Genetically engineered senescence-resistant human
mesenchymal progenitor cells promote spinal cord
injury repair
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Spinal cord injury (SCI) is a devastating condition affecting the central nervous system, often leading to persistent
neurological dysfunction. While mesenchymal progenitor cells (MPCs) hold considerable promise for treating
various disorders, their application in SCI repair remains hampered by challenges such as poor efficacy and safety
concerns. In this study, we developed genetically engineered human MPCs with enhanced resistance to senes-
cence and stress—termed senescence- and stress-resistant cells (SRCs)—and systematically evaluated their
therapeutic potential and mechanisms in SCI repair. Intramedullary implantation of SRCs improved functional
recovery after SCI. Mechanistically, SRCs exerted therapeutic effects through a dual approach: by mitigating
neuronal and axonal loss while stimulating endogenous neuroregeneration, and by suppressing neuroinflamma-
tion while modulating astrocyte distribution to restrict lesion expansion. Importantly, we identified exosomes
derived from SRCs as key mediators of these reparative effects. Our findings provide comprehensive insights
into the therapeutic role of engineered SRCs in SCI repair, delineating both direct cellular and exosome-mediated
mechanisms, thus providing experimental support for future clinical translation.

Introduction reached 20.6 million cases, with an annual increase of approx-

Shpinal cord injury (SCI) is a severe traumatic disorder of the  imately 900,000 new cases [3]. Despite notable advances in
central nervous system (CNS) that causes profound motorand ~ heuroregeneration research, clinically effective therapeutic strat-
sensory dysfunction, greatly diminishes the quality of life, and  egies to facilitate functional recovery following SCI remain lim-
imposes a heavy burden on patients [1, 2]. Epidemiological data ited. This unmet medical need underscores the urgency of
indicate that as of 2019, the global prevalence of SCI had developing innovative repair strategies for SCI.
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Stem cells represent a promising tool for regenerative med-
icine [4—7]. Among them, mesenchymal progenitor cells (MPCs)
have attracted considerable interest due to their self-renewal
capacity, multilineage differentiation potential, and immunomod-
ulatory properties [8, 9]. However, the clinical translation of
stem/progenitor cell-based therapies faces major obstacles,
including cellular senescence—characterized by reduced pro-
liferation and differentiation capacity after prolonged in vitro
culture—as well as poor survival and low retention rates
post-transplantation [10—12]. To overcome these limitations, we
employed gene-editing techniques to generate FOXO3-
engineered senescence- and stress-resistant human MPCs
(SRCs), which demonstrate enhanced resistance to senes-
cence and stress while being protected against malignant trans-
formation [13—15]. Previous studies have demonstrated that
SRC intervention not only delays natural aging in non-human
primates but also exerts therapeutic effects in models of isch-
emic diseases [14, 16, 17]. Nevertheless, it is unclear whether
SRCs can exert therapeutic effects within the adverse post-SCI
microenvironment—characterized by a robust inflammatory
response, glial scar formation, and neuronal cell death—which
collectively pose a severe barrier to neuroregeneration [18, 19].

In this study, we used a mouse model of SCI to systemat-
ically evaluate the therapeutic effects of intramedullary SRC
implantation on neural repair. We found that SRC transplantation
improved motor function in SCI mice. Furthermore, SRCs atten-
uated local inflammation and regulated the spatial distribution
of astrocytes, thereby limiting injury expansion. Importantly,
SRCs exerted neuroprotective effects by reducing neuronal and
axonal loss and enhancing endogenous neuroregeneration.
Notably, exosomes derived from SRCs (SRC-Exo) partially reca-
pitulated the benefits of cell implantation, providing important
evidence for the development of cell-free stem cell therapies.

Results

Generation and characterization of SRCs

Using gene-editing technology, we targeted two critical phos-
phorylation sites (S253 and S315) of FOXOS3 for modification.
This approach effectively blocked the phosphorylation-dependent
nuclear export of FOXOS3, thereby enhancing its nuclear stability
and transcriptional activity [13] (Fig. 1A). Next, we applied a
directed differentiation technique to generate FOXO3
gene-engineered SRCs (Fig. 1A and 1B). Notably, SRCs exhib-
ited a specific marker profile akin to wild-type MPCs (WTCs)
(Fig. 1C). Furthermore, a luciferase reporter assay confirmed
that the transcriptional activity of FOXO3 in SRCs was higher
than in WTCs (Fig. 1D).In terms of functional characterization,
we found that compared to WTCs, SRCs exhibited an enhanced
proliferative capacity, as evidenced by increased clonal
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expansion ability and a higher proportion of cells in the S phase
(Fig. 1E and 1F). Additionally, the activity of senescence-
associated p-galactosidase (SA-p-Gal) and the expression lev-
els of the cell cycle arrest protein p21 were reduced in SRCs
(Fig. 1G and 1H). Moreover, SRCs exhibited longer telomeres
compared to WTCs (Fig. 11). Immunostaining analysis demon-
strated increased expression of lamina-associated polypeptide
2 (LAP2) in SRCs (Fig. 1J), indicating enhanced nuclear lamina
integrity [20]. Collectively, these results validate the senescence-
resistant properties of SRCs.

To assess the stress resistance of SRCs, we subjected
them to H,O,-induced oxidative stress and UV-induced DNA
damage. Under both conditions, SRCs demonstrated a higher
percentage of Ki67-positive proliferating cells and a lower pro-
portion of p21-positive senescent cells compared to WTCs (Fig.
1K-=N). These results confirm that SRCs are resistant to
senescence triggered by oxidative and genotoxic stress, pro-
viding key experimental support for their resilience in adverse
microenvironments.

Construction of a SCI mouse model and intramedullary
tracing of MPCs

To mimic clinical SCI pathology, we generated a murine contu-
sion model at the T10 spinal segment [21]. This model success-
fully recapitulated key human SCI features, including motor
deficits and neural tissue damage (Fig. 2A). Specifically, SCI
mice displayed immediate hindlimb retraction and loss of sup-
port after surgery, in contrast to sham-operated animals (Fig.
2B). Gait analysis at 28days further revealed pronounced
abnormalities—including hindlimb dragging, shortened stride
length, and increased stride width—confirming persistent motor
impairment (Fig. 2C) [22]. Concurrently, anatomical and histo-
pathological examination showed typical scar formation and
near-total neuronal loss at the injury epicenter (Fig. 2D and 2E).
Together, these findings demonstrate the successful establish-
ment of a clinically relevant SCI model.

To precisely evaluate the therapeutic effects of SRCs, we
developed an intramedullary cell injection and tracing protocol.
Subsequently, 1x 10° luciferase-labeled WTCs and SRCs were
precisely implanted into the injury epicenter [17]. In vivo imaging
showed that on day 0, bioluminescent intensities from both cell
groups were closely matched, indicating comparable initial in
vivo states (Fig. 2F). As the observation period extended, both
groups exhibited a rapid rise and gradual decline in biolumines-
cent signals (Fig. 2F). Throughout the 7-day observation period,
the bioluminescent signal in the SRC group remained consis-
tently higher than that in the WTC group (Fig. 2F). These find-
ings suggest that under the pathological conditions of SCI,
genetically modified SRCs exhibit enhanced proliferative activ-
ity, survival capacity, and tissue retention properties.
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Figure 1. Generation and characterization of SRCs.

