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ARTICLE INFO ABSTRACT
Keywords: Low back pain, mainly caused by intervertebral disc degeneration (IVDD), is a common health problem; how-
Intervertebral disc degeneration ever, current surgical treatments are less than satisfactory. Thus, it is essential to develop novel non-invasive

Engineered exosomes

Hydrogels

Extracellular matrix of costal cartilage
Sphingosine kinase 2

surgical methods for IVDD treatment. Here, we describe a therapeutic strategy to inhibit IVDD by injecting
hydrogels modified with the extracellular matrix of costal cartilage (ECM-Gels) that are loaded with cartilage
endplate stem cells (CESCs). After loaded with CESCs overexpressing Sphk2 (Lenti-Sphk2-CESCs) and injected
near the cartilage endplate (CEP) of rats in vivo, ECM-Gels produced Sphk2-engineered exosomes (Lenti-Sphk2-
Exos). These exosomes penetrated the annulus fibrosus (AF) and transported Sphk2 into the nucleus pulposus
cells (NPCs). Sphk2 activated the phosphatidylinositol 3-kinase (PI3K)/p-AKT pathway as well as the intracel-
lular autophagy of NPCs, ultimately ameliorating IVDD. This study provides a novel and efficient non-invasive
combinational strategy for IVDD treatment using injectable ECM-Gels loaded with CESCs that express Sphk2
with sustained release of functional exosomes.
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1. Introduction

More than 80% of the world’s population currently suffers from
lower back pain, mainly caused by intervertebral disc degeneration
(IVDD) [1,2]. Surgery is the most extensive and effective for the treat-
ment of IVDD. Invasive surgical treatment brings great pain and burdens
to the patients; moreover, it greatly increases the societal medical ex-
penses; therefore, non-invasive treatment for disc degeneration is ur-
gently needed [3]. Exosome-based drug delivery and targeting are
promising medical strategies for the treatment and prevention of a va-
riety of diseases [4,5], moreover, injectable hydrogel materials binding
to exosomes have been previously used as non-surgical treatments for
cartilage regeneration [6]. Engineering exosomes loaded with miRNAs
or synthesized proteins can enhance the therapeutic effect in vitro [7].
Exosomes from the stem cells of patients can treat IVDD via autologous
reinfusion, which reduces the chance of immune rejection. Furthermore,
lentivirus-engineered cells are an effective high-throughput protein drug
production device [8]. Thus, we propose that an injectable hydrogel
combined with lentivirus-engineered cartilage endplate stem cells
(CESCs) may not only be a potential non-surgical treatment, but may
also increase the long-term therapeutic effect of IVDD through the
continuous and stable production of engineered exosomes.

Nanomaterial exosomes are extracellular vesicle structures between
30 and 150 nm in diameter that are released from the fusion of cavity
vesicles with the plasma membrane [9]. Exosomes already play an
important role in attenuating kidney and heart ischemia-reperfusion
injury [10-12], accelerating the repair of damaged liver cells [13],
and inhibiting the progression of both neurodegenerative diseases and
IVDD [14]. The main mechanism by which exosomes participate in
intercellular communication and damaged tissue repair is via the
transportation of functional components, such as proteins and small
RNAs [15-17]. Engineered exosomes loaded with small RNAs, proteins,
or compounds can more effectively inhibit tumor progression and
improve inflammation and regeneration [18,19]. Currently, there are no
studies on engineered exosomes derived from lentivirus-engineered cells
for IVDD treatment. Therefore, we propose a new direction for IVDD
treatment that includes constructing lentivirus engineered CESCs to
facilitate the generation of engineered exosomes; this may be a very
promising and effective treatment for I[VDD.

In the clinical application of exosomes, the current major challenges
are retaining and stabilizing them in vivo. Hydrogel-coated exosomes
can delay the degradation of exosomes in vivo, [20] however, exosomes
cannot be produced sustainably and steadily over a long time.
Two-dimensional (2D) plastic tissue culture dishes limit the surface area
for cell growth as well as cell-cell and cell-extracellular matrix in-
teractions as they do not represent the body’s environment. However,
hydrogels can be used for three-dimensional (3-D) cultures of mesen-
chymal stem cells (MSCs), thus generating exosomes. This largely rep-
resents the in vivo conditions and the MSC are induced to produce more
exosomes by promoting intercellular interactions [21]. Temperature
controlled rat tail collagen hydrogels (Gels) can form the gel quickly at
37 °C, thus preventing cell flow and providing a skeleton structure
needed for cell growth [22]. The extracellular matrix of rat costal
cartilage (ECM-Gels) possess various factors, such as growth factors and
chemokines [23], that are needed to support the growth, differentiation,
and migration of CESCs that are present in the cartilage endplate (CEP)
located on both the upper and lower sides of the intervertebral disc
(IVD). Currently, the role of injectable hydrogels modified by costal
cartilage extracellular matrix (ECM-Gels) has not been studied in regu-
lating cell growth. IVD has been identified as an immune privilege
organ. Annulus fibrosus (AF) and CEP construct the blood-nucleus pul-
posus (NP) barrier to isolate the NP from the host immune system [24,
25]. Therefore, it is urgent to find a way to delay IVDD without
destroying the AF. CESCs in CEP have the capability of releasing exo-
somes in situ [26]. Constructing ECM-Gels loaded with engineered
CESCs near the CEP may provide a solution for the continuous release of
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engineered exosomes without destroying the normal structure of the AF,
therefore facilitating and continuously enhancing the treatment of IVDD
as well as accelerating the repair of degenerated IVD.

Sphingosine kinase 2 (Sphk2) activates sphingosine to form
sphingosine-1-phosphate (S1P) and regulates many biological functions,
such as cell survival, migration, and invasion, as well as angiogenesis,
differentiation, and the immune cell response via the p-ERK1/2, p-AKT,
and autophagy signaling pathways [27-29]. In neuronal
ischemia-reperfusion injury, Sphk2 significantly inhibited neuronal
damage by activating autophagy [29,30]. Moreover, exosomes can
transport Sphk2 to repair damaged liver cells [8]. We confirmed that
Sphk2 was an inhibitor of IVDD, and presented a novel therapeutic di-
rection for IVDD treatment in which CESCs overexpressing Sphk2 are
encapsulated in an ECM-Gels. This study provides the possibility for the
clinical application of engineered Lenti-Sphk2-Exos to transport Sphk2,
activating NPC autophagy and treating IVDD.

