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Engineered exosomes enriched in netrin-1

modRNA promote axonal growth in spinal
cord injury by attenuating inflammation
and pyroptosis

Xiao Lu'", Guangyu Xu'", Zhidi Lin'", Fei Zou'", Siyang Liu', Yuxuan Zhang', Wei Fu?’, Jianyuan Jiang"",
Xiaosheng Ma'" and Jian Song'”

Abstract

Background Spinal cord injury (SCl) brings a heavy burden to individuals and society, and there is no effective treat-
ment at present. Exosomes (EX) are cell secreted vesicles containing molecules such as nucleic acids and proteins,
which hold promise for the treatment of SCI. Netrin-1 is an axon guidance factor that regulates neuronal growth. We
investigated the effects of engineered EX enriched in netrin-1 chemically synthetic modified message RNA (modRNA)
in treating SCl in an attempt to find a novel therapeutic approach for SCI.

Methods Netrin-1 modRNA was transfected into bone marrow mesenchymal stem cells to obtain EX enriched with
netrin-1 (EX-netrin1). We built an inflammatory model in vitro with lipopolysaccharide (LPS) in vitro to study the thera-
peutic effect of EX-netrin1 on SCI. For experiments in vitro, ELISA, CCK-8 assay, immunofluorescence staining, lactate
dehydrogenase release experiments test, real-time quantitative polymerase chain reaction, and western blot were
conducted. At the same time, we constructed a rat model of SCI. MRI, hematoxylin-eosin and Niss| staining were used
to assess the extent of SClin rats.

Results In vitro experiments showed that EX had no effect on the viability of oligodendrocytes and PC12 cells. EX-
netrin1 could attenuate LPS-induced inflammation and pyroptosis and accelerate axonal/dentritic growth in PC12
cells/oligodendrocytes. In addition, netrin-1 could activate the PI3K/AKT/mTOR signalling pathway upon binding to
its receptor uncsb. When Unc5b and PI3K were inhibited, the effect of EX-netrin1 was weakened, which could be
reversed by PI3K or mTOR activator. Our in vivo experiments indicated that EX-netrin1 could promote recovery in rats
with SCI.
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Conclusion We found that EX-netrin1 regulated inflammation, pyroptosis and axon growth in SCl via the Unc5b/
PI3K/AKT/mTOR pathway, which provides a new strategy for the treatment of SCl.

Keywords Engineered exosomes, Netrin-1, modRNA, Spinal cord injury, Unc5b/PI3K/AKT/mTOR

Introduction

As a common disease in spinal surgery, spinal cord injury
(SCI) refers to a central nervous system catastrophe
mainly characterized by abnormal physiological function
or absence of sensation, movement and other functions
caused by complete or incomplete injury after direct or
indirect violence on the spinal cord tissue [1, 2]. Accord-
ing to statistics, there are approximately 10.4—83 cases of
SCI in one million people every year worldwide, and its
incidence and mortality are also increasing year by year,
which creates many difficult problems in medical fields
[3]. Unfortunately, regeneration after SCI is extremely
weak due to disadvantages, such as poor central nerv-
ous system plasticity and limited neuronal regenera-
tion capacity. At present, there is no effective treatment
to completely restore neural function after spinal cord
injury [4].

Exosomes (EXs) are cell-derived nanovesicles involved
in intercellular material transport and information trans-
mission with good stability, biocompatibility, and per-
meability as well as low immunogenicity [5]. Genetically
engineered cells can impart novel functions to EXs by
providing EXs with functional proteins [6, 7]. In addi-
tion, EXs can be applied as vehicles containing small
molecules or nucleic acid drugs for targeted drug delivery
into specific types of cells or tissues [8—10]. Many studies
have confirmed that engineered EXs hold promise for the
treatment of SCI [11-13].

Netrin-1 is one of the first recognized axon guiding
factors and plays a certain role in axon guiding growth
[4]. By specific binding to its receptors, it can initiate
axon growth and branch formation, [14, 15] facilitate the
migration and survival of neurocytes, [16, 17] and inhibit
neuronal apoptosis [18]. A recent study demonstrated
that netrin-1 acts with Unc5b to attenuate cerebral
ischaemic injury and promote angiogenesis and neuro-
logical functional recovery [19]. In addition, netrin-1 can
activate the phosphatidylinositol-3-kinase (PI3K)/protein
kinase B (PKB or AKT)/mammalian target of the rapam-
ycin (mTOR) pathway through unc5b [20]. This axis plays
a vital role in promoting axonal growth and mitigating
inflammation [21, 22].

Chemically synthetic modified message RNA
(modRNA), as a novel gene vector, refers to mRNA syn-
thesized in vitro using chemically modified bases. This
technology takes different modified bases as raw mate-
rials and transcribes DNA fragments containing mRNA

biological information in vitro to synthesize modRNA.
Then, modRNAs are transferred into target cells through
liposomes or nanoparticles for protein translation and
expression to achieve rapid, efficient and pulse expres-
sion of bioactive target proteins in vivo and in vitro. They
thereby exert therapeutic effects [23]. Compared with the
conventional plasmid or viral gene vector, modRNA has
the characteristics of high safety, [24] strong controllabil-
ity, good stability, low immunogenicity and high protein
translation ability [25-27].

Based on the above evidence, engineered EXs originat-
ing from bone marrow mesenchymal stem cells (MSCs)
containing netrin-1 modRNA were constructed in the
current study to investigate their therapeutic value in SCI
through in vivo and in vitro experiments. In addition, the
PI3K/AKT/mTOR axis has been reported to take part in
the regulation of pyroptosis in a variety of diseases, [28]
but its association with Unc5b and SCI has not been
studied. Thus, this study investigated whether netrin-1
influences the progression of SCI by regulating the PI3K/
AKT/mTOR axis through Unc5b.

Methods and materials

Isolation and culture of bone marrow mesenchymal stem
cells (MSCs)

The animal experiments in this study were approved
by the Research Ethics Committee of School of Medi-
cine, Fudan University (No. 202203011S). MSCs were
extracted from the femur and tibia of six Sprague—Daw-
ley (SD) rats, and the bone marrow cavity was washed
with DMEM-LG (GIBCO, US) and then filtered with
a 200-mesh nylon filter.. DMEM containing 10% foe-
tal bovine serum and 1% penicillin was used to culture
MSCs in a constant temperature incubator at 37°C and
5% CO2 (SCO6WE, SHEL LAB). The second- or third-
generation cells were collected and used for subsequent
analysis and experiments. MSC surface marker assays
were performed by flow cytometry (FACSCalibur, BD
Biosciences), and the cells were positive for CD73, CD90
and CD105 but negative for CD34 and CD45.

Chemically synthetic modified message RNA (modRNA)
synthesis and transfection

We synthesized and transfected modRNA as previ-
ously described [29]. In brief, mRNA was first syn-
thesized in vitro using chemically modified bases and



Lu et al. Biomaterials Research (2023) 27:3

then transferred into target cells via mediators, such as
liposomes or nanoparticles (Fig. 1I).

Quantitative real-time polymerase chain reaction (qRT-
PCR)

TRIpure reagent (ELK Biotechnology, EP013) was used
to extract total RNA from spinal cord tissues, MSCs,
exosomes and PC12 cells. The following primers were used:
netrin-1, forward primer, 5-GTCTGAGAACTACCTGCA
GTTCC-3' and reverse primer, 5-TACATTTTGCGG
CACTGAGTG-3'; GAPDH, forward primer, 5-AACAGC
AACTCCCATTCTTCC-3' and reverse primer, 5- TGG
TCCAGGGTTTCTTACTCC-3". GAPDH was used for
normalization.

Western blot (WB) analysis

Total protein was extracted from cells or tissues using a
whole protein extraction kit (AS1012, ASPEN). The pri-
mary antibodies (ASPEN) used were netrin-1 (1:1000),
CD63 (1:2000), CD9 (1:2000), TSG101 (1:1000), nucleo-
tide-binding oligomerization domain-like receptor pro-
tein 3 (NLRP3) (1:1000), apoptosis-associated speck-like
protein (ASC) (1:1000), pro-caspase-1 (1:2000), cleaved
caspase-1 (1:2000), pro-IL-1B (1:2000), IL-1f (1:2000)
(Abcam), Unc5b (1:2000), PI3K (1:2000), p-PI3K (1:2000),
Akt (1:2000), p-Akt (1:2000), mTOR (1:2000), p-mTOR
(1:2000) and GAPDH (1:2000) (26,616, Thermo). A gel
image processing system (gel Pro analyser software) was
used to analyse the grey value of the target strip.

Exosome (EX) isolation from transfected MSCs

MSCs were inoculated into DMEM containing 10% foe-
tal bovine serum (141,215, Tianhang) without exosomes
and cultured in a constant temperature incubator at
37°C and 5% CO2 for 24h. We collected 40ml cell cul-
ture supernatant, 4°C 3000xg centrifuged it for 15min,
transferred the supernatant into a new centrifuge tube,
mixed the centrifuged cell supernatant with Total Exo-
some Isolation reagent (Invitrogen ) [30], turned over
and mixed evenly for 50 times, and left it in a 4°C refrig-
erator overnight for approximately 14 h; then, at 4°C, it
was 3500 x g centrifuged for 50 min, and we discarded the
supernatant after centrifugation, resuspended with 1 mL
of PBS (AS1044, ASPEN), 4°C 10000x g centrifuged it for

(See figure on next page.)
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10 min, discarded the supernatant, and then, used 200 uL
of PBS to resuspend it; the supernatant was the exosome
diluent. Exosome concentration was estimated by total
protein level quantified using a BCA Protein Assay Kit
(Key-GEN). The concentration is about 20 pg/mL.

