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Platelet-rich plasma-derived exosomes
promote blood-spinal cord barrier repair

and attenuate neuroinflammation after spinal
cord injury
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KunWu' and Qinyi Liu"

Abstract

Spinal cord injury (SCI) compromises the blood-spinal cord barrier (BSCB) and induces neuroinflammation,
potentially exacerbating neuronal damage. This underscores the importance of maintaining BSCB integrity

and mitigating neuroinflammation in SCI treatment. Our study explores an innovative approach to treating

SClI by utilizing platelet-rich plasma-derived exosomes (PRP-Exos) to stabilize BSCB function and alleviate
neuroinflammation. We successfully isolated exosomes from platelet-rich plasma and conducted both in vivo

and in vitro experiments to assess the therapeutic effects of PRP-Exos and explore their potential mechanisms

in stabilizing the BSCB, reducing neuroinflammation, and promoting neural functional recovery.In vitro results
demonstrate that PRP-Exos significantly reduce the permeability of bEnd.3 cells under hypoxic-hypoglycemic
conditions, thereby restoring the integrity of tight junctions. Additionally, our study elucidates the critical role of the
NF-kB signaling pathway in the amelioration of neuroinflammation by PRP-Exos. In the SCI model, local injection
of hydrogel-encapsulated PRP-Exos reduced Evans blue dye leakage, enhanced the expression of tight junction
proteins, alleviated the inflammatory environment in the damaged area, and improved neural functional recovery.
In conclusion, PRP-Exos presents a promising and effective treatment option for SCI.
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Introduction

Spinal cord injury (SCI) represents a prevalent form of
central nervous system trauma, leading to the loss of
motor and sensory functions and adversely impacting the
physical and social well-being of affected individuals [1].
Traumatic SCI triggers hypoxia at the lesion site, leading
to the disruption of the blood-spinal cord barrier (BSCB),
and the infiltration of pro-inflammatory cytokines, neu-
trophils, and macrophages, resulting in secondary dam-
age. This secondary damage initiates neuronal and glial
cell death, inflammatory responses, and the formation
of glial fibrotic scars, ultimately hindering axonal regen-
eration [2, 3].Therefore, in therapeutic strategies for SCI,
maintaining the integrity of the BSCB and mitigating
neuroinflammation are crucial for promoting the recov-
ery of neural functions following spinal cord damage.

Currently, most treatments for SCI are palliative and
unable to halt disease progression or replace apoptotic
neurons [4, 5]. There is an urgent need for effective
treatments that can promote the recovery of spinal cord
functions and improve the quality of life for patients.
Platelet-rich plasma (PRP) is an autologous blood prod-
uct containing a high concentration of platelets and vari-
ous growth factors. The growth factors and cytokines
released by platelets play a key role in tissue regeneration
and repair, hence PRP has increasingly gained clinical
attention [6-8].

However, the clinical application of PRP is limited due
to its dependency on autologous platelets [9]. Beyond
growth factors, platelet activation also leads to the secre-
tion of extracellular vesicles, including exosomes (Exos,
30-200 nm in diameter). Exosomes, discovered over
recent decades, can serve as carriers for bioactive pro-
teins, mRNA, and microRNA, facilitating intercellular
communicatio [10-12]. Exosomes derived from diverse
sources, notably mesenchymal stem cells, are currently
employed in spinal cord injury repair research. These
exosomes function both as therapeutic agents and deliv-
ery vehicles, playing integral roles in the regeneration
process [13—15].PRP-derived exosomes (PRP-Exos) have
shown great potential in tissue repair and regeneration,
possessing anti-inflammatory properties and positively
regulating cellular bioactivity [16-20]. PRP-Exos can
transport key factors such as transforming growth fac-
tor beta 1 (TGF-B1), platelet-derived growth factor-BB
(PDGE-BB), vascular endothelial growth factor (VEGE),
and stromal cell-derived factor 1 (SDF-1), thereby
enhancing their therapeutic effects. Furthermore, PRP-
Exos exhibit low immunogenicity and stability, making
them ideal carriers for clinical nanotherapies [21]. How-
ever, their application in central nervous system disor-
ders has not been reported.

