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Intranasally administered muse cells attenuate ==
neurodegeneration in Parkinson’s disease

Zhe Lu'", Shifeng Ren'", Bingjie Wang'", Liwei Shao', Yajun Zhang', Haomeng Wu', Xiaodong Mu'"® and
ZhihuiWang'"

Abstract

Background Parkinson’s disease is a neurodegenerative disorder primarily caused by the degeneration and death
of dopaminergic neurons in the substantia nigra. Multilineage differentiating stress enduring (Muse) cells are a novel
type of stem cells discovered in recent years, exhibiting superior tissue regenerative capabilities compared to regular
mesenchymal stem cells, including multi-lineage differentiation potential, stress tolerance, homing ability, in situ
differentiation capacity, and non-tumorigenic properties. Here we investigated the effect and mechanism of muse
cell'in crossing blood-brain barrier (BBB), and improving Parkinson’s disease-related phenotypes.

Methods We used transwell to construct an in vitro blood-brain barrier model and treated it with muse cells
and non-muse cells to observe the changes. We also used fluorescence confocal microscopy to examine the
immunofluorescence sections of the hippocampal region of mice to explore changes before and after the treatment.

Results With an in vitro blood-brain barrier model, muse cells were found to have increased capacity to cross
blood-brain barrier when tumor necrosis factor-alpha (TNF-a) was applied to mouse neuronal cells. Further
experiments revealed that TNF-a increased the expression of sphingosine-1-phosphate (S1P) in neuronal cells, and
high concentrations of STP was able to activate the S1PR2-Rho pathway, leading to reduced expression of 3-Catenin
and increased BBB permeability. Thus, this indicate that muse cells possess an STP-S1PR2 homing mechanism,
enabling them to cross BBB. When muse cells were transplanted into A53T mice (a Parkinson’s disease model)
through nasal administration, muse cells exhibited stronger brain-homing ability compared to non-muse cells, by
responding to specific signals released from damaged brain regions Additionally, muse cells have the potential to
precisely differentiate into cells possessing key characteristics of dopaminergic neurons— tyrosine hydroxylase (TH)
positive cells, which is also a defining feature of functional dopaminergic neurons. This observed increase in TH+ cells
holds substantial significance in Parkinson’s disease, as TH is the rate-limiting enzyme in dopamine synthesis and

is essential for restoring dopaminergic function and improving motor symptoms. While mesenchymal stem cells
(MSCs) or induced pluripotent stem cell (iPSC)-derived neurogenic cells have also been shown to generate TH+ cells
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in preclinical models, muse cells offer distinct advantages, including innate tropism toward damaged tissue, stable
integration, and a lower risk of tumor formation. The ability of muse cells to efficiently migrate, differentiate into
functional dopaminergic phenotypes, and contribute to neural repair underscores their therapeutic potential and
highlights their relevance in modeling and treating Parkinson’s disease.

Conclusions These findings suggest that Muse cells achieve homing through the STP-S1PR2 mechanism and
intranasal administration of muse cells was efficient in reaching to the brain, which may offer a novel therapeutic

strategy for Parkinson’s disease.

Introduction

Parkinson’s disease (PD) is a chronic progressive neuro-
logical disorder primarily characterized by motor dys-
function. The hallmark pathological feature of PD is the
degeneration of dopaminergic neuron s in the substantia
nigra of the midbrain, leading to a significant decrease in
dopamine levels, which in turn triggers a series of motor
and non-motor symptoms [1]. Studies have shown that
the abnormal increase in blood-brain barrier (BBB) per-
meability in Parkinson’s patients may be closely related to
various factors, including endothelial cell damage, astro-
cyte dysfunction, and pericyte loss [2—4].

Stem cell-based therapies have been extensively
explored as potential treatments for neurodegenerative
diseases, and commonly studied stem cell types have
been embryonic stem cells (ESCs) [5], induced pluripo-
tent stem cells (iPSCs) [6, 7], mesenchymal stem cells
(MSCs) [8], and neural stem cells (NSCs) [9]. However,
both ESCs and iPSCs carry the risk of tumor formation,
and their safety in clinical applications has not been fully
guaranteed [10-12]. Neural stem cells exhibit low sur-
vival rates in the host brain, potentially due to immune
rejection, inflammatory environments, or insufficient
nutritional support. On the other hand, mesenchymal
stem cells, with their advantages of wide availability and
non-tumorigenicity, are considered a potential source for
stem cell therapy. However, MSCs also have certain limi-
tations, such as weak differentiation capacity and short
survival time in vivo [13, 14].

In 2010, Kuroda et al. first reported “multilineage-
differentiating stress-enduring cells” (muse cells) [15].
Under prolonged trypsin digestion conditions, most
bone marrow mesenchymal stem cells or dermal fibro-
blasts died, but a small number of cells survived. These
cells specifically express SSEA-3, as well as pluripotency
genes such as Oct3/4, Nanog, and Sox2, and can differ-
entiate into cells of all three germ layers from a single
cell. Compared to mesenchymal stem cells, muse cells
exhibit superior capabilities, including trilineage differen-
tiation potential, stress tolerance, homing ability, in situ
differentiation capacity, and non-tumorigenicity, which
have garnered increasing research interest and attention.
In animal models and clinical studies of various neuro-
logical diseases, muse cells have demonstrated promising
therapeutic effects [16, 17], indicating their significant

potential for application in Parkinson’s disease research.
Muse cells can be isolated and purified using flow cytom-
etry and immunomagnetic sorting techniques [18, 19].
Research has shown that muse cells possess unique hom-
ing abilities, enabling them to migrate to damaged tissue
sites, spontaneously differentiate into cell types compati-
ble with the local tissue, and promote tissue repair. These
cells exhibit strong tolerance in harsh environments and
can survive for extended periods. Notably, muse cells
typically remain dormant under normal physiologi-
cal conditions and are activated only upon tissue injury
[15]. The study by Yamada Y et al. revealed the molecular
mechanism underlying the homing ability of muse cells
[20]. It was found that muse cells highly express SIPR2
(sphingosine-1-phosphate receptor 2), with significantly
higher levels compared to non-muse cells. This may
be a key factor limiting the homing ability of non-muse
cells. In various disease models, including liver fibrosis,
spinal cord injury, and myocardial infarction, muse cells
consistently demonstrated superior homing capabilities
compared to non-muse cells. Further research showed
that silencing S1PR2 using siRNA or treating muse cells
with the S1PR2-specific antagonist JTE-013 significantly
inhibited their specific homing to injury sites [20].