2. Materials and methods
2.1. Reagents and antibodies

The Sphk2 inhibitor (ABC294640, cat. no. S7174) and 3-methylade-
nine (3-MA, cat. no. S2767) were obtained from Selleck (Shanghai,
China). An AKT inhibitor (LY294002, cat. no. S1737) was obtained from
Beyotime (Shanghai, China). Antibodies against GAPDH, IL-6, IL-1,
MMP1, p21, pl6, Beclin-1, p-AKT, Sphk2, TSG101, HSP70, and Alix
were purchased from Proteintech (Wuhan, China). Antibodies against
AKT, JNK/p-JNK, and NFxB/p-NFkB were obtained from Abcam
(Cambridge, MA, USA). Antibodies against LC3A/B were purchased
from KleanAB (Shanghai, China). Antibodies against LC3B (cat. no. bs-
4843R) were purchased from Bioss (Beijing, China). Collagenase II
(cat. no. A004202) was purchased from Sangon Biotech (Shanghai,
China). Tert-butyl hydroperoxide (TBHP, cat. no. 458139),PKH26(cat.
no. MINI26), and PKH67(cat. no. PKH67GL) were obtained from Sigma
(St. Louis, MO, USA). 1,1’-Dioctadecyl-3,3,3’,3‘-tetramethylindo-
tricarbocyanine iodide (DIR) was obtained from Invitrogen (Carlsbad,
CA, USA). MSC osteogenic differentiation medium (cat. no. MUBMX-
90021), chondrogenic differentiation medium (cat. no. MUCMX-
9004), and adipogenic differentiation medium (cat. no. MUBMX-
90031) were provided by Cyagen (Guangzhou, China).

2.2. Patient’s tissue, rat intervertebral disc degeneration model and
reagent treatment

All human intervertebral disc tissues (20 patients) were collected
from patients undergoing elective intervertebral removal surgery. The
work was given official approval by the Ethics Committee of the Xingiao
Hospital of Army Medical University (AF/SC-08/1.0). Written informed
consent was obtained from patients or their relatives prior to tissue
collection. Male rats were provided by the Animal Experimental Center
of the Army Medical University (ChongQing, China). Five young male
rats (aged three-four weeks) were used to isolate CESCs and NPCs. IVDD
was established in rats according to previously described methods [31].
Six adult male rats were divided into two groups to verify that
CESC-exosomes could penetrate the AF of the IVD and enter the NPCs.
Three rats in the control group were injected with unlabeled exosomes,
and three rats in the test group were injected with DIR-labeled exo-
somes. A total of 12 male rats (two-three weeks old) were divided into
three groups: control, CESCs + Gels, and CESCs + ECM-Gels groups to
verify that ECM-Gels were more beneficial for cell growth. Forty eight
rats (two-three weeks old) were divided into four groups: control,
puncture, puncture + CESCs + ECM-Gels, and puncture + Len-
ti-Sphk2-CESCs + ECM-Gels groups. Another 12 adult male rats (12
weeks old) were divided into three groups: control, puncture, and
puncture + exosome groups. Another 20 adult male rats (12 weeks old)
were used for the rat IVDD model, which were divided into five groups:
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control, puncture, puncture + Lenti-Sphk2-exosome group, puncture +
Lenti-Sphk2-exosome + 3-MA, and puncture + Lenti-Sphk2-exosome +
AKT inhibitor (LY294002) groups. After anesthetization with 5% chloral
hydrate, the entire AF layer in the caudal discs (C5/6, C6/7, and C7/8)
were randomly transversely punctured with a 21G skin puncture needle
for 30 s. After suturing the wound, a 31G microsyringe was used to treat
the intervertebral disc with 10 pL Lenti-Sphk2-exosomes (40 pg), and
either 10 pL 3-MA (20 pmol/ml) or 10 pL LY294002 (20 pmol) on the
opposite side of the puncture site according to the above groups. The
specific method was to inject Lenti-Sphk2-exosomes into the corre-
sponding sites, followed by injecting the inhibitor 3-MA or LY294002
5-10 min later. Six weeks after surgery in the IVDD rats the discs were
harvested. Animal use and experimental procedures met the re-
quirements of the Guidelines for the Care and Use of Laboratory Animals
of the National Institutes of Health and was given official approval by
Animal Ethics Committee Army Medical University (no,SYXK(yu)
2017-0002).

2.3. Cartilage endplate stem cell and nucleus pulposus cell isolation and
characterization

Five young rats (2-4 weeks) were anesthetized with 5% chloral hy-
drate and sacrificed. Six to eight segments of caudal vertebrae NP tissues
were obtained from the caudal root with a surgical tip blade. After the
surrounding soft tissues were removed, the AF and medullary cavity on
both sides of the CEP were excised as much as possible to obtain CEP.
The NP and CEP tissues were cut into 1 mm?® pieces and placed in
different centrifuge tubes. A total of 6 mL of 0.2% collagenase II was
added, and the tubes were gently shaken at 37 °C for 1-2 h. After the
tissues were digested into fine particles, they were filtered through a 70
pm filter. Then, the NP tissues and CEP tissues were inoculated into a
medium dish (diameter 10 cm) and cultured in 6 mL DMEM/F12 com-
plete medium (SH30023.01, HyClone) containing 20% fetal bovine
serum (FBS, A6903FBS-500, Invitrogen) at 5% CO2 and 37 °C. 5 mL
DMEM/F12 containing 20% serum was added to two medium dishes on
the second and third days. The cells were digested and collected with
0.25% trypsin-EDTA when they reached 80-90% confluence. The cells
were harvested, and subsequent generations were used in our
experiments.

