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Decellularized tissue matrices hydrogels
functionalized with extracellular vesicles
promote macrophage reprogramming

and neural stem cell differentiation for spinal
cord injury repair
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Hui Huang®

Abstract

This study investigates the application of decellularized tissue matrices (DSCM) hydrogels functionalized with
extracellular vesicles (EVs) derived from mesenchymal stromal cells (MSCs) for spinal cord injury (SCI) treatment.
The primary focus is on how these composites influence macrophage reprogramming and neural stem cell
(NSQC) differentiation by modulating Slamf9 expression. MSC-derived EVs were successfully isolated, and DSCM
hydrogels were prepared from porcine spinal cords. The composite material, EVs derived from MSCs (DSCM@
EVs), was constructed and applied to a mouse SCI model, showing significant enhancement in NSC differentiation
and axonal growth, thereby alleviating SCI. Bioinformatics and in vitro cell experiments revealed that DSCM@EVs
promote the reprogramming of M1 macrophages to the M2 phenotype, reducing inflammatory responses and
facilitating NSC differentiation. RNA-seq analysis identified Slamf9 as a key regulatory gene, with its suppression
linked to the observed therapeutic effects. This novel approach demonstrates the potential of DSCM@EVs in SCl
repair by modulating the inflammatory environment and promoting neural regeneration, offering a promising
strategy for treating SCI and potentially other inflammatory neurological disorders.
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Introduction

Spinal cord injury (SCI) is a debilitating condition that
significantly impacts individuals’ quality of life, poten-
tially leading to loss of limb function as well as affecting
physiological functions such as respiration and excretion
[1]. Despite notable advancements in scientific research
and medical technologies, effective treatments for SCI
remain limited [2]. Surgical procedures and pharmaceu-
tical interventions typically only slow symptom progres-
sion and often fall short of achieving complete functional
recovery [3]. This is primarily due to the permanent
loss of neurons following SCI and the disruption of the
microenvironment, particularly the neural stem cells
(NSCs) microenvironment [4, 5]. Therefore, the effective
promotion of neuronal and microenvironment repair is a
crucial direction in current SCI treatment research.

Mesenchymal stromal cells (MSCs) are considered a
promising means of neurorepair due to their multipo-
tent differentiation potential and immunomodulatory
characteristics [6, 7]. In recent years, researchers have
discovered that extracellular vesicles (EVs) secreted by
MSCs also possess the ability to promote tissue repair
and immunoregulation [8]. EVs not only carry various
bioactive molecules but also exhibit excellent biocompat-
ibility and stability, leading to their increasing application
in therapeutic models of various diseases [9-11]. Particu-
larly in neurological disorders, EVs derived from MSCs
(DSCM@EVs) have demonstrated favorable therapeutic
effects in animal models and clinical studies [12].

DSCM are biocompatible materials that provide a
natural growth environment for cells by removing cellu-
lar components while retaining the extracellular matrix
structure [13]. DSCM has achieved successful application
in tissue engineering fields such as skin, bones, and heart
[14]. In the realm of neural repair, DSCM can serve as an
ideal carrier to deliver MSCs or their EVs into the injury
site, thereby enhancing the repair of neural and microen-
vironmental elements more effectively [13, 15, 16].

Based on this background, the aim of our study is to
explore the potential application of MSC-derived EV-
functionalized DSCM hydrogels (DSCM@EVs, Decel-
lularized tissue matrices (DSCM) hydrogels loaded with
EVs derived from MSCs) in treating SCI, particularly
focusing on how they influence the reconstruction of the
NSC microenvironment through regulation of Slamf9
expression in macrophages. By combining bioinformatic
analyses with in vitro and in vivo experiments, we uncov-
ered the molecular mechanisms through which DSCM@
EVs promote SCI repair. This novel therapeutic strategy
not only offers a promising approach for SCI treatment
but may also have positive implications for the treatment
of other neurological diseases. The findings of this study
hold significant scientific and clinical value in addressing
the substantial medical challenges posed by SCI.
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Materials and methods

Ethical declaration

This research has obtained approval from the Ethics
Committee of Renmin Hospital of Wuhan University
and strictly adheres to the ethical standards and guide-
lines of the Helsinki Declaration. Prior to conducting in
vivo animal experiments, we ensure the scientific value
of the research and strive to minimize harm and suffer-
ing to the animals. We make every effort to use the fewest
animals possible and take all necessary measures dur-
ing the experiments to reduce pain and distress, such as
using anesthetics and analgesics or providing appropriate
housing conditions. We commit to strictly adhere to rele-
vant laws, regulations, and ethical guidelines, such as the
Animal Welfare Act and other related provisions.

Public Data download and batch Processing

Data sets GSE5296 and GSE47681 related to SCI were
downloaded from the Gene Expression Omnibus (GEO)
database (http://www.ncbinlm.nih.gov/geo/). Specifica
lly, 14 Sham group samples (GSM119812, GSM119844,
GSM119833, GSM119834, GSM119781, GSM119845,
GSM119820, GSM119813, GSM119796, GSM119782,
GSM119801, GSM119797, GSM119767, GSM119802)
and 18 SCI group samples (GSM118664, GSM118672,
GSM119764, GSM119811, GSM120018, GSM119779,
GSM119830, GSM119794, GSM119765, GSM119780,
GSM119800, GSM119766, GSM119818, GSM119819,
GSM119795, GSM119831, GSM119843, GSM119832)
from the GSE5296 dataset were selected. Moreover,
4 Sham group samples (GSM1154538, GSM1154539,
GSM1154540, GSM1154542) and 13 SCI group sam-

ples (GSM1154520, GSM1154521, GSM1154522,
GSM1154523, GSM1154529, GSM1154530,
GSM1154531, GSM1154532, GSM1154533,
GSM1154541, GSM1154547, GSM1154548,

GSM1154549) from the GSE47681 dataset were included.
Subsequently, the “limma” and “sva” packages were uti-
lized to merge the GSE5296 and GSE47681 datasets and
perform batch correction. After correction, the com-
bined data was visualized using the “ggplot2” package for
principal component analysis (PCA) assessment [17-19].

Analysis of immune cell infiltration in public data

The expression matrix of 22 immune cell characteristic
gene sets was downloaded from the CIBERSORT web-
site. The CIBERSORT algorithm was utilized to analyze
immune cells in the merged GSE5296 and GSE47681
datasets, with 1000 simulation iterations, filtering out
non-infiltrating immune cells. Relations between tar-
get genes and different immune cells were examined
using the R script “CIBERSORT; and the correlation
between core gene expression and SCI immune cell infil-
tration was analyzed [20]. A co-expression network was
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constructed using the “WGCNA” package in R software.
The workflow involved building the gene co-expression
network, module identification, module relationship
analysis, and identification of highly correlated genes.
A soft threshold parameter f=3 and scale-free R?=0.90
were set, and the module most significantly associated
with M1 macrophage infiltration was selected as the key
module for M1 macrophage infiltration, with the genes
from this module obtained for subsequent analysis [21,
22].

Identification of differentially expressed genes in public
data

In this study, we performed a differential expression
analysis of genes in the merged dataset using the “limma”
package in R. We identified differentially expressed genes
with a significant p-value of less than 0.05. Furthermore,
we generated a volcano plot of the differentially expressed
genes using R language [23].

Identification of BMSCs

Healthy mouse BMSCs (catalog number: CP-M131,
Procell, China) were cultured in a-MEM medium
(SH30265.01, HyClone, Thermo Fisher Scientific,
USA) supplemented with 15% fetal bovine serum (FBS;
10091148, Thermo Fisher Scientific, USA) and 100 U/
mL penicillin-streptomycin solution (10378016, Thermo
Fisher Scientific, USA). Upon reaching 80% confluence,
the third passage (P3) BMSCs was used for subsequent
experiments.

Cells were washed with PBS and resuspended in a
single-cell suspension at a concentration of 1x10°%/
mL. Fluorescently labeled antibodies, including CD44
(ab243894), CD73 (ab288154), CD90 (ab3105), CD105
(ab221675), CD45 (ab10558), and CD31 (ab7388), were
added based on grouping requirements. Following a
30-minute incubation at 4 °C, unbound antibodies were
washed off with PBS, and the expression of correspond-
ing labeled antibodies in the samples was analyzed using
a flow cytometer. Antibodies used for phenotypic-related
assays were all purchased from Abcam (UK).