In this study, we utilized a double centrifugation
method to extract PRP and subsequently isolated and
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characterized PRP-Exos. Our investigation centered on
the role of PRP-Exos in stabilizing the BSCB, mitigating
neuroinflammation, and facilitating the recovery of neu-
rological function. In our in vivo experiments, we utilized
hydrogel as a delivery medium for PRP-Exos to achieve
these objectives. Moreover, we delved into the molecu-
lar mechanisms underlying the neuroinflammatory
alleviation by PRP-Exos, particularly highlighting the
critical involvement of the NF-kB signaling pathway in
this process. Overall, our findings suggest that PRP-Exos
effectively stabilizes the BSCB, reduces neuroinflamma-
tion, and enhance functional recovery post-SCI, thereby
underscoring their potential as a promising therapeutic
approach for SCI treatment.

Materials and methods

PRP extraction and activation

Whole blood samples were collected from healthy rats
and mixed with acid-citrate dextrose solution A (ACD-
A) in anticoagulant tubes (1 ml ACD-A per 9 ml blood,
Sigma, USA) following the protocols of Tao et al. and Guo
etal. [18, 19]. After centrifugation at 160 g for 10 min, the
platelet-containing plasma was carefully aspirated and
transferred to a new centrifuge tube and then centrifuged
again at 250 g for 15 min. The supernatant plasma was
discarded, and the platelet pellet was resuspended in the
residual plasma to obtain 4 ml of PRP.PRP samples were
then subjected to centrifugation at 250 g for 15 min to
pellet the platelets, which were subsequently washed
with Phosphate buffered saline (PBS)(Gibco, USA). Acti-
vation of PRP was achieved by incubating with 10% CacCl,
and 1000 U thrombin [22] (Beyotime, Beijing, China), for
30 s, followed by centrifugation at 300 g for 10 min and
2000 g for 10 min to remove cellular debris.

Isolation and characterization of PRP-Exos

PRP was purified using the exoEasy Maxi Kit (Qiagen,
Germany) as previously described, following the manu-
facturer’s protocols. The isolated exosomes (PRP-Exos)
were stored at —80 °C freezer for further use. Transmis-
sion electron microscopy (TEM; Hitachi, Japan) was
employed to visualize the morphology of PRP-Exos,
while Nanosight tracking analysis (NTA; PARTICLE
METRIX- ZetaVIEW, Germany ) was utilized to deter-
mine their concentration and size distribution. Addition-
ally, the presence of exosomal markers CD9 and CD81
was confirmed by western blot.

Cell culture

The BV-2 and b.End 3 cell lines were obtained from Cya-
gen (China) and cultured in DMEM medium (Gibco,
USA) supplemented with 100 U/mL penicillin, 100 pg/
mL streptomycin (Gibco, USA), and 10% fetal bovine
serum (HKA, China).
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Uptake of Exos by bEnd.3 and BV-2

To label PRP-Exos for tracking purposes, DiL
(1,1’-dioctadecyl-3,3,3,3’-tetramethylindocarbocyanine
perchlorate) solution (Umibio, China) was added to PBS
and incubated following the manufacturer’s instructions.
After centrifugation at 100,000 g at 4 °C for 1 h to remove
excess dye, the DiL-labeled PRP-Exos (80 pg/1 ml) were
co-cultured with bEnd.3 and BV-2 cells for 6 h. Subse-
quently, cells were washed three times with PBS, fixed in
4% paraformaldehyde (PFA), permeabilized with 0.05%
Triton X-100 for 5 min, and incubated with FITC-Phal-
loidin (Beyotime, Beijing, China). Nuclei were coun-
terstained with DAPI dihydrochloride, and fluorescent
images were acquired using a confocal laser scanning
microscope (Olympus, Japan).

Oxygen glucose deprivation and reoxygenation (OGD/R)
To simulate the in vivo ischemic-hypoxic environment,
bEnd.3 cells were subjected to OGD/R as previously
described [23]. Upon reaching full confluence, the cul-
ture medium was replaced with glucose-free DMEM
(Gibco, USA), and the cells were incubated in an Anaero-
Pack (oxygen concentration<0.2%) (Mitsubishi, Japan) at
37 °C for 6 h. Subsequently, the cells were transferred to
normal growth conditions for reoxygenation experiments
for 24 h (DMEM with 10% FBS under normoxia).

Trans-endothelial permeability assay in vitro
Trans-endothelial permeability was assessed using FITC-
dextran (40 kDa, 1 mg/mL; Sigma, USA). bEnd.3 cells
were seeded in the upper insert and allowed to reach
full confluence. The upper insert was filled with 100 pL
of FITC-dextran, while the lower chamber contained 500
pL of medium. After 1 h of incubation in sheltered light,
fluorescence measurements were performed using a fluo-
rescence spectrophotometer (BMG Labtech, USA).

