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Abstract

Background Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease
with no curative therapy. Neuroinflammation, glial overactivation, neuromuscular
junction (NMJ) damage and neuronal apoptosis are major pathological features of ALS.
Mesenchymal stem cell-derived small extracellular vesicles (MSC-sEVs) are
neuroprotective and anti-inflammatory and can cross the blood-brain barrier. Here, we
investigated the therapeutic efficacy and systemic safety of intranasal MSC-sEVs in
ALS mice.

Methods sEVs were isolated from mesenchymal stem cells using anion exchange
chromatography, and then lyophilized. The bioactivity of lyophilized MSC-sEVs was
validated in a LPS-induced BV2 microglial inflammation model. The SOD1%%34 mice
were administered by nasal administration, and motor function was assessed by grip
strength and rotarod tests. Neuromuscular junction (NMJ) integrity in the gastrocnemius
muscle was examined by immunofluorescence. Neuroinflammation and mitochondrial
function-related proteins in the spinal cord and cerebral cortex were detected by western
blot and immunofluorescence. Public transcriptomic datasets were used to explore the
correlation between SYF2 and ALS-related molecular signatures and its regulatory role
in mitochondrial gene expression. For safety evaluation, male and female C57BL/6
mice were also treated via intranasal administration, body weight, serum liver and
kidney biochemical parameters, and liver and kidney histology were assessed.

Results MSC-sEVs significantly ameliorated motor dysfunction in ALS mice,

protected NMJ integrity, inhibited microglial and astrocyte overactivation, and reduced
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neuroinflammation. SYF2 was upregulated in ALS patients and correlated with DNA
damage-related pathways, while SYF2 silencing upregulated multiple mitochondrial
genes enriched in oxidative phosphorylation, suggesting that SYF2 may modulate
mitochondrial gene expression in ALS. Safety verification showed that MSC-sEVs
caused no adverse effects on mouse growth or liver and kidney function and even
improved liver biochemical parameters, showing favorable biosafety.

Conclusions Intranasal MSC-sEVs effectively alleviate neuroinflammation, preserve
NMJ integrity and rescue motor impairment in ALS mice, with reliable systemic safety.
The preserved bioactivity of lyophilized MSC-sEVs and the involvement of SYF2-
mediated mitochondrial regulation support MSC-sEVs as a safe and promising
translatable therapeutic candidate for ALS.

Keywords Amyotrophic Lateral Sclerosis, MSC-sEVs, Intranasal administration,

Neuroinflammation, Neuromuscular junction, Lyophilization, SYF2

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative
disease characterized by the preferential loss of motor neurons in the cerebral cortex,
brainstem motor nuclei, and anterior horn of the spinal cord!!!. Disease onset leads to
progressive muscle weakness, atrophy, and dysphagia, with death typically resulting
from respiratory failurel?!. The disease course typically lasts only 3-5 yearsl. With the
aging of the population, the incidence of ALS continues to rise, imposing a heavy

burden on patients' families and society!*l. Currently, the clinically approved drugs
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riluzole and edaravone offer only modest disease-modifying effects and fail to reverse
established neurodegeneration®. The newly developed antisense oligonucleotide
tofersen, which targets mutant SODI, is applicable to only ~20% of family ALS cases
and shows negligible efficacy in sporadic ALS—the form accounting for the vast
majority of patients!®!. Thus, safe and effective therapies are urgently needed.

ALS pathogenesis involves complex interactions across multiple cell types and
pathways, and no unified theory fully explains the disease!’!. Glial hyperactivation is a
pathological hallmark of ALS, abnormal activation of astrocytes and microglia is a
typical featurel®. Reactive astrocytes cause excitotoxicity, while activated microglia
continuously release pro-inflammatory factors, which together form a
neuroinflammatory microenvironment that promotes neuronal apoptosis’® 0.
Mitochondrial dysfunction is also a core mechanism. Motor neurons are highly
dependent on mitochondria, and when they are diseased, oxidative phosphorylation is
impaired, reactive oxygen species accumulate, and autophagy is abnormal, leading to
energy deficiency and a vicious cycle of oxidative stress''!* 2! making mitochondria an
important therapeutic target. In addition, degeneration of the neuromuscular junction
can occur in the early stage of the disease, manifested as the destruction of the
acetylcholine receptor cluster on the postsynaptic membrane and the widening of the
synaptic gap resulting in denervation changes!'> 141,