2.4. Osteogenic, adipogenic, and chondrogenic differentiation

CESCs were cultured in 6-well plates for osteogenic differentiation.
The osteogenic differentiation medium (MUBMX-90021, Cyagen Bio-
sciences, Guangzhou, China) was changed every 3 days for 2-3 weeks.
The cells were washed twice with phosphate buffered saline (PBS), then
fixed with 2 mL of 4% neutral formaldehyde solution for 20 min at room
temperature, and then stained with 1% Alizarin Red S solution for 30
min. Osteogenesis was evaluated under a microscope (Olympus, Japan).
CESCs were cultured in 6-well plates for adipogenic differentiation. The
adipogenic differentiation medium was replaced every 3 days, and the
cells were then cultured with medium B (MUBMX-90031, Cyagen) for 1
d. This cycle was repeated for a total of 3 weeks. The cells were washed
twice with PBS, fixed with 2 mL of 4% neutral formaldehyde solution for
20 min, and stained with Oil Red O working solution for 30 min. Adi-
pogenesis was then evaluated under a microscope. For chondrogenic
differentiation, 3-4 1 x 10° CESCs were centrifuged at 250 x g for 5 min
and incubated with chondrogenic differentiation medium (MUCMX-
9004, Cyagen) in a centrifuge tube at 37 °C in 5% CO2 for 48 h. When
the cells were gathered, the bottom was flicked to detach the cartilage
ball from the bottom of the tube, then the cells were cultured in chon-
drogenic differentiation medium for 21 days. To estimate chondro-
genesis, the chondrified micromass was fixed with 4% formaldehyde,
embedded in paraffin, sliced at a thickness of 4 pm, and then stained
with Alcian Blue for observation under a microscope.
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2.5. Preparation of hydrogels modified with costal cartilage extracellular
matrix

The rats were anesthetized with 5% chloral hydrate (2 mL) and killed
by breaking their necks. The tail skin was cut open, and the tail tendon
was removed and cleaned with saline. The tail tendon was cut into
pieces and placed in 150 mL of 0.5% acetic acid. The tendon was then
shaken and dissolved for 48 h at 4 °C. It was then centrifuged at 12,000
rpm and the supernatant was added to a 10% NacCl solution to precipi-
tate the collagen. An appropriate volume of HCL (0.2 mM) was added to
dissolve the supernatant, and the supernatant was stored at 4 °C for later
use.

The costal cartilage of the rats (aged 2-3 weeks) was removed, cut
into pieces and then grinded with a tissue grinder (70 Hz, 2 min, 3 times)
(JXFSTPRP-CL, Shanghai Jing Xin, Shanghai, China). Tissue homoge-
nate was obtained, and 4 mL of medium was added for dilution. Then the
filtrate was collected through a 0.22-pm filter to obtain the chondrocyte
extracellular matrix. 50 pL of cartilage extracellular matrix was added to
700 pL of hydrogel, and 250 pL of 1 x 10° CESCs were added. After
mixing, the gel was formed over 5-10 min at 37 °C. This constructed the
hydrogel loaded with CESCs that were modified by the cartilage extra-
cellular matrix.

2.6. Exosome isolation and characterization

CESCs were harvested and cultured in T75 flasks containing 10%
FBS. After the cells reached 60-70% confluence, they were further
cultured for another 48-72 h in serum-free DMEM/F12 medium
(SH30023.01, HyClone). Then the culture medium supernatant was
collected. Exosomes were extracted by ultracentrifugation, as previously
described [32,33]. The centrifugation steps were as follows: 300 x g for
10 min to remove live cells, then 2000xg for 10 min to remove dead
cells, followed by 10,000 x g for 30 min to remove cell debris, and
finally 100,000 x g for 70 min. The supernatant was then discarded to
obtain exosome pellets. Exosomes were washed with PBS, filtered
through a 0.22-pm filter, and centrifuged at 100000 x g for another 70
min. After further dilution with 200 pL of sterile PBS, 5 pL of PKH26,
PKH67, or DIR was added to 500 pL of the diluent to form the reaction
liquid; then 100 pL of exosomes was added to the reaction liquid. After
10 min, 5% bovine serum albumin (BSA) was added to stop the reaction,
and exosomes labeled with different membrane dyes were obtained. The
size and concentration of exosomes were measured by nanoparticle
tracking analysis (NTA, Wayen Biotechnologies, Shanghai). The
morphology of exosomes was examined by electron microscopy, and the
purity and characteristics were analyzed via Western blot (WB) analysis
based on the expression of exosome markers (TSG101, HSP70, and Alix).

2.7. Transmission electron microscopy

The cells were digested and isolated using trypsin and immobilized
with 2% glutaraldehyde at 4 °C for 2 days. The samples were treated
with 1% osmium for 30 min. Ultrathin sections were prepared by
gradient dehydration in 50-100% ethanol and incubated in a mixed
solution of 100% acetone/Epon 812 (Shell Chemical Co., Houston, TX,
USA). Then, the ultrathin sections were dyed with 5% uranyl acetate for
30-60 min and washed 3 times with double-distilled water. The ultra-
thin sections were then dyed with lead citrate for 10 min, and washed a
further 3 times with double-distilled water. Then the samples were
observed by transmission electron microscopy (TEM).

2.8. Real-time quantitative reverse transcriptase polymerase chain
reaction

Total RNA was extracted from cells using the TRIzol method ac-
cording to a previously described experimental procedure [34]. The
PrimeScript RT reagent kit (Takara, Japan) and SYBR Premix Ex TaqgTM
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(Takara, Japan) were used for the reverse transcription of complemen-
tary DNA and quantitative amplification as previously described [35].
The rat and human primers used for real-time quantitative polymerase
chain reaction (RT-qPCR) were synthesized and provided by Thermo
Fisher Scientific. The 2-AACt method was used to analyze target gene
expression levels and compare differences.

