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exerts therapeutic effects in SCA2 mice
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Abstract

Background Defects in the ataxin-2 (ATXN-2) protein and CAG trinucleotide repeat expansion in its coding gene,
Atxn-2, cause the neurodegenerative disorder spinocerebellar ataxia type 2 (SCA2). While clinical studies suggest
potential benefits of human-derived mesenchymal stem cells (hMSCs) for treating various ataxias, the exact mecha-
nisms underlying their therapeutic effects and interaction with host tissue to stimulate neurotrophin expression
remain unclear specifically in the context of SCA2.

Methods Human bone marrow-derived MSCs (hMSCs) were injected into the cisterna magna of 26-week-old wild-
type and SCA2 mice. Mice were assessed for impaired motor coordination using the accelerating rotarod, open field
test, and composite phenotype scoring. At 50 weeks, the cerebellum vermis was harvested for protein assessment
and immunohistochemical analysis.

Results Significant loss of NeuN and calbindin was observed in 25-week-old SCA2 mice. However, after receiving
multiple injections of hMSCs starting at 26 weeks of age, these mice exhibited a significant improvement in abnormal
motor performance and a protective effect on Purkinje cells. This beneficial effect persisted until the mice reached

50 weeks of age, at which point they were sacrificed to study further mechanistic events triggered by the admin-
istration of hMSCs. Calbindin-positive cells in the Purkinje cell layer expressed bone-derived neurotrophic factor

after h(MSC administration, contributing to the protection of cerebellar neurons from cell death.

Conclusion In conclusion, repeated administration of h(MSCs shows promise in alleviating SCA2 symptoms by pre-
serving Purkinje cells, improving neurotrophic support, and reducing inflammation, ultimately leading to the preser-
vation of locomotor function in SCA2 mice.
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Neuroinflammation
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Introduction

Spinocerebellar ataxia type 2 (SCA2) is a progressive
neurodegenerative disorder affecting the cerebellum and
characterized by neuroinflammation, progressive incoor-
dination (ataxia), and muscle weakness. It is the second
most common subtype of autosomal dominant cerebel-
lar ataxia (CA) worldwide, after SCA3, and remains an
incurable disease despite being identified decades ago [1,
2]. Additionally, it is the most severe subtype among the
43 known SCA subtypes [2, 3], affecting motor coordi-
nation in the upper body more severely than that in the
lower body [4, 5]. Clinically, individuals with SCA2 pre-
sent with a progressive cerebellar syndrome character-
ized by a myriad of motor and non-motor impairments,
including ataxia, dysarthria, dysphagia, oculomotor dys-
function, rigidity, bradykinesia, somatosensory deficits,
executive dysfunction, and late cognitive decline [1, 3,
6]. Genotypically, the disease is caused by toxic “gain-
of-function,” which results in CAG trinucleotide repeat
expansion, thus crossing a certain threshold in the cod-
ing region of the ataxin-2 (Atxn-2) gene, which maps to
12q23-q24.1 [2, 3]. The Atxn-2 gene typically contains
approximately 22 CAG repeats. Variations of up to 31
repeats are considered nonpathogenic and do not present
harmful phenotypic effects [2, 7]. However, the num-
ber of repeats can influence disease severity and symp-
tom onset age [2, 3]. For instance, individuals with >33
CAG repeats in the Atxn-2 gene tend to develop signs
and symptoms of SCA2. People with 33—34 repeats are
more likely to exhibit signs and symptoms of SCA2 in
late adulthood, whereas those with >45 repeats are more
likely to display symptoms in their teens [3]. Further, this
polyglutamine expansion in the protein ataxin-2 affects
motor coordination owing to cellular death across several
brain regions, especially in the cerebellar cortex, pontine
nuclei, inferior olives, and peripheral nerves, thus often
resulting in premature death [1-3, 6, 8].

In terms of current therapeutic options for SCA2,
stem cell-based therapies hold great promise owing to
their multi-lineage development, immunomodulatory
activities, and trophic properties [9, 10]. Furthermore,
in comparison to other types of stem cells, human bone
marrow-derived mesenchymal stem cells (hMSCs) pro-
vide several advantages, including their widespread avail-
ability, the minimal ethical concerns over their use, and
the ability to be isolated from various organs and tis-
sues [11, 12]. This broad availability paves the way for
their application in human clinical trials, thus opening
avenues for their therapeutic application in neurodegen-
erative diseases, such as SCA2 [9, 11, 13, 14]. Addition-
ally, clinical studies conducted on SCA3 patients and
SCA2 transgenic animals have demonstrated that hMSC
infusion may partially restore motor function in both
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clinical and preclinical trials [15, 16]. We also recently
reported that hMSC treatment not only inhibited the
symptoms of neuroinflammation in a lipopolysaccha-
ride (LPS)-induced CA mouse model but also modulated
microglial M2 polarization via increased tumor necrosis
factor-stimulated gene-6 (TSG-6) levels and inhibited
apoptosis [17]. Additionally, multiple administrations of
hMSCs protected Purkinje and cerebellar granule cells by
stimulating neurotrophic factors and inhibiting cerebel-
lar inflammatory responses, thereby improving motor
behavior, in a cytosine P-D-arabinofuranoside hydro-
chloride (Ara-C)-induced CA mouse model [18]. Overall,
hMSCs are an ideal candidate cell type for tissue engi-
neering and regenerative medicine [9], though the pre-
cise mechanisms by which they interact with host tissue
to stimulate the expression of neurotrophins and sup-
press neuroinflammation are not yet fully understood.

Follistatin-like protein 1 (FSTL1) is a transforming
growth factor (TGF)-B1-inducible glycoprotein belong-
ing to the “secreted protein acidic and rich in cysteine”
family of matricellular proteins found in MSCs with an
unclear function [19-21]. Earlier reports suggest FSTL1
is an immune modulator, and it has been shown to mod-
ify cell growth, cell survival, cell proliferation, cell differ-
entiation, tissue repair and alteration, inflammation, and
embryogenesis and [20, 22]. FSTL1 can regulate MSC
proliferation and chondrogenic differentiation, crucial
processes for tissue healing [21]. Furthermore, FSTL1-
overexpressing MSCs have been found to reduce inflam-
matory cell infiltration and increase lifespan against
hypoxia in vivo [23]. Additionally, FSTL1 has been
reported to enhance the pro-survival effects of bone-
derived neurotrophic factor (BDNF) on neurons [24],
and helps to promote cell survival and inhibit apoptosis
both in vitro and in vivo [24—30]. In our recent study, we
reported the downregulation of FSTL1 in the secretome
of CA MSCs, which coincided with the suppression of
proinflammatory microglial activation [31]. While the
role of FSTL1 in inflammation is still debated, a few
reports suggest FSTL1 suppresses inflammatory activa-
tion of microglia and astrocytes both in vitro and in vivo,
and can downregulate the expression of cytokines such
as tumor necrosis factor-alpha (TNF-a), interleukin-1
beta (IL-1p), and interleukin-6 (IL-6), which are known
to contribute to neuroinflammation [22].