Beyond inflammation and mitochondrial damage, abnormal RNA splicing has

emerged as a key pathogenic event in ALSI'*). The splicing factor SYF2, a component

of the spliceosome-associated Nineteen Complex, is essential for maintaining normal
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pre-mRNA splicing and transcript homeostasis. In ALS, elevated SYF2 expression
disrupts RNA processing, promotes TDP-43 aggregation and mislocalization,
exacerbates neuronal injury, and triggers apoptotic signaling, making it a promising
therapeutic target for diverse forms of ALS!®/,

Mesenchymal stem cells (MSCs) are a type of adult stem cells with self-renewal
and multi-directional differentiation potential!!”). They exert tissue repair and immune
regulation effects through paracrine mechanisms, and the small extracellular vesicles
(SEVs) secreted by them are the key carriers mediating this effect!'8). sEVs are
nanoscale vesicles with a diameter of 30—200 nm, carrying biological active molecules
such as proteins and miRNAs, participating in cell-to-cell communication, and having
advantages such as being cell-free, low immunogenicity, and capable of crossing the
blood-brain barrier, avoiding the tumor and embolism risks of stem cells transplantation,
providing a safe drug delivery route for central nervous system diseases!'® 2%, Among
various sources of MSCs, umbilical cord mesenchymal stem cells (UC-MSCs) have
outstanding advantages due to their strong proliferation ability, stable genome, and ease
of standardized production?!!. MSC-sEVs are rich in anti-inflammatory miRNAs and
neurotrophic  factors, which can inhibit microglial activation??), alleviate
neuroinflammation??!, and promote the survival of motor neurons®*! and the repair of
the neuromuscular junction?*!,

Accumulating evidence has demonstrated the therapeutic potential of MSC-sEVs

el25. 26

in multiple neurological disorders, including Parkinson’s diseas 1. Alzheimer*s

27,28

disease!?” 28, ischemic stroke!?®!, and spinal cord injury®®). In the context of ALS, while
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mesenchymal stem cell-derived extracellular vesicles have shown beneficial effects in

preclinical models!*!

, studies specifically employing MSC-sEVs for ALS remain
scarce, with the notable exception of an ongoing clinical trial (NCT06598202)
evaluating the safety and preliminary efficacy of intranasal h(MSC-sEVs-001 in ALS
patients.

Most existing preclinical studies on MSC-sEVs therapy for ALS have relied on
invasive administration routes such as intravenous injection, intracerebroventricular
infusion, or intrathecal injection, which suffer from low CNS targeting efficiency, poor
patient compliance, and unsuitability for long-term repeated administration in chronic
progressive ALSP2!. In contrast, intranasal delivery offers a non-invasive, convenient,
and repeatable strategy that bypasses the BBB through olfactory and trigeminal nerve
pathways, enabling direct targeting of the brain and spinal cord while improving drug
bioavailability and reducing systemic side effects>3 341,

To date, no study has systematically investigated the therapeutic effects of
intranasally  administered lyophilized MSC-sEVs on motor dysfunction,
neuroinflammation, neuromuscular junction integrity, mitochondrial apoptosis, and
SYF2-related splicing abnormalities in ALS. Moreover, comprehensive systemic safety
evaluations of intranasal MSC-sEVs remain lacking.

Accordingly, this study aimed to investigate the therapeutic effects of intranasally
administered lyophilized umbilical cord MSC-sEVs on motor dysfunction,
neuroinflammation, NMJ integrity, mitochondrial apoptosis, and SYF2-related splicing

abnormalities in SOD1%%*A mice. We further systematically evaluated its biosafety in



138  both male and female C57BL/6 mice.

139

140 Methods

141 Preparation of MSC-sEVs

142 hUC-MSCs were isolated from Wharton’s jelly via the tissue explant method.
143 Briefly, umbilical cords were rinsed with PBS, disinfected in 75% ethanol, and
144  dissected to remove vessels and amniotic membrane. The Wharton’s jelly was minced
145  into 3-5 mm’ fragments, PBS-washed to remove red blood cells, and seeded onto T75
146 flasks. After 1-2 h attachment at room temperature, complete DMEM/F12 medium (10%
147  FBS, 1% penicillin/streptomycin) was added. Cultures were maintained at 37°C, 5%
148  COgz left undisturbed for 5 days (half-medium exchange on day 7). Cells migrated out
149  within 7-10 days and were passaged with 0.25% trypsin at 70%-80% confluence.