Uptake of EX by PC12 cells

To observe the absorption of exosomes by PC12 cells,
we labelled exosomes with PKH26 (MX4021, MKBio)
and incubated them with PC12 cells for 1 or 3hours. The
exosomes were labelled with red fluorescence, and the
nuclei were stained blue with 4—6-diamidino-2-phenylin-
dole (DAPI) (D8417-1MG, Sigma). A fluorescence micro-
scope (IX51, Olympus; MicroPublisher, Q-IMAGING)
was used for image capture at different time points.

Cell viability assay

PC12 cells were seeded into 96 well plates, and at the end
of treatment, 20puL. CCK8 solution (#bs350b, Biosharp)
was added to each well and incubated for 4h, and the
absorbance at 450nm was measured by a microplate
reader.

RNA interference

Inhibition of Unc5b expression in PC12 cells was per-
formed using small interfering RNA (siRNA). Lipo-
fectamine 3000 (Invitrogen) was used to transfect
100nmol/L Unc5b siRNA into PC12 cells. The siRNA
sequences were 5-TGGACCGGTACCTGAATTA-3' and
5'-GGACGCCTACATTGTGAAG-3'.

Cell culture and grouping

PC12 cells are rat adrenal pheochromocytoma cells.
After inducing cell differentiation by nerve growth fac-
tor (NGF), PC12 cells have neural cell properties and are
a commonly used cell line to study neural development
and function [31]. Because PC12 cells have neuron like
physiological characteristics, we mainly chose PC12 cells
instead of spinal neurons for in vitro cell experiments in
this study. PC12 cells used in this study were all treated
with 5 pg/L NGF for 72h [32]. Lipopolysaccharide (LPS),
which has been mainly used in experiments to study
infection, inflammation or tissue damage, can induce
inflammatory factor production, amplify inflammatory

Fig. 1 Efficiency and kinetics of modRNA transfection in MSCs. (A-D) Transfection efficiency and the expression kinetics of modGFP in MSCs. (A)
Representative images depicting GFP signal in MSCs at 4, 8, 16, 24, and 48 h post-transfection. Scale bar = 100 um. (B-C) Flow cytometry analysis of
transfection efficiency at 4, 8, 16, 24, and 48 h post-transfection. (D) Flow cytometry analysis of mean fluorescence signal intensity at 4, 8, 16, 24, and
48 h post-transfection. (E-G) Expression levels of (E) netrin-1 mRNA and (F-G) netrin-1 protein at 24 h post-transfection. (H) Kinetics of cumulative
netrin-1 protein concentrations periodically monitored for several days following transfection of modNetrin-1 in MSCs. (I) Research flow for in vitro
experiments. First, the modRNA was synthesized and transfected into MSCs. Then the engineered exosomes rich in Netrin-1 modRNA were isolated.
Finally, observed the therapeutic effect of exosomes on LPS induced PC12 cells. (Error bars showed means & SD; n = 3; *p < 0.05, **p < 0.01, ***p <

0.001)
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responses in the central nervous system and promote the
development of neurological injury and neurodegenera-
tive diseases. Therefore, the inflammatory model in vitro
can be constructed with LPS [13, 33]. Our study included
ten groups: (D Control group: PC12 cells were routinely
cultured. @ LPS group: PC12 cells were treated with LPS
(5pg/ml, Sigma—Aldrich, MA, USA) for 12h [13]. In the
@ LPS+EX-MSCs group, @ LPS+EX-NC group, and
(® LPS+ EX-Netrinl group, PC12 cells were treated with
5ug/ml LPS for 12h, and then 10pug/mL EXs isolated
from MSCs, MSCs™NC, and MSCsmodNetrinl ywere ysed
to incubate PC12 cells for 48 h. ® LPS + EX-Netrin1 + si-
Unc5b group: PC12 cells incubated with si-Unc5b for
48h, 5pg/ml LPS for 12h and 10 pg/mL EX-Netrinl for
48h. @ LPS+EX-Netrinl +si-Unc5b+740 Y-P group:
PC12 cells incubated with si-Unc5b for 48h, 5pg/ml
LPS for 12h, 10pug/mL EX-Netrinl for 48h, and 740
Y-P (50 ug/mL, TocrisBioscience, Ellisville, MO, USA)
for 24h [34]. LPS 4 EX-Netrinl +LY294002 group:
PC12 cells cultured with 5pg/ml LPS for 12h, 10 pg/mL
EX-Netrinl for 48h, and LY294002 (10uM, Beyotime,
Haimen, China) for 24h, a PI3K inhibitor. @ LPS+EX-
Netrinl+ LY294002+ MHY1485 group: PC12 cells were
cultured with 5pg/ml LPS for 12h, 10 ug/mL EX-Netrinl
for 48h, 10pM LY294002 for 24h, and MHY1485
(100nmol/L, Beyotime, Haimen, China) for 24h, an acti-
vator of mTOR. EX-Netrinl group: PC12 cells were
cultured with 10 ug/mL EX-Netrinl for 48 h.

We also studied the effect of EX on microglia. Micro-
glial cells were obtained from neonatal (about 3-day-
old) SD rats, as described previously [35]. Microglial
cells were cultured in DMEM supplemented with 3%
EBS, penicillin-streptomycin (100 U/ml-100 pg/ml) and
4mM L-glutamine. Cells were grown on poly-L-lysine
coated slides in 6-well plates.

Enzyme-linked immunosorbent assay (ELISA)

To measure the secreted levels of netrin-1, TNF-a, IL-1
and IL-6 under different conditions, the supernatant was
collected for detection. Four ELISA kits were obtained
from ELK Biotechnology (ELK5693, ELK1272, ELK1396
and ELK1158). The manufacturer’s instructions were fol-
lowed for this procedure.

Immunofluorescence analysis

The cells were fixed with 4% paraformaldehyde
(80,096,618, Sinopharm) for 10min, incubated in PBS
(GNM20012, Genom) containing 0. 25% Triton X-100
(V900483, Sigma) for 10 min, incubated with goat serum
(4240GR250, Biofroxx) for 30min, incubated overnight
with primary antibodies against Actin (1:300) (ab200658,
Abcam) at 4°C, incubated with fluorescent secondary
antibody for 1h, rinsed again, stained and sealed with
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DAPI, and the cell morphology was observed by fluores-
cence microscopy (Eclipse Ci-L, Nikon). In each cell, the
longest neurite was selected. We randomly selected five
cells in the field of view for length measurement [36].
Paraffin sections of rat spinal cord tissue were dewaxed
in water and incubated overnight with neurofilament
(NF) (Cell Signaling Technology, USA) and glial fibrillary
acidic protein (GFAP) (Boster, China). The secondary
antibody was incubated at room temperature at a 1:200
dilution ratio for 90 min. DAPI was added to counterstain
the nucleus. After sealing with fluorescent quenching
agent, the colocalization of NF and GFAP in spinal cord
tissue was observed under a 400x times microscope, and
the number of caspase 3-positive cells was analysed [29].

Detection of pyroptosis

After pyroptosis occurs, the cell membrane produces
pores, lactate dehydrogenase (LDH) is released from the
cell, [37] and the interstitial fluid enters the cell to form
vesicles that resemble bubbles in morphology under
microscopy [38].

Lactate dehydrogenase (LDH) released into cell cul-
ture supernatants after different treatments was assayed
using a lactate dehydrogenase cytotoxicity assay kit
(Beyotime Biotech, C0016) [39-41]. Cells were seeded
into 96-well plates. When the density reached 80-90%,
cells were treated with different drugs at different sched-
ules. Then 120 pl of culture medium was transferred into
a new 96-well plate and mixed with 60l of LDH work
buffer. After 30 min in the dark at room temperature, the
absorbance (Optical density, OD) was measured at the
wavelength of 490nm. The percentage of LDH release
was calculated according to the following formula: per-
centage of LDH release= (ODexperimental group ODcontrol
group)/ (ODina = ODgonirol group) X 100%.  In  addition,
pyroptosis-associated proteins were tested by WB.

Construction of a rat model of spinal cord injury

After the rats were adaptively fed for one week, they
were anaesthetized by intraperitoneal injection of a
mixture of 5mg/kg xylazine and 70mg/kg ketamine
[42]. Then, with T10 lamina as the centre, the skin was
cut, the paravertebral muscles were passively stripped,
T9-11 spinous processes and lamina were exposed,
T10 spinous processes and lamina were bitten, and the
exposed spinal cord was impacted from a 3-cm height
with a 20-g impactor to produce moderate contusion
injury. Contusion at the injured site, convulsions of both
lower limbs and spasmodic swing of the tail were signs
of successful modelling. Bladder massage was performed
twice a day to prevent urinary system infection until
spontaneous urination [11].
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Grouping of animal experiments

Forty-eight 4-week-old SD female rats were randomly
assigned to six groups: Sham, Model, Model+PBS,
Model+EX-MSCs, Model+EX-NC, and Model+EX-
Netrinl groups. Each group contained eight rats. In the
sham group, only T10 laminectomy was performed with-
out impact. Before suturing, the last three groups of rats
received a tail vein injection with EX [12, 13]. Tail injec-
tions were performed for 5 consecutive days, once a
day. EX was extracted from MSCs in the MSCs, NC and
netrin-1 groups (100 pg of total EX protein was precipi-
tated in 0.5mL of PBS, equivalent to 1 x 10'° particles)
[13]. Rats in the Model+PBS group received a tail vein
injection with 0.5mL of PBS. After 28days, MRI was
used to detect the level of SCI.

Basso, Beattie & Bresnahan (BBB) locomotor rating scale
BBB scoring was performed on each group at each time
point of observation (1, 3, 7, 14, 21, and 28 d) to evaluate
the status of locomotor recovery [43, 44]. The BBB scores
were individually scored three times by two persons and
averaged. Scores range from 0 to 21, with lower scores
indicating more severe SCI.

Nissl staining

Rats were sacrificed after 28 days, and spinal cord tissues
were collected for subsequent studies. Pathological sec-
tions (the steps are the same as HE staining) were made
using tar purple (C861450, Macklin, Shanghai, China) as
the core dye, washed with ionic water after dyeing for 1h,
and decolorized with differentiation agent. Nissl bodies
are dark blue purple particles or patches, with light blue
nuclei and a colourless or light blue background.

