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Muse cell has become a promising source of cells for disease treatment due to its remarkable charac-
teristics, including stress tolerance, low tumorigenicity, effective homing ability, and differentiation into
histocompatibility cells after transplantation. However, there are some obvious obstacles that need to be
overcome in the efficient expansion of Muse cells. We extracted mesenchymal stem cells (MSCs) from
human umbilical cord and their MSCs phenotypes were verified by flow cytometry. Then, immune
magnetic sorting was performed to obtain Muse cells, and the expression of pluripotency related factors
and the ability to differentiate into three germ layers were verified with sorted Muse cells. We then
tested a new 3D culture method with dynamic microsphere carrier to possibly expand Muse cells more
efficiently. Finally, in vivo experiments were conducted to check the homing ability of Muse cells to
muscle injury. Our results showed that, the cultivation and expansion of Muse cells can be more
effectively achieved through dynamic microsphere carrier; compared to non-Muse cells, Muse cells have
stronger pluripotency and differentiation ability, and their homing ability in the muscle injury mice
model is superior to that of non-Muse cells. Therefore, with the method of immune magnetic sorting and
dynamic microsphere carrier, highly regenerative Muse cells can be more effectively sorted and
expanded from MSCs.

© 2025 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Cell therapy is expected to become an effective intervention
method for treatment of many diseases, and various types of cells
are being considered as potential candidate cell sources [1,2]. In
particular, stem cells have aroused great interest in research; their
abilities of self-renewal and to differentiate into mature adult cells
make them promising for human tissue regeneration [3,4]. In the
early 1980s, human embryonic stem cells (ESCs) were first
discovered, which greatly changed the development direction of
regenerative medicine [5,6]. However, some studies have shown
that there is immune rejection in the process of transplantation of
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ESCs, and the unrestricted proliferation of ESCs is more likely to
form abnormal fetuses. These adverse phenomena and bioethical
problems caused by the use of ESCs make it unable to be used in
regenerative medicine [7]. Induced pluripotent stem cells (iPSCs)
also face problems such as potential tumorigenicity and genetic
variation, which restrict their clinical application [8,9]. Mesen-
chymal stem cells (MSCs) can secrete a large number of cytokines
and regulate inflammatory reactions, which can protect injured
tissues [10], and mesenchymal stem cells have great differentiation
potential and can transform across the boundary of mesoderm,
ectoderm and endoderm germ layers. In addition, MSCs will not
form teratoma in animal models, and cause minimal immune
rejection. MSCs have the advantages of wide sources and non
tumorigenicity, and are a potential source of stem cells. Therefore,
MSCs have attracted much attention in the filed of stem cell ther-
apy. However, compared with ESCs and iPSCs, MSCs have weak
cellular pluripotency, and their survival time in vivo is usually
shorter after transplantation.

Muse cells are adult stem cells accidently discovered by Japa-
nese scientist Mari dezawa in 2007 and first reported in 2010 [11].
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:muxiaodong@sdfmu.edu.cn
mailto:wangzhihui@sdfmu.edu.cn
mailto:wangzhihui@sdfmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reth.2025.01.003&domain=pdf
www.sciencedirect.com/science/journal/23523204
http://www.elsevier.com/locate/reth
https://doi.org/10.1016/j.reth.2025.01.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.reth.2025.01.003
https://doi.org/10.1016/j.reth.2025.01.003


Z. Lu, S. Ren, B. Wang et al. Regenerative Therapy 28 (2025) 402e412
Due to their unique properties, these cells are called multilineage
differentiation stress tolerance (Muse) cells [12]. Because these
stem cells are natural cells without genetic modification, they are
not prone to develop into cancer cells and are safer than induced
multifunctional stem cells (i.e., induced pluripotent cells/iPS cells)
that need to be genetically modified during culture. While em-
bryonic stem cells are obtained from blastocysts or embryos,
mesenchymal stem cells are derived from donated umbilical cords
(which all have informed consent); muse cells are isolated from
mesenchymal stem cells, and there are no ethical issues [13,14]. It
can migrate to the defect tissue in vivo and spontaneously differ-
entiate into defect cells with low-end granzyme activity. It does not
have tumorigenicity and does not form teratoma in immunodefi-
cient mouse [15,16]. Muse cells are endogenous pluripotent stem
cells, which can be effectively isolated from adult mesenchymal
tissues (such as bone marrow, adipose tissue and dermis) and from
commercially obtained cultured fibroblasts [11,17e20]. SSEA-3 is a
surface marker of pluripotent stem cells and the most commonly
used marker of Muse cells. It can be isolated from a variety of tis-
sues by double positive markers of CD105 and SSEA-3 [11]. Muse
cell is able to express marker genes of embryonic stem cells (Nanog,
OCT4, SOX2, SSEA-3), and can be induced to differentiate into three
germ cell lines.

