in their myogenic capacities, the CD56� cells displaying
a lower capacity to give rise to myogenic cells, and differentiate
into myotubes compared to CD56+ cells, which correspond to
more committed myogenic cells.

hMuStem Cells Participate in Regeneration of Injured Muscles

The in vivo behavior of hMuStem cells was investigated, especially
in terms of contribution to muscle regenerative capacity. Two
CD56+ cell batches (corresponding to n1 and n3 generated from
pP and pL muscle, respectively) were considered and compared to
2 CD56+/� cell batches (n2 and n4 from pP and pL muscle, respec-
tively) to determine if the presence of these CD56� cells, defined by
a lesser in vitro myogenesis, may affect the global myogenic capacity
on hMuStem cells (P5) cultivated in growth medium. The upper line shows the profile

ne depicts a representative cell batch (n2) containing CD56+/� cells. Isotype control

hamber slides, nuclei were counterstained with 10 mg/mL DAPI (blue). Scale bars,

two representative CD56+ (n1) and CD56+/� (n2) cell batches (P5). Myoblasts and

resentative flow cytometry images revealing the expression of perivascular (CD140b

pe control and specific signal are in white and gray, respectively. (D) Representative

, CD73, CD90, and CD105 by hMuStem cells and the lack of expression for the

VEGFR2) markers. Control- and specific antibody-stained cells are shown in white
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Figure 3. Multilineage Potential and Pluripotent Phenotype of Long-Term Cultured hMuStem Cells

(A) Cultured hMuStem cells were grown in low-serummedium for 7 days, then fixed and submitted toMay-Grümwald Giemsa (MGG) staining and sarcMyHC immunolabeling

to reveal multinuclei myotubes. hMuStem cells placed on growth mediumwere used as negative control. Fusion index was calculated on sarcMyHC+myotubes. Nuclei were

counterstained with 10 mg/mL DAPI (blue). Scale bars, 100 mm. (B) Top: after 14 days in adipogenic induction medium, the differentiation of hMuStem cells was assessed by

detection of lipid vesicles through oil red O staining. Bottom: at 80% of confluency, hMuStem cells were placed in osteogenic differentiation medium for 21 days. Alizarin red

staining revealed the formation of calcium deposits. Scale bars, 100 mm. (C) RT-PCR revealed the presence of adiponectin and LPL RNA on hMuStem cells only after the

adipogenic induction. (D) hMuStem cells were cultivated in endothelial medium for 7 days before being plated with a Matrigel coating for a further 3 days. Phase contrast

microscopy revealed the formation of capillary-like structures. Scale bars, 300 mm. (E) Expression of classical pluripotent marker mRNA. (F) Immunolabelings against KLF4

and NANOG were performed on hMuStem cells (P5) cultivated in growth medium. Nuclei were counterstained with 10 mg/mL DAPI (blue). Scale bars, 50 mm. MSCs, human

umbilical vein endothelial cells (HUVECs) and iPSCs were used as positive controls for (B)–(D) and (E) and (F), respectively.
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in vivo of the hMuStem cell populations. Two hundred and fifty
thousand hMuStem cells were injected into cryodamaged TA mus-
cles of Rag2�IL2rb� mice (n = 3 per cell batch). 3 weeks later, he-
matoxylin-eosin-saffron (HES)-stained sections from each injected
muscle displayed numerous centronucleated myofibers (insets, Fig-
ures 4A and 4B) and large foci rich in mononucleated cells (Figures
6 Molecular Therapy Vol. 26 No 2 February 2018
4A and 4B). Rare fibroblasts, macrophages, and lymphocytes were
also noted. The amount of endomysial tissue enriched in a lightly
basophilic matrix and mixed with some collagen fibers (stained in
yellow by saffron) was mildly increased. Specific human lamin
A/C immunolabeling showed the presence of a similar number of
donor nuclei in the different muscles injected with the four cell



Table 1. Phenotypic Analysis of Sorted CD56 Cells Present in hMuStemCell

Population

Sorted CD56+ Cells Sorted CD56� Cells

MYF5 4.6%–27% 1.9%–3.5%

MYOD 0%–1% ND

Desmin 49%–98% 8.0%–35%

Fusion index 5%–23% 0%–3.5%

Percentage of MYF5-, MYOD-, and desmin-positive cells was determined in sorted
CD56 cells (n = 4 per fraction). Eight randomly selected fields were used to analyze
at least 300 cells and determine the proportion of cells positive for each of the myogenic
markers. Fusion index was determined after 7 days of myogenic differentiation by deter-
mining the percentage of nuclei within sarcMyHC+ myotubes (>2 nuclei) in two
random fields per well in three replicate wells. At least 1,199 nuclei per well were consid-
ered. ND, not detected.
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batches, revealing the ability of both CD56+ and CD56+/� hMuStem
cells to integrate into the host injured tissue (Figures 4C and 4D).
The percent of donor nuclei displaying a cytoplasmic location was
48.5% ± 9.18% and 80.1% ± 6.30% in muscles injected with cell
batches made of exclusive CD56+ cells, whereas it was 20.2% ±