While the underlying cause of SCA?2 is a repeat expan-
sion in the ATXN2 gene [1, 6], emerging research suggests
that the loss of neurotrophic support and neuroinflam-
mation may also contribute to disease progression [32,
33]. Therefore, the neuroprotective properties of FSTL1
make it an intriguing candidate for therapeutic interven-
tions in SCA2. In this study, our aim was to investigate
the potential neurotrophic and anti-inflammatory effects
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of multiple hMSC administrations in an SCA2 trans-
genic mouse model, shedding light on the potential role
of FSTLI as a determinant of the neuroprotective effects
mediated by hMSCs.

Methods

Animals

Wild-type (WT) male C57BL/6 ] mice (aged 8 weeks and
weighing approximately 20-25 g) were obtained from
Daehan Biolink (Eumseong, Korea). To address the chal-
lenges associated with accurately identifying the onset of
SCA2, we used a transgenic mouse model that expressed
full-length Atxn-2-complementary DNA under the con-
trol of the Purkinje cell protein-2 promoter, which specif-
ically targets Purkinje cells [34, 35]. Both male and female
SCA2 mice were purchased from Jackson Laboratories
and were genotyped in a controlled environment. SCA2
genotype was confirmed by polymerase chain reaction
(PCR) using a 5-AATACCTATGACGCCCATGC-3’
(transgene forward), 5 -ATGAGCCCCGTACTGAGT
TG-3’ (transgene reverse), 5'-CTAGGCCACAGAATT
GAAAGATCT-3’ (internal positive control forward) and
5 -GTAGGTGGAAATTCTAGCATCATCC-3" (internal
positive control reverse) primer sets designed to distin-
guish expansion-positive samples (transgene- 346 bp)
from those without a repeat expansion (Supplementary
Fig. 1A). The PCR product was separated by electropho-
resis in a 1.5% agarose gel, stained with RedSafe nucleic
acid stain, and visualized under ultraviolet light. Further,
the presence of ATXN-2 protein was also confirmed
in the cerebellum of the SCA2 mice model in an age-
dependent manner using immunoblot analysis (Supple-
mentary Fig. 1B,C).

The mice were housed in a controlled environment
(12 h light/12 h dark conditions) with ad libitum access to
water and food. All behavioral and protein-based experi-
ments were conducted using a sample size of n=6. The
experimental animals were treated humanely. The animal
experiments in this study adhered to the ARRIVE guide-
lines (Supplementary file 2), and all animal protocols
were approved by the Animal Care Committee of Kyung-
pook National University [Approval numbers and dates:
KNU 2023-0140 and 2024-0095 (Approved project title:
Development of new therapeutics to overcome neurode-
generative diseases), with approvals obtained on May 9,
2023, and Feb 27, 2024, respectively].

hMSC preparation and injection

The study was conducted under the project namely,
“Study on therapeutic validation and mechanism of mes-
enchymal stem cell in animal model of cerebellar ataxia’,
granted and funded by Korea Health Industry Develop-
ment Institute (Grant No. HI16C2210). The hMSCs were
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obtained from the bone marrows of eight healthy individ-
uals according to the reviewed and approved protocols
of the Institutional Review Board (IRB) of Kyungpook
National University Chilgok Hospital (IRB: 2019-02-008-
002). All the participants and their caregivers provided
written informed consent for participation in this study.

The MSCs used in the experiments were not pooled,
and throughout all experiments, MSCs from a sin-
gle donor were used for each test. The selection of this
donor’s MSCs was based on their superior initial pro-
liferative capacity, which allowed for the prioritization
of banked MSCs with a higher cell count. The MSCs
utilized in the experiments were at Passage 3 or 4. The
culturing followed the same methods as in previous
study [36], including tests for morphology, surface mark-
ers, and differentiation potential, using passage 3 or 4
cells for the experiments. Isolated hMSCs were char-
acterized and expanded under “Good Manufacturing
Practice” conditions at CorestemChemon Inc. (Seoul,
Korea), according to the International Society of Cellu-
lar Therapy guidelines [36]. Briefly, cells were seeded at
a density of 11.5x 107 cells/cm? and cultured in CSBM-
A06 medium (CorestemChemon Inc., Seoul, Republic of
Korea) supplemented with 10% fetal bovine serum (Life
Technologies-Thermo Fisher Scientific, Waltham, MA,
USA), 2.5 mM L-alanyl-L-glutamine (Merck Biochrom
AG, Berlin, Germany), and 1% penicillin—streptomy-
cin (Merck Biochrom AG, Berlin, Germany). To ensure
cell purity, nonadherent and dead cells were removed
through washing, and the medium was replaced twice a
week. Passage 0 (PO) cells were defined as adherent cells
that reached 70%—80% confluence. At passage 3 or 4 (P3
or P4), the cells were analyzed using flow cytometry to
determine their cell surface marker expression. hMSCs
were characterized as CD29/CD44/CD73/CD105-posi-
tive and CD34/CD45-negative cells [17, 18].

Studying mice at 25 weeks of age generally corre-
sponds to a stage in disease progression that mirrors
the symptom onset observed in human patients with
SCA2. This stage is characterized by the degeneration
of Purkinje cells and development of motor abnor-
malities [37—42]. Therefore, hAMSCs were injected into
26-week-old SCA2 mice via both single injection (SI)
and multiple injection (MI), followed by double the
administration of hMSCs via MI every 4 weeks till the
mice had reached 34 weeks of age (Fig. 1A). Further,
both WT and SCA2 mice were subjected to behavioral
tests assessing different motor abilities (rotarod, open-
field, ledge, hindlimb clasp, and gait testing) at 4-week
intervals from 26 to 50 weeks of age. At the end of the
study, mouse brains were extracted for western blot
and immunohistochemical analyses (Fig. 1A). The
mice were randomly divided into nine experimental
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groups (1) WT-intact, (2) WT-HypoThermosol™
(HTS), (3) WT-hMSC-1x10% MI, (4) SCA2-intact,
(5) SCA2-HTS, (6) SCA2-hMSC-6x 10% SI, (7) SCA2-
hMSC-6x10% MI, (8) SCA2-hMSC-1x10> SI and
(9) SCA2-hMSC-1x10° MI. For anesthesia, mice
were injected intraperitoneally with a mixture of ket-
amine, chemically known as 2-(2-chlorophenyl)-2-
(methylamino) cyclohexanone hydrochloride (115 mg/
kg, Yuhan Corporation, Seoul, Korea, Cat. No.
8806421050721) and Rompun, composed of xylazine
hydrochloride and methyl hydroxybenzoate (23 mg/kg,
Bayer Korea Ltd., Seoul, Korea, Cat. No. 86140632-01)
[13]. Following the administration of the ketamine/
xylazine mixture, their anesthesia status was con-
firmed before proceeding with the hMSC injection. For
multiple hMSC injections, 26-week-old mice received
three injections at 4-week intervals, with their condi-
tion monitored and hMSCs administered before each
procedure. The mice were also treated with HTS, an
optimized preservation medium used to maintain stem
cells at low temperatures and mitigate temperature-
induced molecular cell stress responses, and it was
used as a control for hMSC administration [17, 18].
The head of the mouse was positioned at an angle of
approximately 90° to the body in a stereotaxic frame.
After exposing the dura mater by pushing the mus-
cle layers using forceps, hMSCs (6x10* cells/20 pL
or 1x10° cells/20 pL) were injected into the cisterna
magna using a Hamilton syringe (25 pL, 30-gauge)
attached to a syringe pump (2 pL/min) (Fig. 1A). The
needle was removed 10 min later and the incision
closed with a silk suture. Seven days after h(MSC injec-
tion, the silk suture was removed, and the mice were
treated with povidone-iodine to treat their scars and
reduce the risk of infection. Since the mice had under-
gone three hMSC injections, this process was repeated
after each surgery.