Muse cells has been found to play a positive role in treating a
variety of diseases, such as stroke, liver cirrhosis, myocardial
infarction, ischemia-reperfusion lung injury, diabetic skin lesions,
spinal cord injury, cartilage injury, dermatitis, severe pancreatitis,
enteritis [20e27].

One of the challenges for the research and medical application
of Muse cells is that the number of Muse cells in tissues is very low.
Muse cells constitute approximately 0.01e0.03 % of bone marrow
monocytes[11.28], 0.01e0.2 % of peripheral blood cells [29], and 1e6%
of mesenchymal stem cells from various sources [30]. To date, bone
marrow derived mesenchymal stem cells (BM-MSCs) and umbilical
cord derived mesenchymal stem cells (UC-MSCs) are the most
commonly used sources of Muse cells [11,18]. Also, the proliferation
rate of Muse cells is generally similar to or slightly slower than that
of fibroblasts [11]. Therefore, how to obtain sufficient Muse cells
has become the key challenge to further researches and potential
medical applications.

2. Materials and methods

2.1. Cell source

This experiment used mesenchymal stem cells from umbilical
cord sources. The experiment is divided into two methods for
extracting mesenchymal stem cells to explore the content of Muse
cells and determine the extraction method of MSCs (Fig. 1).

Cell self crawling extraction method: The umbilical cord was
cleaned with 10 % penicillin streptomycin physiological saline, and
then a 1 cm small piece was constructed. 25 mL of mesenchymal
stem cell serum-free complete culture medium was added, and
placed in a 37 �C, 5 % CO2 constant temperature incubator. The
medium was changed seven days later, and cells crawled out three
days later. When the cell density reaches 70 %e80 %, cell passage is
carried out. When passing to the third generation, the phenotype of
the cells is identified through flow cytometry.

Collagenase method: the umbilical cord was cleaned with 10 %
penicillin streptomycin physiological saline, and then a 1 cm small
piece was constructed. Then add collagenase for digestion for
30 min, and then pass through 100 mm0s filter screen for filtering,
25 mL of mesenchymal stem cell serum-free complete culture
medium was added, and placed in a 37 �C, 5 % CO2 constant tem-
perature incubator. When the cell density reaches 70 %e80 %, cell
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passage is carried out. When passing to the third generation, the
phenotype of the cells is identified through flow cytometry.

LTT experiment: P3 mesenchymal stem cells (MSCs) were
digested with LTT trypsin for 1 h, 4 h, 8 h, and 16 h, followed by cell
viability (trypan blue staining), and the SSEA3 cell positivity rate of
MSCs after LTT was detected by flow cytometry.

2.2. Immunomagnetic sorting

Incubate cells with SSEA3(thermo, Cat No MA1-020) for 60 min,
removes unbound primary antibody by centrifugation, and in-
cubates with immune magnetic beads (Miltenyi Biotec Cat No 130-
047-401) for 15 min. SSEA3 positive cells are sorted on a magnetic
rack. SSEA3 and CD105 positive rates are detected by flow
cytometry.

2.3. Immunofluorescence

Soak the slides of cells that have already crawled onto the cul-
ture plate with PBS three times, each time for 5 min. Fix the slide
with 4 % paraformaldehyde for 15 min, and soak the slide with PBS
three times for 5 min each time. Add strong cell permeability so-
lution and let it penetrate for 10 min. Soak the glass slides with PBS
three times, each time for 3 min. Add sealing solution and seal at
room temperature for 30 min. Remove the sealing solution and add
diluted SOX2 (cell signaling, Cat No 3579S), OCT4 (cell signaling, Cat
No 2890S), Nanog (cell signaling, Cat No 4903S), and SSEA3 (Novus,
Cat No NB100-1832) primary antibodies to each slide and incubate
overnight at 4 �C. Dilute the fluorescein coupled secondary anti-
body with antibody dilution buffer and incubate the sample in dark
for 1e2 h. Rinse three times with 1x PBS for 5 min each time.
Subsequently, dapi staining was performed. Finally, imaging was
performed using a fluorescence microscope.

2.4. Western blot

Immunoblotting was used to detect OCT3/4 (cell signaling, Cat
No 2890S) in Muse cells and non-Muse cells; SOX2 (cell signaling,
Cat No 3579S); The expression of Nanog (cell signaling, Cat No
4903S) is used to study the pluripotency of Muse cells and non-
Muse cells.