Haematoxylin and eosin (HE) staining

Taking the injury point as the centre, the spinal cord tis-
sues within 5mm longitudinally from the injury point
were collected and fixed with 4% paraformaldehyde for
24h, embedded in paraffin (69,019,461, Sinopharm), and
sectioned at 3-pm thickness for HE staining (D12621,
Xiya; H9627-25G, Sigma). After washing, drying and
resin sealing, the histopathological changes in the spinal
cord were observed under a microscope.

TUNEL and cleaved-caspase1 immunofluorescence double
staining

TUNEL (green) and cleaved-caspasel immunofluores-
cence (red) double staining were used to evaluate neu-
ronal pyroptosis after SCI. After inhibiting endogenous
peroxidase and antigen repair, paraffin sections were
stained with TUNEL (11,684,817,910, Roche). Then,
cleaved-caspasel antibody was added to the sections
and incubated overnight at 4°C. Then, the sections were

Page 6 of 20

incubated with fluorescent dye-labelled secondary anti-
bodies at room temperature in a dark environment for
2h. Finally, DAPI stained the nuclei, and anti-fluores-
cence quenching blocking reagent blocked the sections.
The sections were observed and photographed with a
fluorescence microscope.

Statistical analysis

For all in-vitro experiments, n =3 are biological repli-
cates, and the experiments were carried out in at least
two independent experiments. SPSS 22.0 (IBM, NY,
USA) statistical software was used for analysis. The meas-
urement data are expressed as the means + standard
deviation. When the normal distribution was satisfied
(Shapiro-Wilk W test) and the variance was homogene-
ous, the data between the two groups were compared by
t-test, the data between the multiple groups were com-
pared by single factor analysis of variance (ANOVA).
When the data does not follow the normal distribution or
the variance is uneven, the data between the two groups
were compared by Wilcoxon rank-sum test, the data
between the multiple groups were compared by Kruskal-
Wallis test. The LSD test was used for pairwise com-
parison. The bilateral inspection level was a=0.05. The
figures were drawn by Figdraw and GraphPad Prism 9.

Results

MSCs showed good tolerance to modRNA

We first transfected MSCs with modRNA encoding green
fluorescent protein (modGFP) to investigate the kinet-
ics and efficiency of modRNA in MSCs. We found a high
tolerance of MSCs to modRNA, with up to 92.8% +2.5%
transfection efficiency of modGFP at 16h (Figs. 1B, C).
At 24h after transfection, GFP had the highest mean flu-
orescence intensity of 9755.0+ 250 (Figs. 1A, D).

Next, we transfected modRNA encoding netrin-1
(MSCsmodNetrin-ly 51 d the negative control (MSCsmodNCy
into MSCs to determine the expression of the target
gene in MSCs. The level of netrin-1 mRNA in MSCs
after transfection with modNetrin-1 was approximately
6 x 10* times higher than that in the control groups, as
determined by qRT-PCR (Fig. 1E). In addition, WB
assays showed that the expression of intracellular netrin-1
protein in the MSCs™oNetrin-l group was approximately
5 times higher than that in MSCs group and MSCs™*NC
group (Figs. 1F, G). These results indicated that modN-
etrin-1 could stably exist and be expressed in MSCs.

Since netrin-1 is a secreted protrin, we measured the
level of accumulated netrin-1 protein in the superna-
tant of the culture medium by ELISA. We found that
the MSCs™odNetin-l group had significantly increased
netrin-1 protein concentrations in the supernatant
from 4 to 144h compared with both control groups
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(Figs. 1H). Fig. 11 illustrates the research flow for in vitro
experiments.

Isolation and identification of MSC-derived EXs

There were specific antigens on the surface of MSCs,
and flow cytometric detection found that MSCs pos-
sessed CD73, CD90 and CD105 but not CD34 and CD45
(Fig. 2A), which was consistent with previous findings
[30]. Then, we determined that vesicles isolated from the
medium of MSCs were EXs by morphology, size and sur-
face markers. Transmission electron microscopy (TEM)
showed that these vesicles had the morphology of EX, as
goblet or spherical (Figs. 2B, C). Nanoparticle traffick-
ing analysis (NTA) showed that the vesicle diameter was
mainly distributed between 30 and 200 nm (Fig. 2D). WB
showed that these vesicles had specific surface markers,
such as TSG101, CD9Y, and CD63 (Fig. 2E), which was
consistent with previous study [13, 29, 44, 45]. Finally,
we detected the content of netrin-1 mRNA in EXs from
the untransfected MSCs (EX-MSCs), MSCs™NC (EX-
NC) and MSCs™odNetrin-1 (EX_Netrin1) groups. qRT-PCR
revealed significantly higher netrin-1 mRNA level in
the EX-Netrinl group than in the EX-MSCs group and
EX-NC group (Fig. 2F).

PC12 cells engulfed EXs and expressed netrin-1 protein

We used PKH26 to label EXs to explore whether PC12 cells
could take up EXs. The results showed that approximately
80% of PC12 cells had fluorescence in the culture medium
after EX treatment compared to the medium without EX
after 3h of incubation (Figs. 2G, H). This shows that PC12
cells have a high EXs absorption efficiency. We investi-
gated the therapeutic value of EX-netrinl on SCI by in vitro
experiments. Inflammatory model in vitro was constructed
by lipopolysaccharide (LPS), which was used for the fol-
lowing experiments. We found that LPS could significantly
reduce the viability of PC12 cells and microglial cells, while
the EXs had no obvious toxicity to the cell viability, and
could save the decreased cell viability caused by LPS (Fig.
S1). In addition, we found that EX-Netrinl promoted the

(See figure on next page.)
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activation of PC12 cells. The expression level of microtu-
bule-associated protein 2 (MAP2) in PC12 cells was signifi-
cantly increased after EX-Netrinl treatment (Fig. S2).

After different treatments, we detected the expression
of netrin-1 in cells of each group by qRT-PCR (Fig. 2) I
and western blot (Figs. 2], K). According to the results,
LPS reduced the level of netrin-1, and this effect could
be weakened by EXs, especially by EX-netrinl. Next,
the level of netrin-1 in the supernatant of the culture
medium was measured by ELISA, and the amount of
secreted netrin-1 protein was markedly increased by EX-
netrinl over time (Fig. 2L). The above results demon-
strated that the engineered EX-netrinl could effectively
and stably improve netrin-1 expression.

EX-Netrin1 alleviated LPS-induced inflammation

and pyroptosis in PC12 cells, promoted nerve recovery,
and upregulated the PI3K/Akt/mTOR pathway

We first detected inflammatory factors in the cell super-
natant by ELISA. Figs. 3 illustrates that EXs can lessen
the levels of TNF-a, IL-1B and IL-6 in the inflammatory
model in vitro, in which the effect of EX-Netrinl was
more obvious. And there was no significant difference
in the levels of inflammatory factors between the EX-
Netrinl group, netrin-1 protein (10 ug/mL) treated group
and the control group. We next measured the axonal
length of cells in different groups using fluorescence
microscopy, which is an important indicator for assess-
ing the degree of neural recovery. Figs. 3B-C demonstrate
that under LPS treatment of, the axons were shortened
to 22.72+3.28 um, while EXs alleviated this injury, and
EX-Netrinl restored axon length to 78.27+1.58 pm.
Pyroptosis-associated  proteins, including NLRP3,
ASC, pro-caspase-1, cleaved-caspase-1, pro-IL-1f, and
cleaved-IL-1p, were detected by WB. The level of pyrop-
tosis was notably increased by LPS, which was mitigated
by EXs, and the best effect was achieved by EX-Netrinl
(Figs. 3D, E). EX-Netrinl had a similar effect on microglia
in vitro (Fig. S3). We further tested the PI3K/Akt/mTOR
signalling pathway by WB. On the one hand, the number

Fig. 2 Identification of MSCs and exosomes (EXs), PC12 cells engulfed EXs and expressed netrin-1 protein. (A) Cell surface markers (CD34, CD45,
CD73,CD70 and CD105) of MSCs was detected by flow cytometric analysis. (B-C) Typical images of EXs morphology were captured by transmission
electron microscope (TEM). Scale bar: (B) 200 nm (C)100 nm. (D) Particle size distribution of EXs was measured by nanoparticle trafficking analysis
(NTA). (E) Protein markers of EXs were detected by western blot analysis in EXs and MSCs. EX-MSCs: Exosomes derived from MSCs without mRNA
transfection; EX-NC: Exosomes derived from MSCs transfected with negative control mRNA; EX-netrin1: Exosomes derived from MSCs transfected
with netrin-1 mRNA. (F) The relative level of netrin-1 mRNA in three different EX was detected by gRT-PCR. (G) A fluorescence microscope was used
to observe the changes in the uptake of fluorescently labelled EXs by PC12 cells. Scale bar = 20 pm. (H) Percentage of EXs absorbed by PC12 cells
at different time points. (I) A cell injury model was constructed by treating PC12 cells with lipopolysaccharide (LPS). gRT-PCR was used to detect
the expression of netrin-1 mRNA in PC12 cells. (J-K) Western blot was used to detect the expression of netrin-1 protein in PC12 cells. (L) The levels
of netrin-1 in the supernatants of PC12 cells treated with three different EXs at different time points were identified by ELISA. (Error bars showed
means &+ SD; n = 3; ¥¥¥p < 0.001; *P < 0.05, ***P < 0.001, vs. LPS group; ##Pp < 0,001, vs. LPS+EX-MSCs group; ANAP < 0.001, vs. LPSHEX-NC group;
P < 0.05,°°P < 0.01, ***P < 0.001, vs. EX-MSCs group; &P < 0.05, 4P < 0.01, &P < 0.001, vs. EX-NC group)
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of Unc5b receptors was markedly decreased by LPS and
increased by EX-netrinl; on the other hand, LPS inhib-
ited the phosphorylation level of the PI3K/Akt/mTOR
axis, which was elevated by EX-netrinl (Figs. 3F, G).