150 MSCs were resuscitated and cultured in 160 cm? culture flasks, then transferred to
151  the cell factories for further cultivation. When the cell density reached 80-90%, the
152  serum-free medium was replaced for further culture for 48 hours. The supernatant was
153  collected and sEVs were extracted by anion exchange chromatography after
154  centrifugation at 2660 g for 20 min. The size and concentration of SEVs were detected
155 by Nanoparticle Tracking Analysis (NTA), and the morphology of sEVs was observed
156 by transmission electron microscopy. The exosomal biomarkers of sEVs were identified
157 by Western blot. The purified sEVs were stored at -80°C or mixed with an optimized
158  lyoprotectant, aliquoted into glass vials, and lyophilized. The lyophilized sEVs were

159  stably stored at 4°C for the experiments.
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Animal model and MSC-sEV administration

Both C57BL/6 mice and SOD1%%*A mice use in this study were maintained in a
specific-pathogen-free facility with a 12-h light-dark cycle; room temperature was kept
at 22 + 2 °C and relative humidity at 50—60%. Each cage was supplied with
environmental enrichment, and mice had free access to standard chow and autoclaved
drinking water. Before any experimental procedures, mice were acclimatized for at least
7 days. All mice were purchased from Kaishi Biotechnology Co., Ltd. (China). General
health, body weight, clinical signs and adverse events were monitored routinely during
the study. Predefined humane endpoints were used: mice were euthanized if they
showed sustained body-weight loss exceeding 20%, inability to access food or water,
persistent immobility, or severe clinical deterioration.

Twelve-week-old male SOD19%*4 mice were divided into PBS (n=6) and MSC-
sEVs (n=8) groups. Lyophilized MSC-sEVs were redissolved using purified water and
delivered intranasally at 3 x 10° particles per mouse once every three days, for five
doses in total; the PBS group received an equal volume of PBS (Figure 1A). To improve
mucosal permeability, 10 uL of hyaluronic acid enzyme was applied intranasally before
each dose, followed by sEV administration. Starting at 12 weeks of age, rotarod, grip-
strength and body-weight measurements were performed weekly. After the behavioural
tests at week 18, mice were anaesthetized with isoflurane (1.5%, 300 mL/min),
euthanized by cervical dislocation, and samples were collected. Motor function was the
primary outcome and was assessed by grip-strength and rotarod tests. Secondary

measures included neuroinflammatory and mitochondrial protein expression,
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neuromuscular junction (NMJ) integrity, serum biochemistry, liver and kidney
histopathology, and transcriptomic pathway analysis.

Six-week-old C57BL/6 mice (12 male and 12 female) were studied separately.
Within each sex, mice were divided into PBS and lyophilized MSC-sEVs groups (n=6

1993A mice.

per group). The administration protocol was identical to that used for SOD
Body weight was recorded weekly until week 10. Anaesthesia and euthanasia
procedures were the same as described above.

No a priori sample-size power calculation was performed because this was a

preclinical study. For the SOD1%%34

mice experiment, eight mice per group were
initially planned. However, two mice in the PBS group died accidentally during
isoflurane anaesthesia before intranasal administration, leaving final group sizes of n=6
for PBS and n=8 for MSC-sEVs. No surviving animals or data points were excluded
from the analysis. These sample sizes were based on our laboratory’s previous in vivo
experience and the 3Rs principle, with the aim of minimizing animal use.

At allocation, mice were assigned to groups using a random-number generator,
and group records were retained. The investigators who performed intranasal
administration were not blinded because different reagents were used for the two groups.
In contrast, behavioural testing, histological and molecular assessments, and statistical
analyses were carried out by researchers who remained blinded to group allocation.
Cell culture and treatment

The BV2 cell line was obtained from Professor Shi Lei's laboratory at Jinan

University. The BV2 cells were maintained in Dulbecco’s modified Eagle’s medium
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(DMEM) which contained 10 % fetal bovine serum and 2 % penicillin/streptomycin at
37°C in 5 % CO2. BV2 cells were seeded in 48-well plates and divided into: Control
group, LPS group, LPS + MSC-sEVs (-80°C) group, LPS + MSC-sEVs (lyophilized)
group. After 6 h of treatment with LPS (100ng/mL) or LPS + MSC-sEVs (2.5X 10’
particles/well), cell culture supernatants were collected to determine IL-6 level.
Grip Strength Test

The grip strength of mice was measured using the grip strength apparatus. The tail
base of each mouse was grasped with the index finger and thumb, keeping the trunk
horizontal, and the forelimb grip strength was tested. Each mouse was placed
horizontally above the grid of the grip strength tester, and its front paws were allowed
to grasp the grid naturally. The mouse was then slowly and uniformly pulled away from
the grid in the opposite direction until it released the grid, and the maximum grip
strength value was automatically recorded. This procedure was repeated 3 times per
mouse, with a 6 min interval between each test to avoid muscle fatigue.
Rotarod Test