Following the instructions of the BMSCs induction dif-
ferentiation (osteogenic, adipogenic, and chondrogenic)
assay kit (PD-003/4/5, Procell, China), Safranin O, Oil
Red O staining, and Alcian Blue staining were respec-
tively used to observe BMSCs’ osteogenic, adipogenic,
and chondrogenic differentiation capabilities [24].

Isolation, purification, and identification of EVs

Third passage (P3) BMSCs were cultured until they
reached 80-90% confluence. The culture medium was
removed, and the cells were washed twice with PBS. Sub-
sequently, they were incubated in a 10% FBS medium to
deplete EVs in a 37 °C, CO,-regulated incubator for 48 h.
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After collecting the supernatant, centrifugation was per-
formed at 500 g for 15 min at 4 °C to eliminate cellular
debris. This was followed by centrifugation at 2000 g
for 15 min at 4 °C to remove cell fragments or apop-
totic bodies and then at 10,000 g for 20 min at 4 °C to
eliminate large vesicles. The centrifuged samples were
filtered through a 0.22 um filter and further centrifuged
at 110,000 g for 70 min at 4 °C. Subsequently, the sam-
ples were resuspended in PBS and subjected to another
high-speed centrifugation under the same conditions.
Finally, the pellets were resuspended in 100 pL of ster-
ile PBS for downstream experiments. All high-speed
centrifugation procedures were performed at 4 °C using
a Beckman ultracentrifuge (Optima L-90 K, Bio-thing,
China) equipped with an SW-32Ti rotor. The remaining
low-speed centrifugation steps were carried out using a
Beckman Allegra X-15R (Beckman Coulter) benchtop
centrifuge.

EVs were analyzed using a NanoSight Nanoparticle
Tracking Analyzer (Malvern Instruments Ltd, Malvern
Panalytical, France). Twenty micrograms of EVs were dis-
solved in 1 mL of PBS and vortexed for 1 min to ensure
even distribution, and then the particle size distribution
of EVs was directly observed and measured.

For transmission electron microscopy (TEM) analysis,
20 uL of EV samples were loaded onto carbon-coated
copper electron microscope grids, allowed to stand for
2 min, and then negatively stained with phosphotung-
stic acid solution (12501-23-4, Sigma-Aldrich, USA) for
5 min. Subsequently, the grids were washed three times
with PBS to remove excess phosphotungstic acid solu-
tion and partially dried with filter paper. EV images were
observed at 80 kV using a Hitachi H7650 transmission
electron microscope (DOLEE, Japan).

The EV suspension was concentrated, and its protein
content was determined using the BCA assay kit (23227,
Thermo Fisher Scientific, USA) according to the manu-
facturer’s instructions. The surface markers of EVs were
then identified by Western blot, specifically detecting the
expression of EV-specific marker proteins HSP70, CD9,
CD81, and Calnexin [24, 25].

Preparation of DSCM

A 48 kg miniature pig was purchased (Hubei Offspring
Biotechnology Co., Ltd., China), and the fresh spinal cord
with attached dura mater was carefully harvested. The
spinal cord was decellularized using a solution of 3% v/v
Triton X-100 and 4% v/v sodium deoxycholate for 12 h,
followed by rinsing with sterile water at 4 °C. After decel-
lularization, the spinal cord was defatted with 4% v/v
ethanol. The decellularized spinal cord and surround-
ing nerve tissues were then treated in a solvent mixture
(dichloromethane=2:1, v/v), freeze-dried, and ground
into a powder. The DSCM powder was subsequently
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digested in an acidic solution of 0.01 M hydrochlo-
ric acid containing pepsin (1 mg/mL) at 25 °C for 12 h.
Centrifugation was performed at 50,000 g for 30 min at
4 °C to remove residual particles. The pH of the digest
was adjusted to 7.4 using 1 M NaOH, and the solution
was equilibrated with 10x PBS before allowing it to sit at
37 °C for a few minutes to form the DSCM gel [13, 26].
The final DSCM hydrogel (1 mg/mL concentration) was
stored at -20 °C.

Characterization of DSCM

To confirm the extent of decellularization, we assessed
residual DNA in native spinal cord tissue and decellu-
larized spinal cord tissue using the DNeasy kit and H&E
staining. Samples were enzymatically digested with Pro-
teinase K, followed by DNA extraction using the Sigma
DNA extraction kit (G1IN70, USA). Subsequently, DNA
content was quantified using the Quant-iT™ PicoGreen™
dsDNA assay kit (P11496, Thermo Fisher Scientific,
USA) on a Synergy H4 microplate reader (Biotek, USA)
at excitation and emission wavelengths of 480 nm and
520 nm, respectively, with triplicate measurements for
each group. For H&E staining, native and decellularized
spinal cord tissues were fixed in 4% paraformaldehyde,
washed thrice with distilled water, embedded in optimal
cutting temperature compound (OCT, SAKURA, Neth-
erlands), and sectioned using a Leica CM1850 Cryostat
(Germany). The tissue sections were stained with Hema-
toxylin and Eosin (H&E) using the Beyotime staining kit
(C0105, China) and observed with an AxioScan micro-
scope (Zeiss, Germany).

The ultrastructure of the hydrogel was observed using
scanning electron microscopy (SEM). Samples were pre-
fixed in 2.5% glutaraldehyde for 6 h, washed thrice with
deionized water for 30 min each, dehydrated in a series of
ethanol solutions (30%, 50%, 75%, and 100%) for 30 min
per step, then soaked in deionized water for 6 h (chang-
ing water every 2 h), followed by freeze-drying. The
freeze-dried samples were quenched rapidly in liquid
nitrogen and fractured before the characterization of the
hydrogel samples using a scanning electron microscope
(HITACHI S-4800, Japan) at 10 kV. The nano-fiber diam-
eter and porosity of each sample were measured using
Image] 1.52a.

The hydroxyproline assay was used to quantify resid-
ual collagen content in DSCM and DNM (Decellular-
ized Native Matrix). Hydroxyproline concentration was
determined using a standard curve of trans-4-hydroxy-
L-proline (H54409, Sigma-Aldrich, USA), and the total
collagen content was calculated based on a hydroxypro-
line-to-collagen ratio of 1:7.69. The sGAG content in
DSCM was measured using a tissue sGAG quantifica-
tion kit (GENMED, GMS, China, GMS19239.2) based
on 1,9-dimethylmethylene blue staining. Additionally,

Page 4 of 23

Western blot analysis was conducted to detect tissue-
specific ECM protein components, including collagen,
the tenascin family (TNC), growth factor fibroblast
growth factor (FGF2), and laminin [13].

Preparation, characterization, and EVs Release Profile of
DSCM@EVs

DiR (D12731, Thermo Fisher Scientific, USA) was added
to the EV solution at a concentration of 1:400 and incu-
bated for 30 min, followed by ultracentrifugation at
100,000 g for 90 min to remove excess dye. The EVs were
then dissolved in the DSCM solution at room tempera-
ture, allowing passive adsorption of EVs onto DSCM to
form DSCM@EVs (containing EVs at 1 pg/uL). Fluores-
cence confocal microscopy confirmed the loading of EVs
onto DSCM.

EVs release curve of DSCM@EVs: The DSCM@EVs
labeled with 1 pg/pL DiR-tagged EVs were dissolved in
1 mL PBS solution at 37 °C, with daily solution replace-
ment over 14 days. The fluorescence assay was employed
to measure the release of EVs at each time point. Fur-
thermore, on the first day, EVs were extracted for TEM
morphology observation, and Western blot analysis was
carried out to examine the expression of EV markers [26,
27].