The therapeutic effect of EX-Netrin1 was diminished

by a PI3K inhibitor but reversed by a mTOR agonist

We further investigated whether the effect of EX-Netrinl
is realized through the PI3K/Akt/mTOR signalling path-
way. In subsequent studies, the mTOR agonist MHY1485
and the PI3K inhibitor LY294002 were used. When PI3K
was inhibited, the ability of EX-Netrinl to attenuate the
release of inflammatory factors was substantially attenu-
ated, as measured by ELISA as elevated levels of inflam-
matory factors in the culture medium. However, when
a mTOR agonist was used, inflammatory factors were
significantly reduced (Fig. 4A). The PI3K inhibitors also
impaired EX-Netrinl’s ability to promote axon growth,
which was effectively restored when a mTOR agonist
was used (Figs. 4B, C). When cells undergo pyroptosis,
many small pores are formed on the cell membrane, and
extracellular fluid will influx into the cell, causing the cell
to swell into “bubbles” Under scanning electron micro-
scope, cells undergoing pyroptosis will form bleb like cell
protrusions [46]. At the same time, lactate dehydroge-
nase (LDH) inside the cell also flows out to the outside
through the small pores. By scanning electron micros-
copy, we found more bubbles in LPS-treated cells, indi-
cating pyroptosis. EXs, especially EX-Netrinl, reduced
the number of bubbles. However, when PI3K was inhib-
ited, the number of bubbles increased again, and the
mTOR agonist was able to abort this trend (Fig. 4D). Cor-
respondingly, LDH release from the cells was increased
in the LPS group and decreased in the EX-Netrinl group.
LDH release was increased by LY294002 but decreased
by MHY1485 (Fig. 4E). In addition, we found that the
signalling pathway was inhibited by LY294002, as indi-
cated by decreased protein phosphorylation levels, and
activated by MHY1485, but the signalling pathway had
no remarkable impact on the expression of the receptor
Unc5b (Figs. 4F-G). Finally, we used immunofluorescence
to confirm that netrin-1 can bind to Unc5b. Confocal
microscopy revealed that netrin-1 was stained red and
that Unc5b was stained green, and yellow fluorescence
was observed when the two were combined (Fig. 4H). In

(See figure on next page.)
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the control group, the fluorescence intensity of the two
was weak and the combination was less. However, after
the cells were treated with EX-Netrinl, the yellow fluo-
rescence was significantly enhanced, indicating that the
expression and binding of Unc5b and netrin-1 increased.

The function of EX-netrin1 was attenuated

by the inhibition of Unc5b but could be reversed by PI3K
activation

We further investigated the mechanism of EX-Netrinl
treatment in SCI by successfully inhibiting Unc5b expres-
sion with si-Unc5b (Fig. 5A). Meanwhile, si-Unc5b abol-
ished the increase in the Unc5b receptor stimulated by
EX-Netrinl, which could not be recovered even with the
addition of the PI3K agonist 740 Y-P (Fig. 5B). In addition,
when the number of receptors for netrin-1 was reduced,
its anti-inflammatory effect was also greatly attenuated,
and the PI3K agonist counteracted this phenomenon
(Fig. 5C). Similar trends were observed for changes in
axonal length (Figs. 5D, E). The same was true for pyrop-
tosis, and the expression levels of pyroptosis-associated
proteins were elevated by si-Unc5b and decreased by 740
Y-P administration (Figs. 5F, G). Not surprisingly, when
Unc5b was knocked down, the PI3K/Akt/mTOR pathway
was also inhibited, but 740 Y-P could restore it (Figs. 5H,
I). This finding indicates that PI3K/Akt/mTOR is located
downstream of Unc5b.

EX-Netrin1 promoted functional recovery and nerve
regeneration and attenuated inflammation and pyroptosis
in SCl rats

We explored the therapeutic effects of EX-Netrinl
in vivo by constructing a rat model of SCI. MRI was
applied to examine spinal cord injury in rats after 28 days.
The spinal cord of SCI rats was atrophic and thinned with
hyperintense signal changes, which were recovered on
imaging after EXs treatment (Fig. 6A, Fig. S4A). The BBB
score was used to assess the recovery of hindlimb func-
tion in rats. Postoperative hindlimb function was more
severely impaired in the Model group than in the Sham
group, and recovery of hindlimb function was better in
the EX group than in the Model+PBS group, with the
EX-Netrinl group showing the best recovery (Fig. 6B,
Fig. S4B). The results suggested that injection of EX-
Netrinl might boost functional recovery in SCI rats. At

Fig. 3 EX-Netrin1 alleviated LPS-induced inflammation and pyroptosis of PC12 cells, promoted nerve recovery, and upregulated the PI3K/Akt/
mTOR pathway. (A) ELISA was performed to detect the contents of TNF-a, IL-13 and IL-6 in the cell supernatant. (B-C) Fluorescence microscope
was used to take representative images of neuronal cells and measure axonal length. Actin was stained red and nuclei were stained blue with DAPI.
Scale bar: 20 um. (D-E) Detection of pyroptosis-related proteins by western blot. (F-G) The PI3K/Akt/mTOR pathway-related proteins were detected
by western blot. (Error bars showed means & SD; n = 3; *P < 0.05, **P < 0.01, **P < 0.001, vs. Control group; *P < 0.05, #P < 0.01, #*P < 0.001, vs.
LPS+EX-MSCs group; AP < 0.05, AMAP < 0,01, AAAP < 0.001, vs. LPSHEX-NC group; °P < 0.05, **P < 0.01, ***P < 0.001, vs. LPS group)
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28days after surgery, the levels of inflammatory factors
in the model rats dramatically increased compared with
those in the Sham group. After treatment with EXs, the
levels of inflammatory factors declined markedly, and the
effect of EX-Netrinl was the best (Fig. 6C). According
to the HE staining results, the spinal cord of the model
rats had an incomplete structure and disordered tissue
structure compared with the Sham group. In addition,
inflammatory cell infiltration was evident. Injection of
EXs could attenuate SCI, manifested by improved spinal
cord tissue structure and a reduced number of inflam-
matory cells. Among them, the effect of EX-Netrinl was
the most obvious. The Nissl staining results were similar
to those of HE staining. The results suggested that the
number of Nissl bodies in the spinal cord tissues of the
Model group was decreased compared with that in the
Sham group. However, the number of Nissl bodies was
increased by EXs treatment, and the neuroprotective
effect of EX-Netrinl was the most significant (Fig. 6D,
Fig. S4C). Neurofilaments (NFs) are one of the indica-
tors of neuronal regeneration, while glial fibrillary acidic
protein-positive (GFAP+) astrocytes are one of the indi-
cators for glial scars. Their relative density is widely used
to evaluate the regeneration and recovery of nerve tissue
[29, 47]. The density ratios of NFs to GFAP™ cells in the
Model and Model+PBS groups were markedly decreased
compared to those in the Sham group. When EXs treat-
ment was used, the density of NFs rebounded. Especially
in the EX-netrinl group, the spinal cord tissue exhibited
a high density of NFs (Figs. 6E, F).

TUNEL (green) and cleaved-caspasel immunofluo-
rescence (red) double staining was used to evaluate neu-
ronal pyroptosis. Fig. 7A shows that the Model group
possessed a high level of pyroptosis and exhibited more
green and red fluorescence, and this phenomenon could
be inhibited by EXs; the effect of EX-Netrinl was the
strongest. In addition, we found that after SCI, netrin-1
mRNA in spinal cord tissue decreased, while EXs, espe-
cially EX-netrinl, elevated netrin-1 in spinal cord tissue
of rats. This suggested that the engineered exosomes
could effectively act on spinal cord tissue (Fig. 7B).

(See figure on next page.)
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Pyroptosis-associated proteins were measured by WB,
and the results further indicated that EX-Netrinl could
inhibit pyroptosis after SCI in vivo (Figs. 7C, D). In terms
of signalling pathways, the Unc5b/PI3K/AKT/mTOR axis
in the Model group was notably inhibited. Injection of
EXs could activate the axis, and the activation effect of
EX-Netrinl was the most obvious (Fig. 7E, F). This sug-
gested that netrin-1 may exert its therapeutic effects on
SCI in vivo through the Unc5b/PI3K/AKT/mTOR axis.

Discussion

SCI is a devastating neurodegenerative disease that cur-
rently lacks clinically effective treatments, while nano-
technology and regenerative medicine strategies hold
promise for the development of novel therapies. Stem
cells can provide trophic support to neurons by replacing
lost or damaged cells and improving the microenviron-
ment of the spinal cord, thereby accelerating recovery of
injured axons and accelerating SCI repair [48]. MSCs are
found in multiple tissues, such as adipose, bone marrow,
placenta and umbilical cord blood, and they are the most
commonly used stem cells in animal studies and human
clinical trials. Many studies have reported their multi-
ple functions of homing, proliferation, differentiation,
secretion and immune regulation [49]. EXs are nanoscale
vesicles released outside the cell membrane that contain
many small molecules, such as various nucleic acids,
lipids, and proteins. The properties of these molecules
are related to the cell of their origin [50].