3.35% and 13.8% ± 6.19% for those receiving cell batches in which
CD56� cells were found (Table 2; Figure S5). Interestingly, this dis-
tribution analysis of human lamin A/C+ nuclei revealed that CD56+

hMuStem cell batches contributed significantly more to myofiber
formation than those exhibiting CD56� cell fraction (Kruskal-
Wallis; p < 0.001). Human-specific MYF5, MYOD1, MYOG, and
CDH15 mRNAs were detected in all injected muscles, revealing
the ability of the hMuStem cells to differentiate in vivo into
myogenic cells (Figure S6). Furthermore, the presence of cyto-
plasmic donor nuclei was associated with expression of the human
spectrin protein and dystrophin one, although less frequently due to
their late maturation (Figures 4E–4H, inset). Thus, the mean num-
ber of human spectrin+ myofibers per section was 97.7 ± 51.7 and
149 ± 36.8 in muscles injected with CD56+ cell batches compared
to 58.3 ± 16.1 and 48.4 ± 19.2 for those injected with CD56+/�

cell batches. For human dystrophin, the mean number of positive
myofibers per section represented 29.7 ± 26.8 and 40.4 ± 26.8 for
CD56+ cell batches. In comparison, it was 9.40 ± 7.04 and 5.00 ±

6.24 for CD56+/� cell batches (Table 2; Figure S5). Interestingly,
the numbers of human spectrin+ and dystrophin+ myofibers per
section were systematically higher in the muscles injected with
exclusive CD56+ hMuStem cells, revealing a better myogenic
commitment for them. In addition, confocal microscopy analysis
indicated that hMuStem cell nuclei were rarely observed in the SC
location, with less than 2.50% of human lamin A/C+ nuclei being
found in this position in all injected muscles (Figures 4I–4L; Table 2;
Figure S5). Finally, hMuStem cells with an interstitial location never
expressed the endothelial marker CD31 (data not shown).

Taken together, these results gave evidence that the incorporation of
hMuStem cell nuclei into host myofibers is effective and associated
with both expression of human muscle-specific genes and production
of structural proteins expressed in differentiated myofibers. hMuStem
cells exhibit an in vivomuscle regenerative capacity whose intensity is
directly associated with their content in CD56+ cells.

DISCUSSION
Over the last few years, several adult stem cell populations were pre-
sented experimentally as having a myogenic potential in the muscular
dystrophy context, suggesting that their clinical use could allow sur-
mounting of the major limitations of the myoblast transplantation.
However, when protocols were developed with these cells of human
origin60,70,80 using a clinically relevant animal model78,86 or in a clin-
ical trial63, the initially described regenerative potential was unfortu-
nately not confirmed. These works pointed out the difficulties of
translating from preclinical studies to clinical trials and the need to
carefully define standardized experimental protocols.

hMuStemCellsCouldBe Isolated fromSkeletalMuscle Tissue of

a Different Source

Canine MuStem cells have been previously obtained from large sam-
ples of young healthy dog limb muscles.96 Based on an adaptation of
this protocol, we report here that human MuStem cells could be suc-
cessfully isolated from small biopsies of postural or locomotor mus-
cles of 15- to 51-year-old women and men donors. Like cMuStem
cells, all hMuStem cell batches generated a polyclonal population
morphologically composed of predominantly spindle-shaped flat
cells and some round cells. hMuStem cell-derived primary cultures
were able to produce more than 20 population doublings in
38 days, revealing their extended proliferation capacity in vitro.
This result is in agreement with those previously presented for
cMuStem cells as well as for human myosphere-derived progenitor
cells (MDPCs) and freshly isolated muscle AC133+ cells that could
undergo more than 40 population doublings before the onset of
senescence105 and 25 population doublings in 50 days of culture,35

respectively. Whether the age and the gender of donors influence
the morphological and behavioral features of hMuStem cells still
needs to be addressed by considering a higher number of cell batch
because these parameters were previously shown to affect the features
of other adult-derived stem cells, such as MDSCs,106 ADSCs, and
MSCs.107,108