Cell immunofluorescence staining

Immunofluorescence staining was conducted to assess
the nuclear translocation of NF-xB p65 in Lipopolysac-
charide (LPS)-exposed BV-2 cells and the integrity of
the BSCB in vitro. Cells were fixed with paraformalde-
hyde for 15 min, permeabilized with 0.1% Triton-X100
for 5 min, and blocked with donkey serum for 4 h. Slides
were then incubated with primary antibodies against
NF-kB p65 (1:100, Proteintech, China), ZO-1 (1:100,
Proteintech, China), and Claudin-3 (1:100, Proteintech,
China), followed by treatment with a fluorochrome-con-
jugated donkey anti-rabbit secondary antibody (1:1000).
After labeling the nuclei with DAPI, images were cap-
tured using a fluorescence microscope.
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Real-time quantitative PCR

Cells were prepared using the RNA extraction kit (Takara
Biotechnology, Japan). Following the measurement of
RNA concentrations, 3 pug of RNA was reverse tran-
scribed into cDNA using the PrimerScript® First Strand
c¢DNA Synthesis Kit (Sigma-Aldrich, USA). The expres-
sion levels of M1 markers (IL-6, TNF-«, COX-2, and
iNOS) and M2 markers (CD206, Ym-1, and Arg-1) were
assessed with the SYBR Green Kit from South San Fran-
cisco, USA, and compared to [B-actin expression using
the 2-AACt technique. The primer sequences listed in
Supplementary-Table 1.

Western blot

We extracted total proteins from cells and tissues using
a protein extraction kit (Beyotime, Beijing, China) and
quantified them to 40 g per 15 pL via using SDS and
P0O013B lysate. Protein samples were subjected to4%-
12% SDS-PAGE and transferred onto PVDF membranes
(Millipore, Billerica, MA, USA). 5% skim milk was used
to block membranes, and primary antibodies were incu-
bated overnight with phospho-NF-kB p65 (1:1000, Pro-
teintech, China), NF-kB p65 (1:2000, Proteintech, China),
phospho-ikb (1:2000, Proteintech, China), ixb (1:1000,
Proteintech, China), and B-actin (1:3000, ServiceBio,
China) .The membranes were washed with TBST three
times per 10 min, incubated with secondary antibodies,
and detected with ECL Luminous liquid.

ELISA

The cells were cultured in the 24-well plates. After incu-
bation with PRP-Exos for 6 h and being stimulated with
LPS (1 mg/mL) for 24 h, the protein expression of TNF-a
and IL-6 in the supernatant was examined with the
ELISA kits Systems, BioLegend, USA).

Preparation and characterization of the PRP-Exos/
injectable hydrogel (PEG/ODEX hydrogel)

To ensure stable release of PRP-Exos in vitro, a previously
reported hydrogel preparation method was employed
[24]. Solutions of 4-arm-PEG-NH2 (12 mg/mL) and oxi-
dized dextran (o-Dex) (8 mg/mL) were each dissolved in
phosphate-buffered saline (PBS, pH 7.4). These solutions
were then mixed in equal volumes and homogenized.
Injectable hydrogels were formed by incubating the
mixed solutions at 37 °C (Figure S1-A). To create PRP-
Exos/Gel, PRP-Exos (160 pg/mL) were combined with
the hydrogel in equal volumes to ensure homogeneous
distribution of PRP-Exos within the gel matrix for con-
trolled delivery.

PEG/ODEX hydrogel release profile of PRP-Exo/Gel
For release studies, the same amount of PRP-Exo/Gel was
placed into 12 wells plate and incubated in medium at
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37 °C. The supernatant was removed and fresh medium
was added at different timepoints. The number of Exo
released into the medium was determined using the
Bicinchoninic Acid Assay (Thermo Scientific, USA).