(See figure on next page.)
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Behavioral tests

Motor coordination, strength, and balance were assessed
using a rotarod apparatus as described previously with
some modifications [17, 18, 43, 44]. Briefly, all mice
underwent acclimation training. This training consisted
of three pretrials per day for three days, with each trial
lasting 10 min at a speed of 10 rpm to minimize stress
and ensure baseline performance. Mice were placed on a
rotarod with a diameter of 3 cm. The speed of the rotarod
was gradually increased from 4 to 40 rpm over a span of
5 min and then maintained at 40 rpm for an additional
5 min, making each trial 10 min in total. The test experi-
ments began when WT and SCA2 mice were 26 weeks
of age and were repeated at 4-week intervals until they
reached 50 weeks of age. To prevent muscle fatigue, each
mouse had a 1 h rest interval between trials. Latency to
fall was recorded and averaged across 3 trials per session
(n=6 mouse/group).

The open-field test was conducted once after 4 weeks of
hMSC transplantation, in 26-week-old mice, with some
modifications [18]. Each mouse was placed individually
in a white acrylic box arena measuring 40x40Xx40 cm.
Their behavior was recorded for 4 min using a video
recording system, and the recorded data were analyzed
using the SMART 3.0 video-tracking software (Panlab-
SMART). To ensure cleanliness, the arena was wiped
with 70% ethanol between tests. The tests were carried
out in a low luminous intensity environment to minimize
stress and optimize the accuracy of the assessment of
locomotor activity.

To assess the effects of hMSC administration, a com-
posite phenotype scoring system consisting of a ledge
test, hindlimb clasping test, and gait test was utilized.
The tests were conducted once every 4 weeks, while mice
were 26-50 weeks old, following previously established
protocols [45, 46]. All tests were graded on a scale rang-
ing from O to 3, where a score of 0 denoted the absence of
the specific phenotype, and a score of 3 represented the

Fig. 1 Beneficial effects of human mesenchymal stem cells (hnMSCs) on behavioral impairment and neuronal damage in spinocerebellar ataxia

2 (SCA2) mice. A Experiment schematic of hMSC treatment in wild-type (WT) and SCA2 mice. The figure was created using Biorender.com
(Agreement number: XL26IE3AOR). hMSC treatment was administered once (single injection; SI) or thrice (multiple injections; MI) at 4-week intervals
in 26-week-old WT and SCA2 mice. B, C Western blot analysis of neuronal nuclear protein (NeuN) and calbindin in the cerebellum after 24 weeks

of hMSC treatment (50-week-old mice). **p <0.01 and ***p < 0.001 vs. untreated WT mice; *p < 0.05 and *#p < 0.001 vs. treated SCA2 mice (two-way
analysis of variance [ANOVA] with Tukey’s post-hoc analysis; n=6 for each group). Full-length blots are presented in Supplementary Fig. 1

and Fig. 1B. D A behavioral test for motor coordination impairment was performed using the rotarod test in WT and SCA2 mice treated with hMSCs
at 4-week intervals from 26 to 50 weeks of age. ***p <0.001 vs. untreated WT mice; *#p <0.001 vs. untreated SCA2 mice (one-way ANOVA

with Tukey’s post hoc analysis; n=6 for each group). E A behavioral test for locomotor activity was performed using the open-field test in WT

and SCA2 mice at 4-week intervals after h(MSC treatment. *p < 0.05 vs. untreated WT mice; ##p <0.001 vs. untreated SCA2 mice (one-way ANOVA
with Tukey’s post hoc analysis; n=6 for each group). F A simple composite phenotype scoring system was used to evaluate WT and SCA2 mice

at 4-week intervals after h(MSC treatment. *p < 0.05 vs. untreated WT mice; *p < 0.05 vs. untreated SCA2 mice (one-way ANOVA with Tukey's post-hoc

analysis; Kruskal-Wallis test for average score; n=6 for each group)
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most severe symptoms. These individual test scores were
then combined to obtain an overall composite phenotype
score ranging from 0 to 9. Each test was performed three
times at each time point to ensure the accuracy and con-
sistency of the results.

Briefly, the ledge test [45, 46] was employed to esti-
mate the degree of imbalance and lack of coordination
by evaluating the mice’s ability to walk along the cage
ledge without losing balance. The following scoring sys-
tem was used, where a score of 0 was given when the
mouse walked normally along the ledge without losing its
balance; a score of 1: when the mouse walked along the
ledge with an asymmetrical posture; a score of 2: when
the mouse loses footing while walking along the ledge;
and a score of 3: when mouse does not effectively use its
hind legs while walking. The hindlimb clasping test [45,
46] was used as a marker of disease progression, where
scoring the mice was based on their hindlimb position
when lifted by the tail. A score of 0 was given when the
hindlimbs were consistently spread away from the abdo-
men. A score of 1, is when one hindlimb is retracted
towards the abdomen for more than half of the test
duration. A score of 2, when both hindlimbs are par-
tially retracted towards the abdomen for more than half
of the test duration. A score of 3, when both hindlimbs
are completely retracted and touching the abdomen for
over half of the test duration. The mice were assessed for
their coordination and muscle function using a stand-
ardized gait test [45, 46], which involved placing them
on a flat surface and observing their walking patterns.
A scoring system was employed to evaluate their gait,
with the following criteria: 0: Normal walking pattern;
body weight supported evenly on all limbs; abdomen not
touching the ground; 1: tremor or limping while walk-
ing; 2: severe tremor, severe limp, lowered pelvis, or duck
walk observed during locomotion; 3: difficulty moving
forward; dragging of the abdomen along the ground.