Culture and characterization of NSCs and macrophages

NSCs were isolated from the spinal cords of neonatal
C57BL/6 N mice (strain code: 213, Beijing Vital River
Laboratory Animal Technology Co., Ltd., China). After
carefully removing the meninges, spinal cord tissues were
cut into 1 mm? pieces and digested with TrypLE Express
enzyme (12604013, Gibco, USA), diluted with an equal
volume of PBS (1:1), at 37 °C for 15 min. The enzyme
was then further diluted with PBS, and the cells were
collected by centrifuging at 500 g for 5 min. Cells were
resuspended in serum-free DMEM/F12 medium con-
taining 20 ng/mL bFGE, 20 ng/mL EGE, and 2% B27, with
half of the medium replaced every three days. After 10
days, the newly formed neurospheres were digested into
single NSCs as follows: sterile 10 mL centrifuge tubes
were prepared, and cells were transferred to the tubes;
neurospheres were allowed to settle to the bottom of the
tubes by standing vertically for 15-30 min. The super-
natant was removed, and 3 times the volume of Acutase
digestion solution was added to the pellet, and incubated
in a 37 °C water bath for 5 min. The neurospheres were
gently dissociated into a single-cell suspension using a
finely polished glass pipette (this step did not exceed
5 min). Cells were counted and cultured in an adhesive
medium containing 10% fetal bovine serum at a concen-
tration of 5x 10° cells/mL. NSCs were cultured in poly-
D-lysine-coated 24-well plates at a density of 1 x 10° cells/
well and then differentiated using neuronal induction
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medium (NIM), which consisted of DMEM/F12 medium,
2% B27, and small molecules (3 pM CHIR99021, 5 uM
SB431542, 0.25 yM LDN193189, 3 uM P7C3, 1 uM
DAPT, 5 pM ISX9, 0.5 uM purmorphamine, 1 uM dor-
somorphin, 1 pM SU5402, 0.5 uM Repsox, 10 uM RG108,
0.5 mM VPA, 10 puM forskolin). Half of the medium was
replaced with fresh medium every two days. NSCs were
observed under a standard optical microscope, and the
purity of NSCs was assessed via immunofluorescent co-
staining for Nestin and SOX2 expression [28-30].

Co-culture of DSCM@EVs and M1 macrophages

This study aims to investigate the influence of DSCM@
EVs on M1 macrophage reprogramming. DSCM@EVs
solution was added to a 48-well culture plate, covering
the bottom of each well with approximately 10 uL/cm? to
create a hydrogel substrate. Bone marrow-derived mac-
rophages (BMDMs) were then cultured on the hydro-
gel at a density of 3x10° cells per well for 3 days. The
BMDMs were polarized towards the M1 phenotype by
adding 20 ng/mL IFN-y (Peprotech) and 100 ng/mL LPS
(Sigma-Aldrich) to the culture medium, and then were
incubated for 5, 24, and 48 h. The expression of M1 mac-
rophage markers (Cd86, Ccr7, and Nos2) and M2 mac-
rophage markers (Cd206, Argl, and II-10) was assessed
by RT-qPCR at these time points, as reported in previous
studies [29, 30].

Transfection of M1 macrophages

To transfect M1 macrophages, lentiviral particles car-
rying Slamf9 overexpression (oe-Slamf9) or negative
control (oe-NC), as well as lentiviral particles carrying
Slamf9 knockdown (sh-Slamf9) or negative control (sh-
NC), were packaged into HEK-293T cells (CL-0005, Pro-
cell, China) at a final concentration of 100 nM of sShRNA.
The lentiviral interference vector used was pGreen-
Puro (CMV) shRNA Lentivector (sh-, catalog number:
SI505A-1, System Biosciences, USA), and the lentiviral
overexpression vector was pCDH-CMV-MCS-EFla-
copGFP (Lv-, catalog number: CD511B-1, System Bio-
sciences, USA). The silencing sequences are detailed in
Table S1. Forty-eight hours post-transfection, viral super-
natants were collected and concentrated by Genechem
(Shanghai, China). M1 macrophages were cultured to
approximately 50% confluence and then infected with
lentivirus (1x 10® TU/mL). After 48 h of infection, cells
were subjected to selection with 10 pg/mL puromycin
(Sigma-Aldrich, USA) for at least a week to establish sta-
ble transfected cell lines [31-33].

Co-culture of NSCs with conditioned media (CM) from
MO0-M2 macrophages

After 24 h of stimulation, M0, M1, and M2 macrophages
were collected, supernatants were removed, and cells
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were washed twice with PBS. Subsequently, an equal
volume of fresh neural basal medium was added to the
macrophage culture media of each group, followed by
incubation for another 24 h. The collected supernatants
served as a neural basal medium, supplemented with
penicillin/streptomycin (100 pg/ml, 15140148, Gibco,
USA), L-glutamine (10 mmol/l, 21051024, Gibco, USA),
B-27 supplement (20 pl/ml, A3582801, Gibco, USA),
EGF (5 ng/ml, SRP3196, Sigma-Aldrich), and FGF (5 ng/
ml, SRP4057, Sigma-Aldrich), yielding the conditioned
media for each group of macrophages: M0-CM, M1-CM,
and M2-CM. NSCs were then cultured in MO-CM,
M1-CM, and M2-CM to assess proliferation, migration,
differentiation, and axon formation [30].

Toxicity effects of DSCM@EVs detected by live-dead cell
staining on NSCs and macrophages

NSCs and macrophages cultured in DSCM@EVs for 24 h
were washed with PBS and further incubated at 37 °C
in a 5% CO, environment with Calcein-AM/ethidium
(Calcein-AM/PI Invitrogen) for 20 min as previously
described [34]. Following two subsequent washes, live-
dead cell status was observed using an inverted fluores-
cence microscope (Olympus IX71, Olympus Co., Tokyo,
Japan).

Detection of NSCs proliferation by EdU Staining and CCK-8
assay
The Cell Counting Kit-8 (40203ES60, Yeasen, Shanghai,
China) was employed. In brief, NSCs were cultured in
conditioned media with different treatments for prolif-
eration assessment on days 1, 3, and 7. After culturing
NSCs for 3 h in media containing CCK-8 (1:10), 100 pL
of the supernatant was transferred to a 96-well culture
plate. The absorbance of the solution was measured at a
wavelength of 450 nm using a microplate reader (EON,
Gene Limited) [13, 34].

Under the same treatment conditions, on day 7, the
proliferation of NSCs was assessed using the EdU assay
kit (C10310-3, RiboBio, China).

NSCs migration experiment

To assess the impact of DSCM@EVs on the in vitro
migration of NSCs, NSCs were cultured in conditioned
media from macrophages subjected to different treat-
ments and then incubated at 37 °C for 24 h. Subsequently,
images of each well were captured using a Leica DMi8
wide-field microscope. The migration index was defined
as the total area covered by migrating cells divided by
the internal area of NSCs neurospheres. The internal and
total areas of neurospheres were measured using Image]J
software [35].
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Establishment of SCI mouse model

Forty-eight C57BL/6 N mice (8 weeks old, 20-25 g) were
purchased from Beijing Vital-Hua Experimental Animal
Co., Ltd. (strain code: 213, Beijing, China). The mice were
housed in separate cages in an SPF-grade animal facil-
ity with a humidity of 60—65% and a temperature main-
tained at 22-25 °C. They were provided with ad libitum
access to food and water under a 12-hour light-dark
cycle. After an acclimatization period of one week, the
experiment commenced following a thorough observa-
tion of the mice’s health status. All animal procedures
were approved by our institution’s Animal Ethics Com-
mittee, ensuring compliance with local regulations and
ethical standards for animal research.

The mice were randomly divided into four groups:
Sham group (undergoing only surgery without SCI),
SCI group (undergoing SCI with injection of 10 ul PBS),
DSCM group (undergoing SCI with injection of 10 pl
DSCM), and DSCM@EVs group (undergoing SCI with
injection of 10 ul DSCM@EVs, containing 100 ng DiR-
labeled EVs) [13], with 12 mice in each group.

Surgical procedure for constructing the SCl mouse model
Mice were anesthetized by intraperitoneal injection of a
mixture of ketamine (70 mg/kg) and xylazine (5 mg/kg).
After the cessation of corneal reflexes, the surgical site
was shaved and disinfected with povidone-iodine and
70% ethanol. The skin and paraspinal muscle layers of
the mouse’s back were then incised. A complete transec-
tion of a 2 mm segment of the spinal cord at the T9-10
level was achieved by performing a laminectomy. Follow-
ing the treatment, the paraspinal muscles and skin were
sutured in layers, and the area was disinfected with 70%
ethanol. Post-surgery, the mice were placed in a warm
cage for recovery with access to food and water.