The motor ability of mice was tested using the rotarod apparatus. The mouse was
placed in the center of the rod, and after 10 seconds of adaptation, the equipment was
started. The equipment used a uniform acceleration mode: from 6 revolutions per
minute to 60 revolutions per minute uniformly accelerated within 300 seconds to test
the mouse's adaptation ability and endurance limit. Each mouse repeated the test 3 times,
with an interval of 6 min each time. Record the time (dwell time) when the mouse fell

off the rod each time. If the mouse jumped off the rod voluntarily, it needed to be
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repositioned and the data recorded to ensure the reliability of the experimental results.
Cell culture and treatment

The BV2 cell line (iCell-m011, Cellverse, China) was kindly gifted from Professor
Lei Shi's laboratory at Jinan University. The BV2 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) which contained 10 % fetal bovine serum and 2 %
penicillin/streptomycin at 37°C in 5 % CO2. BV2 cells were seeded in 48-well plates
and divided into: Control group, LPS group, LPS + MSC-sEVs (-80°C) group, LPS +
MSC-sEVs (lyophilized) group. After 6 h of treatment with LPS (100 ng/mL) or LPS
+ MSC-sEVs (2.5 X 10° particles/well), cell culture supernatants were collected to
determine IL-6 level.
Western blot

The brain, L2~L5 lumbar spinal cord, or MSCs were lysed with lysis buffer,
centrifuged at 12000 rpm for 15 min, the supernatant was quantified with BCA kit
(Beyotime Biotechnology). Then electrophoresis, membrane transfer and closure, then
incubated the corresponding membrane at 4 °C overnight with the following antibody:
anti-GM130 (1:4000, Abcam), anti-Alix (1:8000, Abcam), anti-CD63 (1:2000, Abcam),
anti-CD9 (1:2000, Abcam), anti-IL-1p (1:1000, Proteintech), anti-SYF2 (1:2000, Santa
Cruz Biotechnology), anti-SOD1 (1:1000, Proteintech), anti-Cytochrome ¢ (1:2000,
Proteintech). Washed the membranes with TBST buffer, then incubated with anti-rabbit
IgG (1:10000, Abcam) or anti-mouse IgG (1:10000, Abcam) at room temperature for 1
h. Washed the membranes with TBST buffer again. The proteins were visualized by the

automatic chemiluminescence imaging and analysis system, and analyzed with Image
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J software.
Immunofluorescence

The mouse brain or L2~L5 lumbar spinal cord frozen sections were washed with
PBST to remove the OCT embedding agent. After antigen retrieval for 10 min, the
sections were blocked with blocking solution for 30 min. They were then incubated
overnight at 4°C with the following primary antibodies: anti-IBA1 (1:500, Affinity
Biosciences), anti-GFAP (1:500, Proteintech), anti-SODI1 (1:500, Proteintech).
Following primary antibody incubation, the sections were washed with PBST and
incubated with the corresponding secondary antibodies: goat anti-rabbit IgG H&L
Alexa Fluor® 688 (1:500, Abcam) or goat anti-mouse IgG H&L Alexa Fluor® 667
(1:500, Abcam) for 1 hour at room temperature. After washing off the secondary
antibodies, the sections were mounted with an anti-fade mounting medium. Finally,
images were acquired using a fluorescence microscope.
NMJ staining

Mouse gastrocnemius frozen sections were washed with PBST to remove the OCT
embedding agent. After antigen retrieval for 10 min, the sections were blocked with
blocking solution for 30 min. They were then incubated with a-BTX (600 nM)
overnight at 4°C. Following incubation, the sections were rinsed with PBST and
mounted with an anti-fade mounting medium. Finally, images were acquired under a
fluorescence microscope.
Biochemical index detection

Mouse whole blood was collected via eyeball extraction and allowed to clot at



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

room temperature for 1 hour. Serum was then separated by centrifugation at 3,000 rpm
for 15 min and stored for subsequent analysis. Strictly following the manufacturer's
instructions for the corresponding biochemical assay kits, the serum levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN),
enzymatic creatinine (ECre3), and uric acid (UA) were measured. The absorbance
values for each index were recorded using an automatic biochemical analyzer, and the
corresponding concentrations were calculated based on the standard curve.
ELISA

Microplates were coated with IL-6 capture antibody diluted in coating buffer and
incubated overnight at 4°C. After three PBST washes, wells were blocked for 1-2 h at
RT, then the blocking solution was removed without washing. Standards and samples
were added in duplicate, along with blanks and controls, and incubated for 2 h at RT.
After 3—5 PBST washes, detection antibody was applied for 1 h at RT, followed by
HRP-conjugated secondary antibody for 1 h in the dark, with 5 washes after each step.
Color was developed with TMB substrate for 5-30 min in the dark until the desired
intensity appeared. The reaction was stopped with 50 pL stop solution, and the
absorbance was read at 450 nm. Sample concentrations were calculated from the
standard curve.
HE staining

Paraftin sections of mouse liver and kidney were prepared and subjected to
gradient dehydration. The sections were then immersed in hematoxylin solution for 6

min, followed by a 20 min rinse under running water. After differentiation in 1%
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hydrochloric acid in ethanol for 1 second, the sections were rinsed again in running
water for 20 min. Subsequently, the sections were counterstained in 1% alcoholic eosin
solution for 10 seconds. Following staining, the sections underwent gradient
dehydration, were cleared, and then mounted with neutral resin. Finally, images were

observed and captured under a microscope.