2.5. Induced differentiation of Muse cells

Induce lipogenesis: Add 1 mL of 0.1 % gelatin to a six well plate,
shake well to evenly cover the bottom of each well, and place on an
ultra clean table for 30 min. After 30 min, remove the gelatin and
idnoculate 2 � 104 cm2 Muse cells and no-Muse cells into a 6-well
plate with gelatin, and add 2 mL of fat induced differentiation
medium (Oricell, Cat No HUXUC-90031) to each well. After induc-
tion, oil red O staining was used.

Induce liver formation: Add 1 mL of 0.1 % gelatin to a six well
plate, shake well, so that it can evenly cover the bottom of each
well, and place it on a super clean table for 30 min. After 30 min,
remove the gelatin and inoculate Muse cells and no-Muse cells into
a 6-well plate with gelatin (2 � 104 cells/cm2), and add 2 mL of
Hepatogenic differentiation medium (Oricell, Cat No HUXMX-
90101) to each well. During this period, fresh mature liver cell
culture medium was replaced every 3 days. After the maturation
stage of liver cells, identification testing can be conducted.

Induction of osteogenesis: Add 1 mL of 0.1 % gelatin to a six well
plate, shake well, and allow it to evenly cover the bottom of each
well. Place it on an ultra clean table for 30 min. Inoculate 2 � 104

cm2 Muse cells and no-Muse cells into a 6-well plate with gelatin,
and add 2 mL of bone induction differentiation medium (Oricell,



Fig. 1. 3D dynamic cultivation system. After magnetic sorting, the sorted Muse cells will carry magnetic beads. If both the microcarrier and Muse cells are placed in a stirring culture
bottle at the same time, they will be sucked away by the device's magnet, causing cell apoptosis.Due to the large volume and weight of the microcarriers, it is difficult for magnets to
remove the microcarriers containing cells.Therefore, Muse cells and microcarriers were cultured in a low adsorption cell culture plate for 4 days, and then transferred to a stirring
bottle for cultivation.
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Cat No HUXUC-90021) to each well. Change the culture medium
every 3 days. After 2 weeks of induction, the morphology and
growth of the cells were observed and stained with alizarin red.

Induce into nerves: Add 1 mL of 0.1 % gelatin to a six well plate,
shake well to evenly cover the bottom of each well, and place on a
super clean table for 30 min. Inoculate 2 � 104cm2 Muse cells and
no-Muse cells into a 6-well plate with gelatin, and add 2 mL of
nerve induced differentiation medium (Table 1) to each well.
Change the culture medium every 3 days, and finally perform
Nestin immunofluorescence staining.
2.6. Muse cell culturing

Grouping of cultivation methods: Divide the cultivation
methods into four groups: Muse-2D, Muse-3D static, MSC LTT
classical, MSC no-LTT classic, Muse-3 dynamic, Muse- LTT classic.

1 Muse-2D: After magnetic separation, The initial number of
Muse cells after magnetic separation is 6 � 105, Muse cells are
directly inoculated into a regular culture bottle for wall attach-
ment culture. When fully grown, they are subcultured at a rate
of 10000 cells/cm2.
Table 1
Induce neural differentiation reagents.

™Neurobasal thermo 21103049
N-2 (100X) Thermo 17502048
B-27™ (50X) Thermo 17504044
L-glutamine (200 mM) Thermo A2916801
2-Mercaptoethanol Thermo 21985023
Human EGF Recombinant Protein Cell signing 72528S
Human FGF2 Recombinant Protein Abcam ab9596
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2 Muse-3D static: After magnetic separation, Muse cells were
added to a low suction plate for culture. The initial number of
Muse cells after magnetic separation is 6 � 105, The initial
concentration of Muse cells was 10000 cells/mL, and were
digested and passaged with pancreatic enzyme or protease
every 3e4 days. The culture medium was increased
proportionally.

3 MSC LTT classic: Determine the initial number of MSCs based on
the positive ratio of SSEA3 and CD105 detected by the third
generation MSC flow cytometry, with an initial number of
MSCs ¼ 6 � 105/1.9 %.After digesting MSC cells with trypsin for
4 h (LTT), they are added to a low adsorption culture bottle for 7
days. The cells aggregate into small balls, which are then inoc-
ulated into a regular culture bottle for adherent culture for 2
days. Then, the cells are digested with trypsin for 4 h, low
adsorption culture plate for 7 days, adherent culture for 2 days,
repeated multiple cycles.