During the 6 weeks post-surgery, in vivo near-infrared
fluorescence imaging was conducted weekly on mice in
the DSCM@EVs group using the IVIS Spectrum system
(Perkin Elmer, with excitation set at 748 nm and emission
filter at 780 nm). At week 6, the mice were euthanized.
Cardiac perfusion was performed with saline, followed
by 4% paraformaldehyde, and major organs, including the
spinal cord, heart, liver, spleen, lungs, and kidneys, were
collected to assess fluorescence distribution.

After 6 weeks, approximately 2 mm of spinal cord tis-
sue was dissected from the injury site, fixed in 4% para-
formaldehyde at 4 °C for 24 h, and then dehydrated
overnight in 20% v/v sucrose at 4 °C. This was followed by
further dehydration in 30% sucrose at 4 °C for 48 h. The
dissected tissues were embedded in OCT and longitudi-
nally sectioned into 10 um-thick frozen sections using a
cryostat (Leica CM1950, Germany). Intact, flat, non-sep-
arated, and crease-free frozen sections were selected for
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histological staining and immunofluorescent co-staining
[13, 34].

In the SCI model, regenerative tissue was defined as
newly formed structures visible in H&E-stained sections,
and cavity volume was measured using image analysis
software based on the cross-sectional area in tissue Sect.
[36].

Analysis of mouse locomotor behavior and footprints
Weekly assessments were conducted on mice using the
Basso-Mouse Scale (BMS). Over a period of 6 weeks
post-surgery, hind limb movements of four groups of
mice were observed within an 80 cm square grid. The
evaluation of hind limb movement capacity was carried
out using BMS scores, whereby higher scores reflect the
state of recovery of hind limb function following SCI,
with scores ranging from 0 (no ankle movement) to 9
(complete functional recovery). Mice with a BMS score
higher than 3 on the first day post-injury were excluded.
Weight support and limb coordination abilities were
assessed through footprint analysis. The forelimbs and
hind limbs of the mice were dyed with blue and red ink,
respectively. Subsequently, the mice were allowed to walk
freely on a white paper (1 m long, 7 cm wide), with the
distance between the hind paw imprints serving as a basis
for evaluating weight support, and the distance between
the center pad of the forelimb and the center pad of the
hind limb used to assess limb coordination. The rotation
angle (AR) was defined as the angle formed by two stride
lines centered on the third toe and the hind paw [34].

Histological analysis of organ tissues

Spinal cord tissues were sliced and examined for patho-
logical conditions using the H&E staining method. The
spinal cord tissues were fixed in 4% paraformaldehyde
for 12 h, embedded in paraffin, and then cut into 5 pm
sections. The sections were hydrated on glass slides
in graded ethanol, stained with H&E, and dehydrated
in increasing concentrations of ethanol. Samples were
observed under a light microscope at various magnifica-
tions. Grey matter alterations and damaged neurons were
evaluated using a 6-point scale: (0) no lesions found; (1)
1 to 5 eosinophilic granule neuron cells in the grey mat-
ter; (2) 5 to 10 eosinophilic granule neuron cells in the
grey matter; (3) over 10 eosinophilic granule neuron cells
in the grey matter; (4) small-scale infarction with grey
matter damage area less than one-third; (5) moderate-
scale infarction with grey matter damage area between
half and one-third; (6) severe-scale infarction with grey
matter damage area greater than half. The average score
of each group of samples was recorded to determine the
cumulative score [13, 37].
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Adjacent tissue sections were stained with Masson’s
trichrome staining kit (G1340, Solarbio, China) to detect
collagen tissue deposition at the site of injury.

Immunofluorescence co-staining

Tissue slices were permeabilized with 0.5% Triton X-100
in PBS solution and blocked with 5% BSA for 1 h. For cell
fixation, 4% paraformaldehyde was applied at room tem-
perature for 15 min, followed by two washes with PBS
and permeabilization with 0.5% Triton X-100 (P0096,
Beyotime, China) for 10 min. Subsequently, the tissue
slices or cells were separately treated with the follow-
ing primary antibodies: rabbit anti-MAP2 (ab183830,
1:500), rabbit anti-GFAP (ab207165, 1:500), rabbit anti-
SYN1 (#5297, 1:200, CST, USA), mouse anti-Nestin
(ab81462, 1:100), rabbit anti-SOX2 (ab92494, 1:100),
and rabbit anti-F4/F80 (ab6640, 1:200). After overnight
incubation at 4 °C, the samples were washed three times
with PBS and then incubated with secondary antibod-
ies conjugated with Alexa Fluor 488/594 (A32766/A-
21203/A-21206/A32754, 1:500, Thermo Fisher Scientific,
USA) for 1 h. Following the incubation, samples were
washed three times with PBS and stained with DAPI (10
puL/mL) at room temperature for 10 min. The slices were
stored at 4 °C and examined using a confocal microscope
(Leica SP8) [13]. All primary antibodies were purchased
from Abcam (UK) except for SYNI.

RNA extraction and sequencing

Macrophages incubated with DSCM@EVs were col-
lected before and after incubation, and total RNA was
extracted using Trizol reagent (15596026, Invitrogen,
Carlsbad, CA, USA). The concentration and purity of
RNA samples were determined using a Nanodrop 2000
spectrophotometer (1011U, Thermo Fisher Scientific,
USA). Total RNA samples meeting the following criteria
were selected for subsequent experiments: RNA Integrity
Number (RIN) >7.0, and 28 S:18 S ratio>1.5.

The sequencing libraries were generated and sequenced
by CapitalBio Technology (Beijing, China). Each sample
utilized 5 pg of total RNA. Firstly, Ribo-Zero™ Magnetic
Kit (MRZE706, Epicentre Technologies, Madison, WI,
USA) was employed to remove ribosomal RNA (rRNA)
from total RNA. Subsequently, the NEB Next Ultra RNA
Library Prep Kit (#E7775, NEB, USA) was used to con-
struct libraries for Illumina sequencing. Next, the RNA
was fragmented into approximately 300 bp (bp) frag-
ments, and the first cDNA strand was synthesized using
reverse transcriptase primers and random primers in
NEB Next first-strand synthesis reaction buffer (5x).
This was followed by second-strand cDNA synthesis in
dUTP Mix (10x) second-strand synthesis reaction buffer.
The cDNA fragments underwent end repair, polyadenyl-
ation, and sequencing adapter ligation. After ligating the
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[llumina sequencing adapters, the second cDNA strand
was digested using the USER enzyme (#M5508, NEB,
USA) to construct a strand-specific library. The library
DNA was amplified, purified, and subjected to PCR
enrichment. Subsequently, the library was assessed
using Agilent 2100, and its quantification was performed
using the KAPA Library Quantification Kit (KK4844,
KAPA Biosystems, USA). Lastly, paired-end sequencing
was conducted on the NextSeqCN500 (Illumina, USA)
sequencer [38].

Quality control of sequencing data and alignment to the
reference genome

The raw sequencing data’s quality of paired-end reads was
assessed using FastQC software v0.11.8. Preprocessing
of the raw data was performed with Cutadapt software
version 1.18 to eliminate Illumina sequencing adapt-
ers and poly(A) tail sequences. Reads with an N content
exceeding 5% were filtered out through a Perl script. The
FASTX Toolkit software version 0.0.13 was utilized to
extract reads with a base quality of 20 or above, account-
ing for 70% of the bases. Double-ended sequences were
corrected using BBMap software. Lastly, the filtered
high-quality reads were aligned to the mouse reference
genome using hisat2 software (version 0.7.12) [38].

Differential Gene expression analysis using RNA-seq

In this study, we conducted differential gene expression
analysis on the sequencing data using the limma pack-
age in R. Differential gene selection was based on criteria
where |log2FC| > 2 and P-value < 0.05. Subsequently, heat
maps and volcano plots were generated using R to visual-
ize the results.

Functional and gene enrichment analysis of differentially
expressed genes in RNA-seq

The differentially expressed genes in the RNA-seq were
subjected to Gene Ontology (GO) enrichment analysis
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis using the ClusterProfiler package in
R. The GO enrichment analysis encompassed analyses of
Biological Process (BP), Molecular Function (MF), and
Cellular Component (CC), with a significance threshold
set at P<0.05.