(A) Diagram showing that the engineered FOXO3 cannot be phosphorylated at serines 253 and 315, leading to its sustained nuclear
localization and constitutive transcriptional activity. (B) DNA sequencing showing the bases conversion in WTCs and SRCs (left) and
cell morphology of WTCs and SRCs (right). (C) Fluorescence-activated cell sorting (FACS) analysis of the expression of MPCs-specific
markers (CD73, CD90, and CD105) and MPCs-irrelevant markers (CD34, CD43 and CD45). (D) FOXO3 transcriptional activity assays
in WTCs and SRCs with pGL3-FHRE vector infection. (E) Clonal expansion assays of WTCs and SRCs. (F) Cell cycle analysis of WTCs
and SRCs. (G) SA-p-Gal staining of WTCs and SRCs. (H) Western blot analysis of p21 of WTCs and SRC:s. (I) Telomere length assays
of WTCs and SRCs. (J) Immunostaining of LAP2 of WTCs and SRCs. (K) Immunostaining of Ki67 of WTCs and SRCs after vehicle
(Veh) or H,0O, treatment. (L) Immunostaining of p21 of WTCs and SRCs after Veh or H,0, treatment. (M) Immunostaining of Ki67 of
WTCs and SRCs in Control or UV treatment groups. (N) Immunostaining of p21 of WTCs and SRCs in Control or UV treatment groups.
Quantitative data are shown as means + SEMs. The arrowheads indicate positive cells in (K)—(N). n = 3—6 biological samples per group
in (D)—(I) and (K)—(N); n > 200 cells obtained from per group in (J). Two-sided Student’s t test or Wilcoxon rank-sum test was performed
in (D)—(J); one-way ANOVA followed by Dunnett’s multiple comparisons test was performed in (K)—=(N). Scale bar, 50 ym in (B), (G)
and (J)—(N).
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Figure 2. SRC treatment promotes functional recovery after SCI.

(A) Schematic representation of the SCI mouse model and intramedullary microinjection. (B) Representative images of motor charac-
teristics in sham and SCI mice. (C) Representative images of footprint in sham and SCI mice. (D) Representative images of spinal cord
tissues in sham and SCI mice. (E) Immunostaining of NeuN in spinal cord of sham and SCI mice. (F) Retention evaluation of WTCs
and SRCs using in vivo bioluminescence imaging of luciferase-labeled cells. (G) Schematic representation of the experimental design,
including animal grouping, the timeline of cell injection and subsequent functional and histological assessments. (H) Footprint analysis
in mice across indicated groups. Quantitative data are shown as means + SEMs. The arrowheads indicate the locomotor characteristics
of the hindlimbs in (B) and injury site characteristics in (D) after SCI. Dashed lines indicate the injury border in (E). n = 3—4 biological
samples per group and Two-sided Student’s t test or Wilcoxon rank-sum test was performed in (F). n = 6-8 biological samples per
group and one-way ANOVA followed by Dunnett’s multiple comparisons test was performed in (H). Scale bar, 50 pm in (E).

SRC intramedullary implantation promotes functional
recovery after SCI

To evaluate the therapeutic potential of SRCs in SCI repair,
we first performed behavioral analyses of motor function at
28days post-implantation (Fig. 2G). Quantitative gait analysis
revealed that vehicle-treated SCI mice developed pronounced
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deficits, including a decreased average stride length and an
increased stride width compared to the sham group—findings
consistent with established SCI pathology [22]. In contrast,
SRC-treated mice exhibited gait improvement, characterized
by increased stride length and reduced stride width (Fig. 2H).
These results demonstrate that intramedullary implantation of
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SRCs promotes the recovery of hindlimb motor coordination
after SCI.

SRC treatment alleviates the initial inflammatory
microenvironment following SCI

Given that neuroinflammation is a well-established early fea-
ture of SCI, with the period of 0-7 days post-injury character-
ized by robust immune cell infiltration and pro-inflammatory
cytokine release [23], we sought to determine whether SRC
implantation modulates this inflammatory microenvironment.
We performed a histological analysis of spinal cord tissues at
7 days post-injury (Fig. 2G). Immunofluorescence staining
revealed a pronounced accumulation of IBA1* microglia at the
lesion border in vehicle-treated mice (Fig. 3A), consistent with
classic SCI pathology [23]. In contrast, SRC-treated mice
exhibited a reduced number of IBA1+ microglia at this site (Fig.
3A), indicating that SRC implantation mitigated the local neu-
roinflammatory response. Notably, CD68, a marker of acti-
vated macrophages/microglia [24-26], was extensively
expressed in the injury epicenter but not in the
microglial-enriched border region; this pattern is likely attrib-
utable to infiltrating peripheral macrophages following
blood-spinal cord barrier (BSCB) disruption [27]. SRC implan-
tation reduced the number of CD68* cells in the epicenter (Fig.
3B), suggesting enhanced BSCB integrity and diminished
infiltration of pro-inflammatory immune cells [28]. At the molec-
ular level, immunofluorescence analysis showed downregu-
lation of RELA (a core subunit of NF-xB [29, 30]) in the SRC
group compared to the vehicle group (Fig. 3C). This implies
that SRCs may alleviate neuroinflammation partly by sup-
pressing the NF-xB signaling pathway. Collectively, these find-
ings demonstrate that SRC treatment ameliorates the
inflammatory microenvironment post-SCI through multiple
mechanisms, including inhibiting over-activation of microglia/
macrophages and modulating key inflammatory signaling
pathways such as the NF-kB pathway.

SRCs promote neuroprotection and foster a
pro-regenerative niche after SCI

To further elucidate the long-term impact of SRCs on tissue
repair, we analyzed the injury site at 28 days post-SCI. Our find-
ings revealed that SRC implantation reduced the area of the
injury epicenter (Fig. 3D), indicating a role in limiting lesion
expansion. This structural preservation was accompanied by
enhanced neuronal survival. SRCs demonstrated a
region-specific neuroprotective effect, increasing the number of
preserved neurons at the vulnerable injury border, although
neurons within the lesion epicenter were not rescued (Fig. 3E).
As neurons are the primary functional units of the nervous sys-
tem [31], their protection at the border zone likely constitutes a
critical prerequisite for functional recovery.

Life Medicine, 2026, Volume 5, Inaf038

Beyond conferring structural and neuronal protection,
SRCs actively promoted a pro-regenerative microenvironment.
They induced a morphological polarization of astrocytes, shift-
ing their alignment from parallel to a radial configuration per-
pendicular to the lesion (Fig. 3F)—a pattern demonstrated
previously to facilitate axonal regeneration [32, 33]. Consistent
with this supportive restructuring, we observed a marked
increase in neurite density within the injury area of SRC-treated
mice (Fig. 3G), providing a structural basis for the observed
functional improvement [34].