4 MSC no-LTT classic: Determine the initial number of MSCs based
on the positive ratio of SSEA3 and CD105 detected by the third
generation MSC flow cytometry, with an initial number of
MSCs ¼ 6 � 105/1.9 %. After digesting MSC cells with trypsin for
4 h, they are added to a low adsorption culture bottle for 7 days.
The cells aggregate into small balls, which are then inoculated
into a regular culture bottle for adherent culture for 2 days (Only
the first loop performs LTT), low adsorption culture plate for 7
days, adherent culture for 2 days, repeated multiple cycles.

5 Muse-3D dynamic: After magnetic separation, the initial num-
ber of Muse cells is 6 � 105. The Muse cells were added to a low
adsorption culture plate (30000 cells/mg) with 20 mg micro-
carrier (Cytoniche, SF125; specific degradation microcarrier
materials with the particle size being 50e500 mm in diameter,
and the effective growth area is about 9000 cm2/g), and an
appropriate amount of culture medium was added. Four days
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later, the cells were added to a low adsorption culture bottle and
stirred for cultivation. The culture medium and microcarrier
were increased proportionally for passage (Fig. 1).

6 Muse-LTT classic:After magnetic separation, Muse cells were
added to a low adsorption culture bottle and cultured for 6 days.
The cells aggregated into small balls, which were then inocu-
lated into a regular culture bottle for 3 days of wall adhering
culture. Then, LTT was performed, followed by ball forming and
wall adhering, repeating this process for multiple cycles.

Note: Each cycle or generation of cells is sampled for trypan blue
cell count and flow cytometry detection (SSEA3; CD105).

2.7. Staining of live and dead cells

This assay was performed with Calcein-AM/PI kit (Solarbio,
CA1630). The cell precipitate obtained by centrifugation is treated
with 1X Resuspend Assay Buffer, add 1-2mL of Calcein AM (stock
solution) to every 1 mL of cell volume, blow and mix well, and
incubate at 37 �C in the dark for 20e25 min. Take 3e5 mL of the
original PI solution from the reagent kit and add it to the stained
cells mentioned above. Stain at room temperature in dark for 5min.
Incubate fluorescent cells at 450g for 5 min, centrifuge to remove
staining solution. Wash 450g of cells with 1X PBS for 5 min. After
centrifugation, resuspend cells with 1X PBS. Take 3e5 mL and drop
it onto a clean slide. After pressing the slidewith a clean cover glass,
please perform fluorescence microscopy in a timely manner.

2.8. Apoptosis and proliferation assays

Prepare cells for Muse-3D static and Muse-3 dynamic cultures,
and detect their apoptosis and proliferation at day 1, 3, and 7.

Calcein AM/PI live/dead cell dual staining experiment: This
assay was performed with Calcein-AM/PI kit (Solarbio, CA1630).
The cell precipitate obtained by centrifugation is treated with
1 � Resuspend Assay Buffer, add 1-2mL of Calcein AM (stock solu-
tion) to every 1 mL of cell volume, blow and mix well, and incubate
at 37 �C in the dark for 20e25 min. Take 3e5 mL of the original PI
solution from the reagent kit and add it to the stained cells
mentioned above. Stain at room temperature in dark for 5 min.
Incubate fluorescent cells at 450g for 5 min, centrifuge to remove
staining solution. Wash cells by centrifugation with 1x PBS, resus-
pend cells with 1X PBS after centrifugation, take 3e5 mL and drop
onto a clean glass slide. Press the slide onto a clean cover glass and
detect under a fluorescence microscope.

EdU-488 cell proliferation detection: Add an equal volume of 2X
EdU working solution from the EdU-488 cell proliferation kit
(Beyotime, C0071S) and culture medium to the cultured cells, and
the final concentration of EdU will be reduced to 1X. Then continue
to incubate the cells for 2 h. After EdU labeling of the cells, remove
the culture medium and add 1mL of paraformaldehyde fixative. Fix
at room temperature for 15 min. Remove the fixative and wash the
cells three times with 1 mL of detergent per well, each time for
3e5 min. Remove the detergent, use 1 mL of permeate per well,
then prepare and add the corresponding reagents according to the
instructions of the reagent kit, and finally observe the results under
a fluorescence microscope.

2.9. Cell localization in soft tissue injury models

Animal Handling: The experimental animals were used NOD-
PrkdcscidIL2rgem9 Mice animals, then the hind thighs of the animals
were forcefully clamped with hemostatic forceps to break the
thighs, creating musculoskeletal injury models.
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Immunomagnetic sorted Muse cells and non Muse cells were
stained with DIR dye (MCE, 100068-60-8) and incubated for
30 min.