SCl model and treatment

All procedures were performed in strict adherence to
institutional animal welfare guidelines and received
approval from the Animal Care and Use Committee at
Jilin University. Following a 7-day acclimation, mice were
randomly allocated into four experimental groups: Sham,
SCI, Gel, and PRP-Exos/Gel. To establish the SCI model,
mice were anesthetized with intraperitoneal injections of
0.3% pentobarbital sodium at a dosage of 60 mg/kg. Sub-
sequently, the animals were immobilized in a prone posi-
tion on a cork board, and a vertical incision of 1 cm was
made from T8 to T10 along the spine to reveal the under-
lying vertebral columns. The T9 vertebra was located, and
its bone was carefully excised to access the spinal cord
beneath. A precise, moderate injury was then inflicted by
clamping the spinal cord with a vascular clip for a dura-
tion of 30 s [25]. Treatment involved the application of 10
pL hydrogels directly at the lesion site through a micro-
syringe. The SCI group was administered 10 pL of ster-
ile saline instead. Control animals were subjected to the
same surgical procedures excluding the spinal injury.
Postoperative care included measures for infection pre-
vention, analgesia, hydration, and nutritional support.
Housing was individual for each mouse, with manual
assistance for urination provided thrice daily until they
regained the ability to urinate autonomously.

Behavioral and weight assessments

Hindlimb motor function recovery post-SCI was moni-
tored using the Basso Mouse Scale (BMS), assessing
changes at predetermined time points (1, 7, 14, 21, and
28 days post-injury). This scale ranges from 0, indicat-
ing complete paralysis, to 9, representing normal motor
function. Two independent evaluators, blind to the
experimental conditions, conducted the assessments.
The average of their scores was computed to establish the
final BMS rating for each mouse. Digital photographs of
the mice’s hindlimb postures were taken on the 28th day.
Concurrently, mice weights were recorded and compared
at specific intervals (1, 7, 14, 21, 28 days).

Hematoxylin and eosin (H&E) and masson staining
Histological analyses were conducted on 5 um sections of
paraffin-embedded tissues, stained with hematoxylin and
eosin (H&E) using established protocols. Imaging was
performed with a VS200 digital slide scanner (Olympus,
Japan), facilitating detailed tissue examination.
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Determination of exosomes uptake in vivo

To track PRP-Exos in vivo, fluorescent-labeled exosomes
were locally administered after the injury. 14 days after
the injury, spinal cord tissue was collected and sectioned
for immunostaining to analyze the uptake of exosomes by
endothelial cells and microglia.

Immunofluorescence analysis

Spinal cord specimens were preserved in 4% parafor-
maldehyde (PFA, Solarbio), processed through a sucrose
gradient, embedded in OCT (Sakura), and sectioned at
10 pm with a cryostat. For cellular assays, after 4% PFA
fixation, cells underwent permeabilization (1% Triton
X-100), blocking (5% normal goat serum), and overnight
incubation with primary antibodies at 4 °C. Following
incubation with fluorochrome-tagged secondary anti-
bodies and PBS washes, nuclei were counterstained with
DAPI. A VS200 digital slide scanner (Olympus, Japan)
was employed for imaging.

Statistical analysis

Data were presented as mean*SEM and analyzed using
SPSS 13.0 software. Differences were evaluated using
one-way analysis of variance (ANOVA) while multiple
comparisons were performed with the least significant
difference(LSD) method. A p-value<0.05 was considered
statistically significant, while a p-value<0.01 was consid-
ered highly significant.

Results

Characterization of PRP exosomes

The purified PRP-Exos were characterized using a suite
of techniques, including Transmission Electron Micros-
copy (TEM), Nanoparticle Tracking Analysis (NTA), and
Western blotting. TEM analysis showed that the PRP-
Exos are spherical nanoparticles with diameters rang-
ing from 100 to 200 nm, consistent with sizes reported
in existing studies (Fig. 1B). NTA results supported this
finding, showing a similar distribution of particle sizes
(refer to Fig. 1C), indicative of exosome presence. The
identification of exosomal surface markers CD9 and
CD81 through Western blotting further confirmed the
exosomal nature of PRP-Exos (Fig. 1D). Additionally,
confocal microscopy illustrated that PRP-Exos, when
co-cultured with BV-2 cells for 6 h, progressively accu-
mulated within the bEnd.3 and BV-2 cells, suggesting a
time-dependent uptake by the bEnd.3 and BV-2 cells
(refer to Fig. 1E and S1C).