hMuStem Cells Predominantly Correspond to Early Myogenic-

Committed Progenitors with a Perivascular Origin

Based on a panel of SC and muscle-specific markers, we established
that cultured hMuStem cells are mainly early myogenic-committed
progenitors, as previously shown for canine cells.96 Consistently,
hMDSCs defined as preplated cells adhering between 48 and
120 hr70 or after 96 hr71 were characterized as being CD56+ and ex-
pressing MYF5, MYOD1, or MYOG at the RNA level. In the last
few years, Peault’s group58,109 proposed that adult stem cells identi-
fied inmultiple human organs could be related to a common ancestor,
corresponding to perivascular cells expressing MSC markers. Like
long-term cultured human perivascular cells, we determined that
in vitro expanded hMuStem cells express the pericyte markers
CD146 and CD140b, the recognized MSC markers, but not the
markers of hematopoietic and endothelial cells. These results evoke
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Figure 4. Contribution of Both Long-Term Cultured CD56+ and CD56+/–

hMuStem Cells to Myofiber Regeneration

hMuStem cell batches (P5) made exclusively of CD56+ cells (left) or containing a

CD56� cell fraction (right) were injected into cryodamaged TA muscle of

Rag2�IL2rb� mice. (A–L) 3 weeks later, frozen sections of recipient muscle were

submitted to HES staining (A and B) and co-labeled with specific Abs against human

lamin A/C (red; C–J), murine dystrophin (green; C and D and I–L), murine laminin

(light blue, I–L), human spectrin (red; E and F), and human dystrophin (red; G and H).

(C–L) All nuclei were counterstained using DAPI (dark blue). Foci of regeneration

composed of numerous centronucleated fibers (inset, A and B) and scattered

mononucleated cells were observed. A large number of human nuclei were found in

muscle tissue (C and D). Also, numerous human spectrin+ and dystrophin+ fibers

were detected. Insets (E–H) show the presence of myofibers characterized by both

detection of cytoplasmic donor nuclei and human spectrin or dystrophin expres-

sion. In return, hMuStem cells were rarely found in a satellite cell location (arrow-

head, I–L). Scale bars, 100 mm (A–D), 150 mm (E–H), and 50 mm (I–L).
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a possible blood vessel wall origin for the hMuStem cells. The high
expression we observed for the MSC markers is consistent with the
description done for hMDPCs and hMDSCs isolated by a similar
preplating technique from muscle biopsies of subjects with no
known muscle disease.70,71 Based on their broad expression of endo-
thelial markers, it was hypothesized that hMDPC subsets may orig-
inate from blood vessels110 and correspond to myo-endothelial
cells.92 Our present results clearly indicate that it is not the case
for the hMuStem cells. Also, a major difference between hMuStem
cells and human pericytes concerns their myogenic expression
pattern. Although freshly isolated or long-term cultured muscle-
derived perivascular cells neither expressed the CD56 protein nor
the PAX7, MYF5, MYOG, and M-CDH15 transcripts,57,58 cultured
hMuStem cells were defined by their expression of several muscle-
specific markers. Interestingly, human muscle-derived cell (MDC)
preparations obtained as previously described for pericytes were
defined as containing a CD56+ cell subpopulation (ranged from
1.5% to 47%) and expressing PAX3, MYF5, and MYOD1 mRNAs.60

Only few preparations expressed PAX7. In agreement with these
data, we detected PAX3, MYF5, and MYOD1 mRNAs in all
hMuStem cell batches, whereas we did not observe PAX7 expres-
sion. In return, the fraction of CD56+ cells is lower in the MDCs
and much more heterogeneous than the one obtained for the
hMuStem cell populations (69%–99%). Similarly, 76% of CD56+

cells were detected in the hMDPCs.71 Considering the concomitant
high expression of several robust markers of human SCs, such as
CD56 and CD29,102 we determined for the hMuStem cells, it is
quite intriguing to note a lack of the canonical SC transcription fac-
tor PAX7. It is noteworthy that the expression of Pax7 like Myf5
and MyoD was shown to decrease with time in culture in MDC
preparation.60 Also, in myogenic cell cultures derived from human
fetal muscle, PAX7 expression was shown to be low or undetectable
at the proliferative myoblast stage.111 Thus, the lack of Pax7 expres-
sion might be related to the high proliferative status of hMuStem
cells. Interestingly, the existence of a small fraction of PAX7� SCs
was previously described, revealing that PAX7 is not absolutely ex-
pressed in all human SCs.104,111 A hypothesis might be that the
hMuStem cells correspond to these marginal SCs that would have
a distant perivascular affiliation.