After 24 h of skeletal muscle injury in animals, stained and non
stained Muse cells were injected into the tail vein, and the distri-
bution of injected cells was observed through imaging of small
animals 24 h later.

2.10. Statistics

For cell culture experiments, the sample size was determined to
be at least n ¼ 3 independent biological repeats, while in each
experiment every sample had three technical repeats. Data are
presented as means ± standard error of the mean (s.e.m.), unless
otherwise noted. Histological scoring was analyzed by the Kruskal-
Wallis and Steel-Dwass tests, with a 95 % confidence interval. For
consistency in comparisons, significance in all figures is denoted as
follows: *P < 0.05, **P < 0.01.

3. Results

3.1. Acquisition of Muse cells

Muse cells are isolated from the human umbilical cord and
obtained by culturing human umbilical cord mesenchymal stem
cells, followed by immunomagnetic sorting. Firstly, the phenotype
of umbilical cord mesenchymal stem cells was analyzed by flow
cytometry, and the results showed CD90; CD73; CD105 is positive,
CD34 is negative (Fig. 2).

As the time of trypsin digestion (LTT) increases, the cell viability
of MSCs shows a downward trend, dropping to below 50 % at 8 h.
Therefore, in order to ensure normal cell viability, this experiment
used 4-h trypsin digestion (4h LTT). Then, flow cytometry was used
to detect the positive rates of SSEA3 and CD105 in MSCs of 4-h LTT,
with a positive rate of 9.58 % (Fig. 3-A), The double positive ratio of
SSEA3 and CD105 is 6.62 % (Collagenase method), and the double
positive ratio of SSEA3 and CD105 is only 3.58 (Cell self crawling
extraction method). Therefore, mesenchymal stem cells cultured
using collagenase digestionmethodwere used to extract Muse cells
(Fig. 3-B). Subsequently, Muse and non Muse cells were separated
using immunomagnetic sorting method, and the flow cytometry
analysis of positive cells showed SSEA3; The proportion of CD105
positivity was 98.7 % (Fig. 3-C). Immunofluorescence staining
showed that both Muse and non Muse cells expressed CD105, and
SSEA3 was highly expressed in Muse cells, while SSEA3 was almost
not expressed in non Muse cells (Fig. 3-D).

3.2. Characterization of Muse cells

Immunofluorescence staining revealed that OCT3/4, SOX2, and
NANOG markers were highly expressed in Muse cells, while non
Muse cells showed almost no or low expression of OCT3/4, SOX2,
and NANOG markers (Fig. 4 A-C). The results of Western blot
showed that the expression of OCT3/4, SOX2, and NANOG in Muse
cells was significantly higher than that in the non Muse group
(p < 0.01) (Fig. 4-D).

3.3. Triple embryonic differentiation of Muse cells

In the induced differentiation experiment, after 3 weeks of
osteogenic induction, Alizarin Red staining (with a scale of 200 mm)
was performed, and red and black calcium deposits appeared in the
cytoplasm of Muse cells and nonMuse cells, with Muse cells having
more calcium deposits; After 3 weeks of induction of adipogenesis,
oil red O staining (with a scale of 50 mm) was performed, and the



Fig. 2. Identification of mesenchymal stem cells. The flow detection result of the third generation MSCs is: CD90 (PE); CD73 (PE); CD105 (PE) is positive, while CD34 (PE) is negative.

Fig. 3. Extraction of Muse cells. A: Cell viability curves of trypsin digestion (LTT) at 1h, 4h, 8h, 16h. The positivity rate of SSEA3 and CD105 in MSCs detected by flow cytometry for 4-
h LTT was 9.58 %. B: SSEA3 (Alexa Flour 488) was found in the third-generation mesenchymal stem cells cultured using the cell self crawling method; The proportion of CD105 (PE)
positive cells was 3.58 %, and SSEA3 (Alexa Flour 488) was found in the third-generation mesenchymal stem cells cultured using collagenase digestion method; The proportion of
CD105 (PE) positive cells is 6.62 %. C: Cell SSEA3 after immunomagnetic sorting (Alexa Flour 488); The proportion of CD105 (PE) positive cells is 94.933 % (n ¼ 3, average 94.933 %,
SD ¼ ±4.322). D: Immunofluorescence staining of Muse cells and non-Muse cells SSEA3, CD105 staining situation (n ¼ 3).
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lipid droplets in the cells were red. Muse cells induced more and
larger oil droplets than non Muse cells. Induction of liver differ-
entiation revealed that bothMuse and no use glycogen PAS staining
showed a purple red color, with Muse cells showing a deeper and
more intense purple red color. Neurogenic differentiation was
induced and it was found that Muse expressed Nestin ectodermal
406
markers, while non-Muse cells almost did not express ectodermal
markers (Fig. 5).