Therefore, in this study, we examined the potential pro-
tective effect of muse cell on neuronal cells and neuro-
degenerative phenotypes of Parkinson’s disease with the
mice model, and verified whether S1P-S1PR2 axis play a
role in mediating the homing ability of muse cell to brain
tissues. This study provides the first evidence that muse
cells exhibit efficient lesion-directed homing capabil-
ity in a Parkinson’s disease mouse model, leading to sig-
nificant neurofunctional restoration. This discovery not
only identifies an ideal cell candidate for cell therapy in
Parkinson’s disease and potentially other neurodegenera-
tive diseases or tissue damages, with improved outcomes
compared to conventional stem cells, but also reveals a
unique “active targeting-in situ repair” mechanism, hold-
ing substantial value for theoretical advance and broad
prospects for clinical translation.

Materials and methods

Cell source

Human Umbilical Cord Mesenchymal Stem Cells (MSCs)
was purchased from Procells, China. The medium was
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replaced to remove non-adherent cells, and the adher-
ent MSCs were then cultured for 3 passages. To get muse
cells from MSCs, MSCs were incubated with SSEA3
antibody for 60 min, and then incubated with immuno-
magnetic beads (Miltenyi Biotec, Cat No. 130-047-401)
for 15 min. SSEA3-positive cells were sorted using a
magnetic stand. The positivity rates of muse cell mark-
ers (SSEA3 and CD105) were detected by flow cytometry.
The primary astrocytes, pericytes, HBMEC cells, and
mouse neuronal cells were all purchased from Procells,
China.

Human umbilical cord mesenchymal stem cell line
(purchased from Wuhan Procell Life Science & Technol-
ogy Co., Ltd.) was cultured using Mesenchymal Stem Cell
Medium (Huayan Biotechnology, cat. no. RMZ112). This
complete medium was supplemented with Mesenchy-
mal Stem Cell Serum-Free Medium Supplement (cat. no.
NCO0106.S) and 1% (v/v) Penicillin-Streptomycin Solution
(containing 100 U/mL penicillin, 100 pg/mL streptomy-
cin, and 50 pg/mL gentamicin; Solarbio, cat. no. P1410).
Astrocytes, pericytes, and HBMEC cells (purchased from
Wuhan Procell Life Science & Technology Co., Ltd.) were
cultured using basal medium (DMEM,; Vivacell, cat. no.
11995065). This complete medium was supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (FBS;
Gibco, cat. no. C3113) and 1% (v/v) Penicillin-Streptomy-
cin-Gentamicin Solution (containing 100 U/mL penicil-
lin, 100 pg/mL streptomycin, and 50 pg/mL gentamicin;
Solarbio, cat. no. P1410). All cells were cultured in a
humidified incubator at 37 °C with 5% CO,.

Experimental animals

This study employed 10 C57BL/6CI mice (12 months,
females) and 30 A53T homozygous transgenic mice (12
months, females). The mice were housed in an environ-
ment maintained at 26 +2 °C with a 12-hour light/dark
cycle, and were provided with free access to food and
water. Experiments were performed using isoflurane to
anesthetize C57 mice by inhalation. Two to three minutes
after the administration of the drug, the animals showed
slowing of respiration and disappearance of the turning
reflex, and entered the surgical anesthesia period. Intra-
operative body temperature (37 0.5 °C) was maintained
by a heating pad, and oxygen saturation (>95%) was con-
tinuously monitored. At the end of the experiment, the
mice were euthanized via carbon dioxide inhalation. The
experiment has been reported in line with the ARRIVE
guidelines 2.0.

CCK-8 assay

The mouse neuronal cell suspension was seeded into
a 96-well plate, with 100 pL added to each well. The
96-well plate was placed in a 37 °C, 5% CO, incuba-
tor to allow cell attachment. Different concentrations of
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TNEF-a were added, and the cells were further cultured
for a specified period. Then, 10 pL of CCK-8 (Beyotime
Cat No: C0041) reagent was added to each well and gen-
tly mixed. The 96-well plate was returned to the incuba-
tor and incubated for 1-4 h, with periodic observation of
color changes. The absorbance (OD value) of each well
was measured at a wavelength of 450 nm using a micro-
plate reader.

Establishment of an in vitro blood-brain barrier model

The underside of the Transwell inserts was coated with
Poly-L-lysine solution (Beyotime, Cat No.: C0312) and
placed in a 37 °C, 5% CO, incubator for 1 h. After 1 h,
the Transwell inserts were removed from the incubator,
and any residual Poly-L-lysine was washed off with ster-
ile water. A 30 pL cell suspension of astrocytes (1x10°
cells) and pericytes (2x10* cells) was carefully applied
to the underside of the inserts. The bottom of the culture
plate served as a “lid,” and the plate was then returned
to the incubator to allow cell attachment for 3 h. After
this period, the Transwell inserts were inverted, and any
excess medium was aspirated. A mixture of astrocyte and
pericyte medium (1:1 ratio) was then added to both the
apical and basolateral compartments. When the cell con-
fluence reached 90%, the mixed medium of astrocytes
and pericytes in the apical compartment was removed.
Then, 100 pL of HBMEC cell suspension (1x10° cells)
was added to the apical compartment of the Transwell
insert. The medium was supplemented with endothelial
cell medium to a final volume of 500 uL, and the culture
plate was returned to the incubator (Fig. 2A). Subse-
quently, the blood-brain barrier model was treated with
high-concentration S1P (10 uM), low-concentration S1P
(10 nM), and high-concentration S1P (10 pM) combined
with the S1PR2 antagonist (JTE-013) for intervention.