PRP-Exos attenuate neuroinflammation in LPS-stimulated
BV-2 cells

This section explores the impact of PRP-Exos on neuro-
inflammation, particularly focusing on their anti-inflam-
matory properties in BV-2 microglial cells. Initially, we
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Fig. 1 Isolation and characterization of PRP-Exos. (A) Procedure for PRP-Exos Isolation; (B) Morphology of PRP-Exo examined by TEM. Scale bar: 100 pm;
(C) Particle size distribution of Exo measured by NTA; (D) Western blotting analysis of the surface biomarkers CD9, and CD81 on PRP-Exo; (E) Fluorescent
images of bEnd.3 and BV-2 cocultured with PRP-Exo showing that Exos could be taken up by bEnd.3 and BV-2. Scale bar: 10 um

assessed the cytotoxic effects of PRP-Exos on BV-2 cells.
Following this, we investigated the impact of PRP-Exos
on the expression of microglial M1 and M2 phenotype
markers. Cells were pre-treated with PRP-Exos for 6 h
before being stimulated with LPS for 12 h (for mRNA
levels) and 24 h (for protein levels). The expression lev-
els of M1 and M2 phenotype markers were then quan-
tified using RT-PCR, ELISA, and Western blot analyses.
The findings revealed that PRP-Exos treatment led to a
suppression of M1 phenotype markers, including IL-6 (
Fig. 2A, G), TNF-a ( Fig. 2B, H), iNOS ( Fig. 2C, I, J), and
COX-2 ( Fig. 2D, I, L). Conversely, there was an upregula-
tion of M2 markers, including Arg-1 ( Fig. 2E, I, K), and
Ym-1 ( Fig. 2F, I, M). These data suggest that PRP-Exos

can effectively reduce inflammatory responses in BV-2
cells exposed to LPS.

PRP-Exos inhibit NF-kB pathway activationy in LPS-
stimulated BV-2 cells

The NF-kB pathway, critical in the inflammatory
response, regulates the production of multiple pro-
inflammatory mediators. This study aimed to uncover
how PRP-Exos affect M1 and M2 microglia polarization
by assessing their impact on the NF-kB signaling path-
way. BV-2 cells, pre-treated with PRP-Exos for six hours,
were subsequently exposed to LPS for one hour. We ana-
lyzed the phosphorylation of IkB and NF-kB p65 and the
degradation of IkB through Western blotting. Moreover,
the nuclear translocation of NF-kB p65 was evaluated
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Fig. 2 PRP-Exos promote microglia M2 polarization and alleviate neuroinflammation in vitro. (A-F) The mRNA levels of M1 microglia markers (IL-6, TNF-
q, iINOS, and COX-2) and M2 microglia markers (Ym-1, CD206, and Arg-1) were detected by RT-PCR. (G-M) The protein levels of M1 microglia markers
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means+SEM (n=4). # p<0.05 and ##p <0.01 vs. the control group; * p<0.5 and **p <0.01 vs. the LPS-exposed group
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using immunofluorescence techniques. Our results indi-
cated that PRP-Exos markedly reduced the phosphor-
ylation of NF-kB p65 (Fig. 3A, B) and IkB (Fig. 3A, C),
inhibited the degradation of IkB (Fig. 3D) and nuclear
migration of NF-kB p65 (Fig. 3E, F). These observations
confirm that PRP-Exos effectively attenuate the activa-
tion of the NF-«B pathway in BV-2 cells exposed to LPS.

PRP-Exos enhance BSCB integrity in OGD-treated bEnd.3
cells

The integrity of the blood-spinal cord barrier (BSCB) is
crucial for maintaining central nervous system homeo-
stasis. This study assessed BSCB integrity by examin-
ing the expression of tight junction proteins ZO-1 and

A B
3k
p-NF-kB p65 | = ¢ W s |65kDa §J
g8
£9
NF-kB p65 -— Ty T - 65kDa é%
p-IkB s o 38D
D
KB M e R WS 38KkDa 5
2
ed
B-actin | WHENE W - W— . <o
Y 3
o"‘o 6‘99 \3"9 +°fo «
c'o ng an
) G_,*Q
N
F
NF-kb p65
Nucleus
Merge

Control

- N
v o

(fold of change)
-
o

0.5

- - 0N
o ow o

(fold of change)

g
o

0.0

PRP-Exo

Page 7 of 15

Claudin-3, which are fundamental to barrier function. In
control groups subjected to oxygen-glucose deprivation
(OGD), immunofluorescence staining showed a signifi-
cant decrease in the fluorescence intensity of ZO-1 and
Claudin-3, indicating impaired BSCB integrity. Con-
versely, treatment with PRP-Exos markedly increased the
fluorescence intensity of these proteins (Fig. 4A, B, E, F),
underscoring the potential of PRP-Exos to fortify BSCB
structure.