Data Sources

The RNA-Seq data used in this study were all obtained from processed count
matrices provided by NCBI GEO. No raw sequencing data alignment or expression
quantification was performed in this study. Postmortem brain RNA-Seq data from the
NYGC ALS Consortium were obtained from the GEO dataset GSE153960, which
contains samples from ALS patients and Non-Neurological controls. Cell model RNA-
Seq data were obtained from the GEO dataset GSE218079. This dataset contains human
induced motor neurons (iIMN5) differentiated from C9orf72-mutant ALS patient tissue,
and the treatment groups included a scrambled siRNA control group and an SYF2
siRNA group.

Differential Expression Analysis

Differential expression analysis was performed using R and the DESeq2 package.

The Wald test was used to assess differences in gene expression, and P values were

corrected for multiple testing using the Benjamini-Hochberg method. Genes with

[log2FC| > 1 and Padj < 0.05 were considered differentially expressed.
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GSVA Pathway Scoring

GSVA was used to calculate sample-level pathway scores. The input data were the
count matrices provided by GEO, and 23 DNA damage-related pathway sets were
collected for scoring. ALS samples were divided into SYF2high and SYF2low groups
according to the median SYF2 expression level. Pathway scores related to DNA damage
were compared between the two groups, and P < 0.05 was considered statistically

significant.

Enrichment Analysis and GSEA

Pathway enrichment analysis was performed on genes significantly upregulated
after SYF2 silencing, and P values were corrected using the Benjamini-Hochberg
method. GSEA was used to evaluate the enrichment of oxidative phosphorylation and
related nervous system disease gene sets after SYF2 silencing. Enrichment significance
was determined based on the normalized enrichment score (NES), nominal P value, and
FDR q value. Padj < 0.05 or FDR < 0.05 was considered statistically significant.
Statistical Analysis

Data were presented as mean =+ SD and were analyzed using GraphPad Prism
9.0.0. Behavioral data were analyzed by two-way ANOVA followed by Bonferroni post
hoc test. Two-group comparisons were performed using using an unpaired t-test.
Multiple-group comparisons were performed by one-way ANOVA followed by Tukey’s
post hoc test. P < 0.05 was considered statistically significant.

Results

Extraction and Characterization of MSC-sEVs
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MSC supernatants were extracted from umbilical cord-derived MSCs using an
anion exchange chromatography method (Fig. 1A). NTA analysis and transmission
electron microscopy results showed that the sEVs were uniform in size and presented
typical cup-shaped or spherical vesicle structures, with complete lipid bilayer
membranes (Fig. 1B-C). Western blot analysis confirmed that sEVs were positive for
exosomal biomarkers such as Alix, CD63 and CD9, and negative for the cis-Golgi
matrix protein GM 130, indicating negligible contamination by cellular organelles. The
expression intensity of Alix was weaker than that of the cells, which was consistent
with the characteristic expression pattern of exosomes (Fig. 1D). To evaluate the
long-term storage stability of lyophilized sEVs, MSC-sEVs were stored in liquid or
lyophilized form at -80°C and 4°C for one month. The bioactivity of MSC-sEVs was
then assessed in an LPS-induced BV2 microglial inflammation model. ELISA results
showed that lyophilized MSC-sEVs reduced IL-6 level more effectively than
liquid-stored MSC-sEVs (Fig. 1E). These characterization results confirmed successful
MSC-sEV extraction and demonstrated that lyophilized sEVs retained superior
bioactivity.