Transendothelial electrical resistance (TEER) measurement
TEER measurement (Beijing Jingong Hongtai Tech-
nology Co., Ltd.) is a critical method for evaluating cell
barrier function and is commonly used to assess the
integrity of cell models. The electrodes were cleaned with
70% ethanol, and the Transwell cell culture plate was
removed from the incubator and allowed to equilibrate
to room temperature. The TEER electrodes were inserted
into the Transwell inserts, ensuring contact with the
medium without touching the cell layer. The resistance
values were recorded, typically expressed in Q-cm?®. The
resistance of a blank Transwell insert was measured and
subtracted from the sample values. The TEER value was
calculated using the formula: TEER = (measured value -
blank value) x membrane area.
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Transmigration assay of muse cells

After the blood-brain barrier model was established, dif-
ferent concentrations of S1P were added to the medium
in the lower chamber. Subsequently, an equal number
of muse cells and non-muse cells, which constituted the
SSEA3-negative fraction remaining after the immuno-
magnetic sorting of human umbilical cord MSCs, were
used for subsequent experiments., as well as muse cells
and non-muse cells treated with JTE-013 (an S1PR2
antagonist), were added to the upper chamber (all cells
were labeled with PKH-26). After 48 h of culture, the
migration of muse cells and non-muse cells was observed
using immunofluorescence.

Western blot

Protein samples were collected from cells (neuronal cells,
HBMEC cells, astrocytes, and pericytes) and brain tis-
sue samples from each group of mice. Total protein was
extracted using lysis buffer (e.g., RIPA buffer). After cen-
trifugation, the supernatant was collected, and protein
concentration was determined using the BCA assay. Pro-
tein samples were mixed with loading buffer and boiled
for 10 min. The samples were then loaded into the wells
of a polyacrylamide gel for electrophoretic separation.
The separated proteins were transferred from the gel to
a PVDF or nitrocellulose membrane. The membrane was
blocked with 5% skim milk solution and incubated at
room temperature for 1 h. The membrane was then incu-
bated with primary antibodies (Table 1) at 4 °C overnight.
After incubation, the membrane was washed three times
with TBST buffer, each for 5-10 min. The membrane was
subsequently incubated with HRP-conjugated second-
ary antibodies at room temperature for 1 h. The mem-
brane was washed again three times with TBST buffer,
each for 5-10 min. Finally, the membrane was incubated

Table 1 Antibody reagents

Rat/IgM SSEA3 Monoclonal Antibody MA1-020 thermo
(MC-631)

CD105 (Endoglin) Monoclonal Antibody ~ 12-1057-42 thermo
(SNe6), PE

Goat anti-Rat IgM (Heavy chain) Cross- A-21212 thermo
Adsorbed Secondary Antibody, Alexa

Fluor™ 488

RHOA Polyclonal antibody 10749-1-AP Proteintech
TNF Alpha Monoclonal antibody 60291-1-Ig Proteintech
Anti-STP(ab140592) ab140592 abcam
B-Catenin Monoclonal antibody 51067-2-AP Proteintech
TH Polyclonal antibody 25859-1-AP Proteintech
BDNF Polyclonal antibody 28205-1-AP Proteintech
GDNF Polyclonal antibody 26179-1-AP Proteintech
NeuN Polyclonal antibody 26975-1-AP Proteintech
Beta Actin Polyclonal antibody 20536-1-AP Proteintech
Alpha Tubulin Recombinant antibody 80762-1-RR Proteintech
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with ECL chemiluminescence reagent, and signals were
detected using an imaging system.

Small animal in vivo imaging

Animal grouping: the normal group used 12-month-old
female C57/BL6 mice (Control), and the PBS group used
12-month-old female A53T mice. PKH-26-labeled muse
cells, non-muse cells, and muse + J cells (1 x 10° cells)
were injected through nasal administration [21]. After
injection, the mice were housed for 48 h, then anes-
thetized, and the distribution of cells in the brain was
observed using small animal in vivo imaging technology
(After completing the small animal in vivo imaging, the
mice were continued to be raised for 2 weeks, followed
by behavioral experiments. After the behavioral experi-
ments, the brain tissues of the mice were collected for
subsequent experimental analysis) (Fig. 4A).

Immunofluorescence

Adherent cells were fixed with 4% paraformaldehyde
for 15-20 min at room temperature. The samples were
then permeabilized with 0.1% Triton X-100 for 5-10 min
at room temperature. Blocking was performed using
goat serum for 30 min at room temperature to reduce
non-specific binding. Primary antibodies (Table 1) were
added and incubated at 4 °C overnight. After incubation,
the samples were washed three times with PBS, each for
5 min. Fluorescently labeled secondary antibodies and
Phalloidin (for cytoskeleton staining) were added and
incubated in the dark at room temperature for 1 h. The
samples were washed again three times with PBS, each
for 5 min. Nuclei were stained with DAPI for 5-10 min at
room temperature. Slides were mounted using anti-fade
mounting medium to prevent drying and fluorescence
quenching. Images were captured using a fluorescence
microscope.

RhoA activity assay

RhoA activity in cell lysates was measured using the
G-LISA RhoA Activation Assay Kit (Cytoskeleton Inc.,
Denver, CO, USA, cat. no. BK121) according to the man-
ufacturer’s protocol. Briefly, both muse and non-muse
cells treated with different concentrations of an S1PR2
antagonist were lysed in 80 uL of the kit’s lysis buffer.
The protein concentration of the lysates was determined
using the Precision Red protein assay, and all samples
were normalized to the same concentration. The normal-
ized samples were then added to the microplate wells and
incubated at 4 °C for 30 min, as directed by the manufac-
turer’s instructions. Luminescence was measured using a
microplate reader.
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Tissue sectioning

Tissue Samples: Mouse brain tissues were fixed with 4%
paraformaldehyde at 4 °C overnight. After fixation, the
tissues were rinsed with PBS to remove residual fixa-
tive. The tissues were then immersed in 15%-30% sucrose
solution (4 °C, several hours to overnight) to reduce ice
crystal formation. The tissue blocks were embedded in
OCT compound, ensuring complete coverage. Section-
ing: The embedded tissue blocks were rapidly frozen in
dry ice (-50 °C to -80 °C). The cryostat was pre-cooled
to -20 °C, and the section thickness was adjusted (typi-
cally 8 um). Thin sections were gently transferred to pre-
cooled glass slides using a brush or forceps. The sections
were then subjected to immunofluorescence or H&E
staining.