The biological functions of EX-MSCs are similar to
those of MSCs, but EX-MSCs are more stable and do
not trigger an immune response in the body. Because
of easy isolation, EX-MSCs could be used to deliver
drugs or genetic materials to target tissues or cells.
In addition, they are relatively small, so they can pen-
etrate the blood-brain barrier and reach the damaged
parts of the central nervous system [51, 52]. Besides,
EX-MSCs contain various trophic and growth factors
including brain-derived neurotrophic factor, insulin-
like growth factor, hepatocyte growth factor, vascular
endothelial growth facto r[53]. Therefore, EX-MSCs

Fig. 4 The therapeutic effect of EX-Netrin1 was diminished by a PI3K inhibitor but reversed by a mTOR agonist. (A) ELISA was performed to detect
the contents of TNF-a, IL-13 and IL-6 in the cell supernatant. (B-C) Fluorescence microscope was used to take representative images of neuronal
cells and measure axonal length. Actin was stained red and nuclei were stained blue with DAPI. Scale bar: 20 um. (D) Scanning electron microscope
was used to observe pyroptotic morphology of the cells. Red arrows represent bubble like cell protrusions. Scale bar: 10 um. (E) The levels of LDH
released from cells were measured by ELISA. (F-G) The Unc5b/PI3K/Akt/mTOR pathway-related proteins were detected by western blot. (H) Confocal
microscope was used to observe the binding of netrin-1 to Unc5b. Netrin-1 was stained red, Unc5b was stained green, and yellow fluorescence
was observed when the two were combined. The picture above shows the control group. The picture below shows that cells are only treated by
EX-Netrin1. Scale bar: 2 um. (EX-MSCs group: LPS+EX-MSCs group; EX-NC group: LPS+EX-NC group; EX-Netrin1 group: LPS+EX-Netrin1 group;
LY294002 group: LPSH+EX-Netrin14-LY294002 group; MHY1485 group: LPS+EX-Netrin14-LY2940024+MHY 1485 group. Error bars showed means +
SD; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, vs. EX-MSCs group; P < 0.05, P < 0.01, #P < 0.001, vs. EX-NC group; AP < 0.05, AMAP < 0.01, AAAP <
0.001, vs. EX-Netrin1 group; °P < 0.05, **P < 0.01, **°P < 0.001, vs. LY294002 group)
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are a suitable choice for cell-free therapy. Multiple
studies have revealed that EX-MSCs have good poten-
tial in SCI repair [11, 12, 44, 53]. These results were
comparable to the results from this study in which we
found that EXs had good effects in attenuating inflam-
mation and pyroptosis and promoting axonal growth.
Besides, EXs, especially EX-Netrinl, could promote the
polarization of PC12 cells, which is manifested by the
increase of axon growth and MAP2 expression. MAP2
mainly exists in the cell bodies and dendrites of neu-
rons, and its content in dendrites is more than that in
the cell bodies. As a marker protein of neurons, MAP2
plays an important role in the development, differentia-
tion, shaping and polarity acquisition of neurons[54].

ModRNA is a novel gene vector that refers to mRNA
synthesized in vitro using chemically modified bases.
Compared with the conventional plasmid or viral gene
vector, modRNA has the characteristics of high safety,
[24] strong controllability, good stability, low immuno-
genicity and high protein translation ability [25-27].
It has shown potential in tissue regeneration,[55] gene
therapy, [56] and vaccine research and development
[57]. In this study, we explored a possible therapeutic
approach for SCI by constructing modNetrin-1-enriched
exosomes.

Netrin-1 was first discovered as an important guide
factor for cell and axon migration during embryonic
development. Later, it was found that it is also diffusely
expressed in the mature nervous system [58]. Netrin-1’s
effect is closely related to its receptors. The most com-
mon receptors of netrin-1 include those deleted in the
colorectal cancer family (DCC) and the Unc5 homolo-
gous family. Among them, the family of Unc5 homo-
logues includes four proteins, Unc5 a-d, and the most
comprehensively studied is Unc5b, which plays an impor-
tant role in inhibiting apoptosis, inhibiting inflammation
and regulating angiogenesis [59, 60]. In this study, we
found that LPS inhibited the expression of netrin-1. The
underlying mechanism may be that in LPS-induced PC12
cells, inflammatory cytokines amplify the combination
of NF-kB with the promoter of the netrin-1 gene [61],
repressing netrin-1 transcription and the consequent

(See figure on next page.)
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netrin-1 protein synthesis. LPS was also found to inhibit
netrin expression in vitro and in vivo by He et al. [62].

Attenuation of inflammation is one of the keys to SCI
treatment. Unc5b, as a netrin-1 receptor that eliminates
chemotaxis, is expressed on a variety of leukocyte mem-
branes. Upon binding to unc5b, netrin-1 can inhibit
the directional migration and accumulation of leuko-
cytes from the vascular lumen to the site of inflamma-
tion [60]. Peroxisome proliferator-activated receptor
gamma (PPARYy) is considered a downstream molecule
of netrin-1 and is a key transcription factor regulating
inflammation [63]. Netrin-1 activates PPARy by bind-
ing to Unc5b and then activates PPARy by inhibiting the
nuclear transcription factor kappa B (NF-kB) pathway to
reduce inflammatory factors [64].

This study found that PI3K/AKT/mTOR axis activation
could inhibit the production of inflammatory factors.
Inhibition of Unc5b expression aggravated the inflam-
matory response, but the use of a PI3K activator reversed
this effect. In addition, in the presence of a PI3K inhibi-
tor, activation of mTOR also reduced inflammation. This
is in accordance with the study of Liu et al., who found
that progesterone attenuated local inflammation in
mice with intracerebral haemorrhage via activation of
the PI3K/AKT/mTOR axis [22]. We also found that EX-
Netrinl reduced the release of inflammatory factors from
microglia and promoted microglial M2 polarization. M2
polarized microglia can promote nerve regeneration after
central nervous system injury [47]. Besides in neurologi-
cal diseases, this pathway also involves the same anti-
inflammatory effect in other systems, such as the skin
and motor system [65, 66].

Axonal remodelling and regeneration are critical for
neural network reconstruction after SCI. This process
involves the expression and distribution of a series of
related proteins, such as synaptophysin (SYP), postsyn-
aptic density-95 (PSD-95), ras-related C3 botulinum
toxin substrate (Racl) and cell division cycle 42 (Cdc42).
Zheng et al. [67] found that netrin-1 binding to DCC acti-
vated the JNK1/c-Jun pathway in the ischaemic penum-
bra of MCAO rats, increased SYP and PSD-95 expression
levels in the periischaemic area, and promoted axon for-
mation and regeneration. Shabani et al. [68] discovered

Fig.5 The function of EX-netrin1 was attenuated by the inhibition of Unc5b but could be reversed by PI3K activation. (A) Western blot showed
that Unc5b was successfully inhibited by small interfering RNA (si-Unc5b). (B) Western blot suggested that transfection of si-Unc5b significantly
mitigated the promoting effect of EX-Netrin1 on Unc5b expression in PC12 cells. (C) ELISA was performed to detect the contents of TNF-a, IL-13
and IL-6 in the cell supernatant. (D-E) Fluorescence microscope was used to take representative images of neuronal cells and measure axonal
length. The white solid line represents the axon length. Scale bar: 20 um. (F-G) Detection of pyroptosis-related proteins by western blot. (H-I) The
PI3K/Akt/mTOR pathway-related proteins were detected by western blot. (EX-MSCs group: LPSH+EX-MSCs group; EX-NC group: LPS+EX-NC group;
EX-Netrin1 group: LPSH+EX-Netrin1 group; si-Unc5b group: LPS+EX-Netrin1+si-Unc5b group; 740 Y-P group: LPS+EX-Netrin1+si-Unc5b+-740 Y-P
group. Error bars showed means 4 SD; n = 3; ~~P < 0.01, vs. Vehicle group; *P < 0.05, **P < 0.01, **P < 0.001, vs. EX-MSCs group; *P < 0.05, #p <
0.01,"P < 0.001, vs. EX-NC group; AP < 0.05, AAP < 0.01, AAAP < 0.001, vs. EX-Netrin1 group; °P < 0.05, **P < 0.01, ***P < 0.001, vs. si-Unc5b group)
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rats after 28 days. The red dotted box indicated the site of spinal cord injury. (B) BBB score was used to evaluate the functional recovery of hind
limbs in rats. (C) After 28 days, spinal cord tissue was collected and ELISA was performed to detect the contents of TNF-q, IL-1(3 and IL-6 in spinal
cord. (D) HE and Niss| staining of spinal cord tissues. Red arrows indicated Nissl bodies. Scale bar: 50 um. (E-F) Representative images showing
neurofilaments (NFs, green) and glial fibrillary acidic protein (GFAP, red) staining of spinal cord tissues, and (F) the density ratios of NFs. (Error bars
showed means #+ SD; n = 8. *P < 0.05, **P < 0.01, ***P < 0.001, vs. Sham group; *P < 0.05, *P < 0.01, P < 0.001, vs. Model+PBS group; AP < 0.05,
AAP < 0.01, AAAP < 0.001, vs. Model+EX-MSCs group; °P < 0.05, *°P < 0.01, **°P < 0,001, vs. Model+EX-NC group)
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Fig. 7 EX-Netrin1 improved functional recovery and reduced histopathological injury in SCl rats. (A) Representative fluorescence images

showing TUNEL (green) and cleaved-caspase1 (red) double staining of spinal cord tissues. Scale bar: 20 um. (B) The relative expression of netrin-1
mRNA in spinal cord tissues was detected by qRT-PCR. (C-D) Detection of pyroptosis-related proteins by western blot. (E-F) The PI3K/Akt/mTOR
pathway-related proteins were detected by western blot. (Error bars showed means + SD; n = 8. *P < 0.05, **P < 0.01, ***P < 0.001, vs. Sham group;
P < 0.05,"P < 0.01, P < 0.001, vs. Model+PBS group; AP < 0.05, AAP < 0.01, AAAP < 0.001, vs. Model+EX-MSCs group; °P < 0.05, *°P < 0.01, ***P <

0.001, vs. Model+EX-NC group)

that netrin-1 activates Cdc42 and Racl through DCC and
promotes axon regeneration after nerve injury.
According to this study, when Unc5b was knocked
down, the effect of netrin-1 on promoting axon growth
was significantly weakened. Further research showed
that 740 Y-P could counteract the influence of si-Unc5b.
Simultaneously, when PI3K was inhibited, mTOR acti-
vation could still promote axon growth. The above
results indicate that netrin-1 can activate the PI3K/

AKT/mTOR pathway through the Unc5b receptor to
accelerate axon growth. This is in accordance with the
discovery of Zhu et al., who showed that catalpol acti-
vates the PI3K/AKT/mTOR axis and promotes the lev-
els of downstream phosphorylates ribosomal protein
S6 (p-S6) and growth associated protein 43 (GAP-43),
thereby slowing axonal atrophy [21]. Neurons in a grow-
ing state need to synthesize extensive new proteins,
and the expression level of intracellular p-S6 will be
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significantly upregulated. GAP-43 is mainly expressed
in the growth cone terminals of neuronal axons and
contributes to axon regeneration by inducing axonal
sprouting and extension [69, 70].