Immunofluorescence staining

The mice were anesthetized using a ketamine/xylazine
mixture, followed by transcardial perfusion with 4% ice-
cold paraformaldehyde (PFA) in 0.1 M PBS, as described
previously [17]. The brains were then carefully extracted
and post-fixed in 4% PFA overnight. Following this, the
fixed brains were cryoprotected in a 30% sucrose solution
for 24 h at 4 °C. Using an HM525 NX cryostat microtome
(Thermo Fisher Scientific, Scoresby, VIC, Australia), the
brains were sectioned into sagittal cerebellar sections of
30 um thickness for immuno-fluorescence staining.

The free-floating cerebellar sections were washed
in 0.1 M PBS and blocked with 0.5% BSA in PBS. They
were then incubated overnight at 4 °C with specific pri-
mary antibodies, including mouse anti-calbindin-D-28 K
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(1:1000), mouse anti-NeuN (1:500), rabbit anti-BDNF
(1:500), rabbit anti-GDNF (1:500), rabbit anti-FSTL1
(1:200), and rabbit anti-TGF-B1 (1:200). After rinsing,
the sections were incubated with secondary fluorescently
labeled IgG antibodies, including Texas Red-conjugated
anti-mouse IgG (1:400), Texas Red-conjugated anti-rab-
bit IgG (1:400), FITC-conjugated anti-mouse IgG (1:400),
and FITC-conjugated anti-rabbit IgG (1:400) for 1 h at
room temperature. Finally, the sections were mounted
using a Vectashield mounting medium and examined
under a fluorescence microscope (Axio Imager; Carl
Zeiss, Gottingen, Germany).

Co-localization analyses were performed, with certain
modifications [47]. Briefly, to quantify the co-localiza-
tions, non-overlapping fields of view (200 pm X200 pm)
of the cerebellar area (Purkinje cell layer or Granule cell
layer) were randomly selected as regions of interest.
Moreover, a binary image of co-localized pixels from
two separate channels (Calbindin/BDNF, Calbindin/
GDNE, NeuN/BDNF, NeuN/GDNFE, Calbindin/FSTLI,
Calbindin/TGF-1, NeuN/FSTL1, or NeuN/ TGF-p1)
was generated on each field using Image ] software and
the co-localization plug-in. Co-localization was estab-
lished for pixels whose intensities exceeded the thresh-
old and for which the ratio of intensity was>50%. Image
] software was also used to automate channel thresholds.
To compare the co-localization intensity between each
group, the average pixel value of the WT intact fluores-
cence intensities was used as a reference and presented
relative to the average values of the other groups.

Western blot analysis

Western blotting was performed using total cell lysates
isolated from the cerebellum of mice, following pre-
viously established protocols [17, 48]. The obtained
cerebellum tissues were homogenized in lysis buffer
containing 58 mM Tris—HCI (pH 6.8); 10% glycerol; 2%
SDS; protease inhibitor cocktail (1:100) and phosphatase
inhibitor cocktail (1:100). After centrifugation of the
lysate at 14,000 x g and 4 °C for 15 min, the supernatant
was carefully transferred to a new tube, and the protein
concentration was measured using a bicinchoninic acid
assay kit (Bio-Rad Laboratories). Next, 50 pg of the pro-
tein sample was subjected to electrophoresis on a sodium
dodecyl sulfate/polyacrylamide gel (Bio-Rad Labora-
tories) and subsequently transferred to polyvinylidene
difluoride membranes (Millipore) using an electropho-
retic transfer system (Bio-Rad Laboratories). The mem-
branes were then incubated at 4 °C for 24 h with specific
primary antibodies, including rabbit anti-calbindin
(1:3000), mouse anti-neuronal nuclear protein (NeuN,
1:1000), rabbit anti-ionized calcium-binding adaptor
molecule 1 (Ibal, 1:1000), rabbit anti-Ataxin-2 (1:2000)
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rabbit anti-IL-1p (1:500), mouse anti-TNF-a (1:500), rab-
bit anti-inducible nitric oxide synthase (iNOS, 1:1000),
rabbit anti-glial fibrillary acidic protein (GFAP, 1:2000),
rabbit anti-BDNF (1:1000), rabbit anti-glial cell-derived
neurotrophic factor (GDNF, 1:1000), rabbit anti-ciliary
neurotrophic factor (CNTE, 1:1000), rabbit anti-FSTL1
(1:1000), rabbit anti-TGF-Bf1 (1:1000) and mouse anti-
B-actin (1:1000). Following incubation, the membranes
were washed and incubated with horseradish peroxidase-
conjugated secondary antibodies, including anti-mouse
IgG (1:4000) and anti-rabbit IgG (1:4000), at room tem-
perature for 1 h. Protein bands were visualized using
enhanced chemiluminescence western blot detection
reagents (GE Healthcare Life Sciences), and the sig-
nal was analyzed using a LAS-500 image analyzer (GE
Healthcare Life Sciences). The band density of the target
protein was quantified using Multi-Gauge version 4.0
(Fuji Film), with normalization to the -actin band inten-
sity for each sample.

Statistical analysis

The data are presented as mean +standard error of the
mean. The experimental results were evaluated a priori
using the Shapiro—Wilk normality test for Gaussian
distribution. Differences between groups were evalu-
ated using Student’s t-test, one-way analysis of variance
(ANOVA), or two-way ANOVA followed by Tukey’s
post hoc analysis. Non-parametric analyses, such as the
Kruskal-Wallis and Friedman tests, were utilized, as
appropriate. All statistical analyses were performed using
IBM SPSS software (version 27.0.1.0; International Busi-
ness Machines Corporation, Armonk, NY) and Graph-
Pad Prism (version 8.30; GraphPad Software, San Diego,
CA). The p-values of all figures are shown in Supplemen-
tary Table 2.

Results

Neuronal degeneration occurs in the cerebellum

of 25-week-old SCA2 mice

Considering the limited identification of early-onset
SCA2 [49-51] owing to the variability in symptom onset
age, gradual symptom progression, and non-motor
manifestations, we initially examined the time course of
behavioral and biochemical changes in the cerebellum
of SCA2 mice and compared it with that in WT mice
(Supplementary Fig. 1). We next investigated the protein
levels of NeuN (cerebellar granule cell marker) and cal-
bindin (Purkinje cell marker) in the cerebellum tissues
of SCA2 mice at 10, 25, and 50 weeks of age, comparing
them with WT mice at the same time intervals (Sup-
plementary Fig. 2 and Supplementary Table 1). Western
blotting data showed that the protein levels of NeuN
were significantly decreased in the cerebellum of 25- and
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50-week-old SCA2 mice compared with those in WT
mice (Supplementary Fig. 2; **»<0.01 and ***p <0.001 vs.
10-week-old WT mice; n=6 and Supplementary Table 1).
The level of calbindin showed a similar time-dependent
decline in SCA2 mice, being significantly decreased at
25 and 50 weeks (Supplementary Fig. 2; **p<0.01 and
**%p<0.001 vs. 10-week-old WT mice; n=6 and Supple-
mentary Table 1).