H&E staining

Tissue sections were dewaxed in xylene and rehydrated
through a graded alcohol series (from high to low con-
centration) to gradually return the sections to a hydrated
state. The sections were immersed in hematoxylin solu-
tion for several minutes. After staining, the sections were
rinsed with running water to remove excess dye. The
sections were then dipped in a weak acidic solution for
differentiation to remove excess hematoxylin. After dif-
ferentiation, the sections were rinsed again with running
water. The sections were immersed in a weak alkaline
solution to turn the hematoxylin-stained areas blue. The
sections were then stained with eosin for several minutes.
After staining, the sections were rinsed with running
water to remove excess dye. Dehydration was performed
through a graded alcohol series (from low to high con-
centration), followed by clearing with xylene. Finally, the
sections were mounted with neutral resin and covered
with coverslips for microscopic observation.

Behavioral experiment

Pole Test: Prepare a vertical pole with a diameter of
10 mm and a length of 50—-60 cm. A small platform can
be set at the top of the pole for placing the mouse. Before
the experiment, allow the mice to familiarize themselves
with the pole-climbing environment by conducting 1-2
training sessions. Place the mouse head-up at the top
of the pole. Record the time required for the mouse to
turn from head-up to head-down (T-turn) and the total
time needed to climb from the top to the bottom of the
pole (T-total). Perform 3-5 trials per mouse, and calcu-
late the average to reduce variability. Analyze the data by
comparing the turn time and total descent time among
groups to assess differences in motor function.

Wire Hang Test: Prepare a metal wire with a diameter
of 3 mm, fixed at a height of 30-40 cm above the ground.
Before the experiment, allow the mice to familiarize
themselves with the test environment by conducting 1-2

Page 5 of 16

training sessions. Gently place the mouse’s forepaws on
the metal wire or horizontal bar, then release to allow the
mouse to hang. Start timing when the mouse begins to
hang, and stop when it falls or grabs the wire with all four
paws. Perform 3-5 trials per mouse, with at least 10 min
between trials, and calculate the average to minimize
errors. Analyze the data by comparing the hanging time
among groups to evaluate differences in muscle strength
and endurance (To prevent excessive fatigue in the mice,
the maximum value was set at 300 s).

Data statistics

For cell culture experiments, the sample size was deter-
mined to be at least three independent biological repeats
(biological replicates, n=3), with each experiment
including three technical replicates (i.e., three measure-
ments per sample). Data are presented as means + stan-
dard 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 inter-
val., Other statistical tests included two-tailed Student’s
t-tests and one-way ANOVA. For consistency in com-
parisons, significance in all figures is denoted as follows:
*P<0.05, *xP<0.01.

Results

S1P expression is elevated in neuronal cells with TNF-a
treatment

S1P-S1PR pathway was found to be greatly involved in
promoting cell transmigration across the blood - brain
barrier [20]. Here we firstly examined whether the
increased level of pro-inflammatory signaling in neuronal
cells, which is a key feature of Parkinson’s disease, may
promote the activation of S1P expression.

The CCK8 assay results demonstrated that low concen-
trations of TNF-a (10-50 ng/ml) significantly promoted
the growth of mouse hippocampal neuronal cells, while
high concentrations of TNF-a (200-500 ng/ml) signifi-
cantly induced apoptosis in mouse neurons (Fig. 1A).
Therefore, we applied a TNF-a concentration of 300 ng/
ml for subsequent experiments, and western blot results
showed that the expression of S1P and TNF-a in TNF-
a-treated mouse neuronal cells was significantly higher
than that in the control group (Fig. 1B).

S1P impacts the permeability and tight junction protein
expression of the in vitro blood-brain barrier model

The blood-brain barrier model was constructed using co-
culture of astrocytes, pericytes, and HBMEC cells, TEER
(trans-endothelial electrical resistance) results demon-
strated that H-S1P significantly increased the permeabil-
ity of the blood-brain barrier (significantly lower than the
control group on days 1-4) (Fig. 2A).



Lu et al. Journal of Translational Medicine (2025) 23:1421

A Cell viability after TNF-a treatment B
200+
)
S
= 1509 dok; MR A
S =
S
-
=
g
2z 1009
= gk
S *%k
> ke
3 50
)
R d @ O D & S
SRS TS £
AT 7 T &S
MY TSN S S
C
muse cells
_fm Q2 at
lo2s 023 615
g | %
2 £
< e
2 %
@]
= )
=) —
b S v
= ~
<]
Q3 Q4 3
o 255 0.24

Tsotype-SSEA3 488 Staining-SSEA3 488

Page 6 of 16
Control TNF-o+ Control TNF-o+
TNF- e———
T —— SIP | .
_actin G . —
B B-actin b
c *
£ **
s 1.0 | —
K £10
s H
g % o 08
£ 5
s 0.6 % 08
§ 5
g 04 éo.A
£ 2
: 0.2 202
2 K
S 00 2 00
o control TNF-a control ™NFa
non-muse cells
Tlat Q2 I at Q2
jo2s 0.17 {970 030
— @
g E
g B
2 3
& ; y:
g : g
Tl ¥
1= - _
- o
o) y"f g
't""‘ s as a3
S 0.10 1266 [
L N | e