Table 2. Histological Analysis of Cryodamaged TA Muscles of Rag2–IL2rb– Mice following Intramuscular Injection of hMuStem Cells

Cell Batch Cell Batch
Number

Mice Number hLamin A/C+ Nuclei hSpectrin+ Myofibers
with hLamin A/C+

Nuclei

hDystrophin+

Myofibers with
hLamin A/C+ Nuclei

hLamin A/C+ Nuclei
No. per Muscle

Tissue Distribution (%) No. of Myofibers per Section

Cytoplasmic
Location

Satellite Cell
Location

Interstitial
Location

CD56+

n1

1 9,891 51.3 3.90 44.9 89.6 37.0

2 4,181 38.2 0.70 61.1 50.5 nd

3 2,164 55.9 nd 44.2 153 52.0

mean ± SD 5,412 ± 4,008 48.5 ± 9.18 1.50 ± 2.08 50.1 ± 9.56 97.7 ± 51.7 29.7 ± 26.8

n3

4 30,601 73.7 6.10 20.2 191 62.3

5 17,180 86.3 0.80 13.0 124 48.3

6 10,152 80.3 0.60 19.1 131 10.5

mean ± SD 15,821 ± 10,986 80.1 ± 6.30 2.50 ± 3.12 17.4 ± 3.88 149 ± 36.8 40.4 ± 26.8

CD56+/�

n2

7 12,169 23.5 1.50 75.0 70.4 6.00

8 50,498 20.2 0.40 79.4 64.5 17.5

9 21,312 16.8 nd 83.2 40.0 4.70

mean ± SD 27,993 ± 20,019 20.2 ± 3.35 0.60 ± 0.78 79.2 ± 4.10 58.3 ± 16.1 9.40 ± 7.04

n4

10 7,142 20.9 2.70 76.5 62.8 3.00

11 6,849 9.40 0.50 90.2 26.6 nd

12 21,686 11.2 0.30 88.5 55.8 12.0

mean ± SD 11,892 ± 8,483 13.8 ± 6.19 1.20 ± 1.33 85.1 ± 7.47 48.4 ± 19.2 5.00 ± 6.24

p value (CD56+ versus CD56+/� cells) >0.05 <0.001* >0.05 <0.001* >0.05 >0.05

Four hMuStem cell batches were considered: two with exclusive CD56+ cells (n1 and n3) and two that contain CD56� ones (n2 and n4). Human lamin A/C+ nuclei were counted per
section, and total number of human cells in the muscles was determined based on a linear density by considering the size of the hMuStem cell nuclei and the thickness of the section, as
previously described.35 The cytoplasmic, satellite, and interstitial distribution was expressed as a percentage, whereas human spectrin+ and dystrophin+ myofibers were expressed as the
number of counted myofibers per section. The p value was determined with a Kruskal-Wallis test. * indicates a significant result.
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Based on the lack of CD15/SSEA-1 antigen expression, we addition-
ally found that hMuStem cells do not correspond to the adipogenic
CD56�/CD15+ cells, which are progeny of the myo-adipogenic
CD56+/CD15+ progenitors.112 In vitro, the proliferation of these bi-
potent cells gave rise to CD56+/CD15� progenitors that express
MYF5, but not the SC marker PAX7, as we determined here for the
hMuStem cells. Intriguingly, RT-PCR analysis showed that CD56+/
CD15� cells express PW1/PEG3, which was also detected in all
hMuStem cell preparations. Considering that CD56+/CD15� cells,
which were found in the interstitial compartment of humanmuscle,94

were defined as positive for the MSC markers CD44, CD49, CD90,
and CD146 and negative for the lineage markers CD45, CD106,
CD117, and CD133, we cannot exclude that hMuStem cells could
belong to the CD56+/CD15� cell fraction.

hMuStem Cells Contribute to Muscle Regeneration

In agreement with our previous results obtained with cMuStem cells
after IM injection in GRMD dogs,96 we showed that hMuStem cells
can engraft into host tissue, where they efficiently participate in my-
ofiber regeneration. Indeed, many hundreds of hMuStem cell nuclei
fused with host myofibers were detected, which were associated
with production of human proteins. These data distinguished
hMuStem cells from hMDSCs that were characterized by a modest
regenerative index after transplantation in scid/mdx mice muscles.70