Further analysis of the impact of PRP-Exos on bEnd.3
cell permeability utilized the bEnd.3 OGD model to
monitor FITC-dextran transport pre- and post-OGD
exposure (Fig. 4C). Initial findings revealed no signifi-
cant difference in permeability among untreated groups
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Fig. 3 PRP-Exos inhibit activation of NF-kB in LPS-exposed BV-2 cells. (A)The protein levels of IkB, NF-kB p65, and their phosphorylation were detected
by western blot. (B) The levels of phos-NF-kB p65 were analyzed relative to NF-kB p65. (C, D) The levels of kB and phos-IkB were analyzed relative to
B-actin. (E, F) The nuclear translocation level of NF-kB p65 was examined by immunofluorescence staining (the scale bar represents 100 um). # p <0.05
and ##p <0.01 vs. the control group; * p<0.5 and **p <0.01 vs. the LPS-exposed group
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Fig. 4 PRP-Exos reduce the level of the permeability of the OGD-treated bEnd.3 in vitro. (A) Schematic diagram of the transwell FITC-dextran permeation
assay; upper layer, bEnd.3 cells. (B) FITC-dextran transport assay of the permeability before and after OGD. n=4 per group. (C) Representative immuno-
fluorescence images of tight junction-related protein (Claudin-3 and ZO-1). Scale bar, 100 um. (D) Quantitative evaluation of the fluorescence intensity of
Claudin-3 and ZO-1.# p<0.05 and ##p <0.01 vs. the control group; * p<0.5 and **p <0.01 vs. the OGD/R-exposed group

(Fig. 4D). However, a notable increase in FITC-dextran
translocation post-OGD was significantly attenuated by
PRP-Exos treatment. This reduction in permeability sug-
gests that PRP-Exos may preserve tight junction integrity,
a key element of paracellular barrier function, thereby
enhancing BSCB integrity in the context of OGD stress.

PRP-Exos promote functional recovery after SCI

For local delivery, we used a hydrogel to deliver exo-
somes, and the PEG/ODEX Hydrogel demonstrated
excellent slow release of exosomes (Figure S2). At 14
days post-surgery, we observed that PRP-Exos were still
being released into the spinal cord in vitro and could be
uptake by endothelial cells and microglia. We assessed
motor function recovery post-spinal cord injury (SCI) in
BMS scales. The data on weight and BMS scores (Fig. 5A,
B) indicated limited hind limb recovery in the SCI and

gel-treated groups. Administration of PRP-Exos notably
improved motor function recovery after SCI. Addition-
ally, PRP-Exos treatment increased mouse weight, sug-
gesting an overall better condition of the mice. Mice in
the PRP-Exos group largely regained normal physiologi-
cal angles in their lower limbs, unlike those in the SCI
and gel groups, which remained restricted (Fig. 5C).

Following 28 days of treatment, histopathological
analysis of the injured spinal cord tissue was conducted
using HE and Masson staining. The sham and SCI groups
showed significant cavitation at the injury site (Fig. 5D,
F). Conversely, PRP-Exos treatment substantially reduced
cavity formation in the injured spinal cord region. More-
over, Masson’s trichrome staining indicated that the
PRP-Exos group had decreased collagen deposition and a
more intact tissue structure.
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Fig. 5 The functional recovery of SCI mice after 4 weeks of PRP-Hydrogel treatment. (A, B) The Weight and BMS score of mice in each group (n=4). (C)
The morphology of the hind limbs of the mice in each group during walking after 4 weeks. (D) Representative images of hematoxylin-eosin (HE) staining
and Masson staining in each group. Scale bar: 200 um. (E) Representative immunofluorescence images of NeuN (green), and DAPI (blue) in the SCl area. (F
,G) Quantitative analysis of Leision area and NeuN relative mean fluorescence intensity in (D) and (E). Results are shown as means+SEM (n=4).# p<0.05
and ## p < 0.01vs. the Sham group; *p <0.05 and**p < 0.01vs. the SCI group
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Immunofluorescent staining was also performed to
further validate the impact of PRP-Exos on neuronal
recovery, with neurons marked by Green NeuN (Fig. 5E,
G). Statistical analysis revealed no difference in fluores-
cence intensity between the SCI and hydrogel groups.
However, a significant increase in fluorescence intensity
was observed in the PRP-Exos/gel group compared to the
prior groups.

These experimental results demonstrate that the com-
bined strategy of PRP-Exos/gel can effectively promote
the recovery of motor and neurological functions.