Isotype-SSEA3 488 Staining-SSEA3 488

Fig. 1 S1P expression is elevated in neuronal cells with TNF-a treatment. A: CCK8 Assay Results: The CCK8 assay results showed that TNF-a at concentra-
tions of 10-80 ng/ml stimulated the growth of mouse hippocampal neuronal cells, with a highly significant difference compared to the control group. In
contrast, TNF-a at concentrations of 200-500 ng/ml induced apoptosis in mouse neurons, also showing a highly significant difference compared to the
control group (Compared to the control group, **P<0.01) (n=6). B: Western Blot Results: Western blot analysis revealed that the expression of TNF-a in
mouse neuronal cells treated with 300 ng/ml TNF-a was significantly higher than that in the normal group. Additionally, the expression of S1P in TNF-a-
treated mouse neuronal cells was significantly higher than that in the normal group (Compared to the control group, *P<0.05, **F <0.01) (n=3). C: Muse
and non-muse cells were isolated using the immunomagnetic sorting method, based on the expression level of SSEA3. Flow cytometry analysis revealed
that the proportion of SSEA-3 and CD105 double-positive cells was 91.1% in muse cells, while it was only 0.3% in non-muse cells

Western blot analysis demonstrated that muse cells
exhibited a more pronounced increase in S1IPR2 expres-
sion compared to non-muse cells. The administration of
the antagonist effectively reduced S1PR2 levels, confirm-
ing its efficacy (Fig. 2B).

Western blot results showed that, compared to the con-
trol group, and low concentration of S1P (L-S1P, 10 nM),
high concentration of S1P (H-S1P, 10 uM) significantly
upregulated the expression of RhoA and significantly
downregulated the expression of f-Catenin in the blood-
brain barrier model cells. Compared to the H-S1P group,
the co-treatment of cells with H-S1P and S1PR2 antago-
nist (JTE-013) (group of H-S1P +]) failed to change the
expression of RhoA and pB-Catenin (Fig. 2C).

Immunofluorescence staining of the blood-brain bar-
rier model showed high expression of 3-Catenin in the
control and L-S1P groups, with intact cell connections
and well-preserved F-actin cytoskeleton structure as
indicated by phalloidin staining. In the H-S1P group,
[-Catenin expression was reduced, and both cell connec-
tions and cytoskeleton structure were disrupted. In the
H-S1P +] group, cell connections and cytoskeleton struc-
ture were relatively intact (Fig. 2D).

The RhoA activity assay demonstrated that increasing
concentrations of the SIPR2 antagonist progressively
reduced RhoA activity in both muse and non-muse cells.
Moreover, the muse cell group exhibited consistently
higher RhoA activity compared to the non-Muse group
across all concentrations tested (Fig. 2E).

Muse cell has improved trans-endothelial migration
capacity than non-muse cells

Muse and non-muse cells were isolated using the immu-
nomagnetic sorting method, based on the expression
level of SSEA3. Flow cytometry analysis revealed that the
proportion of SSEA-3 and CD105 double-positive cells
was 91.1% in muse cells, while it was only 0.3% in non-
muse cells (Fig. 1C).

The transwell assay was performed to compared the
trans-endothelial migration capacity of muse cells and
non-muse cells. Results demonstrated that, compared to
non-muse cells, muse cells exhibited significantly higher
trans-endothelial migration capacity in the blood-brain
barrier model treated with high-concentration S1P, which
was markedly reduced after adding JTE-013 (Fig. 3A).
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Fig.2 S1Pimpacts the permeability and tight junction protein expression of the in vitro blood-brain barrier model. A: Establishment of an In Vitro Blood-
Brain Barrier and Transmembrane Assay (Figure created with BioRender.com), First-generation astrocytes, pericytes, and HBMEC cells were co-culured
in the upper chamber of the transwell (Astrocyte: HBMEC: Pericytes=5:5:1). The permeability of the H-S1P group was significantly reduced compared
to the control group on days 1-4; L-S1P had no effect on the BBB, and after adding the JTE-013 antagonist, permeability increased on day 1 compared
to the H-S1P group and significantly increased on days 2-4 (Compared to the control group, **P<0.01, and compared to the high-concentration S1P
group, #P <0.05, ##P <0.01) (n=3). B: Compared to non-muse cells, muse cell showed increased the expression of STPR2. Compared to the muse group,
the muse +J group showed reduced expression of STPR2. (Compared to the control group, **P<0.01). C: Compared to the control group, L-S1P showed
no significant difference in the expression of Rho and Beta-Catenin in the blood-brain barrier (BBB) model cells, while H-S1P significantly increased the
expression of Rho and significantly decreased the expression of 3-Catenin in the BBB model cells. Compared to the H-S1P group, the H-S1P+J group
showed reduced expression of Rho and increased expression of 3-Catenin in the BBB model cells. (Compared to the control group, *P<0.05, **P <0.01)
(n=6). D: (200x magnification) B-Catenin was highly expressed in the control group and the L-S1P group, with phalloidin staining showing intact cy-
toskeletons, while 3-Catenin was lowly expressed in the H-STP group, with disrupted cell connections and cytoskeletons; in the H-S1P+J group, cell
connections and cytoskeletons were relatively intact (n=6). E: Effects of varying concentrations of the STPR2 antagonist on RhoA activity in muse and
non-muse cells. (Compared to the OuM muse group, **P<0.01, and compared to the OuM non-muse group, ##P<0.01 compared to the non-muse group,

&&P<0.01) (n=3)

Also, in contrast to the low-concentration S1P group,
the high-concentration S1P group induced cytoskeletal
(microfilaments and microtubules) contraction in muse
cells, resulting in cell shrinkage, while the degree of con-
traction was attenuated in the high-concentration S1P +]
group. (Fig. 3B).

Muse cell reaches to brain tissue in Parkinson’s mice model
Muse cells and non-muse cells labeled with fluorescent
PKH-26 were transplanted into Parkinson’s mice model
(A53T mice) via intranasal administration. In vivo small
animal imaging results showed that mice injected with
non-muse cells showed significant aggregation in the
lungs, with no fluorescence signal detected in the head.
In contrast, mice injected with muse cells exhibited
distinct fluorescence signals in the head region, while
the signal intensity was reduced in those injected with
muse +] cells (Fig. 4B).