Pyroptosis is a newly discovered form of programmed
cell death accompanied by the generation of a variety of
inflammatory factors, such as IL-1p and IL-18. Many stud-
ies have revealed that pyroptosis may play a more impor-
tant role in SCI [71, 72]. The first step of the classical
pyroptosis pathway is the formation of inflammatory bod-
ies by pro-caspase-1, ASC and NLRP3. Then, pro-caspase-1
is cleaved to form caspase-1. Caspase-1 not only promotes
the conversion of pro-IL-1f3/18 to IL-1/18 but also cleaves
Gasdermin D (GSDMD) into two fragments. Its GSDMD
-N-terminal part can form 10-15nm small pores on the
cell membrane, which eventually leads to the entry of water
molecules and the leakage of cell contents [73].

The participation of the PI3K/AKT/mTOR axis in the
regulation of pyroptosis has been found in a variety of
diseases [74, 75]. However, the association of netrin-1
with pyroptosis has not been reported temporally. Based
on our western blot analysis, LDH release assay and cell
morphology observation, the pyroptosis rate rose mark-
edly when Unc5b and PI3K were inhibited but decreased
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~ (@)

:
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dramatically when PI3K and mTOR were activated. In
this study, netrin-1 was found to reduce LPS-induced
pyroptosis by activating the PI3K/AKT/mTOR pathway
through the Unc5b receptor.

This study also has some limitations. First, we only
studied the Unc5b receptor and ignored other recep-
tors, such as DCC, which may also play a significant
role in netrin-1 treatment for SCI. Second, in our
study of netrin-1-induced axon growth, we only meas-
ured the length macroscopically but did not investi-
gate p-S6, GAP-43 or other molecules microscopically.
Finally, when performing animal experiments, we
focused on investigating the therapeutic effects of EXs
on SCI models without in-depth study of the PI3K/
AKT/mTOR axis. Further research on these aspects is
needed at a later date.

Conclusions

In this study, we transfected modRNA into MSCs to
obtain engineered EX-netrinl. It was found that netrin-1
can mitigate the inflammatory response, reduce pyropto-
sis, and promote the growth of axons through the Unc5b/
PI3K/AKT/mTOR pathway in vivo and in vitro (Fig. 8).
In this study, we studied the molecular mechanism of
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Fig. 8 Graphical abstract. ModNetrin-1 enriched engineered exosomes attenuate inflammation and pyroptosis in spinal cord injury via the Unc5b/

PI3K/Akt/mTOR pathway and promote axonal growth.
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EX-netrinl in the treatment of SCI, providing a promis-
ing new method for the treatment of SCI.

Abbreviations

Scl spinal cord injury

EX exosomes

PI3K phosphatidylinositol-3-kinase
AKT protein kinase B

mTOR mammalian target of rapamycin

MSCs mesenchymal stem cells
modRNA  modified message RNA
GFP green fluorescent protein

gRT-PCR  quantitative real-time polymerase chain reaction

NLRP3 nucleotide-binding oligomerization domain-like receptor protein
3

ASC apoptosis-associated speck-like protein

NTA nanoparticle tracking analysis

TEM transmission electron microscopy

DAPI 4-6-diamidino-2-phenylindole

SIRNA small interfering RNA

LPS lipopolysaccharide

ELISA enzyme-linked immunosorbent assay

NF neurofilament

GFAP glial fibrillary acidic protein

LDH lactate dehydrogenase

BBB Basso, Beattie & Bresnahan

HE haematoxylin and eosin

DCC deleted in colorectal cancer family

PPARy peroxisome proliferator-activated receptor gamma

NF-kB nuclear transcription factors kappa B

SYP synaptophysin

PSD-95 postsynaptic density-95

Racl ras-related C3 botulinum toxin substrate

Cdc42 cell division cycle 42

p-S6 phosphorylates ribosomal protein S6

GAP-43 growth associated protein 43

GSDMD  gasdermin D

NGF nerve growth factor

MAP2 microtubule-associated protein 2.
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Additional file 1. Fig. S1. CCK8 assay for cell viability. (A) PC12 cell viability
assay. (B) Microglia viability was examined under the same treatment
conditions. (Error bars showed means + SD; n = 3; *P < 0.05, **P < 0.01,
**P < 0,001, vs. Control group; *P < 0.05, #P < 0.01, ¥P < 0.001, vs.
LPSH+EX-MSCs group; AP < 0.05, AP < 0.01, AMMAP < 0.001, vs. LPS+EX-NC
group; °P < 0.05, **P < 0.01, ***P < 0.001, vs. LPS group). Fig. 52. EX-Netrin1
promoted the activation of PC12 cells. (A-B) WB was used to detect the
expression of MAP2. (Error bars showed means + SD; n = 3; P < 0.05, P
<001, P <0001, vs. Control group; *P < 0.05, P < 0.01, P < 0.001, vs.
LPS-+EX-MSCs group; "P < 0.05, P < 0.01, *""P < 0.001, vs. LPSHEX-NC
group; °P < 0.05, **P < 0.01, **°P < 0.001, vs. LPS group). Fig. 53. EX-Netrin1
promoted HAPI rat microglia M2 polarization and inhibits pyroptosis. (A)
ELISA was performed to detect the contents of TNF-a, IL-13 and IL-6 in the
cell supernatant. (B) Immunofluorescence staining was used to detect M1
polarization marker protein CD86 and M2 polarization marker protein argi-
nase-1 (Arg-1). Scale bar: 20 um. (C) Fluorescence intensity of CD86 and
Arg-1. (D) WB was used to detect the pyroptosis related protein NLRP3.
(Error bars showed means & SD; n = 3; 'P < 0.05, P < 0.01, P < 0.001, vs.
Control group; P < 0.05, P < 0.01, #P < 0.001, vs. LPSH+-EX-MSCs group;
"P <0.05,""P <0.01,"""P < 0.001, vs. LPS+EX-NC group; °P < 0.05, *°P <
0,01, %*°P < 0,001, vs. LPS group). Fig. S4. Quantification of animal experi-
ment data. (A) Quantification of the extent of spinal cord injury on MRI.
Proportion of spinal cord high signal within 2mm of spinal cord injury site.
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(B) BBB score data of rats. (C) Number of nissl bodies per high magnifica-
tion field of view. (Error bars showed means &+ SD; n = 8. *P < 0.05, **P <
0.01,***P < 0.001, vs. Sham group; *P < 0.05, P < 0.01, *¥P < 0.001, vs.

Model+PBS group; AP < 0.05, AP < 0.01, AAAP < 0.001, vs. Model+EX-
MSCs group; °P < 0.05, **P < 0.01, ***P < 0.001, vs. Model-+EX-NC group)

Acknowledgments
We thanked Professor Mingxia Fan, the director of Key Laboratory of Magnetic
Resonance, East China Normal University, for her help in the MRI.

Authors’ contributions

XL, GX, ZL and FZ conceived and designed the experiments; XL, GX, ZL, FZ, SL and
YZ performed the experiments; WF synthesized modRNA; JJ, XM and JS analyzed
the data and provided funding. All authors read and approved the final manuscript.

Funding

This work was supported by Shanghai Sailing Program, Shanghai, China
(20YF1429900); National Natural Science Foundation of China, China
(82102620, 82072488, 81871552, 82272549, 81972093); Young Health Talents
of Shanghai Municipal Health Commission, Shanghai, China (2022YQ011).

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The animal experiments in this study were approved by the Research Ethics
Committee of School of Medicine, Fudan University (No. 2022030119).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Orthopedics, Huashan Hospital, Fudan University, No. 12,
Middle Wulumugi Road, Jing'an District, Shanghai 200040, China. |nstitute

of Pediatric Translational Medicine, Shanghai Children’s Medical Center, School
of Medicine, Shanghai Jiao Tong University, Shanghai 200127, China.

Received: 2 September 2022 Accepted: 1 January 2023
Published online: 17 January 2023

References

1. Ashammakhi N, Kim HJ, Ehsanipour A, Bierman RD, Kaarela O, Xue C, et al. Regen-
erative therapies for spinal cord injury. Tissue Eng Part B Rev. 2019,25:471-91.

2. Cowan H, Lakra C, Desai M. Autonomic dysreflexia in spinal cord injury.
BMJ. 2020;371:m3596.

3. Karsy M, Hawryluk G. Modern medical Management of Spinal Cord Injury.
Curr Neurol Neurosci Rep. 2019;19:65.

4. Gong BS, Feng Q. Netrin-1: the new tumor markers in renal clear cell
carcinoma. Asian Pac J Trop Med. 2015;8:489-93.

5. Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and
release. Cell Mol Life Sci. 2018;75:193-208.

6. Liang G,KanS, ZhuY, Feng S, Feng W, Gao S. Engineered exosome-medi-
ated delivery of functionally active miR-26a and its enhanced suppres-
sion effect in HepG2 cells. Int J Nanomedicine. 2018;13:585-99.

7. YeY,Zhang X, Xie F, Xu B, Xie P, Yang T, et al. An engineered exosome for
delivering sgRNA:Cas9 ribonucleoprotein complex and genome editing
in recipient cells. Biomater Sci. 2020;8:2966-76.