3.4. Exploration of Muse cell expansion methods

Divide the cultivation methods into five groups, namely Muse-
2D, Muse-3D static, Muse classical, Muse-3D dynamic, MSC LTT



Fig. 4. Characterization of Muse cells. A-C: Immunofluorescence staining of Muse cells and non-Muse cells OCT3/4, SOX2, and Nanog staining (n ¼ 3); D: OCT3/4, SOX2, Nanog
immunoblotting analysis of Muse cells and non-Muse cells (n ¼ 3). The expression of OCT3/4, SOX2, and Nanog markers is higher in the Muse cell SSEA3, while the expression of
OCT3/4, SOX2, and Nanog markers is lower in the non-Muse cell SSEA3. The expression of OCT3/4, SOX2, and Nanog in the Muse cell group is significantly higher than that in the
non Muse group. (**P < 0.01).

Fig. 5. Triple embryonic differentiation of Muse cells. A: Alizarin Red Staining of Muse Cells and non-Muse Cells (scale; 100 mm). B: Oil Red O staining of Muse cells and non-Muse
cells (scale: 200 mm,100 mm). C: PAS staining of glycogen in Muse cells and non-Muse cells (scale; 100 mm). D: Nestin immunostaining of Muse cells and non-Muse cells (n ¼ 3, scale;
100 mm).

Z. Lu, S. Ren, B. Wang et al. Regenerative Therapy 28 (2025) 402e412
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classical, andMSC no LTTclassical, to investigate the proliferation of
Muse cells. It was found that the positive rate of SSEA3 in Muse-2D
group cells showed a decreasing trend, and the proliferation of
Muse cells was slow. In the Muse-3D static group, the positive rate
of SSEA3 remained at a high level, but it did not increase in value,
and instead, there was cell apoptosis. The positive rate of SSEA3 is
increasing in the MSC LTT classic group, but the time period is
longer. In the MSC no LTT classical group, the positive rate of SSEA3
decreased and the increase was slow. The SSEA3 positivity rate in
the Muse LTT classical group remained around 60 %e70 %, and the
purity of Muse cells was lower than that in the Muse-3D dynamic
group. Muse-3D dynamic group cells can maintain a high positive
rate of SSEA3 and significantly increase proliferation (Fig. 6).
3.5. Apoptosis and proliferation assay of Muse cells during 3D
culture process

We conducted live and dead cell staining and EDU enrichment
experiments on Muse-3D static and Muse-3D dynamic 3D culture
methods, and found that Muse cells without static cell scaffolds
showed apoptosis. With the prolongation of time, the number of
apoptotic cells increased, and the proliferation of Muse cells
decreased, mainly concentrated on the outer side of the cell cluster.
Muse cells with dynamic cell scaffolds exhibit less apoptosis and
stronger proliferation ability (Fig. 7).
3.6. Cell localization in soft tissue injury

Through tail vein injection of Muse and no use cells, it was found
that there was a significant fluorescence intensity at the injury site
of the Muse cell group animal model, while the fluorescence in-
tensity at the injury site of the no use cell group animal model was
Fig. 6. Cultivation method of Muse cells. A-C: Muse-2D, Muse-3D static, Muse classic, Muse
CD105 in each group. D: Trend curve of Muse content in each group (SSEA3, CD105 double
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weaker. Therefore, in animal models of skeletal muscle injury, there
are more Muse cells and fewer non-Muse cells at the site of injury.
It can be seen thatMuse cells have better targeting ability than non-
Muse cells (Fig. 8).
4. Discussion