Furthermore, the reparative process involved the mobiliza-
tion of endogenous neural stem/progenitor cells, as evidenced
by an increased accumulation of SOX2* cells at the injury epi-
center in the SRC group (Fig. 3H). This suggests that SRCs
may enhance repair partly by activating intrinsic neuroregener-
ative mechanisms [35, 36].

In summary, SRCs orchestrate a multi-faceted reparative
program following SCI, which includes constraining the lesion
area, protecting imperiled neurons in the peri-lesion zone, pro-
moting an axonal growth-supportive glial architecture, and
potentially activating endogenous progenitor cells to contribute
to neural repair.

SRC-derived exosomes mediate neuroprotection and
functional recovery post SCI

Previous studies have demonstrated that exosomes, as key
effectors of the therapeutic actions of cell therapy, play a crucial
role in intercellular communication and functional regulation [14,
37-39]. Based on these findings, we further explored the ther-
apeutic potential of SRC-Exo. Exosomes were successfully
isolated from conditioned media using ultracentrifugation (Fig.
4A). Transmission electron microscopy revealed that both
WTC-Exo and SRC-Exo exhibited the typical cup-shaped mor-
phology with a diameter of approximately 100nm (Fig. 4B).
Western blot analysis confirmed the expression of characteristic
exosomal markers, including HSP70, CD63, TSG101, CD81,
and CD9, in both groups of exosomes [40] (Fig. 4C).

To evaluate the therapeutic effects of exosomes, we used
stereotactic techniques to precisely inject exosomes into the site
of SCI (Fig. 4D). Behavioral assessments showed that, com-
pared to the vehicle group, the SRC-Exo treatment group exhib-
ited an improvement in motor function at 28 days post-treatment,
as evidenced by increased average stride length (Fig. 4E). His-
tological analyses further revealed that SRC-Exo partially reca-
pitulated the therapeutic effects of SRC implantation by: (1)
reducing the lesion area (Fig. 4F); (2) mitigating neuronal loss
in the injury border zone (Fig. 4G); and (3) promoting the recruit-
ment of SOX2* cells to the injury epicenter (Fig. 4H). These
results indicate that the therapeutic effects of SRCs are partially
mediated by the exosomes they secrete, providing evidence for
the development of cell-free therapeutic strategies.

https://academic.oup.com/lifemedi

»
kN
5
=
L-&d
<}
i @
=]
(¢”]




[<P]
=
©
&
°
=]
=
)
=
~

Figure 3. SRCs reduce neuroinflammation and promote neuroprotection following SCI.

(A) Immunostaining analysis of IBA1 in spinal cord of mice across indicated groups. (B) Immunostaining analysis of CD68 in spinal
cord of mice across indicated groups. (C) Immunostaining analysis of RELA in spinal cord of mice across indicated groups. (D) Immu-
nostaining analysis of GFAP in spinal cord of mice across indicated groups. White dashed lines outline the injury epicenter. (E) Immu-
nostaining analysis of NeuN in spinal cord of mice across indicated groups. (F) Immunostaining analysis of GFAP in spinal cord of mice
across indicated groups. Red dashed lines indicate the injury borders and the solid red arrows indicate the direction of the astrocyte
protrusion. (G) Immunostaining analysis of NF-H in spinal cord of mice across indicated groups. (H) Immunostaining analysis of SOX2
in spinal cord of mice across indicated groups. Quantitative data are shown as means + SEMs. n = 6-8 biological samples per group
in (A)—(H). One-way ANOVA followed by Dunnett’s multiple comparisons test was performed in (A)—(H). Dashed lines indicate the injury
border in (A)—(H); solid and dashed squares indicate the zoom-in areas in (A)—(C), (E)—(H). Scale bar, 20 pm in (A)—(C), (E), (F), lower

panel of (G) and (H); 200 pm in (D), upper panel of (G) and (H).

SRC-derived exosomes reprogram the SCl-associated
transcriptome

To elucidate the molecular mechanisms underlying SRC-Exo-
mediated SCI repair, we performed RNA sequencing on spinal
cord tissues from sham, vehicle-treated, and SRC-Exo-treated
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groups. Principal component analysis revealed that SRC-Exo
treatment partially reversed the SCl-induced transcriptomic per-
turbations, shifting the gene expression profile toward the
sham-operated state (Fig. 5A; Table S3). Differential expression
analysis identified that SRC-Exo rescued 8.33% of SCl-specific

Life Medicine, 2026, Volume 5, Inaf038
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Figure 4. SRC-Exo treatment facilitates functional recovery after SCI.

(A) Schematic representation diagram of the exosomes collection. (B) Representative images of analyzed WTC-Exo and SRC-Exo
under transmission electron microscope. (C) Western blot analysis of exosome signature markers in WTC-Exo and SRC-Exo. (D)
Schematic representation of the experimental design, including animal grouping, the timeline of exosome injection and subsequent
behavior, histological and transcriptomic analyses. (E) Footprint analysis and statistical data across indicated groups. (F) Immunostaining
analysis of GFAP in spinal cord of mice across indicated groups. White dashed lines outline the area of the injury center. (G) Immu-
nostaining analysis of NeuN in spinal cord of mice across indicated groups. (H) Immunostaining analysis of SOX2 in spinal cord of
mice across indicated groups. Quantitative data are shown as means + SEMs. n = 6-8 biological samples per group in (E)—(H). Dashed
lines indicate the injury border in (G)—(H); solid and dashed squares indicate the zoom-in areas in (G) and (H). One-way ANOVA followed
by Dunnett’s multiple comparisons test was performed in (E)—(H). Scale bar, 100 nm in (B), 20 ym in (G) and lower panel of (H), 200

pm in (F) and upper panel of (H).

upregulated genes, referred to as rescue-down genes, which
are primarily involved in immune regulation and inflammatory
responses, and 6.26% of SCI-specific downregulated genes,
referred to as rescue-up genes, which are mainly enriched in
synaptic signaling and G protein-coupled receptors (GPCR)
pathways (Fig. 5B—H). Notably, SRC-Exo treatment resulted in
the downregulation of the immune-activation-related gene TIr8
(Fig. 51). As a known regulator of the NF-xB pathway, TIr8 sup-
pression likely contributes to reduced neuroinflammation

Life Medicine, 2026, Volume 5, Inaf038

[41-44]. Conversely, SRC-Exo treatment upregulated the
neurotransmitter-related genes Gabrd and Cabp1 (Fig. 5J).
These genes facilitate neural signaling by modulating ion chan-
nel activity [45, 46]. These findings, at the transcriptomic level,
reveal that SRC-Exo promotes SCI repair through a dual regu-
latory mechanism: attenuating neuroinflammation and enhanc-
ing neurotransmission-related gene expression to facilitate
neural function reconstruction, thereby providing a molecular
basis for the efficacy of SRC-Exo intervention.

https://academic.oup.com/lifemedi
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Figure 5. SRC-Exo treatment resets SCl-associated transcriptional profile.