Multiple hMSC treatments mitigate Purkinje cell damage
and impaired behaviors of SCA2 mice
To investigate the effects of hMSCs on cerebellar cell
damage in SCA2 mice, we examined the protein levels of
NeuN and calbindin in the cerebellum of hMSC-treated
WT (only MI) and SCA2 mice (Fig. 1B,C). Western blot-
ting showed a significant reduction in the protein levels of
NeuN and calbindin in the cerebellum of untreated SCA2
mice at 50 weeks of age compared to untreated WT mice
at the same age (Fig. 1B,C; **»<0.01 and ***p<0.001 vs.
untreated WT mice; n=6). Although enhanced NeuN
expression was observed at higher SI dosages, the pro-
tein levels of NeuN and calbindin were significantly
preserved in the cerebellum at 50 weeks of age in SCA2
mice treated with MI of hMSCs (1x 10° cells) compared
with those in untreated, same-age SCA2 mice (Fig. 1B,C;
*p<0.05 and #*p <0.001 vs. untreated SCA2 mice; n=6).
To explore the impact of hMSCs administration on
motor coordination and gait abnormalities, we ana-
lyzed loss of locomotor function using the accelerat-
ing rotarod test. We observed that 26-week-old SCA2
mice exhibited a significant decline in retention time
(344.83+11.16 s) on the rotating rod compared to WT
mice (523.33+10.67 s) (***p<0.001 vs. untreated WT
mice; n=6; Fig. 1D). However, SCA2 mice treated with
multiple hMSC injections (1x10° cells) showed pre-
served retention time (311.33+12.98 s) on the rotating
rod compared to untreated SCA2 mice at 50 weeks of
age (205.83+14.55 s) (Fig. 1D; *#p<0.001 vs. untreated
SCA2 mice; n=6). Single hMSC treatments did not pre-
vent the observed behavioral impairment in SCA2 mice
(Fig. 1D). Consistent with the rotarod results, the open-
field test demonstrated that multiple hMSC treatments
(1482.66+42.89 cm) significantly reduced impairment
of locomotor activity in SCA2 mice (1072.29 +92.39 cm)
(Fig. 1E; *p<0.05 vs. untreated WT mice; “*p <0.001 vs.
untreated SCA2 mice; n=6). Furthermore, the pheno-
type scoring tests revealed that multiple hMSC treat-
ments (2+0.26) effectively mitigated motor impairment
(determined by ledge and gait testing) and abnormal
hindlimb clasping in SCA2 mice (3.83+0.3) (Fig. 1F;
*»<0.05 vs. untreated WT mice; p<0.05 vs. untreated
SCA2 mice; n=6).
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hMSC treatment in SCA2 mice leads to elevated protein
levels of neurotrophic factors and inhibits Purkinje cell
degeneration

To explore the changes in protein expression of neuro-
trophic factors such as BDNF, GDNF, and CNTE, we first
performed western blot analysis on cerebellar tissues
from WT and SCA2 mice at 10 weeks, 25 weeks, and
50 weeks of age (Supplementary Fig. 3A,B). Our results
revealed a significant decrease in the levels of BDNE,
GDNE, and CNTF in the cerebellum of 25- and 50-week-
old SCA2 mice compared to WT mice (Supplementary
Fig. 3A, B; "p<0.01 and " p<0.001 vs. 10-week-old W'T
mice and Supplementary Table 1; n=6). Next, to assess
the potential association between hMSC treatment-
induced behavioral improvement and neurotrophic fac-
tors, we examined the protein levels of BDNF, GDNF,
and CNTF in the cerebellum of SCA2 mice after hMSC
administration (Fig. 2A,B). Western blot results revealed
a significant decrease in the protein levels of BDNE,
GDNE, and CNTF in the cerebellum of SCA2 mice com-
pared to untreated WT mice (Fig. 2A,B; ***p<0.001 vs.
untreated W'T mice; n=6). However, the protein levels of
these neurotrophic factors were preserved in the cerebel-
lum of SCA2 mice treated with multiple hMSC injections
(1x10° cells) when compared to untreated SCA2 mice
at 50 weeks of age (Fig. 2A,B; ###p<0.001 vs. untreated
SCA2 mice n=6).

The effect of multiple hMSC injections on BDNF and
GDNF expression was also evaluated via double immu-
nofluorescence staining (Fig. 2C—F). Results revealed
that hMSC treatment preserved trophic factors with
calbindin-positive cells in the Purkinje cell layer (PCL).
The results obtained using double immunofluorescence
staining (Fig. 2C,E) indicate significant colocalization of
calbindin with BDNF and GDNF in the PCL. The fluo-
rescence intensity for the quantitative co-localization of
calbindin with BDNF and GDNF revealed that hMSC
treatment preserved BDNF and GDNF with calbindin-
positive cells in the PCL (Fig. 2D,F; ***p<0.001 vs.

(See figure on next page.)
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untreated WT mice at 50 weeks of age; **p<0.001 vs.
untreated SCA2 mice at 50 weeks of age; n=6). However,
no significant co-localization of NeuN with BDNF and
GDNF was observed in the granule cell layer (GCL) (Sup-
plementary Fig. 3C-F).

hMSC treatment in SCA2 mice exerts anti-inflammatory
effects in the cerebellum

Since neuroinflammation is a major feature of SCA2, we
next asked whether hMSC administration can inhibit
prolonged neuroinflammation, investigating the expres-
sion of glial cell markers Ibal and GFAP in the cerebellum
of SCA2 mice. We first investigated the potential changes
in protein expression of neurotoxic molecules such as
TNF-«, IL-1B, and iNOS, mediated by the activation of
glial cells in an age-dependent manner. We conducted
western blot analysis on cerebellar tissues obtained
from WT and SCA2 mice at 10, 25, and 50 weeks of age
(Supplementary Fig. 4 and Supplementary Table 1). The
western blot result revealed a significant increase in the
protein levels of Ibal, a microglia marker, and GFAP,
an astrocyte marker, in the cerebellum of 50-week-old
SCA2 mice compared to those in WT mice (Supplemen-
tary Fig. 4A, B; **p<0.01 and ***p <0.001 vs. 10-week-old
WT mice; n=6). The protein levels of TNF-«, IL-1 f3,
and iNOS were also increased in the cerebellum of 25-
and 50-week-old SCA2 mice (Supplementary Fig. 4C,D;
***p<0.001 vs. 10-week-old WT mice; n=6). However,
the protein levels of Ibal and GFAP were decreased
in the cerebellum of SCA2 mice treated with multiple
hMSC injections (1x10° cells) compared to untreated
SCA2 mice at 50 weeks of age (Fig. 3A,B; ###p<0.001
vs. untreated SCA2 mice; n=6). Consistent with the
decrease in glial cell presence, the protein levels of TNF-
a, IL-1 B, and iNOS were also reduced in the cerebellum
of SCA2 mice treated with multiple hMSC injections
(1x10° cells) compared to untreated SCA2 mice at
50 weeks of age (Fig. 3C,D; ***p<0.001 vs. untreated WT