Analysis of brain tissue sections revealed the presence
of PKH-26-labeled muse cells in both the cerebral cortex
and substantia nigra regions. In contrast, non-muse cells
were almost undetectable in the cerebral cortex and sub-
stantia nigra regions (Fig. 4C-E).

Muse cell has protective effects on DA neurons

Compared to normal WT mice, A53T mice showed a
significant reduction in tyrosine hydroxylase (TH) and
neuron-specific nuclear protein (NeuN) staining in the
substantia nigra pars compacta (SNc) region. However,
A53T mice injected with muse cells displayed a higher
number of TH-positive and NeuN-positive cells, and
PKH26-labeled muse cells were detected in this region.
In contrast, A53T mice injected with muse+] cells or
non-muse cells exhibited relatively fewer TH-positive
and NeuN-positive cells (Fig. 5A).

Western blot analysis revealed that S1P expression in
the brain tissue of A53T mice (PBS group) was signifi-
cantly increased compared with normal WT mice. In the
group treated with muse cells, S1P expression was mark-
edly reduced relative to both the PBS and non-muse

groups, though it remained higher than that in normal
WT mice. The expression of TNF-a in the brains of
PBS group was significantly increased compared to nor-
mal WT mice. Compared to the PBS group, the TNF-«
expression was significantly reduced in the muse cell-
injected group. The non-muse cell and muse+] cell
groups also showed reduced TNF-a expression, but the
degree of reduction was less than that of muse cell group.
Compared with normal WT mice, A53T mice (PBS
group) exhibited significantly lower expression levels of
BDNF and GDNF in the brain. Administration of muse
cells significantly increased the expression of these two
neurotrophic factors in A53T mice compared to the PBS
group. However, the expression levels in the non-muse
cell group and the muse +] group were lower than those
in the Muse cell group (Fig. 5B).

H&E staining results showed that in the substantia
nigra region of normal WT mice, the tissue structure was
intact, and the morphology of cell nuclei was clear. In the
substantia nigra region of A53T model mice (PBS group),
significant neuronal loss was observed, with abnor-
mal neuronal nuclear morphology and blurred nuclear
boundaries. Compared to the non-muse group and the
muse +] group, the muse group exhibited significantly
reduced neuronal damage, and its histomorphological
characteristics were closer to those of normal WT mice
(Fig. 5C).

Muse cell improves the behavioral defects of Parkinson'’s
disease mice model
The pole test results revealed that the climbing and turn-
ing times were significantly prolonged in Parkinson’s
model mice compared to normal WT mice. In contrast,
Parkinson’s model mice injected with muse cells exhib-
ited a significant reduction in both climbing and turning
times compared to the untreated Parkinson’s model mice
(Fig. 6A).

The suspension test results indicated a significant
decrease in suspension time for Parkinson’s model mice
compared to normal WT mice. While mice with muse
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Fig. 3 Muse cell has improved transendothelial migration capacity than non-muse cells. A: (200xmagnification) In the blood-brain barrier model, muse
cellsin the H-S1P group underwent transmembrane migration, while the migration of muse +J cells was reduced. Almost no cell migration was observed
in the H-STP group and the control group. Non-muse cells showed only a small amount of transmembrane migration in the H-S1P group of the blood-
brain barrier model(n=6). B: (630x magnification) Compared with the control group, the low-concentration S1P group showed no significant effect on
the cytoskeleton of muse cells; the high-concentration S1P group induced cytoskeletal contraction in muse cells, while the degree of contraction was

attenuated in the high-concentration S1P +J group (n=6)

cell injections demonstrated a significant increase in sus-
pension time compared to their non-injected counter-
parts (Fig. 6B).

Discussion

Muse cells, a unique population of non-hematopoi-
etic pluripotent stem cells, have been found to exhibit
remarkable neuroprotective actions in the context of
Parkinson’s disease. The process involves the sphingosine
—1- phosphate (S1P) - S1P receptor 2 (SIPR2) - medi-
ated transmigration across the blood-brain barrier (BBB).
This intricate mechanism allows muse cells to reach the
affected neural tissue in the brain. Once there, they can
secrete various neurotrophic factors, which in turn help
to protect dopaminergic neurons from degeneration, a
hallmark of Parkinson’s disease. By migrating through
the blood - brain barrier following the S1P-S1PR2 path-
way, muse cells hold great potential for developing novel
therapeutic strategies against this neurodegenerative
disorder.

The microstructure of the blood-brain barrier is com-
posed of vascular endothelial cells, astrocytes, and peri-
cytes [22]. The BBB separates the neuronal environment
in the brain from peripheral blood, and its impairment
is closely associated with inflammation and neurode-
generative diseases [23, 24]. Parkinson’s disease (PD) is
a common neurodegenerative disorder, and increasing
evidence suggests that the function of the BBB is com-
promised in PD patients [3, 25]. A postmortem study
of PD patients revealed that the integrity of the BBB in
the striatum was disrupted, manifesting as erythrocyte
extravasation, perivascular hemosiderin deposition, and
leakage of various serum proteins. In rodent studies, it
was found that treatment with the microbial neurotoxin
BMAA significantly reduced BBB permeability in mice
[25, 26]. Research has found that the nigrostriatal dopa-
minergic region and cerebrospinal fluid (including ven-
tricular and lumbar CSF) of Parkinson’s disease patients
exhibit significantly elevated levels of pro-inflammatory
cytokines such as tumor necrosis factor-a (TNF-a) are
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non-muse cells showed significant aggregation in the lungs, with no fluorescence signal detected in the head. In contrast, mice injected with muse

ignal intensity was reduced in those injected with muse +J cells(n=3). C-E:

(200xmagnification; 400xmagnification) In brain tissue sections of mice, PKH-26-labeled muse cells and muse +J cells were observed in both the cerebral
cortex and substantia nigra regions. The number of muse +J cells was relatively lower compared to muse cells, while non-muse cells were almost absent

in the cerebral cortex and substantia nigra regions (n=6)

significantly elevated, while the levels of neurotrophic
factors (e.g., BDNF, GDNF) are markedly reduced [26].
Correspondingly, a PD mouse model, pathological
changes were observed, including increased expression
of Al-type astrocytes (considered neurotoxic), loss of
dopaminergic neurons in the substantia nigra, elevated
blood-brain barrier (BBB) permeability, and reduced lev-
els of neurotrophic factors [27]. This experimental study
confirmed that, compared to the normal control group,
the brains of PD model mice exhibited a characteristic
pathological microenvironment: levels of the pro-inflam-
matory cytokine TNF-a were significantly elevated, while
the expression of neurotrophic factors BDNF and GDNF
was concurrently downregulated. This detrimental

microenvironment ultimately led to a marked reduc-
tion in the number of cells positive for TH, a marker of
dopaminergic neurons, and NeuN, a marker of mature
neurons.

Sphingosine-1-phosphate (S1P) is a biologically active
sphingolipid that plays a crucial role in the immune
system. It is widely expressed throughout the body and
is involved in the regulation of immune activation and
cellular transport [28]. In addition to its immune func-
tions, S1P also influences other critical cellular pro-
cesses, including barrier integrity, angiogenesis, and
cell proliferation, through its synthesis in platelets, red
blood cells, vascular endothelial cells, and hepatocytes
[29]. Growing evidence suggests that the S1P signaling
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Fig. 5 Muse cell has protective effects on DA neurons. A: (200xmagnification) Compared to normal WT mice, the PBS group showed reduced TH and
NeuN staining in the SNc region. In contrast to the PBS group, the muse group exhibited a higher number of TH-positive cells and NeuN-positive cells,
with PKH26-labeled muse cells present in the region. Compared to the muse group, the muse +J and non-muse groups displayed relatively fewer TH-
positive cells(n=6). B: STP expression in the brain tissue of A53T mice (PBS group) was significantly increased compared with normal WT mice. In the
group treated with muse cells, STP expression was markedly reduced relative to both the PBS and non-muse groups, though it remained higher than that
in normal WT mice. Western blot results indicated: TNF-a expression in the brains of the PBS group was significantly higher than in control. Compared
to the PBS group, TNF-a expression was significantly reduced in the muse group, while the non-muse and muse +J groups also showed reduced TNF-a
expression. TNF-a expression in the muse group was lower than in the non-muse and muse +J groups. Expression levels of BONF and GDNF showed a
marked decline in the PBS group. No significant change was seen with non-muse cell treatment, whereas the muse group displayed elevated expres-
sion. The expression remained unchanged in the muse +J group. (*Compared to the control group, **P<0.01, and compared to the PBS group, #P <0.05,
## P<0.01, & compared to the muse group, & P<0.05) (n=3). C: The H&E staining results (200x magnification) showed that in the substantia nigra
region of normal WT mice, the tissue structure was normal, and the cell nuclei were clearly visible (red arrows indicate astrocytes, green arrows indicate
neuronal cells). In contrast, the brains of PBS group mice exhibited significant neuronal loss, with abnormal neuronal nuclear morphology and blurred
boundaries. The non-muse group and muse +J group showed similar conditions to the PBS group, but the degree of neuronal damage was reduced. In
the muse group, the number of damaged neurons was significantly decreased, and the tissue characteristics were similar to those of normal WT mice.

(red—astrocyte, green—neuronal cells, black—damaged neuronal cells) (n=6)

pathway regulates the structure and function of the
BBB under pathophysiological conditions [30]. TNEF-«,
a pro-inflammatory factor, is implicated in various neu-
rological disorders such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD) [31, 32]. TNF-«a signaling stimu-
lates the conversion of sphingosine to S1P by activating
sphingosine kinase 1 (SK1), and elevated levels of TNF-a
can mediate an increase in S1P content [33, 34]. A study
based on data from stroke patients revealed that serum
S1P levels significantly rise following cellular injury
[35]. In this study, in vitro experiments demonstrated
that high concentrations of TNF-a could induce neuro-
nal apoptosis and upregulate S1P expression, suggesting
that neuroinflammation and apoptosis in the brain may
collectively promote S1P release. Furthermore, in vivo
experiments showed increased expression of both TNF-a
and S1P in the brains of A53T mice, further supporting
the inference that inflammatory factors may stimulate
S1P release.

S1P exerts its effects through five G protein-coupled
receptors (S1PR1-5), among which S1PR1 and S1PR?2 are
selectively expressed in blood-brain barrier (BBB) cells
and play significant roles in BBB function [36]. Research
indicates that SIPR1 and S1PR2 maintain a balanced
role in Rho GTPase signaling, collectively preserving
the integrity of the BBB. Low levels of S1P bind to the
S1PR1 receptor, activating the Rac signaling pathway,
thereby enhancing BBB function [37-39]. Conversely,
high levels of S1P bind to the S1IPR2 receptor, leading to
the breakdown of junctional proteins (such as f-Catenin)
and promoting cytoskeletal contraction through RhoA
signaling, thereby impairing BBB function [40, 41]. This
study, by constructing an in vitro BBB model, found that
high concentrations of S1P upregulate Rho expression
and decrease p-Catenin expression, causing cytoskeletal
changes in BBB model cells and increasing BBB perme-
ability. However, when the S1PR2 antagonist (JTE-013)
was added, Rho protein expression decreased, p-Catenin
expression increased, and BBB permeability significantly

reduced. In summary, alterations in the BBB in Parkin-
son’s disease may be due to increased TNF-a expression,
which in turn increases S1P secretion. S1P binding to the
S1PR2 receptor promotes Rho signaling, leading to the
loss of the junctional protein B-Catenin and cytoskel-
etal contraction, ultimately resulting in increased BBB
permeability.