(A) Principal component (PC) analysis was performed on RNA-seq data from mouse spinal cord in sham group and in vehicle and
SRC-Exo groups after SCI. (B) Volcano plot showing the DEGs between vehicle-treated and sham groups (referred to as SCI DEGs).
(C) Volcano plot showing the DEGs between SRC-Exo-treated and vehicle-treated groups (referred to as SRC-Exo DEGs). (D) Bar
plot showing the numbers and proportions of upregulated and downregulated SCI DEGs, or SRC-Exo DEGs in the mouse spinal cords.
(E) Representative enriched terms and pathways for SCI DEGs in the mouse spinal cords. (F) Representative enriched terms and
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Discussion

The spinal cord plays a pivotal role in transmitting information
between the CNS and peripheral tissues and organs. SCI not
only interrupts central neural conduction, leading to loss of
motor function and autonomic dysfunction below the level of
injury, but also triggers pathological pain and inflammatory
responses, causing long-term suffering for patients. Through
evaluations at different time points following SCI [47-49], our
study demonstrates that genetically engineered SRCs confer
therapeutic benefits for SCI repair. Compared to WTCs, the
implantation of SRCs improves motor function in mice with SCI.
However, due to limitations in the available detection methods
in rodents [50], we were unable to assess potential improve-
ments in sensory nervous system function or autonomic nerve
innervation in this study. In-depth mechanistic studies reveal
that SRCs may promote neural repair through the following syn-
ergistic actions: (1) direct neuroprotective effects: reducing neu-
ron loss and axonal degeneration, while activating the
endogenous neurogeneration; (2) microenvironment remodel-
ing: modulating neuroinflammatory responses and astrocyte
morphological polarization to establish a regeneration-conducive
niche (Fig. 6). Of note, our study demonstrated that the thera-
peutic effects of SRCs are partly mediated by their secreted
exosomes. These findings not only expand our understanding
of the mechanisms of stem/progenitor cell therapy but also pro-
vide two potential strategies for SCI clinical treatment: cell
transplantation-based therapy and exosome-based cell-free
therapy, both of which hold translational medical value.
Mesenchymal stem/progenitor cell (MSC/MPC)-derived
cell therapies are widely investigated due to their core
advantages—such as multilineage differentiation potential and
homing effects [51, 52]. However, their clinical translation faces
challenges including lengthy preparation cycles, batch-to-batch
variability, and safety concerns [53]. To overcome these limita-
tions, we developed genetically engineered SRCs designed to
enhance neuroprotective efficacy under severe pathological
conditions such as SCI. Additionally, exosomes have emerged
as a promising cell-free therapeutic strategy, exhibiting trans-
lational potential due to their low immunogenicity, ability to
cross biological barriers, and ease of administration [40,
54-57]. Consistent with these properties, we observed that
SRC-Exo downregulated inflammation-related genes while
upregulating genes associated with neurite outgrowth and sig-
nal transduction. This aligns with prior studies indicating that
exosomes from MSCs/MPCs modulate inflammatory responses

and facilitate intercellular communication and functional regu-
lation via bioactive molecules (e.g. proteins and nucleic acids
[14, 37]). Together, our findings provide experimental support
for both cell-based and cell-free exosome therapies, offering
valuable insights for developing advanced clinical treatments
for SCI.

Notably, we observed a substantial aggregation of
SOX2-positive neural stem/progenitor cells in the injury epicen-
ter, and SRC implantation further increased their abundance.
Previous studies have shown that these cells may originate from
the ependymal zone of the spinal cord [58, 59], and possess
the potential for multilineage differentiation into neurons, oligo-
dendrocytes, and astrocytes [60]. The increase in their numbers
may have facilitated endogenous neuroregeneration. Given the
reported enrichment of chemokines in exosomes [61], we spec-
ulate that SRC-Exo may recruit these progenitor cells via their
chemokine content, thereby promoting their migration and pro-
liferation. Future research should focus on elucidating the pre-
cise origin of SOX2-positive cells, their migratory routes,
differentiation trajectories, and the specific exosomal chemok-
ines involved in this process.

In summary, our study reveals the therapeutic potential of
SRCs and their exosomes in SCI repair, thereby providing a
foundation for developing advanced treatments for SCI.

Research limitation

Our study establishes that genetically engineered SRCs pro-
mote SCI repair in mice, an effect likely mediated by exosomes.
It should be noted that this study has certain limitations. The
precise molecular mechanisms remain elusive, as the specific
anti-inflammatory and neuroprotective factors within the exo-
somes have not been identified. Furthermore, the clinical rele-
vance is constrained by the reliance on a mouse model, with
known interspecies differences in CNS biology thereby under-
scoring the necessity of future validation in non-human pri-
mates. Despite these limitations, this work lays a promising
foundation for stem cell-based neuroregeneration.

Methods
Research ethics

All experimental procedures were conducted in accordance with the
Guidelines for the Care and Use of Laboratory Animals and in compli-
ance with animal ethics (I0Z-IACUC-2024-279). These experimental

pathways for SRC-Exo DEGs in the mouse spinal cords. (G) Venn diagram showing the overlapping of SCI DEGs and SRC-Exo DEGs
in the mouse spinal cords. (H) RNA-seq analysis of mouse spinal cord in sham, vehicle and SRC-Exo groups. Left, heatmap showing
rescued DEGs in the spinal cord of SRC-Exo-treated mice. Right, representative enriched terms and pathways for rescued DEGs in
the spinal cord of SRC-Exo-treated mice. () Heatmaps showing the relative expression levels of rescued DEGs (downregulated) related
to indicated terms in the mouse spinal cords. (J) Heatmaps showing the relative expression levels of rescued DEGs (upregulated)

related to indicated terms in the mouse spinal cords.
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Figure 6. Schematic representation of the mechanism of SRC and SRC-Exo intervention in SCI.

protocols were approved by the Institute of Zoology, Chinese Academy
of Sciences.

Generation and characterization of MPCs

Differentiation of hESCs towards hMPCs was performed as
described in an established protocol [14, 62]. Briefly, embryoid
bodies obtained from hESCs were cultured in MPC differentiation
medium consisting of mesenchymal stem cell basal medium
(MSCBM) supplemented with 5% HELIOS UltraGRO-Advanced
supplement, 1% penicillin/streptomycin, 6ng/mL bFGF, 5ng/mL
TGF-p, and 10ng/mL EGF until fibroblast-like cells emerged. The
cells were passaged into vitronectin-coated plates, and cultured
in MPC culture medium (MSCBM with 5% HELIOS
UltraGRO-Advanced supplement). Cells were collected and puri-
fied with MPC-specific surface markers CD73, CD90, and CD105,
and the absence of hematopoietic stem cell markers CD34, CD43,
and CD45 was confirmed by fluorescence-activated cell sorting
(FACS). Antibodies used in this study were listed in Table S1.
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Cell culture and exosome isolation

The culture of MPCs followed previous studies [14]. Briefly,
MPCs were cultured in MPC culture medium at 37°C with 5%
CO,. MPCs at passage 7 were used for cell transplantation and
the conditioned medium was collected for exosome isolation.
To collect exosomes, the conditioned medium was centrifuged
at 5009 for 5min and then filtered through a 0.22 ym membrane
to remove cells and cellular debris. After 2 h of ultracentrifugation
at 100,000 g, 4°C, the supernatant was removed, and the exo-
somes were resuspended in 1 mL of saline, washed and cen-
trifuged at 100,000 g for an additional 2h at 4°C.