A gene set related to macrophage polarization path-
ways was obtained from the Gene Set Enrichment Analy-
sis (GSEA) database (https://www.gsea-msigdb.org/gs
ea/index.jsp) to perform gene enrichment analysis on
the differentially expressed genes in the RNA-seq data,
enabling the observation of macrophage polarization
patterns.
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Machine learning for constructing LASSO regression model
to select feature genes

By utilizing the “glmnet” package in R language, a regres-
sion analysis was conducted on differentially expressed
genes from sequencing data, leading to the identification
of the key feature genes associated with M1 macrophage
reprogramming [39].

Detection of target gene expression by RT-qPCR

Tissue or cell total RNA was extracted using Trizol
reagent (15596026, Invitrogen, USA) following the manu-
facturer’s instructions. The RNA was then reverse-tran-
scribed into ¢cDNA using the PrimeScript RT reagent
Kit (RR047A, Takara, Japan). The synthesized cDNA
was subjected to RT-qPCR using Fast SYBR Green PCR
reagent (11736059, Thermo Fisher Scientific, USA),
with each well set up in triplicate. GAPDH was used as
the internal reference gene. The relative expression lev-
els were calculated using the 222t method [40-42] with
three experimental replicates. The primer sequences syn-
thesized by Takara are provided in Table S2.

Detection of target protein expression by western blot

The Pierce BCA Protein Assay Kit (23227, Thermo Fisher
Scientific, USA) was used to quantify cell protein sam-
ples isolated from tissue and whole cell lysates. Proteins
from tissues and cells were extracted using RIPA buf-
fer. From each sample, 20 pg of protein was loaded onto
a 10% SDS-PAGE gel and electrophoresed at 100 V for
90 min. After electrophoresis, the proteins were trans-
ferred onto a membrane for 1 h. The uccessful transfer
was verified using Ponceau S staining at room tempera-
ture for 30 min. Once protein transfer was confirmed, the
membrane was blocked with 5% nonfat milk for 1 h and
then incubated overnight at 4 °C with the following pri-
mary antibodies from Abcam (Cambridge, UK): mouse
anti-HSP70 (ab2787, 78 kDa, 1:1000), rabbit anti-CD9
(ab307085, 23 kDa, 1:1000), rabbit anti-CD81 (ab109201,
26 kDa, 1:1000), rabbit anti-MAP2 (ab32454, 199 kDa,
1:1000), rabbit anti-GFAP (ab7260, 55 kDa, 1:10000),
rabbit anti-SYN1 (ab254349, 75 kDa, 1:1000), rabbit anti-
COL1 (ab138492, 139 kDa, 1:1000), rabbit anti-LAMA1
(ab315275, 338 kDa, 1:1000), rabbit anti-LAMBI1
(DF3618, 197 kDa, 1:1000), mouse anti-TNC (MAS5-
16086, 231 kDa, 1:1000), mouse anti-FGF2 (MA5-15276,
17 kDa, 1:1000), mouse anti-GAPDH (ab8245, 37 kDa,
1:1000), and rabbit anti-Calnexin (ab133615, 68 kDa,
1:1000).

The next day, secondary antibody incubation was per-
formed using either Peroxidase-conjugated AffiniPure
Goat Anti-Rabbit IgG (H+L) (#111035003, Jackson
ImmunoResearch, USA) or Peroxidase-conjugated Affi-
niPure Goat Anti-Mouse IgG (H+L) (#115035003, Jack-
son ImmunoResearch, USA) at room temperature for
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1 h. After washing the membrane three times with TPBS,
an enhanced chemiluminescence reagent (WP20005,
Thermo Fisher Scientific, USA) was applied to visualize
the immunoreactive bands, and images were captured
using the ChemiDoc XRS Plus luminescent image ana-
lyzer (Bio-Rad Laboratories, Hercules, CA, USA). Band
intensity for each group was quantified using Image J
software, with GAPDH used as the internal control [43].
Experiments were repeated three times.

Statistical analysis

In our study, we performed statistical analyses on the
research data using the SPSS software package (ver-
sion 23.0, IBM SPSS) or GraphPad Prism software
(version 8.0). Descriptive statistics were presented as
means t standard deviations for continuous variables.
Initially, normality and homogeneity of variance were
assessed. For data groups meeting the criteria of normal
distribution and equal variance, we applied independent
sample t-tests. Multiple group comparisons were con-
ducted using one-way analysis of variance or repeated
measures analysis of variance. Pearson’s correlation
analysis was utilized to assess the relationship between
two variables. Statistical significance was indicated by
P<0.05, P<0.01, and P<0.001.

Results

Successful preparation of DSCM@EVs

Currently, in clinical practice, complete SCI remains
incurable [44]. A decellularized tissue matrix (DSCM) is a
commonly used natural biomaterial for soft tissue repair
or regenerative therapy. For instance, DSCM hydrogels
can serve as carriers to deliver cells, growth factors, or
genes to the diseased injury site, promoting the thera-
peutic process [13]. Moreover, DSCM@EVs have been
reported to facilitate spinal cord repair in SCI processes
[45]. In this study, we, for the first time, loaded EVs from
MSCs onto DSCM derived from the spinal cord, termed
DSCM, to obtain functionalized DSCM@EVs, aiming to
investigate their reparative effects on SCI and potential
regulatory mechanisms.

First, mouse MSCs were characterized. Flow cytom-
etry revealed positive expression of CD90, CD73, CD105,
and CD44, and negative expression of CD45 and CD31
in MSCs (Figure S1A). In addition, MSCs were induced
to differentiate into adipogenic, osteogenic, and chondro-
genic lineages, confirming their multipotent differentia-
tion potential (Figure S1B). EVs derived from MSCs were
then obtained through differential centrifugation and
morphologically characterized by TEM, showing that
MSC-EVs had a uniform, spherical or oval membranous
vesicle structure (Figure S1C). NTA results indicated
an average EV particle size of approximately 120 nm, an
ideal size (100-150 nm) for efficient cellular uptake by
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DSCM@EVs (Figure S1D). Western blot analysis dem-
onstrated high expression of EV-specific surface markers
CD9, HSP70, and CD81, with no expression of Calnexin,
confirming the successful isolation of EVs (Figure S1E).

Next, DSCM was obtained from miniature pig spi-
nal cords, and H&E staining was used to compare the
nuclear signals between NSCM (native spinal cord
matrix) and DSCM. Results indicated the complete
absence of nuclear signals in the DSCM group (Figure
S1F). Furthermore, residual DNA quantification showed
a reduction of over 98% in DSCM compared to NSCM,
with residual DNA levels <50 ng/mg ECM (Figure S1G),
indicating successful decellularization. Quantitative anal-
ysis of collagen and sGAG in DSCM and DNM revealed
that collagen (DSCM: 659.59 pg/mg vs. DNM: 860.95 pg/
mg, n=3, P<0.5) and sGAG concentrations (DSCM: 4.26
vs. DNM: 6.59 pg/mg) were slightly lower in DSCM than
in DNM (Figure S1H). Western blot analysis further con-
firmed significant expression of collagen, tenascin family
(TNC), fibroblast growth factor (FGF2), and laminin in
DSCM, which are known to promote NSC proliferation
and differentiation, thereby regulating inflammation and
tissue repair [13] (Figure S1I). SEM observation of gelled
DSCM showed a nanofibrous structure (Figure S1J),
with a porosity and fiber diameter of 43.4% and 86.7 nm,
respectively, indicating the capacity of DSCM to load
more EVs (Figure S1K).

Finally, DiR-labeled EVs were dissolved in DSCM solu-
tion to prepare DSCM@EVs (1 pg/pL). Fluorescence
confocal microscopy showed that labeled EVs displayed
good monodispersity within DSCMs, with fluorescence

A DiR-EVs B
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intensity in the hydrogel increasing as EV concentration
increased (Fig. 1A), confirming successful EV loading
into DSCM. To further evaluate the impact of DSCM on
EV activity, DSCM@EVs were dissolved in PBS at 37 °C
to monitor EV release, showing sustained EV release over
14 days, reaching 99% at 37 °C (Fig. 1B). Additionally,
particle size and morphology of released EVs in PBS were
examined, indicating an average particle size of approxi-
mately 120 nm with intact vesicular structure. Released
EVs consistently expressed positive EV markers CD9,
HSP70, and CD81, with no expression of the negative
marker Calnexin, consistent with freshly isolated EVs,
demonstrating that DSCM maintained EV structural
integrity (Fig. 1C-E). Rheological and mechanical prop-
erties of gelled DSCM were assessed, showing favorable
gelation time and storage modulus, indicating good gela-
tion performance (Figure S1L).