Our results further indicate that the S1P-S1PR2 axis is
a unique mechanism that distinguishes the function of
muse cells from non-muse cells [20]. Our experiments
demonstrated that muse cells possess a significantly
higher level of S1IPR2 expression relative to their non-
muse counterparts. When muse cells and non-muse cells
were added to a blood-brain barrier (BBB) model with
high concentrations of S1P, only muse cells exhibited
significant migratory ability, accompanied by noticeable
changes in their cytoskeleton, while the migration of non-
muse cells was limited. Treatment of muse cells with the
S1PR2 antagonist significantly inhibited their migration
and reduced RhoA activity. Therefore, the mechanism by
which muse cells can cross the blood-brain barrier may
be related to the release of high concentrations of S1P in
Parkinson’s disease: high levels of S1P increase the per-
meability of the blood-brain barrier, and the high expres-
sion of SIPR2 receptors on muse cells enables them to
respond to S1P released in the brain, thereby promoting
their migration. Furthermore, the S1P-S1PR2 axis may
promote the trans-endothelial migration of muse cells
across the blood-brain barrier by modulating RHOA
activity and consequently altering their cytoskeletal
architecture.

Neurological disorders such as stroke, Alzheimer’s dis-
ease, and Parkinson’s disease are often associated with
impaired neural regeneration, potentially leading to
severe functional disabilities or even death. Studies have
shown that muse cells can be induced to differentiate
into neural stem cells, mature neurons, and astrocytes in
vitro[42, 43], and can spontaneously undergo these differ-
entiation processes in vivo. Increasing evidence suggests
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Fig. 6 Muse cell improves the behavioral defects of Parkinson's Disease mice model. A: The results of the pole test showed: Compared with control,
the climbing and turning time of mice in the PBS group was significantly prolonged; compared with the PBS group, the climbing and turning time of
the muse group was significantly shortened. Compared with the muse group, the climbing time of the non-muse group was significantly prolonged,
and the turning time was prolonged; the climbing and turning time of the muse +J group was prolonged (*Compared to the control group, **P<0.01,
and compared to the PBS group, ## P<0.01, & compared to the muse group, & P<0.05, && P<0.01) (n=6). B: The results of the suspension test showed:
compared with compared with control, the suspension time of mice in the PBS group was significantly shortened; compared with the PBS group, the
suspension time of the muse group was significantly prolonged. Compared with the muse group, the suspension time of the non-muse group and the
muse +J group was shortened (*Compared to the control group, **P<0.01, and compared to the PBS group, #P <0.05, ## P<0.01, & compared to the

muse group, & P<0.05) (n=6)

that muse cells can cross the BBB and exert therapeu-
tic effects on various neurological disorders [44, 45]. In
research on hypoxic-ischemic brain injury, 7-day-old rats
underwent left carotid artery ligation and were exposed
to 8% oxygen for 60 min. Seventy-two hours later,
muse or non-muse cells (1 x 10* cells/rat) were intrave-
nously injected [44]. The results showed that muse cells
migrated to the injured brain region by the second week
and differentiated into neuronal cells after six months,
expressing neuronal markers such as NeuN and MAP-2,
as well as oligodendrocyte markers like GST-pi. In con-
trast, non-muse cells primarily accumulated in the lungs,
with no observed neural differentiation. Abe et al. further
explored the application of muse cells in a lacunar cere-
bral infarction model [46], finding that a high dose (5 x
1074 cells/rat) of muse cells significantly improved motor
function in both acute (9 days post-injury) and chronic
(30 days post-injury) phases. After 22 weeks, these cells
were distributed around the infarct area and expressed
neuronal markers. On the other hand, Studies have
shown that intranasal administration of stem cells offers
significant advantages over tail vein injection or other
delivery routes: firstly, it achieves higher delivery effi-
ciency to the central nervous system; secondly, it avoids

first-pass metabolism, thereby enhancing the bioavail-
ability of the drug; moreover, this method is non-invasive
and easy to perform, allowing for repeated administration
when necessary, which improves the flexibility of treat-
ment; finally, since the therapeutic compounds are not
exposed to other healthy organs, potential adverse effects
can be minimized [47]. There are 2 primary hypotheses
regarding the pathways by which drugs and cells reach
the brain following intranasal delivery: the nose-to-brain
nerve pathways (the olfactory pathway and the trigeminal
nerve pathway) and the perivascular pathway. However,
recent research has highlighted the significance of the
perivascular pathway in cellular transport, demonstrat-
ing that neuroblasts derived from the olfactory bulb can
migrate along vascular structures [48]. The underlying
mechanism involves these cells utilizing blood vessels as
a migratory scaffold/track, facilitating their movement
through interactions with the extracellular matrix and
the endfeet of perivascular astrocytes [49].

This study found that the substantia nigra region of the
A53T transgenic mouse model exhibited reduced TH
and NeuN staining intensity, significant neuronal loss
and apoptosis, and accompanied by motor dysfunction.
Compared to A53T mice injected with non-muse cells,
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the group injected with muse cells showed a higher num-
ber of TH-positive cells, significantly reduced neuronal
apoptosis, improved motor function, and the presence of
PKH26-labeled muse cells in the region, along with alle-
viated neuroinflammation, increased expression of neu-
rotrophic factors. However, in the A53T mouse group
injected with S1PR2 antagonist-treated muse cells, the
number of TH- and NeuN-positive cells was lower. Fur-
thermore, the improvement in inflammatory response,
the increase in neurotrophic factor expression, and the
degree of motor function recovery were all inferior to
those in the untreated muse cell group. Based on these
results, we hypothesize that Parkinson’s disease may trig-
ger neuroinflammation and increase S1P concentration,
activating the Rho signaling pathway, leading to disorga-
nized cell arrangement and increased permeability of the
blood-brain barrier. In this process, the S1IP-S1PR2 sys-
tem may mediate the migration of muse cells to the injury
site, thereby exerting neuroprotective effects (Fig. 7).
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