Bioactive Materials 15 (2022) 29-43
2.9. Western blotting

Cells were collected and lysed in RIPA buffer containing a cocktail of
the protease inhibitor PMSF alongside other phosphatase inhibitors
(Beyotime, Shanghai, China) to extract total proteins. Nuclear and
cytoplasmic proteins were isolated using a nuclear and cytoplasmic

extraction kit (Beyotime). Protein concentration was determined, and a
4 x SDS-PAGE loading buffer was added to the samples. Electrophoresis
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Fig. 1. Cartilage endplate stem cell-exosomes can cross the annulus fibrosus to alleviate disc degeneration

a) Flowchart of exosome extraction and treatment of intervertebral disc degeneration (IVDD). b-d) Transition electron microscopy images, western blotting analysis,
and nanotracking analyses were used to identify exosomes. e) In vivo imaging of rat intervertebral discs and the vertebral segments treated with unlabeled exosomes
(Exos, 10 pg) or DIR-labeled exosomes (DIR-Exos, 10 pg). f) Fluorescence microscope observation of the above-mentioned intervertebral disc tissue sections at 24 or
72 h. g) The representative magnetic resonance images of rat intervertebral discs treated by NC, puncture, and puncture + cartilage endplate stem cell-Exos. h) The
morphology of intervertebral disc tissue at 6 weeks after being treated as above. i) The representative images of hematoxylin and eosin and immunohistochemistry
stainings of P16 and IL-6 in the rat disc samples after being treated as above.
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was performed at 150 V with 4-20% gradient gels. Semidry transfer
electrophoresis was performed for 7 min at 25 V. After the membrane
was sealed, the antibodies were diluted according to the manufacturer’s
instructions and added to the membrane. They were then incubated at
4 °C overnight with oscillation. The membrane was washed, and then
diluted secondary antibodies were added and incubated for 1.5 h. The
enhanced chemiluminescence working solution (Millipore, MO, USA)
was prepared by mixing solutions A and B at a ratio of 1:1. The working
solution was placed on a film surface; then the film was placed in an
imaging system (Bio-Rad, USA) and pictures were taken.

2.10. Immunohistochemical staining

The IVD and CEPs of clinical patient samples were isolated, fixed
with 4% paraformaldehyde, decalcified, and sectioned in paraffin. The
samples were baked, dewaxed, hydrated, and then sealed at room
temperature for 30 min with 10% H30», after which the samples were
rinsed again with PBS. After antigen repair, normal goat serum block
solution was added the samples were incubated at room temperature for
10 min. A total of 50 pL of diluted primary antibody (Sphk2, 1:200; P16,
1:200) was added and incubated overnight at 4 °C. The samples were
washed with PBS three times, and the biotinylated secondary antibody
was added and incubated for a further 10 min at 37 °C. The samples were
then rinsed another three times with PBS, and reagent D was added
reacted with the samples at room temperature for 10 min. DAB reagent
was then used to stain the sections for microscopy analysis; then, the
sections were dehydrated and underwent transparence treatment before
being sealed, observed, and then photographed under a microscope
(Olympus, Japan).

2.11. Immunofluorescence staining

Cells in culture dishes or hydrated tissue sections were then ob-
tained. The samples were washed with PBS three times, incubated in
10% hydrogen peroxide/formaldehyde solution for 30 min at room
temperature, permeabilized in 0.2% Triton for 5 min, sealed with 5%
BSA for 30 min, and then incubated overnight at 4 °C with 50 pL of
diluted primary antibody. The specimens were then washed with PBS
three times again and incubated with fluorescently labeled secondary
antibody (1:300 dilution) at 37 °C for 60 min. Nuclei were stained for
3-5 min with 0.2 g/mL DAPI (Beyotime, Nantong, China). Images were
captured using a fluorescence microscope (Olympus, Japan) and laser
confocal microscope (Lexia, Japan).

2.12. Correlation analysis of Pfirrmann grading and Sphk2 expression

According to the T2-weighted images, the degree of IVDD was
graded using the modified Pfirrmann grading method. The correlation
between mRNA and protein of Sphk2 expression in the corresponding
CEP and NP was then analyzed.

2.13. Lentiviral transfection

Sphk2 was overexpressed and knocked down via lentiviruses pro-
duced by GenePharma (Shanghai, China). Lenti-Sphk2 or Lenti-shSphk2
were used to transfect NPCs or CESCs that had reached 30% confluence
after 12 h of culture. After culturing with 10 pg/mL puromycin for 7
days, WB and RT-qPCR were used to determine the transfection effi-
ciency and protein expression levels. CESCs transfected with Lenti-Sphk2
or Lenti-shSphk2 could produce Lenti-Sphk2 engineered exosomes
(Lenti-Sphk2-Exos) or Lenti-shSphk2 engineered exosomes (Lenti-
shSphk2-Exos).

2.14. Senescence-associated f-galactosidase staining

A Senescence-associated [(-galactosidase (SA-p-gal) staining kit
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(Beyotime, Shanghai, China) was used to detect senescence. The level of
SA-gal activity was indicated by a blue stain, which becomes darker as
the cells age.

2.15. Flow cytometry to detect apoptosis and identify cartilage endplate
stem cells

CESCs were digested and collected using 0.25% trypsin-EDTA. The
cells were washed with 1 x PBS 3 times and centrifuged at 300 x g for 5
min to remove the remaining trypsin, then 5 pL of antibody was added to
each sample. To identify CESCs, antibodies against CD29 (102,201,
Biolegend, San Diego, CA, USA), CD90 (202,503, BioLegend), and CD45
(103,107, Biolegend) were used. After the cells were incubated at room
temperature for 30 min, they were washed with PBS and the percentage
of CESCs was detected and analyzed by flow cytometry (BD FACSCali-
bur, USA).

2.16. Hematoxylin-eosin staining

Paraffin-embedded tissue sections were dewaxed, hydrated, and
stained with hematoxylin solution for 3-5 min. After the sections were
washed with PBS, 1% HCL was used to differentiate the tissue sections.
Eosin solution was then added, and the cells were incubated for 1 min.
Then the sections were dehydrated, cleared, sealed, and observed and
photographed under a microscope (Olympus, Japan).

2.17. Magnetic resonance imaging

Six weeks after the operation, a 7.0 T animal magnet (Bruker Phar-
mascan, Germany) was used to detect the signal and structural changes
in the disc based on the sagittal T2-weighted images. The parameters of
the T2-weighted sections were set as previously described [36]. The
magnetic resonance imaging (MRI) images of patients were evaluated in
a blinded manner according to IVDD-modified Pfirrmann MRI grades
[371.