Fig. 2 Treatment with hMSCs upregulates the protein levels of neurotrophic factors in the cerebellum of SCA2 mice. A, B Western blot analysis
of brain-derived neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF), and ciliary neurotrophic factor (CNTF) in the cerebellum

after 24 weeks of hMSC administration (50-week-old mice). ***p <0.001 vs. untreated WT mice;

##p <0.001 vs. untreated SCA2 mice (two-way

ANOVA with Tukey's post-hoc analysis; n=6 for each group). Full-length blots are presented in Supplementary Fig. 5 and Fig. 2A. C Double
immunofluorescence staining was performed for calbindin and BDNF in the cerebellum of 50-week-old WT, SCA2, and SCA2 + hMSCs (M|,
1% 10° cells)-treated mice. The scale bar represents 20 um. A dashed line is used to differentiate between the granule cell layer and the Purkinje
cell layer. D The fluorescence intensity for the quantitative co-localization of calbindin with BDNF and GDNF was measured. ***p <0.001 vs.

untreated WT mice; ¥

p<0.001 vs. untreated SCA2 mice (one-way ANOVA with Tukey’s post-hoc analysis). E Double immunofluorescence staining

was performed for calbindin and GDNF in the cerebellum of 50-week-old WT, SCA2, and SCA2 + hMSCs (MI, 1 x 10° cells)-treated mice. The scale

bar represents 20 um. A dashed line is used to differentiate between the granule cell layer and the Purkinje cell layer. F The fluorescence intensity
for the quantitative co-localization of calbindin with GDNF was measured. ***p <0.001 vs. untreated WT mice; #*p <0.001 vs. untreated SCA2 mice
(one-way ANOVA with Tukey's post-hoc analysis)
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Fig. 3 Treatment with hMSCs downregulates the protein levels of glial-mediated neurotoxic cytokines in the cerebellum of SCA2 mice. A, B
Western blot analysis of ionized calcium-binding adaptor molecule 1 (IbaT) and glial fibrillary acidic protein (GFAP) in the cerebellum after 24 weeks
of hMSC administration (50-week-old mice). ***p <0.001 vs. untreated WT mice; ###p <0.001 vs. untreated SCA2 mice (two-way ANOVA with Tukey's
post hoc analysis; n=6 for each group). Full-length blots are presented in supplymentary Fig. 5: Fig. 3A. C, D Western blot analysis of tumor necrosis
factor-alpha (TNF-a), interleukin-1 beta (IL.-13), and inducible nitric oxide synthase (iNOS) in the cerebellum after 24 weeks of hMSC administration
(50-week-old mice). ***p <0.001 vs. untreated WT mice; #p <0.01 and #*p <0.001 vs. untreated SCA2 mice (two-way ANOVA with Tukey’s post hoc
analysis; n=6 for each group). Full-length blots are presented in supplymentary Fig. 5: Fig. 3C

mice; *p<0.01 and **p <0.001 vs. untreated SCA2 mice;
n=a6).

Preservation of FSTL1 and TGF-B1 in the cerebellum

by hMSC treatment in SCA2 mice

While studying the signaling cascades mediated by
hMSC administration, we assessed the cerebellar pro-
tein expression of FSTL1 and binding partner, TGF-
B1, which are associated with neuroinflammation and
neurotrophic factors. Decreases in FSTL1 and TGF-B1

levels were first observed at 25 weeks and were signifi-
cantly reduced with progression of the disease (Fig. 4A,B;
*p<0.001 and **p<0.001 vs. 10-week-old WT mice
and Supplementary Table 1; n=6). Decreases in FSTL1
and TGEF-P1 levels were also observed in calbindin-pos-
itive and NeuN-positive cells (Fig. 4C-F; ***p<0.001 vs.
untreated WT mice at 50 weeks of age; n=6). Multiple
hMSC (1x10° cells) treatments, however, preserved
the protein levels of FSTL1 and TGF-P1 in the cerebel-
lum of SCA2 mice (Fig. 4G,H; ***p<0.001 vs. untreated
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WT mice; ##p<0.001 vs. untreated SCA2 mice; n=6).
Comprehensively, these results suggest that hMSC treat-
ments upregulate the protein expression of FSTL1, which
is associated with reducing inflammation and regulating
neurotrophic factors, leading to improvements in both
the behavioral and physiological aspects of the SCA2
phenotype (Fig. 41).

Discussion

In the context of SCA2, a complex interplay exists
between neurotrophic factors and neuroinflammation.
While BDNF, GDNE, and other factors like CNTF can
modulate neuroinflammation, chronic inflammatory
processes can further deplete their levels, potentially
creating a detrimental feedback loop that contributes to
neurodegeneration and SCA2 progression. Recent stud-
ies have indicated the involvement of neuroinflammatory
responses, characterized by the production of inflamma-
tory cytokines from activated microglia and astrocytes,
in SCA?2 disease progression in both patients and animal
models [31, 52]. Interestingly, this increase in microglial
number and inflammatory cytokine levels occurs early in
the disease process, suggesting a potential mechanism of
neurodegeneration driven by microglia-mediated inflam-
mation [17, 52, 53]. We recently reported that hMSC
treatment significantly inhibited the symptoms of ataxia
in LPS- [17] and Ara-C- [18] induced inflammatory CA
and showed that FSTL1 and TGF-f1 was downregulated
in the CA-MSC secretome with suppressive effects on
microglial activation [31]. Herein, we aimed to explore
the potential therapeutic benefits of hMSC injection in a
preclinical SCA2 mouse model and investigate the poten-
tial role of FSTL1 in mediating these effects. Intriguingly,
a reduction in FSTL1 levels was paradoxically associated
with increased neuroinflammation, decreased levels of
neurotrophic survival factors, and subsequent motor
impairment. Conversely, the increase in FSTL1 levels

(See figure on next page.)
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after hMSC administration was accompanied by alle-
viation of inflammatory responses and cell death, further
supporting the notion that FSTL1 signaling may play a
significant role in SCA2 pathology and potentially serve
as a target in the development of new therapeutics for
SCA2 treatment.