PRP-Exos modulate macrophage/microglia polarization
towards M2 phenotype in vivo

PRP-Exos can promote the polarization of macrophages/
microglia towards the M2 phenotype in vitro, but their
influence on polarization direction in vivo was previously
unclear. To investigate the potential M1 polarization of
macrophages/microglia in vivo, immunofluorescence
staining was conducted for the M1 phenotype marker
iNOS. In the group treated with PRP-Exos, a significant
reduction in iNOS-positive cells was observed (Fig. 6A,
C). Conversely, to assess M2 polarization, immunofluo-
rescence staining for the M2 phenotype marker Arg-1
was performed (Fig. 6B, D), showing a clear increase in
the proportion of Arg-1-positive cells. These experimen-
tal results demonstrate that PRP-Exos can effectively pro-
mote the polarization of macrophages/microglia towards
the M2 phenotype in vivo, indicating their therapeutic
potential in modulating the inflammatory response.

PRP-Exos promote BSCB repair after SCI

To evaluate the efficacy of PRP-Exos in repairing the
BSCB following SCI, we utilized Evans blue dye to assess
BSCB permeability one day post-SCI across different
treatment groups. PRP-Exos treatment significantly
minimized Evans blue dye leakage at the injury site, indi-
cating a reduction in BSCB permeability. This effect was
visually apparent in spinal cord images, with gel treat-
ment alone proving less effective compared to the com-
bined PRP-Exo/Gel treatment (Fig. 7A). Following SCI,
BSCB disruption facilitates neutrophil infiltration into
the spinal cord and the subsequent release of matrix
metalloproteinases (MMPs), culminating in the loss of
tight junction proteins and further BSCB damage. Pre-
vious studies have documented a notable decline in the
expression of tight junction proteins ZO-1 and occludin
post-SCIL. In our investigation, the PRP-Exos/Gel treat-
ment significantly counteracted the decrease in ZO-1
and occludin-3 expression 28 days post-SCI (Fig. 7B-C).
These results underscore the potent capability of PRP-
Exos/Gel to repair the BSCB.
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The role of PRP-Exos in enhancing spinal cord repair after
SCl

Further analysis aimed to determine the extent of spi-
nal cord injury, neuronal survival, and glial scar forma-
tion, employing immunofluorescence staining for Glial
Fibrillary Acidic Protein (GFAP) in red and NEURON-
SPECIFIC CLASS III BETA-TUBULIN (Tuj-1), across
various groups on day 28 post-SCIL. Our findings indi-
cated that PRP-Exos treatment led to a significant reduc-
tion in lesion volume and an increase in the relative mean
intensity of Tuj-1 in the PRP-Exos group compared to the
SCI control group (Fig. 8A). Additionally, the PRP-Exos/
Gel group exhibited lower levels of GFAP, indicative of
reduced glial scarring. These observations suggest that
PRP-Exos/Gel treatment mitigates spinal cord damage
and enhances neuronal health, highlighting its therapeu-
tic potential in spinal cord repair post-SCIL.

Discussion

Spinal cord injury represents a severe medical condi-
tion characterized by profound motor, sensory, and
autonomic dysfunctions, significantly affecting individu-
als’ quality of life and imposing a substantial economic
burden [1, 25-27]. The initial mechanical insult to the
BSCB following SCI triggers a cascade of secondary
inflammatory, vasolytic, and biochemical responses that
exacerbate neuronal dysfunction [28, 29]. Currently, the
management of acute SCI primarily involves surgical
intervention and administration of high-dose methyl-
prednisolone, the efficacy of which is still debated [1, 26,
27]. The destruction of the BSCB facilitates the continu-
ous infiltration of inflammatory cells into the spinal cord,
perpetuating inflammation phases ranging from acute to
chronic stages, thereby limiting the effectiveness of anti-
inflammatory agents. A therapeutic agent capable of both
repairing the BSCB and modulating inflammation could
significantly mitigate inflammatory damage, reduce neu-
ronal apoptosis, and foster early neurological recovery
post-SCI [2, 23, 29]. Exosomes, including those derived
from PRP-Exos, have been identified as potential agents
for neuronal repair, inflammation modulation, and
BSCB restoration, yet their specific roles in angiogenesis,
inflammation, and tissue regeneration post-SCI have only
begun to be explored [30-33].

Our study successfully isolated and characterized PRP-
Exos(Fig. 1), highlighting their potential as an accessible
bioactive substance that can promote functional recovery
after SCI by modulating neuroinflammation and attenu-
ating BSCB injury .