2.18. Statistical analysis

All data are presented as the mean + standard deviation (S.D) of at
least three independent experiments. One-way analysis of variance
(ANOVA) followed by Tukey’s test was used for comparisons between
the two groups. Results were analyzed and compared using GraphPad
Prism 7.0 (GraphPad Software Inc., CA, USA). Statistical significance
was set at p < .05.

3. Results and discussion

3.1. Cartilage endplate stem cell-derived exosomes penetrate the annulus
fibrosus to alleviate intervertebral disc degeneration

A flow chart of exosomes used for treating IVDD is shown in Fig. 1a.
The CEP is located on both sides of the IVD and plays an important role
in maintaining the structural integrity of the IVD as well as repairing
degeneration. We extracted CESCs from 2- to 3-week-old rats and
identified the CESCs by using osteogenic, chondrogenic, and adipogenic
differentiation and flow cytometry (Supplementary Figs. la-b). The
cells from the CEP had distinct stem cell properties [38], high expression
of CD29 and CD90, and low expression of CD45. The CESC-Exos were
extracted, and the morphology, size, and concentration of these exo-
somes were examined by TEM, WB, and NTA analysis (Fig. 1b-d). To
verify that exosomes can enter NPCs, we injected unlabeled or
DIR-labeled exosomes (DIR-Exos) between the CEP and IVD. After 6 h,
the rat tail was imaged, and exosomes were found within the IVD
(Fig. 1e). Moreover, fluorescence imaging of frozen sections at 24, and
72 h revealed that DIR-labeled exosomes could gradually migrate into
the NPCs from the injection site between the CEP and AF (Fig. 1f). In
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Fig. 2. Expression of Sphk2 in degenerated cartilage endplate is higher than that of the nucleus pulposus and Sphk2 can be transported into nucleus pulposus cells via
exosomes secreted by cartilage endplate stem cells

a) The Kyoto encyclopedia of genes and genomes enrichment analysis of differences in genes between patients with normal and degenerate cartilage endplates (CEPs)
(GSE153761, https://www.ncbi.nlm.nih.gov/). b-c) The representative immunofluorescence and immunohistochemical staining of Sphk2 and western blotting
analysis of Sphk2 in patients with mild and severe degenerated CEP tissues. d) The mRNA levels of Sphk2 in the CEP specimens of patients. e) Correlation analysis of
protein levels and mRNA levels of Sphk2 in the CEP specimens of patients. f) The representative immunofluorescence and immunohistochemical staining of Sphk2 in
rat CEP specimens. g) The western blotting analysis of Sphk2 in normal and degenerated CEP rat specimens at 2, 4, and 6 weeks after the acupuncture disc
experiment. h) Heat map analysis evaluates the differential expression of Sphk2 in normal or degenerated rat intervertebral discs (GSE126883, https://www.ncbi.
nlm.nih.gov/). i-j) Representative immunofluorescence staining, immunohistochemical staining, and Western blot analysis detects Sphk2 and degenerated clinical
IVD specimens. k) mRNA level of Sphk2 in degenerated clinical IVD specimens. 1) Correlation analysis of protein and mRNA levels of Sphk2 in clinical NP specimens
based on modified Pffirrmann classification. m-n) Immunofluorescence staining, immunohistochemical staining and Western blot analysis of Sphk2 in both normal
and degenerated IVD tissues of rats. o-p) Expression of Sphk2 in both the normal NP and CEP of rats was analyzed by immunofluorescence staining and Western blot
analysis. q) Expression of Sphk2 in rat degenerative NP and CEP was analyzed by immunofluorescence staining. r) Representative western blots of Sphk2 in cartilage
endplate stem cells (CESCs) and exosomes. s) Western bloting assay of Sphk2 in the CESCs treated with different concentrations of TBHP (0, 40, 60, 80, and 100
pmoL/ml) for 72 h. t) Sphk2 expression in exosomes derived from CESCs treated with different concentrations of TBHP (0, 40, 60, 80, and 100 pmoL/ml) for 72 h. u)
Eouble immunofluorescence of Sphk2 (red) and exosomes (green) in NP cells. NC: Normal Control. ns: p > .05; *p < .05; **p < .01; ***p < .001.

other words, at 24 h, exosomes were mainly gathered near the AF, but at 0.46) (Figure 21). The increased expression of Sphk2 in degenerated NP

72 h, some exosomes had entered NPCs. The rats were divided into three tissue was also verified in rat tissue (Fig. 2m-n). Immunofluorescence
groups: the NC, puncture, and puncture + exosome groups; these were staining and WB analysis of normal IVDs showed that the Sphk2 protein
used to confirm the efficacy of CESC-Exos for IVDD. Moreover, MRI expression in the CEP was higher than that in the NP area (Fig. 20-p).
results suggested that puncture exacerbated the degeneration of IVDs, The difference was even more pronounced in the degenerated rat IVD
and that exosomes alleviated disc degeneration (Fig. 1g). The general group (Figure 2q). These results suggest that CESCs produce more Sphk2
morphology of the rat vertebrae was observed at 6 weeks. Interverte- than NPCs, which may inhibit NPCs senescence and IVDD progression
bral d isc degeneration was observed in longitudinal sections, and the via transporting Sphk2 into the IVD.

severity of disc degeneration was similar to that observed using MRI Based on the above results and the fact that exosomes could be used
(Fig. 1h). HE and immunohistochemistry stains of P16 and IL-6 also as transport vehicles for a variety of proteins, we postulated that CESCs
showed that CESC-Exos inhibited puncture-induced IVDD (Fig. 1i). inhibit IVDD by releasing exosomes that transport Sphk2 into NPCs,

thereby regulating disc degeneration progression. Therefore, we then
measured the levels of Sphk2 in exosomes and CESCs using WB analysis.