One possible element to explain the difference between these two
cell types may be that the hMDSCs corresponded to cells adhering be-
tween 48 and 120 hr, whereas the hMuStem cells were defined as cells
adhering after 120 hr. Human muscle-derived AC133+ cells also
contributed to extensive muscle regeneration after grafting into
irradiated and cryodamaged TA muscles of Rag2�/g chain�/C5
mice.35,37 These cells efficiently participated in SC formation, with
25% of human nuclei corresponding to SCs, which contrasts with
the modest contribution we determined for the hMuStem cells.
Meng et al.37 demonstrated that AC133+ cells that had undergone
greater in vitro expansion contributed less efficiently to muscle regen-
eration in vivo. How this parameter might influence hMuStem cell
features will have to be addressed in conditions compliant with cell
therapy. We also found that hMuStem cells adopt an interstitial loca-
tion, with a higher rate than cMuStem cells. We can postulate that the
lower ability of hMuStem cells to fuse with host myofibers compared
to cMuStem cells is related not to their intrinsic properties but to the
type of damaged muscle they were injected in. hMuStem cells were
injected in a mouse muscle that was exposed to a single experimental
injury and still contained a normal SC pool. In contrast, cMuStem
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cells were placed in a GRMD dog muscle characterized by continuous
cycles of degeneration/regeneration and architectural alterations with
inflammation, fibrosis, and deposition of non-myogenic mate-
rial,113,114 which could contribute to numerical and/or functional
loss of SCs, as has been described in DMD patients,115–117 mdx
mice models,118–120 and GRMD dogs.121 To investigate whether the
grafted hMuStem cells with interstitial location are able to generate
new human myofibers and so display a myogenic potential, it could
be informative to perform on transplanted mice a second injury pro-
tocol a few weeks following initial cell transplantation, as previously
assessed.102 Intriguingly, a similar ability to give rise to interstitial
cells had been described for the PICs that exhibited a broad range
of gene expression common to MSCs,122 did not express PAX7, dis-
played myogenic potential in vitro, and formed myofibers after
engraftment in damaged mice muscle,100 as we describe here for
the hMuStem cells. Considering that all hMuStem cell batches tested
express PW1mRNA, further experiments may be developed to deter-
mine in what manner they share other biological properties with these
populations.

Concerning the hMuStem cell behavior after IM injection, it is note-
worthy that the higher percentages of fused donor nuclei and human
spectrin+myofibers were found inmuscles injected with the hMuStem
cell batches containing homogeneous CD56 expression, revealing that
the muscle regenerative potential mainly relies on CD56+ cells. These
data, generated on four healthy donorMDC batches, are in agreement
with those obtained for CD56+ and CD56� MDCs isolated as previ-
ously described for pericytes from a DMD patient.60 One difference
found between these CD56+ and CD56� MDCs was their expression
of desmin and MHC, which suggests a more differentiated status of
CD56+ MDCs. Concerning hMuStem cells, a similar difference was
observed in the percentage of desmin+ cells between CD56+ and
CD56� cell fractions, corroborating the notion of a more pronounced
myogenic commitment for the CD56+ cells.

We are currently isolating clinical grade hMuStem cells. Depending
on the pattern of CD56 expression, we will generate an extended anal-
ysis of fractions if required and analyze their ability of muscle homing
after the vascular route. Then, we will measure their contribution to
muscle repair, which is of major interest because disappointing results
were reported after systemic delivery of promising human AC133+

cells and MDCs isolated as previously described for pericytes in
immunodeficient injured mice models.37,60

In conclusion, our results demonstrate that hMuStem cells resemble
cMuStem cells and provide the proof of concept that they display
myogenic features after transplantation in vivo. Thus, hMuStem cells
may represent a promising agent for clinical application in the DMD
context.

MATERIALS AND METHODS
Human Skeletal Muscle Tissue

Samples were obtained from pPmuscle corresponding to Longissimus
dorsi of two females (20 and 22 year old) and one 15-year-old male
10 Molecular Therapy Vol. 26 No 2 February 2018
patient. pL muscles corresponding to Gastrocnemius, Fascia lata
tensor, and Vastus lateralis of 38-, 45-, and 51-year-old male patients
were also sampled. These muscles were chosen to determine if
MuStem cells could be isolated from different tissue origins. Patients
were free of known muscular disease and operated at the Department
of Pediatric Surgery of the Centre Hospitalier Universitaire (CHU)
de Nantes (France). All patients gave written informed consent. All
protocols were approved by the Clinical Research Department of
the CHU (Nantes, France) according to the rules of the French Reg-
ulatory Health Authorities (permit number: MESR/DC-2010-1199).
The biological sample bank was constituted in compliance with the
national guidelines regarding the use of human tissue for research
(permit number: CPP/29/10).

Animals

Immunodeficient Rag2�IL2rb� mice123,124 were housed in the spe-
cific pathogen-free animal facilities at the Faculty of Medicine of
the University Pierre and Marie Curie (UPMC, Paris, France). Mice
were fed ad libitum and allowed continuous access to tap water.
Twelve 5- to 6-month-old mice were used as recipients for human
cell implantation. All experiments were carried out in accordance
with the guidelines from the French National Research Council for
the Care and Use of Laboratory Animals (Referenced number:
2016071316136141).