Intranasal MSC-sEVs rescues motor function and protects NMJ in SOD16%34 mice

1693A mice to

Lyophilized MSC-sEVs were administered intranasally to SOD
evaluate their effects on improving motor function. We observed that at week 16, the
body weight ratio was significantly higher in the MSC-sEV's group than in controls, but

this difference disappeared by week 17, with no statistical difference between groups

thereafter (Fig. 2B). And the grip strength and rod-turning experiments showed that
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MSC-sEVs could significantly delay the decline in grip strength and rod-turning
latency of SOD1%%** transgenic mice and effectively improve their motor dysfunction
(Fig. 2C-D). The a-BT staining results indicated that after administration of MSC-sEVs,
the neuromuscular junction of the gastrocnemius muscle of SOD1%%34 transgenic mice
was more intact. These results indicate that intranasal delivery of MSC-sEVs can
protect the neuromuscular junction integrity of SOD1%%** transgenic mice and improve
their motor dysfunction.
MSC-sEVs alleviate spinal nerve inflammation in SOD1%%34 mice and regulate the
levels of injury-related proteins

The Western blot results showed that MSC-sEVs could significantly down-
regulate the expression of pro-inflammatory factor IL-1, splicing-related factor SYF2,
and apoptosis-related protein Cytochrome C in the spinal cord of SOD1%%*4 mice (Fig.
3B-E). The immunofluorescence results further indicated that MSC-sEV's could inhibit
the excessive activation of spinal astrocytes and microglia (Fig. 3F). These results
suggest that MSC-sEVs may exert neuroprotective effects on spinal tissue by inhibiting
the neuroinflammatory response mediated by glial cells, reducing the release of pro-
inflammatory factors, and alleviating abnormal splicing-related damage and activation
of the mitochondrial apoptotic pathway, thereby delaying the pathological progression
of ALS.
MSC-sEVs inhibit neuroinflammation in the cerebral cortex of SOD1%%4A mice
and regulate the levels of injury-related proteins

The results of Western blot showed that MSC-sEVs could significantly down-
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regulate the expression of pro-inflammatory factor IL-1f, splicing regulatory factor
SYF2, pathogenic mutant protein SOD1, and mitochondrial apoptosis key protein
Cytochrome C in the cerebral cortex of SOD1%%# mice (Fig. 4B-E). Moreover, the
results of immunofluorescence indicated that MSC-sEVs could inhibit the excessive
activation of microglia and the expression of SOD1 in the cerebral cortex of SOD15%34
mice, alleviate central glial hyperplasia (Fig. 4F). These results suggest that MSC-sEVs
can target both the cerebral cortex and spinal cord, two major central lesion areas. On
one hand, it can reduce abnormal glial activation and the release of inflammatory
factors to alleviate central nervous inflammation and improve abnormal RNA splicing
disorder; on the other hand, it can down-regulate the accumulation of pathogenic mutant
SODI1 protein, inhibit the activation of the mitochondrial apoptosis pathway, and reduce
neuronal damage. Thus, MSC-sEVss can improve the pathological damage of the central
nervous system in ALS mice through multiple mechanisms and multiple targets,
effectively delaying the disease progression.
SYF2 correlates with ALS-associated molecular signatures and modulates
mitochondrial-related pathways

Based on our analyses of public transcriptomic datasets (GSE218079), SYF2
expression was significantly elevated in patients with ALS (Fig. 5A). Notably, this
upregulation was accompanied by higher activation scores for DNA damage-related
signaling pathways within the SYF2-high subgroup (Fig. 5B). To determine whether
SYF2 functionally underlies these molecular phenotypes, we performed SYF2

knockdown and observed consistent upregulation of a panel of mitochondrial genes,
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including ND1, ND5, ND6, ATP6, ATP8, and CYTB (Fig. 5C). Pathway enrichment of
genes differentially upregulated following SYF2 silencing revealed prominent
enrichment in  oxidative  phosphorylation  alongside @ sEV  several
nervous-system-disease-associated pathways (Fig. SD-E), suggesting that SYF2 may
modulate mitochondrial gene expression in the context of ALS.
Safety Evaluation of MSC-sEVs

We next evaluated the in vivo safety of intranasal MSC-sEVs in male and female
C57BL/6 mice by monitoring body weight, serum liver/kidney biochemical parameters,
and histopathology of liver and kidney tissues. The results showed that the body weight
of mice in each group increased steadily over time, with no significant differences
between groups (Fig. 6B and 7B). The serum biochemical test results indicated that
compared with the control group, the levels of AST, BUN, ECre3, and UA in the MSC-
sEVs administration group did not show significant changes (Fig. 6C and E-G, 7C and
E-G), but the expression level of ALT decreased significantly (Fig. 6D and 7D),
suggesting a potential hepatoprotective effect of MSC-sEVs. The HE staining of liver
and kidney tissues further indicated that the liver and kidney tissue structures of both
groups of mice were intact, with normal morphology, and the degree of inflammatory
infiltration was mild with no significant differences between groups (Fig. 6H and 7H).
These results collectively confirm that intranasal administration of MSC-sEVs poses
no detectable toxicity to mouse growth, liver/kidney function, or tissue morphology.
Notably, the observed reduction in ALT levels suggests a potential hepatoprotective

effect, further supporting the favorable safety profile of MSC-sEVs for future clinical
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application.