3.2. Exosomes secreted by cartilage endplate stem cells can transport Consistent with the above hypotheses, the levels of Sphk2 in exosomes
Sphk2 into nucleus pulposus cells were significantly higher than in CESCs (Figure 2r). Moreover, after
TBHP treatment, the expression of Sphk2 in both CESCs and secreted

The gene chip results were analyzed (GSE153761, https://www. exosomes also increased significantly (Fig. 2s and t). To determine
ncbi.nlm.nih.gov/) to determine the metabolic differences between whether exosomes can transport Sphk2 into NPCs, the NPCs were pre-
normal and degenerated CEP. Kyoto encyclopedia of genes and genomes treated with PKH67-labeled exosomes. This determined that although a
(KEGG) enrichment analysis showed that sphingolipid metabolism was small amount of Sphk2 can be secreted by NPCs themselves, a larger
significantly activated (Fig. 2a). According to the modified Pfirrmann amount of Sphk2 was transported into the cells by exosomes (Figure 2u).

grades [37,39], IVDD is divided into eight separate grades. Based on this

system, CEPs corresponding to IVDD were also divided into eight grades.

Immunohistochemistry and immunofluorescence staining showed that 3.3. Cartilage endplate stem cells -derived exosomes balance autophagy
the expression of Sphk2 in the CEP increased significantly with the and senescence through the Sphk2/AKT pathway to inhibit intervertebral
progression of IVDD (Fig. 2b). WB and RT-qPCR results showed that the disc degeneration

Sphk2 protein and Sphk2 mRNA levels increased in conjunction with the

CEP grade (Fig. 2c and d). Moreover, the Sphk2 protein and Sphk2 Double immunofluorescence staining of exosomes and Sphk2 further
mRNA levels, which represent transcription and translation, respec- supports the possibility that CESCs regulate disc degeneration by
tively, were highly correlated in CEP (R? = 0.93) (Fig. 2e). The results secreting exosomes transporting Sphk2 into the IVD (Supplementary
also demonstrate that the expression of Sphk2 in the CEP increased Fig. 3). To explore whether the anti-senescence effect of exosomes is
significantly with the progression of IVDD.To further validate these re- related to transporting Sphk2 into NPCs, we treated different experi-
sults, an IVDD rat model was established. We measured Sphk2 protein mental groups with TBHP, exosomes, and the Sphk2 inhibitor
levels using WB analysis, immunohistochemistry, and immunofluores- ABC294640. We found that exosomes inhibited cell senescence; how-
cence analysis. These results indicate that the Sphk2 immunochemistry ever, this inhibitory effect was nullified by ABC294640 (Supplementary
fluorescence intensity, as well as protein level, were notably increased in Fig. 4a). Additionally, exosomes significantly prevented the TBHP-

the NP area of IVDD rats when compared to the control group (Fig. 2f induced increase in SA-B-gal activity, however, ABC294640 attenuated
and g). This suggests that Sphk2 might enhance both the inhibition of the exosome-mediated inhibition of SA-B-gal activity (Supplementary

cell senescence and IVDD by increasing expression level during IVDD Fig. 4b). Therefore, we extracted the engineered exosomes produced by
progression. Lenti-Sphk2-and Lenti-shSphk2-transfected CESCs (Lenti-Sphk2-Exo and

To determine the difference in Sphk2 expression between degen- Lenti-shSphk2-Exo) to investigate the anti-aging mechanisms of exo-
erated (24 months) and normal (3 months) rat IVDs, the gene chip re- somes and Sphk2 in NPCs. The preparation process is shown in Fig. 3a.

sults were analyzed (GSE126883, https://www.ncbi.nlm.nih.gov/). Compared with Sphk2 expression in the Lenti-NC-transfected CESCs
The resulting heat map showed that Sphk2 expression was significantly and Lenti-NC-Exo groups, Sphk2 expression in Lenti-Sphk2-transfected
higher in the IVDD group than in the normal control group (Fig. 2h). CESCs and Lenti-Sphk2-exosomes were significantly increased (Supple-

Clinical patient samples were graded using a modified Pfirrmann scale mentary Fig. 5). We then examined three different types of exosomes for
(Supplementary Figure 2), and Sphk2 mRNA and Sphk2 protein their anti-aging effects in NPCs by f-Gal staining and immunofluores-
expression increased with the increasing clinical IVDD degeneration cence staining for P16 and P21. Lenti-Sphk2-Exos had a significant anti-
grade (Fig. 2i-k). Correlation analysis showed that the correlation be- aging effect on NPCs (Supplementary Figs. 6a-b). The same phenome-
tween the Sphk2 mRNA and Sphk2 protein levels were also poor (R? = non was also observed by WB analysis, wherein the Lenti-Sphk2-Exos
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Fig. 3. Sphk2 located in the cytoplasm inhibits the progression of the senescence-associated secretory phenotype of nucleus pulposus cells to ameliorate inter-

vertebral disc degeneration via activating the AKT/autophagy pathway

a) The diagram of engineered exosome acquisition and treatment of intervertebral disc degeneration. b) Double immunofluorescence of Sphk2 (red) and exosomes
(green) in the nucleus or cytoplasm in the nucleus pulposus cells (NPCs) treated with Lenti-NC-exosome, Lenti-shSphk2-exosome and Lenti-Sphk2-exosome. c)
Western blots and quantitative protein levels of Sphk2 in the nucleus or cytoplasm of NPCs when treated as above. d) Representative images of senescence-associated
B-galactosidase (SA-p-Gal) staining and immunofluorescence staining were taken to detect senescence of NPCs treated with Lenti-NC-exosome, Lenti-shSphk2-
exosome, Lenti-Sphk2-exosome, and Lenti-Sphk2-exosome + 3-MA. e) Bioinformatics enrichment analysis in rat intervertebral disc tissues. f) Imnmunofluorescence
and SA-p-gal staining was used to detect the senescence of NPCs treated with the PI3K/AKT inhibitor LY294002. g) Representative magnetic resonance images of rat
intervertebral discs treated by NC, puncture, puncture + lenti-Sphk2-exosome, puncture + lenti-Sphk2-exosome + 3-MA and puncture + lenti-Sphk2-exosome +
LY294002. h-k) Double immunofluorescence of LC3B (red) and P16 (green) (h), LC3B (red) and IL-6 (green) (i), COL-1(red) and COL-2 (green) (j) or GLUT1(red) and

CA3 (green) (k) in the above rat disc.

increased the ratio of the autophagy protein LC3B/A and decreased the
expression of P16 and P21. However, this effect was reversed by Lenti-
shSphk2-Exos (Supplementary Fig. 6¢). In conclusion, the effect of CESC
exosomes on apoptosis and aging inhibition in NPCs is mediated by the
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Sphk2 protein.