The dynamic polarization of macrophages/microglia
in response to the SCI microenvironment plays a pivotal
role in regulating the immune microenvironment and
facilitating tissue repair. While M1 macrophages contrib-
ute to inflammation and hinder axonal regeneration, M2
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Fig. 6 Effects of PRP-Exos on NSC Differentiation Post-SCI (A)Representative immunofluorescence images of iNOS(Red), and DAPI (blue) in the SCl area.
Scale bar 200 um. (C) Representative immunofluorescence images of Arg-1(green), and DAPI (blue) in the SCl area. Scale bar 200 um. (D, E) Quantitative
analysis of iNOS and Arg-1 relative mean fluorescence intensity in (A) and (B). Results are shown as means+SEM (n=4).4# p<0.05 and ## p<0.01vs. the

Sham group; *p <0.05 and**p < 0.01vs. the SCI group

macrophages promote wound healing and tissue remod-
eling through the release of anti-inflammatory cytokines
[34-36]. Our study illustrates the capacity of PRP-Exos
to stimulate M2 polarization in vitro by modulating the
NF-kB signaling pathway, highlighting their potential in
SCI treatment strategies focused on inflammation modu-
lation. (Figures 2 and 3)

Furthermore, the integrity of the BSCB is crucial for
spinal cord function. Disruption of the BSCB, a common

aftermath of SCI, results in vascular damage at the injury
site and permanent alterations distal to the injury [2]. Our
findings indicate that PRP-Exos exert protective effects
on the BSCB in vivo and in vitro, enhancing neurological
function recovery post-SCIL.The regulation of tight junc-
tion proteins, such as claudin-3 and ZO-1, is essential for
BSCB permeability post-SCI(Figs. 4 and 7). Our data cor-
roborate the reduction of these proteins following SCI,
underscoring the disruption of cellular junctions as a
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Fig. 7 PRP-Exos stabilize BSCB in vivo. (A) Representative digital pictures of spinal cord samples from EB leakage tests. (B-C) Representative immunofluo-
rescence images of Claudin-3 (green), and DAPI (blue) in the SCl area. Scale bar 100 um. (C) Representative immunofluorescence images of ZO-1(green),
and DAPI (blue) in the SCl area. Scale bar 200 um. (D, E) Quantitative analysis of Claudin-3 and ZO-1 relative mean fluorescence intensity in (B) and (C).
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primary factor in BSCB damage. This disruption allows  matrix metalloproteinases (MMPs) and preserving tight
for immune cell infiltration, further aggravating second- junction structures [23]. Our research adds to this body
ary SCI damage. Previous studies have shown that certain  of evidence, demonstrating that PRP-Exos reduce tis-
interventions can mitigate BSCB disruption by inhibiting  sue permeability, reduce exudation at the injury site, and
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Fig. 8 Effects of PRP-Exos on NSC Differentiation Post-SCI (A) Representative immunofluorescence images of GFAP(Red), and DAPI (blue) in the SCl area.
Scale bar 200 um. (C) Representative immunofluorescence images of Tuj-1(green), and DAPI (blue) in the SCl area. Scale bar 200 um. (D, E) Quantitative
analysis of GFAP and Tuj-1 relative mean fluorescence intensity in (A) and (B). Results are shown as means+SEM (n=4).## p <0.01vs. the Sham group;

**p<0.01vs. the SCI group

increase the expression of tight junction proteins, thereby
affirming their significant reparative effect on intercellu-
lar junctions after SCI(Fig. 9).

However, our study has limitations, primarily focus-
ing on the anti-inflammatory effects of PRP-Exos with-
out delving into neuroproliferation, differentiation, and
axonal regeneration. Additionally, while confirming M2
polarization induction by PRP-Exos, we did not investi-
gate the specific components responsible for this effect,

which warrants further research. Our in vivo experi-
ments showcased PRP-Exos’ ability to mitigate local-
ized inflammatory responses and potentially attenuate
systemic inflammation, underpinning the importance of
local immunomodulation in creating a conducive envi-
ronment for neuronal repair.
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injury

Conclusion

This discussion integrates our study’s results, empha-
sizing PRP-Exos’ role in promoting BSCB repair and
neuroinflammatory modulation post-SCI. The promis-
ing outcomes suggest a novel avenue for SCI treatment,
focusing on exosome-mediated pathways for enhancing
neurological recovery and functional restoration. Future
investigations should aim to unravel the specific molec-
ular mechanisms of PRP-Exos and expand our under-
standing of their therapeutic potential in SCI and other
neurodegenerative conditions.
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