Discussion

ALS is a rapidly progressing and highly fatal neurodegenerative disease!*>). The
current clinical drugs can only slightly delay the disease course but cannot reverse the
neurodegenerative damagel*®l. Moreover, the applicable population for targeted drugs
is limited. In this study, intranasal administration of MSC-sEVs effectively improved
motor performance, mitigated neuroinflammation, and protected NMJ integrity in
SOD1%%%** mice. Concurrent safety assessments in both male and female C57BL/6 mice
confirmed the absence of overt toxicity.

Most preclinical studies on MSC-sEVs therapy for ALS have relied on invasive
routes such as intracerebroventricular or intravenous injection!*”- 381, These approaches,
however, pose challenges in patient compliance, delivery consistency, and long-term
safety, especially when repeated dosing is required®”). Intranasal administration offers
a non-invasive, patient-friendly alternative that can bypass the blood—brain barrier and
deliver therapeutics directly to the central nervous system via the olfactory and
trigeminal pathways!***?l.  This route is particularly attractive for chronic
neurodegenerative diseases like ALS, where long-term intervention is essential®!l, Our
study thus introduces a clinically more feasible delivery route for MSC-sEVs therapy,
facilitating its future translation to the clinict**.

MSC-sEVs was purified by anion exchange chromatography and verified through

TEM, NTA and Western blot experiments. The morphology, particle size characteristics
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and specific marker expression of the extracted MSC-sEVs all met the criteria for
exosome identification, and the sample purity and reliability were good. Current
research indicates that lyophilization of EVs can significantly enhance storage stability,
eliminate the need for ultra-low temperature cold chain, enable long-term preservation,
and effectively maintain the vesicle structure, markers, and biological activity!*> 441,
Therefore lyophilization was employed to achieve stable storage of MSC-sEVs at 4°C,
effectively solving the limitations of traditional vesicle storage and transportation, and
enhancing its clinical translation value. Importantly, our bioactivity assessment in LPS-
stimulated BV2 microglia confirmed that lyophilized MSC-sEVs retained—and even
outperformed—the anti-inflammatory efficacy of liquid-stored sEVs in reducing IL-6
secretion. This finding not only validates the feasibility of lyophilization as a long-term
preservation strategy but also ensures that the therapeutic benefits observed in vivo are
not compromised by the freeze-drying process.

The behavioral and immunofluorescence staining results of SOD1%%* mice
showed that intranasal delivery of MSC-sEVs could significantly improve the motor
dysfunction of SOD1%%** mice. NMJ damage, a hallmark of ALS pathology, directly
contributes to motor dysfunction*’). MSC-sEVs effectively preserved NMJ integrity in
SOD15%3* mice.

Central nervous inflammation, abnormal accumulation of SODI1 protein and
mitochondrial apoptosis are the key driving factors of ALS progression!*® 4"l MSC-

sEVs significantly inhibited microglial and astrocyte overactivation in both the spinal

cord and cerebral cortex, reduced IL-1p expression, and attenuated the
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neuroinflammatory microenvironment. At the same time, MSC-sEVs could reduce the
accumulation of abnormal SOD1 protein in brain tissue, regulate the expression of
splicing factor SYF2 and key protein Cytochrome C of mitochondrial apoptosis, inhibit
the activation of the mitochondrial apoptosis pathway, reduce neuronal degeneration,
and exert central nervous protection through multiple targets and pathways. Beyond
inflammation and mitochondrial apoptosis, our bioinformatic and experimental
analyses identified SYF2 as a potential molecular target of MSC-sEVs action. Analysis
of public transcriptomic datasets revealed that SYF2 expression was significantly
elevated in ALS patients and correlated with higher activation scores of DNA damage-
related pathways. In cellular models, SYF2 silencing upregulated a panel of
mitochondrial-encoded genes—including ND1, ND5, ND6, ATP6, ATP8 and CYTB,
with pathway enrichment predominantly mapping to oxidative phosphorylation. These
findings suggest that SYF2 may function as a negative regulator of mitochondrial gene
expression in the ALS context. Given that MSC-sEVs treatment downregulated SYF2

expression in both the spinal cord and cerebral cortex of SOD16%34

mice, it is plausible
that the neuroprotective effects of MSC-sEVs are partly mediated through relief of
SYF2-associated mitochondrial dysfunction and splicing abnormalities. This
mechanistic insight aligns with previous reports linking SYF2 suppression to mitigation
of neurodegeneration in diverse ALS models!'®), and further expands the therapeutic
rationale for MSC-sEVs in targeting ALS-associated molecular pathways. While our

data reveal a correlation between SYF2 downregulation and therapeutic efficacy, the

upstream regulatory mechanisms by which MSC-sEVs modulates SYF2 expression
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remain to be elucidated, representing a key direction for future investigation.