Correlation analysis of the genes associated with degeneration
indicated that Sphk2 is positively related to the autophagy-associated
protein ATG4C and negatively correlated with the cycle-related
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Fig. 4. Hydrogels modified with the extracellular matrix of costal cartilage promote cartilage endplate stem cell growth and proliferation and accelerate the spread of

exosomes

a) Construction process of hydrogels (Gels) or hydrogels modified with the extracellular matrix of costal cartilage (ECM-Gels). b) Scanning electron microscope
images of Gels or ECM-Gels. c) Analysis of storage modulus and loss modulus of Gels or ECM-Gels. d) PKH26-labeled exosomes gradually diffused into the hydrogel
over time. e-g) Fluorescence intensity analysis, hematoxylin and eosin and EdU staining were used to detect the growth of cartilage endplate stem cells in Gels or

ECM-Gels.
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Fig. 5. Hydrogels modified with the extracellular matrix of costal cartilage loaded with Lenti-Sphk2-cartilage endplate stem cells release Lenti-Sphk2-exosomes into

nucleus pulposus cells and inhibit intervertebral disc degeneration

a) Differences between ECM-Gels and Gels in promoting cell growth were analyzed by EGF-labeled CESCs in vivo. b) In normal IVD or IVD with ECM-Gel injection,
the expression level of Sphk2 in both the ECM-Gels and CEP was detected. c-d) Morphology and metamorphosis score of intervertebral disc tissue at 3 and 6 weeks
after treatment with either the normal control, puncture, puncture + CESCs-ECM-Gels and puncture + Lenti-Sphk2-CESCs-ECM-Gels. e-g) Magnetic resonance
imaging, double immunofluorescence of Sphk2 (red) and P16 (green) or IL-6 (red) and MMP13 (green) in the above rat disc.

protein CDKN2A (P16) (GSE126883, https://www.ncbi.nlm.nih.gov/)
(Supplementary Fig. 7). These results suggest that Sphk2 promotes NPC
autophagy, thus inhibiting NPC senescence. The role of Sphk2 in acti-
vating autophagy and resisting senescence in rat NPCs were further
clarified by extracting and identifying the high expression of collagen 2
and low expression of collagen 1in NPCs (Supplementary Fig. 8a). Sphk2
was then downregulated (Lenti-shSphk2) or overexpressed (Lenti-Sphk2)
via the lentivirus vector. After constructing Lenti-Sphk2-transfected
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NPCs, we noticed that Sphk2 protein and Sphk2 mRNA expression
increased significantly, however, P16 expression decreased signifi-
cantly. Additionally, the SA-p-gal staining assay demonstrated that the
number of senescent NPCs decreased (Supplementary Figs. 8b-d).
However, in Lenti-shSphk2-transfected cells, the opposite effect was
observed (Supplementary Figs. 8e-g). TEM observation confirmed that
the number of autophagosomes increased significantly in Lenti-Sphk2-
transfected NPCs (Supplementary Fig. 9a). Furthermore, we found that
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the LC3B/A ratio and level of the autophagy-associated protein Beclin-1
increased in the Lenti-Sphk2-transfected NPCs (Supplementary Fig. 9b).
Moreover, immunofluorescence staining showed that the autophago-
some fluorescence intensity increased in Lenti-Sphk2-transfected cells
(Supplementary Fig. 9¢). Thus, we then added the autophagy promoter
rapamycin, and inhibitor 3-MA to the NPCs. We identified that expres-
sion of P16 and P21 decreased after autophagic flux was increased, and
as expected they increased after autophagic flux was decreased (Sup-
plementary Fig. 9d). Immunofluorescence staining, SA-p-gal staining,
and WB analysis revealed that the senescence proteins were significantly
downregulated in Lenti-Sphk2-transfected NPCs (Supplementary
Figs. 9e-f). Taken together, these results indicate that Sphk2 over-
expression enhances autophagic flux and inhibits NPC senescence.

Previous studies have shown that Sphk2-mediated senescence regu-
lation in different cells may induce the opposite effects, this is closely
related to its expression in the cytoplasm or nucleus. Lenti-NC-Exos,
Lenti-shSphk2-Exos, and Lenti-Sphk2-Exos were labeled with PKH67
and added to NPCs. Immunofluorescence staining indicated that Lenti-
Sphk2-Exos transported more Sphk2 than other exosomes, further-
more it confirmed that Sphk2 was mainly expressed in the cytoplasm
(Fig. 3b). Next, cytoplasmic and nuclear fractions were isolated, and WB
analysis was performed. The results showed that the level of Sphk2 in
the cytoplasm was significantly higher than in the nucleus in NPCs
treated with all three exosomes (Fig. 3c). Different groups were then
treated with engineered Lenti-Sphk2-Exos alongside the autophagy in-
hibitor 3-MA to confirm whether exosome-transported Sphk2 could
mediate NPC aging inhibition, and whether this is related to autophagy.
Immunofluorescence and SA-B-gal staining showed that the number of
senescent cells decreased (Fig. 3d).

The WB results showed that the engineered Lenti-Sphk2-Exos
significantly inhibited the expression of SASP proteins, such as MMP1,
IL-6, IL-1, as well as the senescence proteins P16 and P21, however, this
effect was reversed in the presence of 3-MA (Supplementary Fig. 10a).
Based on the bioinformatics results, there was a significant difference in
the activation of the AKT signaling pathway between degenerated and
normal discs (GSE126883, https://www.ncbi.nlm.nih.gov/) (Fig. 3e).
Thus, we treated NPCs with Lenti-Sphk2 or the Sphk2 inhibitor
ABC294640. We determined that the p-AKT signaling pathway was
activated after Sphk2 overexpression, however, upon adding inhibitors,
the p-AKT signaling pathway was effectively suppressed. We then
examined other signaling pathways, such as p-NF—«B and p-JNK,
however, no significant changes were demonstrated (Supplementary
Fig. 10b). Moreover, we found that the ratio of the autophagy protein
LC3B/A increased while the expression of P16, P21, and SASP proteins
decreased significantly after the activation of the p-AKT signaling
pathway. This effect was successfully inhibited by the AKT inhibitor
LY294002 (Supplementary Fig. 10c). SA-p-gal staining in the experi-
mental group indicated that NPC senescence increased markedly in the
presence of LY294002 when compared to the control group (Fig. 3 f).
These results suggest that exosomes can transport Sphk2 which activates
the cytoplasmic AKT pathway, thus enhancing autophagy and inhibiting
senescence of NPCs.