These results confirm the successful extraction of
MSC-derived EVs, their loading into spinal cord-derived
DSCM hydrogel, and the preparation of DSCM@EVs.
These DSCM@EVs were capable of sustained EV release
in vitro while preserving EV structural integrity.

DSCM@EVs promote NSC differentiation into neurons and
suppress astrocyte formation to alleviate SCI

To further verify the potential of DSCM-loaded EVs in
alleviating SCI, we established an SCI mouse model and
administered drug injections at the injury site to observe
the recovery of motor function in each group of mice.
Using near-infrared fluorescence imaging, we observed
the in vivo release of EVs and found that on postoperative
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day 42, mice in the DSCM@EVs group still exhibited DiR
fluorescence signals at the SCI site. This finding indicates
that DSCM exhibits strong adhesion to tissues, effectively
securing EVs at the SCI site and facilitating their sus-
tained and controlled release (Fig. 2A-B). Furthermore,
fluorescence observations of major organs collected on
day 42 revealed a widespread distribution of fluorescence
in the SCI area and kidney regions (Fig. 2C), providing
additional evidence of DSCM’s binding effect on EVs.
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Motor behavior of the mice was assessed using the
Basso-Mouse Scale, with Fig. 2D illustrating that all
groups displayed normal movement before the injury,
which significantly declined after SCI surgery. Following
treatment with DSCM and DSCM@EVs, there was some
recovery in the mice’s motor abilities, with the DSCM@
EVs group showing the best recovery. Additionally, based
on the distribution of footprints (Fig. 2E) and the evalua-
tion of the support base (Fig. 2F), stride length (Fig. 2G),
rotation angle (Fig. 2H), and toe drag measurements
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(Fig. 2I), the coordination of the mice’s limbs was
assessed, showing a consistent trend with Fig. 2D and
indicating a significant improvement in limb coordina-
tion with DSCM@EVs treatment.

Moreover, we examined the effects of DSCM@EVs on
the expression of Regeneration-Associated Genes (RAGs)
during the subacute (postoperative day 7) and chronic
SCI (postoperative day 42) processes. These genes were
selected from the categories of nervous system develop-
ment (GO: 0007399), motor recovery (GO: 0007626), and
chemical synaptic transmission (GO: 0007268) [46]. RT-
qPCR results showed a significant decrease in the expres-
sion of RAGs in spinal cord tissue during the subacute
phase post-SCI, which significantly increased after treat-
ment with DSCM and DSCM@EVs, both in the subacute
and chronic phases compared to the SCI group, with the
DSCM@EVs group showing a more significant increase
than the DSCM group (Fig. 2J-K).

At 6 weeks postoperatively, spinal cord tissues were
harvested (Fig. 3A1-A4), and H&E staining revealed
that compared to the Sham group, SCI mice exhibited
minimal regenerative tissue and increased cavity vol-
ume in the spinal cord tissue. However, after treatment
with DSCM and DSCM@EVs, the spinal cord of mice
displayed a linear and ordered structure of regenerative
tissue, reduced cavity volume, and significantly lower
injury scores, with the most notable changes observed in
the DSCM@EVs group (Fig. 3B1-B4, D). This indicates
that DSCM@EVs notably promoted spinal cord tissue
regeneration. Additionally, Masson’s trichrome stain-
ing demonstrated a significant increase in blue collagen
deposition in spinal cord tissue post-SCI, which signifi-
cantly decreased after DSCM and DSCM@EVs treat-
ments, with the lowest levels observed in the DSCM@
EVs group (Fig. 3C1-C4, E), suggesting that DSCM@EVs
significantly reduced collagen deposition, creating a suit-
able microenvironment for axonal regeneration.

Finally, immunofluorescence co-staining was per-
formed to evaluate the differentiation of NSCs in the
SCI area. As shown in Fig. 3F, although MAP2-positive
neurons and GFAP-positive astrocytes were present in
the injury sites of mice in the SCI, DSCM, and DSCM@
EVs groups, the DSCM@EVs group exhibited the highest
density of positive signals for neurons and the lowest for
GFAP-positive astrocytes in the transverse section, fol-
lowed by the DSCM group (Fig. 3F). Additionally, West-
ern blot analysis of MAP2 and GFAP expression in spinal
cord tissue further confirmed the results of immunofluo-
rescence co-staining (Fig. 3G).

In summary, these findings suggest that DSCM can
slowly release EVs in vivo, and after loading with DSCM,
it can further enhance spinal cord repair in SCI mice,
likely by promoting the differentiation of NSCs into neu-
rons rather than astrocytes.
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Significant increase in infiltration of M1 macrophages in
SCI Revealed by Bioinformatics Analysis of Public Database
SCI leads to a rapid inflammatory response, in which
immune cells swiftly infiltrate the injured area and
secrete pro-inflammatory cytokines. This results in neu-
ronal death, demyelination of axons, and functional defi-
cits [46]. Previous studies have shown that DSCM can
recruit NSCs to the injury site to promote SCI repair [13];
however, the relationship between DSCM and immune
cell infiltration has not been investigated. Therefore, we
downloaded SCl-related microarray data from the GEO
database to delve deeper into immune cell infiltration in
SCL

Initially, we merged two SCI microarray datasets,
GSE5296 and GSE47681, and performed batch correc-
tion. Figure S2 illustrates that prior to batch correction,
there were significant differences between these two
datasets, which were markedly reduced and noise mini-
mized after batch correction.

Subsequently, we employed the CIBERSORT algorithm
to estimate immune cell infiltration in the merged data-
set. By generating heatmaps and bar graphs of 22 types
of immune cell infiltrates, we observed a heightened level
of immune cell infiltration in SCI spinal cord tissue. Spe-
cifically, the infiltration proportions of monocytes, den-
dritic cells, and M1 macrophages significantly increased
(Fig. 4A-B), with correlations existing among these cell
types (Fig. 4C). Furthermore, the PCA analysis results
in Fig. 4D demonstrate that SCI diseases can be distin-
guished based on the degree of immune cell infiltration.

Furthermore, we utilized WGCNA to construct a
co-expression network and identify core genes signifi-
cantly associated with immune infiltration phenotypes
in SCIL Analyzing the batch-corrected merged dataset of
GSE5296 and GSE47681, we selected a soft-thresholding
parameter [ of 3 when the correlation coefficient thresh-
old was set at 0.9 (Fig. 5A). Subsequently, we established
ten co-expression modules through WGCNA analysis
(Fig. 5B). Module trait correlation analysis revealed a sig-
nificant negative correlation between monocytes and the
turquoise and brown modules, while dendritic cells and
M1 macrophages showed a significant positive correla-
tion with the red module’s core genes (Fig. 5C-D).