8. Luan X, Sansanaphongpricha K, Myers I, Chen HW, Yuan HB, Sun DX. Engi-
neering exosomes as refined biological nanoplatforms for drug delivery.
Acta Pharmacol Sin. 2017;38:754-63.


https://doi.org/10.1186/s40824-023-00339-0
https://doi.org/10.1186/s40824-023-00339-0

Lu et al. Biomaterials Research

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

(2023) 27:3

Antimisiaris SG, Mourtas S, Marazioti A. Exosomes and exosome-inspired
vesicles for targeted drug delivery. Pharmaceutics. 2018;10:2018.

Peng H, JiWH, Zhao RC, Yang J, Lu ZG, Li Y, et al. Exosome: a significant
nano-scale drug delivery carrier. J Mater Chem B. 2020,8:7591-608.

. YuT, Zhao CJ, Hou SZ, Zhou WJ, Wang BX, Chen YZ. Exosomes secreted

from miRNA-29b-modified mesenchymal stem cells repaired spinal cord
injury in rats. Braz J Med Biol Res. 2019;52(12):e8735. https://doi.org/10.
1590/1414-431X20198735.

Li CG, Li X, Zhao BC, Wang CF. Exosomes derived from miR-544-modified
mesenchymal stem cells promote recovery after spinal cord injury, arch
Physiol. Biochem. 2020;126:369-75.

Jiang Z, Zhang J. Mesenchymal stem cell-derived exosomes contain-
ing miR-145-5p reduce inflammation in spinal cord injury by regulat-
ing the TLR4/NF-kB signaling pathway. Cell Cycle (Georgetown, Tex.
2021;20:993-1009.

Chen Q, Lin GM, Wu N, Tang SW, Zheng ZJ, Lin MC, et al. Early exposure
of rotating magnetic fields promotes central nervous regeneration in
planarian Girardia sinensis. Bioelectromagnetics. 2016;37:244-55.
Spilman PR, Corset V, Gorostiza O, Poksay KS, GalvanV, Zhang J, et al.
Netrin-1 interrupts amyloid-@ amplification, increases sABPPa in vitro and
in vivo, and improves cognition in a mouse model of Alzheimer’s disease.
J Alzheimers Dis. 2016;52:223-42.

Antoine-Bertrand J, Fu M, Lamarche-Vane N. Direct measurement of
oscillatory RhoA activity in embryonic cortical neurons stimulated with
the axon guidance cue netrin-1 using fluorescence resonance energy
transfer. Biol Cell. 2016;108:115-26.

Paatero A, Rosti K, Shkumatov AV, Sele C, Brunello C, Kysenius K, et al.
Crystal structure of an engineered LRRTM2 synaptic adhesion molecule
and a model for Neurexin binding. Biochemistry. 2016;55:914-26.

Xie Z, Huang L, Enkhjargal B, Reis C, Wan W, Tang J, et al. Intranasal
administration of recombinant Netrin-1 attenuates neuronal apoptosis
by activating DCC/APPL-1/AKT signaling pathway after subarachnoid
hemorrhage in rats. Neuropharmacology. 2017;119:123-33.

. LiN, Zhang X, Zhai J,Yin J, Ma K, Wang R, et al. Isoflurane and Netrin-1

combination therapy enhances angiogenesis and neurological
recovery by improving the expression of HIF-1alpha-Netrin-1-UNC5B/
VEGF cascade to attenuate cerebral ischemia injury. Exp Neurol.
2022;352:114028.

LvJ, Sun X, Ma J, Ma X, Zhang Y, Li F, et al. Netrin-1 induces the migration
of Schwann cells via p38 MAPK and PI3K-Akt signaling pathway mediated
by the UNC5B receptor. Biochem Biophys Res Commun. 2015;464:263-8.
Zhu H, Wang J, Shao Y, Wan D. Catalpol may improve axonal growth via
regulating miR-124 regulated PI3K/AKT/mTOR pathway in neurons after
ischemia. Ann Transl Med. 2019;7:306.

Liu C, Gao W, Zhao L, Cao Y. Progesterone attenuates neurological deficits
and exerts a protective effect on damaged axons via the PI3K/AKT/
mTOR-dependent pathway in a mouse model of intracerebral hemor-
rhage. Aging. 2022;14:2574-89.

Yan B, Fu W. modRNA technology: a newly-developed method of protein
expression. J Tissue Eng Reconstr Surg. 2019;15(02):107-10. https://doi.
0rg/10.3969/j.issn.1673-0364.2019.02.012.

Hadas Y, Katz MG, Bridges CR, Zangi L. Modified mRNA as a therapeutic
tool to induce cardiac regeneration in ischemic heart disease. Wires Syst
Biol Med. 2017,9:e1367. https://doi.org/10.1002/wsbm.1367.

Anderson BR, Muramatsu H, Nallagatla SR, Bevilacqua PC, Sansing

LH, Weissman D, et al. Incorporation of pseudouridine into mRNA
enhances translation by diminishing PKR activation. Nucleic Acids Res.
2010;38:5884-92.

Andries O, Mc Cafferty S, De Smedt SC, Weiss R, Sanders NN, Kitada T.
N(1)-methylpseudouridine-incorporated mRNA outperforms pseudouri-
dine-incorporated mRNA by providing enhanced protein expression and
reduced immunogenicity in mammalian cell lines and mice. J Control
Release. 2015;217:337-44.

Hulot JS, Ishikawa K, Hajjar RJ. Gene therapy for the treatment of heart
failure: promise postponed. Eur Heart J. 2016;37:1651-8.

Zhao YY, Wu DM, He M, Zhang F, Zhang T, Liu T, et al. Samotolisib
attenuates acute liver injury through inhibiting Caspase-11-mediated
Pyroptosis via regulating E3 ubiquitin ligase Nedd4. Front Pharmacol.
2021;12:726198.

LiL, Zhang Y, Mu J, Chen J, Zhang C, Cao H, et al. Transplantation of
human mesenchymal stem-cell-derived exosomes immobilized in an

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 19 of 20

adhesive hydrogel for effective treatment of spinal cord injury. Nano Lett.
2020;20:4298-305.

Liao Z, Luo R, Li G, Song Y, Zhan S, Zhao K, et al. Exosomes from mesen-
chymal stem cells modulate endoplasmic reticulum stress to protect
against nucleus pulposus cell death and ameliorate intervertebral disc
degeneration in vivo. Theranostics. 2019,9:4084-100.

ZhaoY, ChenY,Wang Z, Xu C, Qiao S, Liu T, et al. Bone marrow mesenchy-
mal stem cell exosome attenuates Inflammasome-related Pyroptosis via
delivering circ_003564 to improve the recovery of spinal cord injury. Mol
Neurobiol. 2022;59:6771-89.

Jung IS, Kim HJ, Noh R, Kim SC, Kim CW. Effects of extremely low fre-
quency magnetic fields on NGF induced neuronal differentiation of PC12
cells. Bioelectromagnetics. 2014;35:459-69.

Zhang M, Wang L, Huang S, He X. Exosomes with high level of miR-181c
from bone marrow-derived mesenchymal stem cells inhibit inflammation
and apoptosis to alleviate spinal cord injury. J Mol Histol. 2021;52:301-11.
Shi E, Ye XN, Xie LY. miRNA-26b suppresses the TGF-32-induced pro-
gression of HLE-B3 cells via the PI3K/Akt pathway. Int J Ophthalmol.
2021;14:1350-8.

Fan H, Tang HB, Shan LQ, Liu SC, Huang DG, Chen X, et al. Quercetin
prevents necroptosis of oligodendrocytes by inhibiting macrophages/
microglia polarization to M1 phenotype after spinal cord injury in rats. J
Neuroinflammation. 2019;16:206.

Wu X, Song Y, Liu W, Wang K, Gao Y, Li S, et al. IAPP modulates cellular
autophagy, apoptosis, and extracellular matrix metabolism in human
intervertebral disc cells. Cell Death Discov. 2017;3:16107.

Uematsu T, Tsuchiya K, Kobayashi N, Seiki M, Inoue JI, Kaneko S, et al.
Mint3 depletion-mediated glycolytic and oxidative alterations promote
pyroptosis and prevent the spread of listeria monocytogenes infection in
macrophages. Cell Death Dis. 2021;12:404.

Shen X, Wang H, Weng C, Jiang H, Chen J. Caspase 3/GSDME-dependent
pyroptosis contributes to chemotherapy drug-induced nephrotoxicity.
Cell Death Dis. 2021;12:186.

Chen F, Lu J, Yang X, Xiao B, Chen H, Pei W, et al. Acetylbritannilactone
attenuates contrast-induced acute kidney injury through its anti-pyrop-
tosis effects. Biosci Rep. 2020;40(2):BSR20193253. https://doi.org/10.1042/
BSR20193253.

Wang Q, Liu Z, Tang S, Wu Z. Morphine suppresses the immune function
of lung cancer by up-regulating MAEL expression. BMC Pharmacol Toxi-
col. 2022;23:92.

Ding Q, Zhang W, Cheng C, Mo F, Chen L, Peng G, et al. Dioscin inhibits
the growth of human osteosarcoma by inducing G2/M-phase arrest,
apoptosis, and GSDME-dependent cell death in vitro and in vivo. J Cell
Physiol. 2020,235:2911-24.

X.Lu, G. Xu, Z. Lin, J. Song, Y. Zhang, H. Wang, et al. Sulforaphane Delays
Intervertebral Disc Degeneration by Alleviating Endoplasmic Reticulum
Stress in Nucleus Pulposus Cells via Activating Nrf-2/HO-1. Oxidative
medicine and cellular longevity. 2023; 2023:3626091.

Basso DM, Beattie MS, Bresnahan JC. A sensitive and reliable locomotor
rating scale for open field testing in rats. J Neurotrauma. 1995;12:1-21.
Zhao C, Zhou X, Qiu J, Xin D, Li T, Chu X, et al. Exosomes derived from
bone marrow mesenchymal stem cells inhibit complement activation in
rats with spinal cord injury. Drug Des Devel Ther. 2019;13:3693-704.