Isolation of Human MuStem Cells

Freshly surgically taken muscle tissues were placed in cold PBS
(PAA, Les Rumeaux, France) supplemented with 2% UI/mL
penicillin, 0.1 mg streptomycin, and 0.25 mg/mL amphotericin B
(PSF) (Sigma-Aldrich, Saint Quentin-Fallavier, France) and trans-
ferred to the laboratory. They were weighed, washed several times
in PBS/2% PSF, carefully minced into 1-mm3 pieces using forceps
and scalpel and enzymatically digested (15 min, 37�C) by a mix
of collagenase type VIII (2,000 U/g of tissue, Sigma-Aldrich) and
0.2% hyaluronidase type 1S (Sigma-Aldrich). The pre-digested tis-
sue was centrifuged (100 � g, 5 min) and the supernatant was
collected and neutralized with 20% (v/v) fetal calf serum (FCS)
(Sigma-Aldrich) while the pellet was digested (30 min, 37�C) with
0.125% Pronase E (Sigma-Aldrich). After centrifugation (100 � g,
5 min), the supernatant was collected, pooled with those obtain after
the first enzymatic digestion, and submitted to successive centrifu-
gation (300 � g, 15 min) and sequential filtering through 100, 70,
and 40 mm pore-diameter nylon mesh (BD Biosciences; Franklin
Lakes, NJ, USA). Muscle-derived cells (MDCs) were resuspended
in PBS (PAA) supplemented with 2% FCS (Sigma-Aldrich) and
1% PSF (Sigma-Aldrich), and viability was assessed using 0.1% try-
pan blue staining (VWR, Strasbourg, France). hMuStem cells were
isolated using a modified version of the preplating technique previ-
ously described.96 A flow chart is shown in Figure S1. Briefly,
skeletal MDCs were seeded at 1 � 105 cells/cm2 on uncoated tissue
culture plastic flasks, whereas gelatin-coated ones (Sigma-Aldrich)
have been used in the previous protocol. After 1 hr, non-adherent
cells were placed at 5 � 104 cells/cm2 on gelatin-coated flasks under
standard conditions (37�C in 95% humidified air and 5% CO2) for
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1 day. Then, non-adherent cells were collected and transferred on
other coated flasks for 3 days, whereas the procedure has been
repeated daily for 3 days in the previous protocol. After that,
floating cells were placed at 2 � 104 cells/cm2 in freshly coated
flasks for 1 day again. Finally, non-adherent cells were seeded at
the same density and maintained for 3 days to isolate hMuStem cells
as poorly adhering cells between 5 and 8 days post-plating. They
were amplified in growth medium (Macopharma, Mouvaux, France)
containing 10% FCS, 1% PSF, 10 ng/mL human recombinant basic
fibroblast growth factor, and 25 ng/mL human recombinant
epidermal growth factor (PromoCell, Heidelberg, Germany).
Growth medium was replaced every 4 days. At confluence, cell
layers were dissociated with trypsin-EDTA at 0.25% v/v (Invitrogen,
Cergy-Pontoise, France). hMuStem cells were then resuspended in
growth medium and seeded at 1 � 104 cells/cm2 (passage 1 [P1]).
Experiments were performed with the six cell samples obtained
from pP and pL muscles. Myoblasts, corresponding to a pool of cells
that adhered between 24 and 96 hr after the initial plating, were
plated at 2 � 104 viable cells/cm2 to gelatin-coated plastic flasks
and grown in HAM F12 (Invitrogen) supplemented with 15%
FCS and 1% PSF.

In Vitro Proliferation Analysis

hMuStem cell-derived primary cultures (n = 4) were plated in a
gelatin-coated flask at a density of 1 � 104 cells/cm2 in growth me-
dium and placed under standard conditions. Cell population growth
was monitored over a period of 38 days. The population doubling
level and the doubling time were calculated at each passage performed
when cultures reach 80% confluence, as previously described.125

Clonogenicity Assay

From a seeding density of 1 � 102 cells/gelatin-coated Petri dish,
the colony-forming unit of the hMuStem cells (n = 4; P5) was evalu-
ated over a period of 30 days. The colonies were submitted to May-
Grümwald Giemsa staining and counted, and the colony-forming
efficiency was expressed as the number of colonies for plated cells.

Flow Cytometry

Cultured hMuStem cell samples (n = 4; P5 corresponding to 10.4–
12.7 population doublings) were resuspended in cold PBS/2% human
serum and 1� 105 cells were incubated (30 min, 4�C) in the dark with
fluorochrome-conjugated antibodies (Abs) at saturating concentra-
tion (Table S2). Isotype-matched Ab and fluorescence minus control
samples were used as negative controls for gating and analyses. When
applicable, 7-amino-actinomycin D (7-AAD; BD Biosciences) was
added to evaluate cell viability. Samples were acquired using a
FACS Aria flow cytometer (BD Biosciences) and data were analyzed
using FlowJo software (FlowJo, Ashland, OR, USA). For simple label-
ing, at least 15 � 103 viable cells were considered, whereas 3 � 104

cells were acquired for multicolor labeling.