Identifying early SCA2 is challenging due to the vari-
ability in age of symptom onset, gradual symptom
progression, and non-motor manifestations [49-51].
However, studying 25-week-old mice generally corre-
sponds to a stage in disease progression that mirrors the
onset of symptoms, such as the presence of toxic polyQ
aggregates, degeneration of Purkinje cells, and devel-
opment of motor abnormalities, observed in human
patients with SCA2 [37-42]. To address the challenges
associated with accurately identifying SCA2 onset, we
initially confirmed SCA2 symptoms using age-dependent
behavioral patterns as well as gene and protein analysis
[34, 35]. By 25 weeks of age, the SCA2 mice in our study
began to exhibit motor symptoms, such as impaired
coordination, balance problems, gait abnormalities, and
the progressive degeneration of cerebellar neurons; these
symptoms significantly increased with disease progres-
sion [37] (Fig. 1F and Supplementary Fig. 2). Additionally,
we observed a loss of neurotrophic factors (Supplemen-
tary Fig. 3A, B) [1, 18, 51] accompanied by increased
inflammatory responses over the course of disease pro-
gression by 50 weeks of age [1, 17, 18, 54] (Supplemen-
tary Fig. 4). Hence, hMSCs were injected in 26-week-old
mice, and protein levels of neurotrophic factors, inflam-
matory molecules, and cytokines were monitored in
50-week-old mice after 24 weeks of hMSC administra-
tion (Fig. 2 and 3).

hMSCs have been reported to enhance motor function,
including coordination, balance, and.

motor skills, and exhibit overall neuroprotective effects
in not only preclinical animal models [15, 18] but also

Fig. 4 hMSC treatment preserves the protein levels of follistatin-like 1 (FSTL1) and transforming growth factor beta 1 (TGF-31) in the cerebellum
of SCA2 mice. A, B Western blot analysis of FSTLT and TGF-31 in cerebellum tissues obtained from 10-, 25-, and 50-week-old WT and SCA2

mice. **p<0.001 and ***p <0.001 vs. 10-week-old WT mice (two-way ANOVA with Tukey's post hoc analysis; n=6 for each group). Full-length
blots are presented in supplementary Fig. 5; Fig. 4A. C Double immunofluorescence staining was performed for calbindin and FSTL1 as well

as calbindin and TGF-31 in the cerebellum of 50-week-old WT and SCA2 mice. The scale bar represents 20 um. The dashed line differentiates
between the granule and Purkinje cell layers. D The fluorescence intensity for the quantitative co-localization of calbindin with FSTLT and TGF-31
was measured. ***p < 0.001 vs. untreated WT mice (t-test with Tukey's post-hoc analysis). E Double immunofluorescence staining was performed

for NeuN and FSTL1 as well as NeuN and TGF-31 in the cerebellum of 50-week-old WT and SCA2 mice. The scale bar represents 20 um. The dashed
line differentiates between the granule and Purkinje cell layers. F The fluorescence intensity for the quantitative co-localization of NeuN with FSTL1
and TGF-B1 was measured. ***p <0.001 vs. untreated WT mice (t-test with Tukey’s post-hoc analysis). G, H Western blot analysis of FSTLT and TGF-31
in the cerebellum after 24 weeks of hMSC administration (50-week-old mice). ***p < 0.001 vs. untreated WT mice; Wp <0.001 vs. untreated SCA2
mice (two-way ANOVA with Tukey'’s post hoc analysis; n=6 for each group). Full-length blots are presented in supplymentary Fig. 5: Fig. 4G. |
Schematic representation of the effects of h(MSCs in the SCA2 model. hMSC administration upregulates the expression of FSTL1, which in turn
reduces inflammation and is accompanied by behavioral and physiological improvements in the SCA2 phenotype. The figure was created using
BioRender.com (Agreement number: BG25IEMZTA)
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human clinical trials [16]. Moreover, the administra-
tion of hMSCs has been shown to exert various effects
on neighboring cells through the release of cytokines,
chemokines, and growth factors [55-57]. hMSCs also
show anti-inflammatory and immune-modulating effects
via the secretion of growth factors and other immune
mediators [58] which can further activate endogenous
mechanisms for tissue repair and regeneration while pro-
moting cell survival. Purkinje cell dysfunction and death
are key contributors to motor impairments observed in
SCA2. Calbindin, primarily derived from Purkinje cells,
is often used as a marker to assess the presence and
health of these cells [59]. Elevated calbindin levels may
suggest a healthier population of Purkinje cells, while a
decline may correlate with the severity of Purkinje cell-
related ataxia [60]. Interestingly, neurotrophic factors like
BDNF, GDNEF, and CNTF can influence calbindin expres-
sion [61-63]. These factors are known to support exist-
ing neurons and promote the growth and differentiation
of new ones by activating common intracellular signaling
pathways [64, 65]. Earlier reports suggest that mice with
targeted gene deletion of BDNF exhibit a wide-based
gait along with increased death of granule cells, stunted
growth of Purkinje cell dendrites, impaired formation
of horizontal layers, and defects in the rostral-caudal
foliation pattern [66]. These effects are accompanied by
reduced activation of its receptor, tropomyosin recep-
tor kinase B (TrkB), in both granule and Purkinje cells,
indicating that BDNF directly affects these cell types [66].
Moreover, BDNF increases the spine density of the sur-
viving Purkinje cells in vitro [67]. BDNF plays a role in
regulating the mechanisms underlying short-term syn-
aptic plasticity and the steady-state relationship between
different vesicle pools within the pre-synaptic terminal in
the cerebellum [68].

Studies conducted with human samples from patients
with multiple system atrophy have indicated that GDNF
is primarily synthesized and localized within the Purkinje
cells of the human cerebellum [69], where it reportedly
increases the proportion of Purkinje cells displaying rela-
tively mature morphologies, characterized by dendritic
thickening and the development of spines and filopodial
extensions [70]. Similarly, CNTF plays a crucial role in the
survival, differentiation, and potential repair of Purkinje
cells, contributing to proper cerebellar function, thus aid-
ing in motor coordination, balance, and motor learning
[71]. Notably, hMSCs can directly produce BDNF, GDNF,
and CNTE, which can positively influence calbindin lev-
els in the ataxic brain [18, 69, 72—74]. Consistent with
previous studies [15, 16], our findings revealed that
hMSC administration improves motor function and leads
to an elevation in BDNF, GDNFE, and CNTF levels, thus
protecting cerebellar neurons from cell death. Further,
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our study demonstrates that calbindin-positive cells in
the PCL express BDNF and GDNF (Fig. 2C-F). Despite
observing the strong immunoreactivity of BDNF in the
GCL, we found no significant colocalization between
BDNF and NeuN-positive cells in the GCL (Supplemen-
tary Fig. 3C-F). Furthermore, the absence of colocaliza-
tion between NeuN and GDNF in the GCL supports the
notion that trophic factors such as GDNF and BDNF are
primarily localized and expressed in Purkinje cells [69].
Reportedly, CNTF also predominantly are expressed by
Purkinje cells [75]. These findings underscore the poten-
tial of hMSCs as a valuable tool supporting trophic fac-
tors in developing novel therapeutic strategies for SCA2
showing the loss of trophic factors in PCL. Besides, it
raises important questions about the mechanisms by
which hMSC-mediated secretion of growth survival fac-
tors can aid in Purkinje cell health thus impacting loco-
motion and motor coordination.