Genomic DNA extraction and DNA sequencing

DNA sequencing was performed to identify specific editing sites
after gene editing in the FOXO3 gene. Genomic DNA was
extracted using the DNeasy Blood & Tissue Kit. Exon 3 of
FOXO3 gene contained two mutation sites was amplified by
PCR using the PrimeSTAR DNA Polymerase Kit, and the PCR
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products were sequenced at Tsingke Biotechnology Co. The
primers used in this study were listed in Table S2.

Luciferase reporter assay

The transcriptional activity of FOXO3 was evaluated using the
FHRE-Luc vector. WTCs and SRCs were co-transfected with
1.0 pg of the FHRE-Luc vector and 0.2 ug of the Renilla plasmid
using Lipofectamine 3000. After 48h of transfection, the cells
were lysed, and luciferase activity was measured using the Dual
Luciferase Assay Kit.

Clonal expansion assay

Clonal expansion assay was performed as described previously
[14]: 8,000 MPCs were seeded in each well of a 12-well plate
and cultured for 10days. Cells were then fixed and stained with
crystal violet. The cell density was calculated using ImagedJ.

SA-f-gal staining

SA-B-gal staining was performed as described previously
[63-65]. Briefly, MPCs were fixed in fixation buffer (2% formal-
dehyde and 0.2% glutaraldehyde) for 5min, followed by washing
three times with PBS and staining by SA-B-gal staining solution
at 37°C for 8h. The percentage of SA-B-gal-positive cells was
quantified using ImageJ.

Telomere length analysis

Quantitative PCR (qPCR) was used to quantify telomere length,
as detailed previously [14]. The primers used in this study are
listed in Table S2.

Cell immunofluorescence staining

Cell immunofluorescence staining was performed according to
the previous publication [66]: 4% paraformaldehyde (PFA)-fixed
cells were permeabilized with 0.4% Triton X-100 for 10 min,
washed three times with PBS for 5min each, blocked with 5%
donkey serum at room temperature for 1 h, washed three times
with PBS for 5min each, incubated with primary antibody over-
night at 4°C, washed three times with PBS for 5min each, incu-
bated with secondary antibody and Hoechst 33342, washed
with PBS, and mounted with anti-fade agent. Ultimately, the
images were captured using the Zeiss LSM 900 confocal micro-
scope system and analysis of the data was performed by
Imaged. Antibodies used in this study were listed in Table S1.

Western blot

Western blot was performed according to the previous publica-
tion [67]. In brief, well-prepared protein samples were subjected
to electrophoresis, membrane transfer, and antibody incubation,
and then imaged using the ChemiDoc XRS system (Bio-Rad)
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and analysis of the data was performed by Imaged. Antibodies
used in this study were listed in Table S1.

Cell cycle analysis

Cell cycle analysis was performed according to the previous
publication [68]. In brief, cells were collected and fixed with
pre-chilled 70% ethanol overnight at —20°C. The cells were then
washed once with PBS and incubated at 37°C for 30min in PBS
containing 0.1% Triton X-100, 0.2mg/mL RNase A, and 0.02
mg/mL propidium iodide solution. The cells were tested directly
after incubation using an LSRFortessa cell analyser (BD) and
analyzed using ModFit software.

Animal experiments

The study utilized 8-week-old male C57BL/6J mice (SPF Bio-
tech Co., Ltd) that were maintained under controlled environ-
mental conditions (25°C, 50%—60% humidity) with a 12:12-hour
light—dark cycle. Animals were provided with standard labora-
tory diet and water ad libitum throughout the acclimatization
and experimental periods.

Establishment of mouse SCI model

Eight-week-old male C57BL/6J mice were used to establish a
SCI model [21]. Following anesthesia with isoflurane, the dorsal
hair was shaved and the skin was disinfected before a 1-cm
incision was made in the back skin with scissors. Following
muscle retraction, a T10 laminectomy was performed to expose
the underlying spinal cord without dural disruption. SCI was
induced by applying a vascular clip for 2s at the T10 level. The
sham group mice underwent identical surgical procedures,
including laminectomy, but without spinal cord compression.
The skin was sutured, disinfected with iodophor, and the mice
were released into the cage after being awake to promote the
mice auto-urination function. Postoperative care included man-
ual bladder expression twice daily until reflex voiding recovered.

Cell implantation and exosome injection

After the model was successfully established, 1 pL of saline (as
a vehicle) or 1pL of saline containing WTCs (1 x10° cells) or
SRCs (1x10° cells) was delivered using a micro stereotactic
injection device, three injection sites including the injury center,
1 mm rostral and 1 mm caudal of the injury center were selected
for injection. The depth of injection was 0.75mm, and a tipless
insulin needle was used. For exosome injection, the total protein
concentration of exosome was 500 pg/mL, the injection dose
was 1L, and the operation was the same as the cell injection
procedure.

In vivo bioluminescence imaging

The retention of transplanted MPCs was assessed by longitu-
dinal in vivo bioluminescence imaging [16]. In brief, MPCs were
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transduced with a luciferase-expressing lentiviral vector prior to
implantation into the spinal cord. Bioluminescent signals were
then quantified using an IVIS Lumina XRMS Series Il system
at scheduled time points from day 0 to day 7 post-SCI.

Footprint analysis

In order to obtain the footprints of the mice, we applied red and
blue ink to their forelimbs and hindlimbs, respectively, as mark-
ers. As the mice moved forward, their movement trajectories
were clearly recorded on the paper. The resulting footprints were
then used to measure the stride length and width.

Histological analysis

Mice were anaesthetized and perfused by saline via the heart.
Collected spinal cord samples were fixed by 4% PFA at 4°C
overnight, dehydrated with a gradient of alcohol and xylene and
embedded in paraffin. After embedding, the spinal cord was cut
into 5-pm-thick slices longitudinally with a paraffin slicer. After
dewaxing and rehydration, the slices were subjected to
high-temperature antigen retrieval using citric acid, and then
washed with PBS three times after cooling naturally; the slices
could then be used for immunostaining.

Immunofluorescence staining was performed as described
previously [69]. Spinal cord sections were permeabilized with
0.4% Triton X-100 for 30 min and then blocked with 5% BSA for
1 h at room temperature. Subsequently, the sections were incu-
bated with the primary antibody overnight at 4°C. The next day,
sections were washed with PBS three times, incubated with a
fluorescence-labeled secondary antibody for 1h at room tem-
perature, and washed again with PBS three times. Finally, nuclei
were counterstained with Hoechst 33342, sections were
mounted with an antifade medium, and images were acquired
using a Zeiss LM980 microscope.