Xie L, Chen Z, Liu M, Huang W, Zou F, Ma X, et al. MSC-derived exosomes
protect vertebral endplate chondrocytes against apoptosis and calcifica-
tion via the miR-31-5p/ATF6 Axis. Mol Ther Nucleic Acids. 2020;22:601-14.
Chen X, He WT, Hu L, Li J, Fang Y, Wang X, et al. Pyroptosis is driven by
non-selective gasdermin-D pore and its morphology is different from
MLKL channel-mediated necroptosis. Cell Res. 2016;26:1007-20.

Xu GY, Xu S, Zhang YX, Yu ZY, Zou F, Ma XS, et al. Cell-free extracts from
human fat tissue with a Hyaluronan-based hydrogel attenuate inflam-
mation in a spinal cord injury model through M2 microglia/microphage
polarization. Small. 2022;18:€2107838.

Assinck P, Duncan GJ, Hilton BJ, Plemel JR, Tetzlaff W. Cell transplantation
therapy for spinal cord injury. Nat Neurosci. 2017,20:637-47.

Yamada Y, Nakamura-Yamada S, Kusano K, Baba S. Clinical potential and
current Progress of dental pulp stem cells for various systemic diseases in
regenerative medicine: a concise review. Int J Mol Sci. 2019;20:1132.
Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes, science. New York: N.Y; 2020. p. 367.


https://doi.org/10.1590/1414-431X20198735
https://doi.org/10.1590/1414-431X20198735
https://doi.org/10.3969/j.issn.1673-0364.2019.02.012
https://doi.org/10.3969/j.issn.1673-0364.2019.02.012
https://doi.org/10.1002/wsbm.1367
https://doi.org/10.1042/BSR20193253
https://doi.org/10.1042/BSR20193253

Lu et al. Biomaterials Research

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

(2023) 27:3

Phinney DG, Pittenger MF. Concise review: MSC-derived exosomes for
cell-free therapy. Stem cells (Dayton, Ohio). 2017,35:851-8.

Mardpour S, Hamidieh AA, Taleahmad S, Sharifzad F, Taghikhani A,
Baharvand H. Interaction between mesenchymal stromal cell-derived
extracellular vesicles and immune cells by distinct protein content. J Cell
Physiol. 2019;234:8249-58.

He X, Yang L, Dong K, Zhang F, Liu Y, Ma B, et al. Biocompatible exosome-
modified fibrin gel accelerates the recovery of spinal cord injury by
VGF-mediated oligodendrogenesis. Nanobiotechnology. 2022;20:360.
Schanen-King C, Nel A, Williams LK, Landreth G. Nerve growth factor
stimulates the tyrosine phosphorylation of MAP2 kinase in PC12 cells.
Neuron. 1991;6:915-22.

Lui KO, Zangi L, Silva EA, Bu L, Sahara M, Li RA, et al. Driving vascular
endothelial cell fate of human multipotent Isl1+4 heart progenitors with
VEGF modified mRNA. Cell Res. 2013;23:1172-86.

Kormann MS, Hasenpusch G, Aneja MK, Nica G, Flemmer AW, Herber-
Jonat S, et al. Expression of therapeutic proteins after delivery of chemi-
cally modified mRNA in mice. Nat Biotechnol. 2011;29:154-7.

Pardi N, Hogan MJ, Pelc RS, Muramatsu H, Andersen H, DeMaso CR, et al.
Zika virus protection by a single low-dose nucleoside-modified mRNA
vaccination. Nature. 2017;543:248-51.

Dalvin S, Anselmo MA, Prodhan P, Komatsuzaki K, Schnitzer JJ, Kinane

TB. Expression of Netrin-1 and its two receptors DCC and UNC5H2 in the
developing mouse lung. Gene expression patterns : GEP. 2003;3:279-83.
Liao SJ, Gong Q, Chen XR, Ye LX, Ding Q, Zeng JS, et al. Netrin-1 rescues
neuron loss by attenuating secondary apoptosis in ipsilateral thalamic
nucleus following focal cerebral infarction in hypertensive rats. Neurosci-
ence. 2013;231:225-32.

Ranganathan PV, Jayakumar C, Ramesh G. Netrin-1-treated macrophages
protect the kidney against ischemia-reperfusion injury and suppress
inflammation by inducing M2 polarization. Am J Physiol Renal Physiol.
2013;304:F948-57.

Mirakaj V, Thix CA, Laucher S, Mielke C, Morote-Garcia JC, Schmit MA, et al.
Netrin-1 dampens pulmonary inflammation during acute lung injury. Am
J Respir Crit Care Med. 2010;181:815-24.

He J, Zhao Y, Deng W, Wang DX. Netrin-1 promotes epithelial sodium
channel-mediated alveolar fluid clearance via activation of the adenosine
2B receptor in lipopolysaccharide-induced acute lung injury. Respiration.
2014,87:394-407.

Zhao XR, Gonzales N, Aronowski J. Pleiotropic role of PPARy in intracer-
ebral hemorrhage: an intricate system involving Nrf2. RXR, and NF-kB,
CNS neuroscience & therapeutics. 2015;21:357-66.

Xie Z, Huang L, Enkhjargal B, Reis C, Wan W, Tang J, et al. Recombinant
Netrin-1 binding UNC5B receptor attenuates neuroinflammation and
brain injury via PPARy/NFkB signaling pathway after subarachnoid hem-
orrhage in rats. Brain Behav Immun. 2018;69:190-202.

Karagianni F, Pavlidis A, Malakou LS, Piperi C, Papadavid E. Predominant
role of mTOR signaling in skin diseases with therapeutic potential. Int J
Mol Sci. 2022;23:1693.

Liu S, Meng F, Zhang D, Shi D, Zhou J, Guo S, et al. Lonicera caerulea
berry polyphenols extract alleviates exercise fatigue in mice by reducing
oxidative stress, Inflammation, Skeletal Muscle Cell Apoptosis, and by
Increasing Cell Proliferation. Front Nutr. 2022;9:853225.

Zheng M, Chen R, Chen H, Zhang Y, Chen J, Lin P, et al. Netrin-1 promotes
synaptic formation and axonal regeneration via JNK1/c-Jun pathway after
the middle cerebral artery occlusion. Front Cell Neurosci. 2018;12:13.
Shabani M, Haghani M, Tazangi PE, Bayat M, Shid Moosavi SM, Ranjbar H.
Netrin-1 improves the amyloid-3-mediated suppression of memory and
synaptic plasticity. Brain Res Bull. 2017;131:107-16.

Tesic V, Perovic M, Zaletel I, Jovanovic M, Puskas N, Ruzdijic S, et al. A
single high dose of dexamethasone increases GAP-43 and synaptophysin
in the hippocampus of aged rats. Exp Gerontol. 2017;98:62-9.

Holahan MR. A shift from a pivotal to supporting role for the growth-associ-
ated protein (GAP-43) in the coordination of axonal structural and functional
plasticity. Front Cell Neurosci. 2017;11:266.

Mortezaee K, Khanlarkhani N, Beyer C, Zendedel A. Inflamma-

some: its role in traumatic brain and spinal cord injury. J Cell Physiol.
2018;233:5160-9.

de Rivero Vaccari JP, Dietrich WD, Keane RW. Activation and regulation

of cellular inflammasomes: gaps in our knowledge for central nervous
system injury. J Cereb Blood Flow Metab. 2014,34:369-75.

73.

74.

75.

Page 20 of 20

Tsuchiya K. Inflammasome-associated cell death: Pyroptosis, apoptosis,
and physiological implications. Microbiol Immunol. 2020;64:252-69.
Chen L, Liu P, Feng X, Ma C. Salidroside suppressing LPS-induced myocar-
dial injury by inhibiting ROS-mediated PI3K/Akt/mTOR pathway in vitro
and in vivo. J Cell Mol Med. 2017;21:3178-89.

YuW, Qin X, Zhang Y, Qiu P, Wang L, Zha W, et al. Curcumin suppresses
doxorubicin-induced cardiomyocyte pyroptosis via a PI3K/Akt/mTOR-
dependent manner. Cardiovasc Diagn Ther. 2020;10:752-69.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Engineered exosomes enriched in netrin-1 modRNA promote axonal growth in spinal cord injury by attenuating inflammation and pyroptosis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods and materials
	Isolation and culture of bone marrow mesenchymal stem cells (MSCs)
	Chemically synthetic modified message RNA (modRNA) synthesis and transfection
	Quantitative real-time polymerase chain reaction (qRT–PCR)
	Western blot (WB) analysis
	Exosome (EX) isolation from transfected MSCs
	Uptake of EX by PC12 cells
	Cell viability assay
	RNA interference
	Cell culture and grouping
	Enzyme-linked immunosorbent assay (ELISA)
	Immunofluorescence analysis
	Detection of pyroptosis
	Construction of a rat model of spinal cord injury
	Grouping of animal experiments
	Basso, Beattie & Bresnahan (BBB) locomotor rating scale
	Nissl staining
	Haematoxylin and eosin (HE) staining
	TUNEL and cleaved-caspase1 immunofluorescence double staining
	Statistical analysis

	Results
	MSCs showed good tolerance to modRNA
	Isolation and identification of MSC-derived EXs
	PC12 cells engulfed EXs and expressed netrin-1 protein
	EX-Netrin1 alleviated LPS-induced inflammation and pyroptosis in PC12 cells, promoted nerve recovery, and upregulated the PI3KAktmTOR pathway
	The therapeutic effect of EX-Netrin1 was diminished by a PI3K inhibitor but reversed by a mTOR agonist
	The function of EX-netrin1 was attenuated by the inhibition of Unc5b but could be reversed by PI3K activation
	EX-Netrin1 promoted functional recovery and nerve regeneration and attenuated inflammation and pyroptosis in SCI rats

	Discussion
	Conclusions
	Acknowledgments
	References