Currently, the precise mechanism underlying the
interaction between hMSCs and host tissue, leading to
the stimulation of neurotrophin expression, remains
unclear. Previous studies have demonstrated that hMSC
transplantation induces cell proliferation in neurogenic
zones and facilitates the migration of neural progenitors
to damaged areas, resulting in the production of neu-
rotrophins and subsequent damage recovery [76-78].
However, the specific signaling pathways involved in this
process require further investigation. Earlier reports have
suggested that FSTL1 may interact with, and be regu-
lated by, neurotrophic factors, such as BDNF, GDNF, and
CNTF [79-82]. BDNF can upregulate FSTL1 expression
in cardiac fibroblasts [82]. Additionally, FSTL1 has been
reported to enhance the pro-survival effects of BDNF
on neurons [24] and act downstream of BDNF-signaling
pathways to promote cell survival and inhibit apoptosis
in certain neuronal cell and mouse models [24, 26, 28,
83]. Another report suggested that the neuroprotective
effects of FSTL1 are comparable to those of GDNF in
reducing dopaminergic cell loss [84]. Moreover, FSTL1
expression was increased after CNTF treatment, sug-
gesting the potential involvement of FSTL1 in CNTE-
mediated neuroprotection [85, 86]. Treatment with both
GDNF and CNTF increases FSTL1 expression in astro-
cytes, suggesting their potential interplay in glial cell
function [79, 80]. We found that hMSC treatment pro-
motes FSTL1 activation, which in turn is associated with
a reduction of proinflammatory cytokines in the mouse
brain (Fig. 3C, 3D, 4G, and 4H). Moreover, we identified
reduced expression levels of FSTL1 and TGF-p1 in SCA2
mice (Fig. 4C-H), suggesting that FSTL1 loss may serve
an essential role in behavioral impairment and inflam-
matory responses. However, at present, the underlying
mechanisms connecting FSTL1 to motor impairment
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and inflammation are unclear, and further research is
warranted.

Recent studies have provided evidence of the crucial
role of FSTL1 in various neurological conditions [87, 88].
Genetic knockdown of Fstl1 in the hippocampus has been
associated with impairments in learning and memory, as
well as abnormal neural oscillations and synaptic plastic-
ity [89]. Another previous report suggested that FSTL1
may modulate the activation of glial cells by reducing the
expression of proinflammatory cytokines such as TNF-a
and IL-1f via blockage of the MAPK/p-ERK1/2 pathway
in astrocytes and NF-«xB pathway in microglia, thus play-
ing an inhibitory role in early neuroinflammation [22, 90,
91]. Furthermore, FSTL1 has been shown to shift micro-
glial phenotypes toward an anti-inflammatory, M2-like
state, aiding in tissue repair through the production of
anti-inflammatory cytokines [17, 31]. FSTL1 has also
been shown to enhance microglial phagocytosis, the pro-
cess by which microglia engulf and clear cellular debris,
pathogens, and toxic substances [92]. Previous studies
have demonstrated its ability to enhance neuronal sur-
vival, promote the growth of neurites, and provide cel-
lular protection against oxidative stress [93]. Altogether,
these findings highlight the neuroprotective properties
of FSTL1, underscoring its significance in the suppres-
sion of microglia-mediated inflammation and the main-
tenance of central nervous system homeostasis.

As we demonstrate here, one likely mechanism for
SCA2 pathology is the release of cytokines, such as
TNEF-a and IL-1f, under the control of FSTL1 signaling.
We establish that hMSC treatment promotes the acti-
vation of TGF-B/FSTL1, which affects immune cells by
activating downstream signaling molecules (Fig. 4G,H).
ESTL1 reportedly works synergistically with TGF-p1 and
is responsible for its activation and enhanced expression
[94]. Working together, FSTL1 and TGF-P1 are involved
in the regulation of growth, differentiation, and survival
of various cell types in multiple regions of the brain [94].
Notably, TGF-Bs have been shown to inhibit the activity
of microglial cells, thereby exerting an anti-inflammatory
effect. Since microglial cells are a significant source of
TGF-fB1 in the central nervous system [95], TGF-1 may
exert self-inhibitory control [96]. Furthermore, elevated
levels of TGF-B1 downregulate the expression of certain
inflammatory proteins, suggesting that the neuroprotec-
tive effect of TGF-B1 may be attributable to the inhibition
of chemokines during brain injury [97].

The results of our study align with those of others and
our previous findings, indicating that a single transplan-
tation of hMSCs merely exerts temporary effects [16, 18].
However, multiple administrations of hMSCs led to long-
lasting improvements in motor behavior and alleviation
of neuropathology in the Ara-C mouse model of CA [18].
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Our study expands on this previous work by demonstrat-
ing that multiple injections of hMSCs result in increased
FSTL1 levels and reduced inflammation (Fig. 3 and 4).
Considering our previous studies, the present data indi-
cate that repeated hMSC intrathecal administration
potentially alleviates the SCA2 phenotype by preserving
Purkinje cells and other paracrine effects (Figs. 1 and 2)
[18]. These findings underscore the critical role of hMSC
administration dosage and timing. Interestingly, the
mode of hMSC administration significantly influences its
efficacy, tolerability, and overall outcome. For instance,
intravenous hMSC transplantation markedly delayed the
onset of motor function decline in a preclinical SCA2
mouse model, while intracranial administration failed to
demonstrate a comparable neuroprotective effect [15].
Similar findings were obtained in a phase I/IIa clinical
study [16]. Additionally, intrathecal hMSC delivery via
the cisterna magna resulted in the widespread distribu-
tion of hMSCs throughout the cerebrospinal fluid and
cerebellum, contributing to improved ataxia symptoms
[17]. Given the short lifespan of hMSCs and the pro-
gressive nature of SCA2, therapeutic strategies likely
yield optimal results when implemented during the pre-
symptomatic or prodromal stages. Understanding this
timing element may also shed light on why some patients
experience regression to pre-transplantation states a
few months post-treatment [16]. Our results, and those
of others, suggest that hMSC therapies should be rede-
signed to get sustained beneficial results in clinical prac-
tices [16, 98].

Conclusions

As our study was limited in its ability to (1) determine
whether this pathway operates the same way in the
presence of specific inhibitors and (2) examine the sig-
nificance of FSTL1, further research into how gain-of-
function and loss-of-function of FSTL1 and/or TGF-f1
impacts MSC-associated outcomes in preclinical mod-
els is required. Furthermore, whether FSTL1 requires
any other binding for its activity remains unknown.
Moreover, understanding the mechanisms underlying
the involvement of FSTL1 in mitigating neuroinflam-
mation, enhancing neurotrophic factors, and contribut-
ing to the deceleration of SCA2 progression warrants
further investigation. Therefore, we cannot rule out
the possibility that another mechanism may also be
involved in the hMSC-induced preservation of motor
activity decline. However, the present study reveals
that hMSC treatment significantly ameliorated SCA2
symptoms in a mouse model, and the beneficial effects
were related to the activation of the FSTL1-mediated
preservation of Purkinje cells, which is associated with
decreasing levels of proinflammatory molecules and
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the activation of neurotrophic factors (Fig. 4I). Thus,
our findings hold considerable clinical implications,
suggesting that the administration of hMSCs could be a
potential therapeutic strategy for SCA2 patients.
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