Previous studies have indicated that M1 macrophages
inhibit NSC differentiation by secreting pro-inflamma-
tory factors, thereby impeding SCI treatment progress
[47]. Therefore, we speculate that after loading DSCM-
derived EVs, modulation of M1 macrophages could
potentially reduce the inflammatory environment in the
injury site, consequently promoting NSC differentia-
tion. As a result, our future research will focus on mac-
rophages and conduct further analysis using core genes
from the red module significantly associated with M1
macrophages, as depicted in Fig. 5D.
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DSCM@EVs induce M1 macrophage reprogramming
towards M2 macrophages in vivo and in Vitro
Macrophages can be activated into M1 and M2 phe-
notypes under different conditions. M1 macrophages
primarily secrete pro-inflammatory factors and play a
crucial role in the early stages of inflammation, while M2
macrophages can inhibit inflammatory factors, suppress
inflammatory responses, and promote tissue repair [48].
In order to investigate whether DSCM@EVs affect
macrophage infiltration in the injury site, we divided
experimental mice into Sham, SCI, DSCM, and DSCM@
EVs groups. By performing RT-qPCR analysis on spinal

cord tissues of mice to evaluate macrophage infiltration
at the injury site, the results showed that post-SCI sur-
gery, the expression of M1 macrophage markers Nos2,
Ccr7, and Cd86 significantly increased. Following treat-
ment with DSCM and DSCM@EVs, the expression of
M1 macrophage markers significantly decreased, while
the expression of M2 macrophage markers Argl, Cd206,
and II-10 significantly increased. The therapeutic effect of
DSCM@EVs was more pronounced (Fig. 6A-B).
Furthermore, we conducted immunofluorescence
co-staining on spinal cord tissues of mice from the SCI
and DSCM@EVs groups. F4/80+represented total
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bined dataset of GSE5296 and GSE47681. SCI: 31 cases, Sham: 18 cases

macrophages, and CD206+symbolized M2 macro-
phages. The results indicated that compared to day 7,
both total macrophages and M2 macrophages signifi-
cantly decreased on day 42, suggesting gradual tissue
repair in the spinal cord. Whether on day 7 or day 42
post-SCI surgery, there was no change in total macro-
phages in the spinal cord of SCI mice before and after
treatment with DSCM and DSCM@EVs, while M2 mac-
rophages significantly increased. The therapeutic effect
of DSCM@EVs was more pronounced (Fig. 6C-G). This
suggests that DSCM@EVs might induce the transforma-
tion of M1 macrophages into M2 macrophages.

Further cell verification was conducted in vitro. Mouse
bone marrow macrophages were first induced into M1
macrophages, followed by co-incubation of DSCM@EVs
with M1 macrophages and NSCs. On the 3rd day, live/
dead cell staining revealed that DSCM@EVs had no cyto-
toxic effects on the cells (Figure S3D-F). Subsequently,
DSCM@EVs were co-incubated with bone marrow mac-
rophages, and at different time points during IFN-y/LPS-
induced M1 macrophage polarization, RT-qPCR results
showed that in the process of inducing bone marrow

mmune cell infiltration dispersion in the SCl and Sham groups in the com-

macrophages towards M1 phenotype, the expression lev-
els of M1 macrophage markers significantly decreased in
the DSCM@EVs treatment group, while the expression
levels of M2 macrophage markers significantly increased
(Fig. 6H-I).

DSCM@EVs induce M1 macrophage reprogramming to
accelerate NSCs differentiation

In the subsequent study, we further investigated the
impact of DSCM@EVs on the functional alterations
of NSCs following M1 macrophage reprogramming.
M1 macrophages were either cultured alone or co-
treated with DSCM@EVs, and the corresponding CM
was collected. Subsequently, the CM was added to the
NSCs culture medium to observe the changes in NSCs
functionality.

Initially, NSCs were isolated from mouse spinal cord
tissues and expanded to the third passage (P3). Immu-
nofluorescent co-staining results revealed that over 90%
of NSCs were positive for NESTIN, and over 95% were
positive for SOX2 (Figure S3A-C). Moreover, live/dead
cell staining (Figure S3D-F) showed that co-culturing
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DSCM@EVs with NSCs had no cytotoxic effects on
NSC:s after three days of incubation.

NSCs proliferation and migration were assessed
through CCK-8, EdU staining, and migration experi-
ments. The results indicated that the CM derived from
M1 macrophages treated with DSCM@EVs significantly
enhanced NSCs proliferation and migration compared
to CM from M1 macrophages alone (Fig. 7A-C). Fur-
ther evaluation through immunofluorescent co-staining
and RT-qPCR analysis of neuron (MAP2) and astrocyte
(GFAP) markers showed a significant promotion of NSCs
differentiation into neurons (increased MAP2 expres-
sion) rather than astrocytes (decreased GFAP expression)
after co-culture with DSCM@EVs and M1 macrophages
(Fig. 7D-F). Additionally, morphological observation of

each group of cells showed that newly generated neu-
rons in the group co-cultured with DSCM@EVs and
M1 macrophages displayed a polygonal shape with sev-
eral elongated projections and more complex dendritic
branching (Figure S4B) [49]. Lastly, positive expression of
the neuronal axon marker SYN1 [50] confirmed that co-
culturing DSCM@EVs with M1 macrophages promoted
neuronal axon formation (Fig. 7G).

To directly demonstrate that M2 macrophages promote
NSCs proliferation, migration, neuronal differentiation,
and axon formation, we co-cultured NSCs with bone
marrow-derived macrophages (MO0), polarized M1 and
M2 macrophage CM. The results confirmed that only M2
macrophages, and not MO or M1 macrophages, could
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at least three times

enhance NSCs proliferation, migration, neuronal differ-
entiation, and axon formation (Figure S4).

These findings collectively demonstrate that DSCM@
EVs can induce M1 macrophage reprogramming towards
the M2 phenotype, reduce the inflammatory microenvi-
ronment in SCI, and promote NSCs proliferation, migra-
tion, neuronal differentiation, and axon formation.

Identification of key factor Slamf9 in DSCM@EVs regulating
M1 macrophage reprogramming through RNA-seq
combined with machine Algorithm Screening

To investigate further how DSCM@EVs regulate the
reprogramming of M1 macrophages, we co-cultured M1
macrophages with or without DSCM@EVs and subse-
quently performed RNA-seq analysis on the M1 macro-
phages before and after culturing, aiming to identify key
regulatory factors.

Initially, we conducted standardization processing
on the sequencing data (Figure S5A-B) and then per-
formed differential gene expression analysis, identify-
ing a total of 120 differentially expressed genes, with 7

genes upregulated and 113 genes downregulated (Fig-
ure S5C-D). Subsequently, we subjected the differen-
tially expressed genes to Gene Ontology (GO) analysis,
revealing enrichment of these genes in Biological Pro-
cesses (BP), including leukocyte migration, leukocyte
chemotaxis, and acute inflammatory response, Cellular
Components (CC) such as membrane raft, membrane
microdomain, and apical part of cell, and Molecular
Functions (MF) like cytokine activity, cytokine recep-
tor binding, and G protein-coupled receptor binding
(Figure S6A). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis showed that these differen-
tially expressed genes were mainly enriched in signaling
pathways such as Arginine biosynthesis, Cytokine-cyto-
kine receptor interaction, HIF-1 signaling pathway, IL-17
signaling pathway, and TNF signaling pathway (Figure
S6B), which are associated with inflammation and con-
sistent with our previous laboratory and in vitro study
findings. Furthermore, through Gene Set Enrichment
Analysis (GSEA), we demonstrated that the gene enrich-
ment of M2 macrophages significantly increased after
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co-cultivation with M1 macrophages and DSCM@EVs
(Figure S6C).

To further identify key factors, we employed machine
learning to construct a LASSO regression model for
the analysis of differentially expressed genes, ultimately
obtaining 4 core genes: Slamf9, Nos2, Eno2, and Egln3
(Fig. 8A-B). Subsequently, we merged the datasets of
GSE5296 and GSE47681 with 277 core genes significantly
associated with M1 and M2 macrophages (Fig. 5D) as
well as 6417 differentially expressed genes, followed by
intersection operations with the core genes from LASSO
regression and RNA-seq differentially expressed genes,
resulting in the unique key gene: Slamf9 (Fig. 8C). We

then analyzed the expression of Slamf9 in the RNA-seq
and GEO merged datasets. The results revealed that
after co-cultivation of M1 macrophages with DSCM@
EVs, Slamf9 expression significantly decreased in RNA-
seq data (Fig. 8D); in the GEO merged dataset, Slamf9
expression was significantly increased in the SCI group
compared to the Sham group, and it was positively cor-
related with the infiltration of M1 macrophages (Fig. 8E-
F). Prior studies indicate that Signaling lymphocyte
activation molecule family member 9 (SLAMF9) is a cell
surface protein of the leukocyte surface receptor CD2/
SLAM family involved in the regulation of immune
response and inflammatory processes [51, 52].
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In conclusion, we hypothesize that Slamf9 might be a
key gene in the reprogramming of M1 macrophages to
M2 induced by DSCM@EVs.