For immunohistochemical staining, sections were first sub-
jected to endogenous peroxidase quenching, then permeabi-
lized with 0.4% Triton X-100 for 30 min and blocked with 5% BSA
for 1h at room temperature. They were then incubated with the
primary antibody overnight at 4°C. After washing with PBS three
times, sections were incubated with a histochemistry-compatible
secondary antibody for 1h. Following another round of PBS
washes, color development was performed using diaminoben-
zidine (DAB) reagent. Subsequently, nuclei were stained with
hematoxylin, after which the sections were dehydrated through
a graded ethanol series (70%, 95%, and 100%) and xylene (two
changes, 5min each). Finally, sections were mounted with a
neutral mounting medium and imaged with a Nikon microscope.

Allimage analysis was performed using Imaged. Antibodies
used in this study are listed in Table S1.

RNA-seq data analysis

In the RNA-seq analysis of mouse data, raw sequencing reads
were first processed using Trim Galore (v.0.6.7) to remove
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low-quality bases and adapter sequences. Subsequently, the
cleaned reads were aligned to the mm10 mouse reference
genome obtained from the Ensembl genome browser using the
STAR (v.2.7.1a) [70]. The number of reads mapped to each gene
was quantified using featureCounts (v.2.0.1) [71]. Differential
expression analysis was performed using DESeqg2 (v.1.30.1)
[72], with differentially expressed genes (DEGs) identified based
on a criterion of an adjusted P value < 0.05 and an absolute
log, (fold change) > 0.5. Functional enrichment analysis of the
identified DEGs was conducted using Metascape [73] to eluci-
date Gene Ontology terms and pathways. The complete list of
DEGs is provided in Table S3.

Statistical analysis

Two-sided Student’s ¢ test, Wilcoxon rank-sum test, and one-way
ANOQVA followed by Dunnett’s multiple comparisons test were
used in this study. Statistical significance was defined as
P <0.05. Significance levels were denoted as follows: *P <0.05,
**P<0.01, ***P<0.001, with “ns” indicating non-significant
results.

Acknowledgements

We thank Junying Jia (Institute of Biophysics, Chinese Academy of
Sciences) for fluorescence-activated cell sorting; Lijuan Wang (Institute
of Zoology, Chinese Academy of Sciences) for in vivo imaging; Feifei
Liu, Jingyi Jia, and Chen Xie for their assistance with tissue dissociation.
We acknowledge Lei Bai, Ruijun Bai, Jing Lu, Ying Yang, Xiuping Li,
Luyang Tian, Xuewei Chen, and Shangyi Qiao for their administrative
support. The schematic diagrams in the article were created with
BioRender.

This work was supported by the STI2030-Major Projects (No.
2021ZD0202400), the Program of the Beijing Natural Science Founda-
tion (No. Z240018), the National Natural Science Foundation of China
(Nos. 82488301, 82125011, 82422031, 82322025), the National Key
Research and Development Program of China (Nos. 2020YFA0804000,
2022YFA1103700, 2022YFA1103800, 2023YFC3605400), the National
Natural Science Foundation of China (Nos. 92168201, 82330044,
32341001, 82361148130, 8231101626, 82471586, 92468303, 82571781,
82361148131, 32121001, 82192863, 82271600), Non-Communicable
Chronic Diseases-National Science and Technology Major Project (No.
2024ZD0530400), the Program of the Beijing Natural Science Founda-
tion (Nos. F251011, Z230011, JQ24044), Shenzhen Medical Research
Fund (No. C2406001), CAS Project for Young Scientists in Basic
Research (Nos. YSBR-076, YSBR-012), Beijing Anzhen Hospital High
Level Research Funding (No. 2024AZB3002), the Informatization Plan
of Chinese Academy of Sciences (No. CAS-WX2022SDC-XK14), New
Cornerstone Science Foundation through the XPLORER PRIZE (No.
2021-1045), Key Laboratory of Alzheimer’s Disease of Zhejiang Prov-
ince (No. ZJAD-2024001), Initiative Scientific Research Program, Insti-
tute of Zoology, CAS (Nos. 20231020202, 20241020103, 202310Z0102),
Excellent Young Talents Program of Capital Medical University (Nos.
12300927, 12500825), Excellent Young Talents Training Program for the
Construction of Beijing Municipal University Teacher Team (No.
BPHR202203105), Beijing Hospitals Authority Youth Programme (No.
QML20230806), the Strategic Priority Research Program of the Chinese
Academy of Sciences (Nos. XDA0460403, XDC0200000), Youth

Life Medicine, 2026, Volume 5, Inaf038


https://academic.oup.com/lifmed/article-lookup/10.1093/lifemedi/lnaf038/#supplementary-data
https://academic.oup.com/lifmed/article-lookup/10.1093/lifemedi/lnaf038/#supplementary-data

Innovation Promotion Association of CAS (No. 2022083), CAS Youth
Interdisciplinary Team, Beijing Municipal Public Welfare Development
and Reform Pilot Project for Medical Research Institutes (No.
JYY2023-13), International Partnership Program of Chinese Academy
of Sciences (No. 073GJHZ2023019FN), and Space Medical Experiment
Project of CMSP (No. HYZHXMH01012).

Supplementary data

Supplementary data is available at Life Medicine online.

Author contributions

S.W., G.-H.L., and J.Q. provided the conceptual framework for this proj-
ect and supervised overall experiments. T.N. and J.L. performed cell
culture, exosomes collection, animal experiments, immunostaining,
phenotypic and mechanistic analyses. X.J. performed bioinformatics
analyses.S.S., F.Z.,,Q.Z,, S.M., and W.Z. performed data analysis. S.W.,
G.-H.L.,, J.Q., T.N,, J.L., and X.J. contributed to writing, reviewing, and
editing the manuscript.

Conflict of interest

T.N.,J.L.,, X.J.,,S.S.,,FZ,Q.Z,S.M., W.Z, J.Q., and S.W. declare that
they have no conflict of interest. G.-H.L. holds the position of Editor-in-
Chief and is blinded from peer review and the decision making for the
manuscript. All institutional and national guidelines for the care and use
of laboratory animals were followed. All authors confirm their willingness
to participate and agree to the publication.

Data availability

The RNA-seq data underlying this article have been submitted to the
Genome Sequence Archive [74] in the National Genomics Data Center
[75], Beijing Institute of Genomics (China National Center for Bioinfor-
mation) of the Chinese Academy of Sciences, with accession number
CRA027637.

References

1. McDonald JW, Sadowsky C. Spinal-cord
2002;359:417-25.

2. Shen H, Chen X, Li X et al. Transplantation of adult spinal cord
grafts into spinal cord transected rats improves their locomotor
function. Sci China Life Sci 2019;62:725-33.

3. Collaborators G. Global, regional, and national burden of spinal
cord injury, 1990-2019: a systematic analysis for the global burden
of disease study 2019. Lancet Neurol 2023;22:1026-47.