Cell Sorting

Cultured hMuStem cell samples with a CD56� cell fraction (n = 4; P5)
were sorted using CD56MicroBeads (Miltenyi Biotec, Bergisch Glad-
bach, Germany) according to the manufacturer’s instructions. Briefly,
cells were resuspended in wash buffer and incubated (15 min, 4�C, in
the dark) with microbead-conjugated CD56 Abs at a saturating con-
centration. After washing and centrifugation, the supernatant was
discarded, the cells were resuspended in buffer, and magnetic separa-
tion was done using the MS MACS Column device (Miltenyi Biotec).

Gene Expression

Total RNA was extracted from either dry pellets of 2 � 106 cells or
muscle tissue samples using RNeasy mini kit and RNeasy Fibrous
kit (QIAGEN, Santa Clara, CA, USA), respectively, following the
manufacturer’s instructions. Total RNA was treated with DNase
(Ambion, Austin, TX, USA), quantified using a NanoDrop spectro-
photometer (Labtech, Wilmingtom, DE, USA), and processed for
reverse transcriptase using the standard protocol. Briefly, RT reac-
tions were carried out on 0.5 mg total RNA using the GoScript reverse
transcriptase (Promega, Madison, WI, USA). Gene-specific oligonu-
cleotide primers were designed using Oligo Primer Analysis Software
v.7 (Molecular Biology Insights, Colorado Springs, CO, USA) and
synthesized by MWG Operon (Eurofins, Ebersberg, Germany).
PCR amplifications were performed on 0.5 mL cDNA with the
following program: initial denaturation (12 min, 95�C), followed by
35 cycles (30 s, 94�C; 30 s, 60�C; and 30 s, 72�C), and a final extension
(10 min, 72�C). The PCR products were migrated and visualized on a
2% agarose gel with GelRed staining. For RT-qPCR, all cDNA ampli-
fications were performed in triplicate using 1/20th of the reverse tran-
scription products with theMESA BLUE qPCR kit (Eurogentec, Sera-
ing, Belgium). qPCR was run on the Thermocycler CFX96 (Biorad,
Hercules, CA, USA) with the following parameters: initial denatur-
ation step (5 min, 95�C) and a total of 40 cycles (15 s, 95�C; 1 min,
60�C per cycle). RPS18 was selected as an endogenous control, and
the relative expression levels were calculated by the 2-DDCt method.
The primer’s sequences are supplied in Table S3.

Immunofluorescence Analysis

hMuStem cells (whole population or CD56-sorted fractions) and
myoblasts (P5) were plated on gelatin-coated Lab-Tek culture cham-
ber slides (Nalge-Nunc, Rochester, NY, USA) at 2 � 104 cells/cm2 in
growthmedium during 3 days. Induced pluripotent stem cells (iPSCs)
were used as a positive control for pluripotent stem cell marker label-
ing. Cells were fixed in 2% paraformaldehyde (PFA) in PBS (10 min,
4�C or at room temperature [RT]), permeabilized with 0.3%–0.5%
Triton X-100 (4�C, 20–30min), and incubated (60 min, RT) in block-
ing buffer (5% goat serum in PBS). Cells were then incubated with the
Abs listed in Table S4. Cells were finally counterstained (15 min,
37�C) with DAPI fluorescent-cell-permeable DNA probe (Life Tech-
nologies, Paisley, UK). More than 300 cells were counted per sample
by using Fiji image analysis software v.2.126 Data were presented as
mean ± SD.

In Vitro Differentiation Potential Assay

For myogenic differentiation, hMuStem cells (P5; whole population
or CD56 cell-sorted fractions) were plated at 3 � 104 cells/cm2 and
maintained in growth medium for 1 day, and then 10% FCS was
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replaced by 2% horse serum. After 7 days, differentiation was assessed
based on cell morphology and expression of the sarcomeric myosin
heavy chain isoform (sarcMyHC). Cultures were fixed in 4% PFA,
treated with 0.5% Triton X-100/20% (w/v) goat serum in PBS, and
incubated (1 hr, 37�C) with anti-human sarcMyHC Abs (1:500,
Developmental Studies Hybridoma Bank [DSHB], Iowa City, IA,
USA). Specific Ab binding was revealed using either AlexaFluor
488-coupled (1:500, Invitrogen) or biotinylated secondary goat-
anti-mouse Abs (1:300, Dako), followed by peroxidase-coupled strep-
tavidin (1:300, Dako). The nuclei were finally counterstained with
DRAQ5 (Biostatus). FI was determined by determining the percent-
age of nuclei within sarcMyHC+ myotubes (>2 nuclei) in two random
fields per well in three replicate wells. At least 1,199 nuclei per well
were considered. For adipogenic and osteogenic differentiations,
hMuStem cells (P5) were plated at 1 � 104 cells/cm2, maintained in
growth medium until 80% confluence, and then incubated in specific
cell-type differentiation media, as previously described.127 For endo-
thelial differentiation, hMuStem cells were amplified in EGM-2 me-
dium (Lonza, Basel, Swiss) for 7 days. Then, the cell layer was disso-
ciated with trypsin and cells were seeded onMatrigel coating (3 g/mL,
BD Biosciences) in EGM-2 medium. Differentiation was assessed
3 days later based on capillary-like formation. RT-PCR analysis of
lineage-specific genes was performed using primers listed in Table S3.