DSCM@EVs suppress Slamf9 expression to promote

M1 macrophage reprogramming, accelerating NSCs
differentiation

Through bioinformatics analysis, we identified that
DSCM@EVs modulate the critical factor Slamf9 in M1
macrophage reprogramming. RT-qPCR results demon-
strated a significant increase in Slamf9 expression in the
spinal cord tissue of mice post-SCI surgery. However,
compared to the DSCM group, treatment with DSCM@
EVs resulted in a notable decrease in Slamf9 expression
in the spinal cord tissue of mice (Fig. 9A). Co-culturing
M1 macrophages with DSCM@EVs significantly low-
ered the expression levels of Slamf9 (Fig. 9B). Further
co-culturing DSCM@EVs with M1 macrophages overex-
pressing or lacking Slamf9 revealed that Slamf9 overex-
pression led to a substantial increase in M1 macrophage
marker expression and a significant decrease in M2 mac-
rophage marker expression (Fig. 9C-D). These findings
indicate that Slamf9 can counteract the effect of DSCM@
EVs on M1 macrophage reprogramming.

Subsequently, we investigated whether Slamf9 regu-
lation of M1 macrophage reprogramming influences
NSCs differentiation. Co-culturing M1 macrophages
overexpressing or lacking Slamf9 with DSCM@EVs
confirmed the impact through functional validation in
the NSCs culture medium. Results revealed that Slamf9
overexpression inhibited NSCs proliferation and migra-
tion while promoting differentiation into astrocytes, and
inhibiting neuronal axon formation (Fig. 9E-]J). Addition-
ally, knocking down Slamf9 in M1 macrophages was vali-
dated, and the lower efficiency sh-Slamf9#1 (sh-Slamf9)
was chosen for verification (Figure S7A). Experimental
outcomes showed that Slamf9 knockdown promoted M1
macrophage reprogramming and NSCs differentiation
(Figure S7B-I).

In conclusion, DSCM@EVs inhibit Slamf9 expression
in M1 macrophages, promoting M2 reprogramming and
accelerating NSCs differentiation.

Discussion

This study reveals the significant potential of DSCM
hydrogel functionalized with DSCM@EVs in the treat-
ment of SCI. Specifically, DSCM@EVs can promote the
reprogramming of macrophages (primarily M1 type)
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towards the M2 phenotype by downregulating Slamf9
expression, thereby improving the inflammatory environ-
ment in the SCI region. This alteration facilitates the pro-
liferation, migration, differentiation, and axonal growth
of NSCs, ultimately aiming to alleviate the progression of
SCL

SCI has been a focal point in the medical field, given
its direct impact on patients’ quality of life and survival
rates [53]. Traditional therapeutic approaches, such as
medication and surgery, often only provide symptom
relief rather than addressing the root cause [54]. With
the rapid advancement of bioengineering and cell thera-
pies, researchers have begun exploring the use of stem
cells and biomaterials to enhance the regeneration and
repair of neural tissues [55, 56]. However, these methods

are frequently impeded by issues like biocompatibility
and stem cell safety [57]. In contrast to existing studies,
we are introducing DSCM@EVs composite material as a
novel therapeutic strategy for the first time here.

Macrophages play pivotal biological roles in SCI and
other inflammatory diseases [58]. Particularly, M1 and
M2 macrophages exhibit distinct functions in inflam-
matory responses and tissue repair [59]. Most current
research focuses on inhibiting M1 macrophage activity
or enhancing M2 function [60]. However, these stud-
ies often lack precise regulatory mechanisms [61, 62]. In
contrast, our study identifies that precise promotion of
macrophage transition from M1 to M2 can be achieved
by downregulating Slamf9.
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In the process of neural repair, DSCM and EVs play
crucial roles [13, 63]. DSCM is commonly used as an
extracellular matrix to promote cell adhesion and prolif-
eration, while EVs are considered effective carriers of sig-
naling molecules [64, 65]. However, the effectiveness of
using these methods alone is limited [66]. In this study,
we combine DSCM with EVs to form the DSCM@EVs
composite material. This design not only enhances the
biocompatibility of the material but also boosts its effec-
tiveness in promoting neural repair.

SCI is a common disease of the central nervous sys-
tem with high disability rates, leading to loss of motor
and sensory functions. Current treatment options for
SCI are limited, making it crucial to explore innovative
methods to enhance the recovery of SCI patients [67].
Previous studies have shown that decellularized spinal
cord matrix (DSCM), derived from spinal cord tissue and
retaining natural biological structure and bioactive mol-
ecules after decellularization, possesses the potential to
induce nerve regeneration and repair. DSCM can serve
as an injectable hydrogel to support the proliferation and
differentiation of NSCs, promoting axonal regeneration
and neuronal connectivity [13]. MSC-derived EVs, a type
of cellular EVs, are widely used in regenerative medicine
to modulate intercellular communication and signal-
ing by carrying bioactive molecules. These EVs improve
central nervous system functions, such as neurogenesis
and angiogenesis, to enhance the repair of spinal cord
injuries. Additionally, they have the ability to regulate
immune cell activity, holding significant potential as a
cell-free therapy for SCI repair and regeneration, garner-
ing significant attention in recent years [67, 68]. The com-
bination of EVs and hydrogels presents great potential in
SCI treatment. This integrated hydrogel, when combined
with DSCM@EVs, can provide the bioactive molecules
necessary to support nerve repair and regeneration, cre-
ating a favorable microenvironment within damaged
neural tissues. Compared to EVs used in conjunction
with hydrogels, the release rate and bioactivity of EVs in
this combination are easier to control, thereby enhancing
treatment controllability and effectiveness. These innova-
tive approaches not only improve therapeutic outcomes
but also offer better rehabilitation opportunities for SCI
patients. Therefore, further research and clinical appli-
cation of these novel methods are highly important and
hold promise for bringing breakthroughs and advance-
ments in SCI treatment.

Compared to previous research, this study presents
multiple innovations. First, we successfully combined
DSCM with EVs to create a novel composite material,
introducing a breakthrough with promising potential
for SCI treatment. Additionally, we uncovered a new
molecular mechanism in which DSCM@EVs modulate
Slamf9 expression in M1 macrophages, promoting their
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reprogramming to M2 macrophages. This reprogram-
ming reduces the inflammatory environment in the SCI
region, fostering NSCs’ proliferation, migration, differen-
tiation, and axon growth, which collectively aid in allevi-
ating SCI progression. This mechanism holds significance
not only for SCI treatment but also for other inflamma-
tory diseases.

However, some limitations and challenges remain in
this study. Firstly, all experimental results were obtained
from mouse models, and further validation is required to
determine their applicability in humans. Moreover, this
study focuses primarily on short-term therapeutic effects;
long-term outcomes and potential side effects remain
unclear. While we identified Slamf9’s role in macrophage
polarization, additional research is needed to investigate
other molecules and pathways potentially involved in this
process. Additionally, the variability in the bioactivity of
MSC-derived EVs, influenced by differing cellular states
and conditions, warrants further exploration. Factors like
the MSC’s differentiation status and environmental influ-
ences (e.g., hypoxia or inflammation) could impact EV
composition, and isolation techniques may affect purity
and bioactivity [69].

Given the promising clinical potential of DSCM@EVs,
future research will emphasize verifying this compos-
ite material’'s biocompatibility and stability across vari-
ous cell types, as cell compatibility is crucial for safe in
vivo applications. A highly biocompatible material, such
as decellularized bovine meninges-derived hydrogel
(MeninGEL), which supports mesenchymal stem cell
differentiation into neural lineages at physiological tem-
peratures, demonstrates the value of this focus [70]. Our
future studies will also continue investigating Slamf9 and
other potential molecular targets in depth, aiming to
optimize therapeutic strategies and advance them toward
clinical application.

This study may also provide insights into treatments
for other neurological diseases, such as brain injuries
and multiple sclerosis. Specifically, the strategy of mac-
rophage reprogramming represents a novel therapeutic
approach, expanding this research’s scope and providing
interdisciplinary insights.

In conclusion, this study offers a novel perspective for
SCI treatment and broadens macrophage reprogram-
ming’s application in various inflammatory diseases
(Fig. 10). We believe that utilizing DSCM@EVs and tar-
geting Slamf9 for macrophage reprogramming holds
significant promise as a therapeutic strategy for SCI and
related conditions.
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