At present, Muse cells have been found to exist in bone marrow,
fat, skin, spleen, pancreas, umbilical cord and other mesenchymal
tissues, and the commonly used screening sources are bone
marrow mesenchymal, fat mesenchymal tissue, umbilical cord
mesenchymal tissue, but the content of Muse cells in these tissues
is relatively small [31]. Muse cells account for about 0.01e0.03 % of
BM monocytes [11,28],0.01e0.2 % of peripheral blood cells
[29],0.01e0.2 % of peripheral blood cells, and 1e6% of various MSCs
[30]. Muse cells are a subset of MSCs that can be distinguished from
other cells by SSEA-3. As a result, Muse cells were positive for both
pluripotent markers (SSEA3) and mesenchymal markers (CD105),
while non-Muse cells were only positive for mesenchymal markers
(CD105) [32]. At present, the commonly used screening method is
trypsinization combined with adherent-suspension culture
method [11], Flow cytometry screening and magnetic sorting
methods, but FACS screened cells cannot be directly used in animal
experiments, the screening process is expensive, and flow sorting is
more damaging to cells. Two studies documented the use of MACS
to screen Muse cells from bone marrow mesenchymal cells and
adipose mesenchymal cells, but only 77.1 % and 71.3 % of cells were
screened with SSEA3þ [33],However, trypsinization combined
with adherent-suspension culture method for the extraction of
Muse has a longer cycle. This study was the first time to screen
Muse cells with MACS method from umbilical cord mesenchymal
cells, and the percentage of SSEA3þ reached 94.933 %.
-3D dynamic, MSC LTT classic, and MSC no LTT classic. The positive ratio of SSEA3 and
positive). E: Value curve of Muse cells in each group.



Fig. 7. Apoptosis and proliferation assay of Muse cells during 3D culture process. A: Muse-3D static for 1 day, 3 days, 7 days, culture Muse cells, Calcein AM/PI staining. B: Muse-3D
dynamic for 1 day, 3 days, 7 days, culture Muse cells, Calcein AM/PI staining. C: Muse-3D static for 1 day, 3 days, 7 days, culture Muse cells, EDU staining. D: Muse-3D dynamic for 1
day, 3 days, 7 days, culture Muse cells for EDU staining.

Fig. 8. Localization map of Muse cells and non-Muse cells in small animal live imaging.
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Studies have shown that Muse cells express pluripotency-
related genes, such as OCT3/4, SOX2, Nanog, while no-Muse cells
hardly express them [13]. In this study, it was found that Muse cells
expressed high pluripotency markers such as SSEA3, OCT3/4, SOX2,
and Nanog, while no-Muse cells expressed almost no or low
expression of cell pluripotency markers, which was similar to the
above results. In addition, individual Muse cells can form ESCs-like
clusters in suspension and exhibit trigerm differentiation potential,
whereas single non-Muse cells cannot survive in suspension [11].
Muse cells are capable of differentiating into mesodermal lineage
cells [23], endodermal lineage cells [34] and ectodermal lineage
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cells [35]. In contrast, the ability of mesenchymal stem cells to
differentiate is limited to adipocytes, osteocytes, chondrocytes, and
hepatocytes [36]. The differentiation ratio is lower than that of
Muse cells. After inducing differentiation between Muse and no-
Muse, it was found that the calcium nodules (red) appeared in
alizarin red staining of Muse cells were significantly higher than
those in no-Muse group, and the oil droplets in Muse group were
significantly larger than those in no-Muse after adipogenic induced
differentiation, and the purple-red Muse group was deeper than
that in no-Muse group after periodic acid (glycogen PAS) staining,
and the fluorescence intensity of Muse group was higher than that
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in no-Muse group after fluorescence staining of Nestin. Therefore,
in summary, the trigger layer differentiation ability of Muse was
significantly higher than that of the no-Muse group, which may be
related to the high expression of SSEA3 inMuse. OCT3/4; SOX2; The
cause of Nanog is related because of the pluripotency factor Nanog;
OCT4 and SOX2 play a key role in maintaining cell pluripotency
(KRGG database).Studies have shown that in the absence of SOX2,
human embryonic stem cells are unable to retain their pluripotency
and neural progenitor cell properties [37], and high levels of OCT4
lead to the opening of differentiation-related enhancers [38].
Therefore, OCT4 is an enhancer of stem cell differentiation.