4. Liu GH, Ding Z, Izpisua Belmonte JC. iPSC technology to study
human aging and aging-related disorders. Curr Opin Cell Biol
2012;24:765-74.

5. YiF, Liu GH, Izpisua Belmonte JC. Human induced pluripotent stem
cells derived hepatocytes: rising promise for disease modeling,
drug development and cell therapy. Protein Cell 2012;3:246-50.

6. Wu Z, Su, Li J et al. Induced pluripotent stem cell-derived mes-
enchymal stem cells: whether they can become new stars of cell
therapy. Stem Cell Res Ther 2024;15:367.

injury. Lancet

Life Medicine, 2026, Volume 5, Inaf038

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Ding JY, Chen MJ, Wu LF et al. Mesenchymal stem cell-derived
extracellular vesicles in skin wound healing: roles, opportunities
and challenges. Mil Med Res 2023;10:36.

Cai Y, Ji Z, Wang S et al. Genetic enhancement: an avenue to
combat aging-related diseases. Life Med 2022;1:307-18.
Margiana R, Markov A, Zekiy AO et al. Clinical application of mes-
enchymal stem cell in regenerative medicine: a narrative review.
Stem Cell Res Ther 2022;13:366.

Preda MB, Neculachi CA, Fenyo IM et al. Short lifespan of synge-
neic transplanted MSC is a consequence of in vivo apoptosis and
immune cell recruitment in mice. Cell Death Dis 2021;12:566.
Zhu F, Nie G, Liu C. Engineered biomaterials in stem cell-based
regenerative medicine. Life Med 2023;2:l1nad027.

Wang H, Jiang C, Cai J et al. Nestin prevents mesenchymal stromal
cells from apoptosis in LPS-induced lung injury via inhibition of
unfolded protein response sensor IRE1alpha. Life Med 2022;
1:359-71.

Yan P, Li Q, Wang L et al. FOXO3-Engineered human ESC-Derived
vascular cells promote vascular protection and regeneration. Cell
Stem Cell 2019;24:447—-61.e8.

LeiJ, Xin Z, Liu N et al. Senescence-resistant human mesenchymal

progenitor cells counter aging in primates. Cell
2025;188:5039-61.e35.
Li M, Suzuki K, Qu J et al. Efficient correction of

hemoglobinopathy-causing mutations by homologous recombina-
tion in integration-free patient iPSCs. Cell Res 2011;21:1740-4.
Zheng F, Lei J, He Z et al. FOXO3-engineered human mesenchymal
stem cells efficiently enhance post-ischemic stroke functional reha-
bilitation. Protein Cell 2025;16:365-73.

Lei J, Wang S, Kang W et al. FOXO3-engineered human mesen-
chymal progenitor cells efficiently promote cardiac repair after myo-
cardial infarction. Protein Cell 2021;12:145-51.

Chen SY, Yang RL, Wu XC et al. Mesenchymal stem cell transplan-
tation: neuroprotection and nerve regeneration after spinal cord
injury. J Inflamm Res 2023;16:4763-76.

Sun X, Liu H, Tan Z et al. Remodeling microenvironment for endog-
enous repair through precise modulation of chondroitin sulfate
proteoglycans following spinal cord injury. Small 2023;19:e2205012.
Liu Z, Ji Q, Ren J et al. Large-scale chromatin reorganization reac-
tivates placenta-specific genes that drive cellular aging. Dev Cell
2022;57:1347-68.e12.

Palandi J, Bobinski F, de Oliveira GM et al. Neuropathic pain after
spinal cord injury and physical exercise in animal models: a sys-
tematic review and meta-analysis. Neurosci Biobehav Rev
2020;108:781-95.

Liu H, Zhang J, Xu X et al. SARM1 promotes neuroinflammation
and inhibits neural regeneration after spinal cord injury through
NF-kappaB signaling. Theranostics 2021;11:4187-206.
Hellenbrand DJ, Quinn CM, Piper ZJ et al. Inflammation after spinal
cord injury: a review of the critical timeline of signaling cues and
cellular infiltration. J Neuroinflammation 2021;18:284.

Zhou HY, Wang X, Li Y et al. Dynamic development of microglia
and macrophages after spinal cord injury. Neural Regen Res
2025;20:3606—-19.

Ma S, Ji Z, Zhang B et al. Spatial transcriptomic landscape unveils
immunoglobin-associated senescence as a hallmark of aging. Cell
2024;187:7025-44.e7034.

https://academic.oup.com/lifemedi

»
kN
5
=
L-&d
<}
i @
=]
(¢”]



https://academic.oup.com/lifmed/article-lookup/10.1093/lifemedi/lnaf038/#supplementary-data

1CIne

=
D
=
N

L

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

OXFORD

. Bai J, Liu F. The Yin-Yang functions of macrophages in metabolic

disorders. Life Med 2022;1:319-32.

. Luo Y, Yao F, Hu X et al. M1 macrophages impair tight junctions

between endothelial cells after spinal cord injury. Brain Res Bull
2022;180:59-72.

. Ge X, Tang P, Rong Y et al. Exosomal miR-155 from M1-polarized

macrophages promotes EndoMT and impairs mitochondrial func-
tion via activating NF-kappaB signaling pathway in vascular endo-
thelial cells after traumatic spinal cord injury. Redox Biol
2021;41:101932.

Sun G, Li K, Ping J et al. A single-cell transcriptomic atlas reveals
senescence and inflammation in the post-tuberculosis human lung.
Nat Microbiol 2025;10:2073-91.

Zhao Q, Jing Y, Jiang X et al. SIRT5 safeguards against primate
skeletal muscle ageing via desuccinylation of TBK1. Nat Metab
2025;7:556-73.

Sun S, Li J, Wang S et al. CHIT1-positive microglia drive motor
neuron ageing in the primate spinal cord. Nature 2023;624:611-20.
Liu A, Yu L, Li X et al. Celsr2-mediated morphological polarization
and functional phenotype of reactive astrocytes in neural repair.
Glia 2023;71:1985-2004.

Xiao Z, Tang F, Tang J et al. One-year clinical study of NeuroRegen
scaffold implantation following scar resection in complete chronic
spinal cord injury patients. Sci China Life Sci 2016;59:647-55.
Yue W, Zhang K, Jiang M et al. Deubiquitination of SARM1 by
USP13 regulates SARM1 activation and axon degeneration. Life
Med 2023;2:Inad040.

Li X, ZhaoY, Cheng S et al. Cetuximab modified collagen scaffold
directs neurogenesis of injury-activated endogenous neural stem
cells for acute spinal cord injury repair. Biomaterials 2017;137:73-86.
Li X, Tan J, Xiao Z et al. Transplantation of hUC-MSCs seeded
collagen scaffolds reduces scar formation and promotes functional
recovery in canines with chronic spinal cord injury. Sci Rep
2017;7:43559.

Bi Y, Qiao X, Cai Z et al. Exosomal miR-302b rejuvenates aging
mice by reversing the proliferative arrest of senescent cells. Cell
Metab 2025;37:527—-41.e6.