Preclinical safety is a key prerequisite for the transformation and application of
biological agents!*®!. This study used male and female C57BL/6 mice to evaluate the
safety of intranasal delivery of MSC-sEVs. The experimental results showed that
intranasal delivery of MSC-sEVs had no adverse effects on the body weight and liver
and kidney functions of mice, and no obvious pathological damage was observed in
liver and kidney tissues. The decrease in ALT level after administration indicated that
MSC-sEVs had a certain positive regulatory effect on the liver function homeostasis.

In summary, our study demonstrates that intranasal MSC-sEVs not only
ameliorates motor dysfunction and neuroinflammation via multiple pathways, but also
that its lyophilized formulation retains full bioactivity. The involvement of SYF2-
mediated mitochondrial regulation provides a novel mechanistic link between MSC-
sEVs therapy and ALS pathogenesis, warranting further investigation into the upstream
regulatory mechanisms of SYF2 modulation by sEVs.
Conclusions

Collectively, our findings revealed that intranasally delivered MSC-sEV's potently
mitigates neuroinflammation, protects NMJ structure, and improves motor function in
ALS mice, with no obvious systemic toxicity. This noninvasive therapeutic strategy
highlights MSC-sEVs as a safe and clinically translatable candidate for ALS
intervention.
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709 Figure Legends

710  Figure 1. Extraction and characterization of MSC-sEVs.
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Figure 2. Improvement of motor function in SOD1%%* transgenic mice by intranasal

delivery of MSC-sEVs.
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725  Fig. 3. Intranasal delivery of MSC-sEVs improves spinal nerve inflammation in

726 SOD1%%** transgenic mice.
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728  A. Protein bands of IL-1B, SYF2, SODI1, and Cytochrome C in the spinal cord of

729  SODI1%%*4 transgenic mice. B-E. Statistical analysis graphs of IL-1B, SYF2, SODI, and

730  Cytochrome C protein bands. F. Immunofluorescence staining images of GFAP and

731 IBAI in the spinal cord of SOD19%*4 transgenic mice. Data are mean £ SD. *P < 0.05;

732 **P<0.01.
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Fig. 4. Intranasal delivery of MSC-sEVs improves neuroinflammation in the cerebral

cortex of SOD1%%*A transgenic mice.
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A. Protein bands of IL-1B, SYF2, SODI, and Cytochrome C in the cerebral cortex of
SOD19%A transgenic mice. B-E. Statistical analysis graphs of the protein bands of IL-
1B, SYF2, SOD1, and Cytochrome C. F. IBA1 and SOD1 immunofluorescence staining
images of the cerebral cortex of SOD194 transgenic mice. Data are mean + SD. *P <

0.05; **P <0.01.



743 Figure 5. SYF2 is closely related to the progression of ALS disease.
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745  A. The gene expression box diagram shows that the expression of SYF2 is significantly
746  upregulated in ALS patients. B. The scores of multiple DNA damage-related signaling
747  pathways are upregulated in the high-expression SYF2 group. C. After silencing SYF2,
748  the expressions of mitochondrial genes ND1, NDS5, ATP6, ND6, CYTB, and ATPS are
749  upregulated. D-E. Pathway enrichment analysis indicates that the upregulated genes
750  after SYF2 silencing are mainly enriched in the oxidative phosphorylation pathway and

751  various neurological disease pathways.

752



753 Figure 6. Safety evaluation of MSC-sEVs in female mice.
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754

755  A. Flowchart of the safety experiment on female mice. B. Line graph showing the
756  weekly weight-to-baseline ratio of female mice. C. The level of AST in the serum of
757  female mice. D. The level of ALT in the serum of female mice. E. The level of BUN in
758  the serum of female mice. F. The level of ECre3 in the serum of female mice. G. The
759  level of UA in the serum of female mice. H. HE staining of liver and kidney in female

760  mice. Data are mean + SD. ** P <(.01.
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Figure 7. Safety evaluation of MSC-sEVs in male mice.
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A. Flowchart of the safety experiment on male mice. B. Line graph showing the weekly
weight-to-baseline ratio of male mice. C. The level of AST in the serum of male mice.
D. The level of ALT in the serum of male mice. E. The level of BUN in the serum of
male mice. F. The level of ECre3 in the serum of male mice. G. The level of UA in the
serum of male mice. H. HE staining of liver and kidney in male mice. Data are mean +

SD. #*#* P <(.0001.