In the adherent culture state, Muse cells proliferate by sym-
metrical and asymmetric cell division, which means that one Muse
cell will produce a non-Muse cell and a new Muse cell [11], As a
result, the percentage of Muse cells in the total cell population
gradually decreases. In this study, it was found that the positive rate
of SSEA3 in adherent cultured Muse cells (Muse-2D) continued to
decrease, and there was no significant proliferation of Muse cells.
And studies have shown that the expression levels of OCT3/4,
Nanog, and SOX2 genes in Muse cells were significantly increased
in suspension compared to adherent cells [23], and the expression
of OCT3/4, Nanog, and SOX2was significantly increasedwhenMuse
cells in adherent culturewere transferred to suspension, which was
50 to hundreds of times higher than that in adherent culture. It may
be that 2D culture only supports stem cell growth in one plane, and
cannot reproduce the real 3D stereoscopic microenvironment of
cells in an organism. The 2D culture environment is far inferior to
the 3D culture in many aspects such as biological activity, medium
structure, and nutrient release, so that stem cells gradually lose
their original characteristics, morphology, structure and function,
resulting in their research results are often inconsistent with the
results of in vivo tests, and the accuracy is low, and the culture
environment provided is very different from themicroenvironment
in vivo, which will inevitably have a negative effect on the prolif-
eration and differentiation of stem cells. According to the above
speculation, 2D culture of Muse is a type of stem cell, and there is
also a certain effect on the loss of stemness of Muse cells. Studies
have shown that traditional 3D cell culture slows down cell pro-
liferation [39]. Ki67 expression or BrdU expression is reduced and
shows reduced proliferative potential [40e42], Cell death inside
the spheroid may be due to insufficient oxygen and nutrient
permeation. In addition, this study showed that a large number of
dead cells were observed in the spheroids by live/dead staining,
which may also be due to poor nutrient availability and limited
oxygen flow through the internal structures of the spheroids
[43,44]. Interestingly, although the medium and oxygen concen-
trations of spheroid cores may be reduced leading to apoptosis,
their stem cell-associated transcription factors appear to be
elevated, which has been confirmed in many studies [43,45,46].
Therefore, it is crucial to find a culture method that can maintain
the characteristics of stem cells while maintaining the proliferative
potential of cells.

One study found [11], After trypsinizing (LTT), the unsorted MSC
cells were added to a low-adsorption culture flask for 7 days, and
the cells were aggregated into small balls, and then seeded into
ordinary culture flasks for adherent culture, and then LTT, then
spherical, and then adherent, so that the method of repeating
multiple cycles can finally obtain high-purity Muse and can also be
amplified by Muse, and this experiment confirmed that LTT can
improve the purity of Muse. Therefore, trypsinization is the most
critical step in this method, and the purity of Muse cells cannot be
guaranteed without LTT digestion, so the proliferation and purity of
Muse cells in MSC LTT classic in this experiment are higher than
those of MSC no-LTT classic. Although this method can finally
obtain high-purity Muse cells and can also allow Muse cells to be
410
expanded, the procedure is more complex and the cycle time is
longer. Although the Muse cells were proliferated by this method,
the expected effect was not as good as that of theMuse-3D dynamic
method. Bioreactor cultured stem cells can facilitate clinical-scale
expansion and maintain differentiation potential, which is critical
for cell manufacturing [47]. Therefore, a series of explorations were
carried out by using the method of microcarrier combined with
bioreactor to culture Muse.

Muse cells are usually dormant and only become active when
the cells are subjected to extreme stress [11]. Intravenously injected
Muse cells can all recognize the location of the injured site and
migrate specifically to the damaged site. Sphingosine-1-phosphate
(S1P) is an alarm signal that attracts Muse cells to the site of injury,
primarily through the expression of sphingosine-1-phosphate re-
ceptor 2 (S1PR) on the surface of Muse cells, causing them to return
preferentially to the site of injury [48]. In this study, the homing
ability of Muse cells and no-Muse cells was explored through ani-
mal models of musculoskeletal muscle injury, and it was found that
Muse had stronger homing ability.

The above results indicate that Muse cells have stronger plu-
ripotency and triple germ differentiation ability compared to non-
Muse cells, and their homing and targeting abilities are better
than those of non-Muse cells in animal skeletal muscle injury
models. Moreover, through comparison of variousMuse cell culture
methods, it was found that the microcarrier stirring method can
achieve the amplification and cultivation of Muse cells.

Muse cells have also been studied for clinical trials. Japan's
Mitsubishi Chemical Holdings' Life Sciences Research Institute LTD
is conducting clinical studies of a Muse cell product called CL2020.
Six clinical trials using the intravenous donor CL2020 are currently
underway. Their studies include acute myocardial infarction
(beginning in February 2018), ischemic stroke (September 2018),
epidermolysis bullosa (December 2018), spinal cord injury (July
2019), neonatal hypoxic encephalopathy (January 2020), and
amyotrophic lateral sclerosis (January 2021) [49e54]. The pre-
liminary results of the above six clinical trials showed that Muse
cells infusion did not cause serious adverse reactions, and the ef-
ficacy of subacute ischemic stroke and acute myocardial infarction
was more prominent. However, in general, the number of enrolled
patients was small, and more accurate efficacy judgement needs to
be verified by more patients enrolled in phase II and III clinical
trials.
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