In Vivo Experiment and Histological Analysis

Rag2�IL2rb� mice were anesthetized with an intra-peritoneal injec-
tion (0.1 mL per 20 g body weight) of a solution containing
100 mg/mL ketamine (Merial, Lyon, France) and 20 mg/mL Rompun
2% (Bayer, Puteaux, France) in PBS. As post-operative analgesia, mice
received a subcutaneous injection of 0.3 mg/mL buprenorphine
(50 mg/kg body weight; Axience, Pantin, France). Prior to cell implan-
tation, cryolesion of Tibialis anterior (TA) muscle was induced to
stimulate the implanted cells to fuse and form new myofibers. After
skin incision and muscle exposition, TA muscle was subjected to
three freeze cycles of 15 s each by applying a liquid nitrogen cooled
metallic rod, as previously described.128 Cell layers of hMuStem-
cell-derived primary cultures (P5, n = 4) were then dissociated, cells
were pelleted and resuspended (2.5 � 105 cells in 15 mL PBS), and
each was injected in a single site in the left cryodamaged TA muscle
of the host (n = 3 mice per cell batch) using a 50-mL syringe with a
22G needle. The skin was then closed with fine sutures. 3 weeks later,
TA muscles were removed, frozen in isopentane cooled in liquid ni-
trogen, and entirely cut into 10-mm sections. For every 350 mm along
the complete length of the muscle, 8 transverse sections correspond-
ing to an 80-mm length were used for quantitative analysis. Histolog-
ical analysis was done on HES-stained sections of cryodamaged
muscle receiving exclusive CD56+ hMuStem cells or CD56+/� ones,
with non-injected muscle being used as the control. The number of
human nuclei or human spectrin+/dystrophin+ myofibers in each sec-
tion examined was counted, and the total values were determined for
each TA muscle investigated, as previously described.35

To quantify cytoplasmic and interstitial hMuStem cell nuclei, a triple
labeling was performed. Sections were treated with Triton X-100 0.3%
12 Molecular Therapy Vol. 26 No 2 February 2018
detergent (10 min, RT) and blocking buffer (10% goat serum in PBS;
30 min, RT) before being incubated (60 min, 37�C) with a solution of
mouse anti-human lamin A/C primary Abs (1:50, Leica Biosystems,
Nussloch, Germany), followed by Alexa 555 rabbit anti-mouse sec-
ondary Abs (1:300, Invitrogen) in a humid chamber (60 min, RT).
The sections were then treated with goat blocking serum (30 min,
RT) before incubation with a solution containing both rabbit anti-
mouse dystrophin Abs (1:50, Chemicon, Rolling Meadows, IL,
USA) and rat anti-mouse laminin Abs (1:100, Sigma-Aldrich;
60 min, 37�C). Secondary Abs corresponding to a mixture of Alexa
488 goat anti-rabbit Abs (1:300, Invitrogen) and Alexa 555 goat
anti-rat Abs (1:300, Invitrogen) were finally added (60 min, RT).
Nuclei were then counterstained by DRAQ5 (1:1,000, Invitrogen;
15min, RT). Finally, sections weremounted inMowiolMedium (Cal-
biochem EMD Biosciences). To visualize human dystrophin+ and
spectrin+ myofibers, double labeling against human proteins and hu-
man lamin A/C were realized by the same protocol using monoclonal
mouse anti-human Ab NCL-Dys3 and NCL-Spect1 (1:20; Leica Bio-
systems; 60 min, 37�C), respectively. The number of hMuStem cells
and human protein+ myofibers in the injected muscles were deter-
mined on the images acquired with the laser confocal scanningmicro-
scope LSM780 Zeiss (Carl Zeiss Microscopy, Iena, Germany) at x20
magnificence and by using Fiji image analysis software v.2. Non-
injected mice muscle and human muscle were used as negative and
positive controls, respectively (Figure S7).

Statistical Analysis

Data are reported as mean ± SD. Statistical analysis was performed in
GraphPad Prism software v6.0f using the Mann-Whitney test for the
MRF expression, FI, and myogenic differentiation of the sorted
CD56+ and CD56� cell fractions. Kruskal-Wallis test was used for
the in vivo analysis.
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