LiuY, Mu H, ChenY et al. Follicular fluid-derived exosomes rejuve-
nate ovarian aging through miR-320a-3p-mediated FOXQ1 inhibi-
tion. Life Med 2024;3:lnae013.

Ren T, Zhou Z, Hong H et al. Synovial sarcoma extracellular vesi-
cles induce fatty liver. Biophys Rep 2025;11:209—-16.

Kalluri R, LeBleu VS. The biology, function, and biomedical appli-
cations of exosomes. Science 2020;367:eaau6977.

Zhang S, Hu Z, Tanji H et al. Small-molecule inhibition of TLR8
through stabilization of its resting state. Nat Chem Biol 2018;
14:58-64.

Lai TY, Wu SD, Tsai MH et al. Transcription of Tnfaip3 is regulated
by NF-kappaB and p38 via C/EBPbeta in activated macrophages.
PLoS One 2013;8:e73153.

Bender AT, Tzvetkov E, Pereira A et al. TLR7 and TLR8 differentially
activate the IRF and NF-kappaB pathways in specific cell types to
promote inflammation. Immunohorizons 2020;4:93—107.

Qin J, Yao J, Cui G et al. TLR8-mediated NF-kappaB and JNK
activation are TAK1-independent and MEKK3-dependent. J Bio/
Chem 2006;281:21013-21.

Life Medicine

UNIVERSITY PRESS

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Cramer T, Gill R, Thirouin ZS et al. Cross-talk between GABAergic
postsynapse and microglia regulate synapse loss after brain isch-
emia. Sci Adv 2022;8:eabj0112.

Dolphin AC, Lee A. Presynaptic calcium channels: specialized con-
trol of synaptic neurotransmitter release. Nat Rev Neurosci
2020;21:213-29.

Eli I, Lerner DP, Ghogawala Z. Acute traumatic spinal cord injury.
Neurol Clin 2021;39:471-88.

Hausmann ON. Post-traumatic inflammation following spinal cord
injury. Spinal Cord 2003;41:369-78.

Kwon BK, Tetzlaff W, Grauer JN et al. Pathophysiology and phar-
macologic treatment of acute spinal cord injury. Spine J
2004;4:451-64.

Kalotra S, Kaur G. Neuromethods and assessment tools for trau-
matic spinal cord injury in rodents: a mini review. Injury
2025;56:112288.

Guan Y, Wen J, Niu H et al. Targeted delivery of engineered
adipose-derived stem cell secretome to promote cardiac repair after
myocardial infarction. J Control Release 2025;383:113765.

Xu'Y, Wang J, Ren H et al. Human endoderm stem cells reverse
inflammation-related acute liver failure through cystatin SN-mediated
inhibition of interferon signaling. Cell Res 2023;33:147-64.

Ma CY, ZhaiY, Li CT et al. Translating mesenchymal stem cell and
their exosome research into GMP compliant advanced therapy
products: promises, problems and prospects. Med Res Rev
2024;44:919-38.

Hade MD, Suire CN, Suo Z. Mesenchymal stem cell-derived exo-
somes: applications in regenerative medicine. Cells 2021;10:36.
Kalluri R. The biology and function of exosomes in cancer. J Clin
Invest 2016;126:1208-15.

Fitts CA, Ji N, LiY et al. Exploiting exosomes in cancer liquid biop-
sies and drug delivery. Adv Healthc Mater 2019;8:1801268.
Saha P, Sharma S, Korutla L et al. Circulating exosomes derived
from transplanted progenitor cells aid the functional recovery of
ischemic myocardium. Sci Trans/ Med 2019;11:eaau1168.

Xiong T, Xiao X, Zhao H et al. The key to spinal cord recovery:
harnessing p21 inhibition to boost neural stem/progenitor cell pro-
liferation. ACS Nano 2025;19:27406-23.

Cawsey T, Duflou J, Weickert CS et al. Nestin-Positive ependymal
cells are increased in the human spinal cord after traumatic central
nervous system injury. J Neurotrauma 2015;32:1393-402.

Jin H, Liu Z, Mou J et al. Dual genetic tracing demonstrates the
heterogeneous differentiation and function of neuromesodermal
progenitors in vivo. Proc Natl Acad Sci U S A 2025;122:e2402305122.
Chen T, Guo J, Yang M et al. Chemokine-containing exosomes are
released from heat-stressed tumor cells via lipid raft-dependent
pathway and act as efficient tumor vaccine. J Immunol 2011;186:
2219-28.

Yan P, Liu Z, Song M et al. Genome-wide R-loop landscapes during
cell differentiation and reprogramming. Cell Rep 2020;32:107870.
Yang, Lu X, Liu N et al. Metformin decelerates aging clock in male
monkeys. Cell 2024;187:6358-78.e29.

Huang D, Zuo Y, Zhang C et al. A single-nucleus transcriptomic
atlas of primate testicular aging reveals exhaustion of the sper-
matogonial stem cell reservoir and loss of sertoli cell homeostasis.
Protein Cell 2023;14:888-907.

Life Medicine, 2026, Volume 5, Inaf038



65.

66.

67.

68.

69.

70.

Wang F, Zhang W, Yang Q et al. Generation of a Hutchinson-Gilford
progeria syndrome monkey model by base editing. Protein Cell
2020;11:809-24.

Jingy, ZuoY, YuY et al. Single-nucleus profiling unveils a geropro-
tective role of the FOXOS3 in primate skeletal muscle aging. Protein
Cell 2023;14:497-512.

Geng L, Ping J, Wu R et al. Systematic profiling reveals betaine as
an exercise mimetic for geroprotection. Cell 2025;188:5403-25.e33.
Lei J, Jiang X, Li W et al. Exosomes from antler stem cells alleviate
mesenchymal stem cell senescence and osteoarthritis. Protein Cell
2022;13:220-6.

Ding Y, Zuo Y, Zhang B et al. Comprehensive human proteome
profiles across a 50-year lifespan reveal aging trajectories and sig-
natures. Cell 2025;188:5763—-84.e26.

Dobin A, Davis CA, Schlesinger F et al. STAR: ultrafast universal
RNA-seq aligner. Bioinformatics 2013;29:15-21.

Life Medicine, 2026, Volume 5, Inaf038

71.

72.

73.

74.

75.

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general pur-
pose program for assigning sequence reads to genomic features.
Bioinformatics 2014;30:923-30.

Love MI, Huber W, Anders S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol
2014;15:550.

Zhou Y, Zhou B, Pache L et al. Metascape provides a
biologist-oriented resource for the analysis of systems-level data-
sets. Nat Commun 2019;10:1523.

Chen T, Chen X, Zhang S et al. The genome sequence archive
family: toward explosive data growth and diverse data types.
Genomics Proteomics Bioinformatics 2021;19:578-83.
Members, C.-N., and Partners. Database resources of the national
genomics data center, China national center for bioinformation in
2022. Nucleic Acids Res 2022;50:D27-D38.

https://academic.oup.com/lifemedi

o
Q
§
=
L d
<}
i @
=
¢