Subsequently, we extracted Lenti-Sphk2 exosomes and Lenti-shSphk2
exosomes and injected them into rat caudal IVDs. The following LC3B
and Sphk2 double fluorescent staining of the frozen sections showed that
the expression of LC3B increased with increasing Sphk2 expression,
however, when Sphk2 expression decreased so too did LC3B (Supple-
mentary Fig. 11). The rats were divided into five groups: NC, puncture,
puncture + lenti-Sphk2-exosome, puncture + lenti-Sphk2-exosome + 3-
MA, and puncture + lenti-Sphk2-exosome + LY294002. MRI results
suggested that punctures, LY294002 and 3-MA exacerbated the degen-
eration of IVDs, whereas exosomes alleviated disc degeneration
(Fig. 3g). The immunofluorescence staining results also showed that
exosomes inhibited the puncture-induced expression of P16 and IL-6 via
increasing LC3B expression, whereas 3-MA and LY294002 increased the
puncture-induced expression of P16 (Fig. 3h and i). we also found that
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the expression of COL-1, GLUT1 and CA3 increased with an decrease in
COL-2 expression (Fig. 3j and k). In short, we demonstrated that exo-
somes can inhibit the senescence of NPCs repair the IVDD by activating
autophagy via the Sphk2/PI3K/AKT signaling pathway in vivo.

3.4. Extracellular matrix of costal cartilage hydrogels provide a suitable
microenvironment for the growth and proliferation of cartilage endplate
stem cells and the spread of exosomes

The cartilage extracellular matrix contains cytokines that promote
CESC growth and proliferation; therefore, we constructed rat tail
collagen hydrogels (Gels) as well as ECM-Gels to verify the effect of
ECM-Gels on cell proliferation and growth. The construction process of
ECM-Gels is shown in Fig. 4a, moreover, scanning electron microscopy
results showed that ECM-Gels had larger pores (Fig. 4b). By introducing
ECM components, the G’ and G” of ECM-Gels were lower than those of
the control group, indicating that the ECM-Gels were loose and porous,
with weak mechanical strength (Fig. 4c). We also found that PKH26-
labeled exosomes gradually diffused into the hydrogel over time. After
24 h of injection in the hydrogel, exosomes can spread out approxi-
mately 10 mm (Fig. 4d). After the inoculation of GFP-labeled CESCs into
the hydrogels, we discovered that CESCs grew better in ECM-Gels
(Fig. 4e). Using HE and EdU staining, we found that CESCs in ECM-
Gels had higher growth and proliferation rates (Fig. 4f and g). There-
fore, the results indicated that ECM-Gels were more conducive to the
proliferation and growth of CESCs.

3.5. Cartilage extracellular matrix modified hydrogels loaded with Lenti-
Sphk2-CESCs alleviate intervertebral disc degeneration long-term and
stably via releasing Lenti-Sphk2-Exos

Injectable hydrogels provide the skeleton structure and sites required
for cell proliferation and growth. Therefore, injectable ECM-Gels were
used to construct Lenti-Sphk2 engineered CESC sites near to the carti-
lage endplate. In the in vivo experiments, we found that ECM-Gels were
more beneficial to cell growth because we observed cell morphological
changes (Fig. 5a). In normal IVD, the expression levels of Sphk2 in both
the CEP and NP did not change significantly. However, in IVD with ECM-
Gel injection, the expression levels of Sphk2 in both the ECM-Gels and
CEP was not only higher than that in the NP tissue, but it was also
significantly increased compared with normal IVD. This shows that the
expression of Sphk2 in IVD was significantly increased after injecting
ECM-Gels loaded with Lenti-Sphk2 engineered CESCs. Moreover Sphk2
could migrate from the hydrogel injection site or cartilage endplate to
the NP (Fig. 5b). To verify that Lenti-Sphk2 engineered CESCs (Lenti-
Sphk2-CESCs) can continuously produce engineered exosomes to inhibit
IVDD, in a superior way to just CESCs, we divided the rats into four
groups: NC, puncture, puncture + ECM-Gels loaded with CESCs, and
puncture + ECM-Gels loaded with Lenti-Sphk2-CESCs. Rat IVDs were
obtained at 6 weeks. Disc degeneration was observed in longitudinal
sections, and we discovered that IVDD could be repaired by ECM-Gels
loaded with Lenti-Sphk2-CESCs; these were more effective than ECM-
Gels loaded with normal CESCs (Fig. 5¢). The statistical analysis of the
degree of damage in the AF and the height of the IVD (Supplementary
Table 1) are shown in Fig. 5d. Furthermore, MRI results suggest that
ECM-Gels loaded with Lenti-Sphk2-CESCs alleviated disc degeneration
more effectively than ECM-Gels loaded with CESCs (Fig. 5e). Immuno-
fluorescence staining also confirmed that ECM-Gels loaded with Lenti-
Sphk2-CESCs could release exosomes carrying more Sphk2 into NPCs
thereby inhibiting the expression of P16, IL-6 and MMP13, which in-
hibits the degeneration of intervertebral discs (Fig. 5f and g).

4. Discussion

Most people will suffer or are suffering from lower back pain, mainly
caused by IVDD, which involves the interaction of multiple immune and
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Fig. 6. Graphical abstract

Hydrogels modified with the extracellular matrix
of costal cartilage (ECM-Gels) loaded with Lenti-
Sphk2-cartilage endplate stem cells (CESCs) near
the cartilage endplate (CEP) produced Lenti-
Sphk2-exosomes  (Exos) continuously  and
steadily. Lenti-Sphk2-Exos could cut across the
annulus fibrous and carry Sphk2 into nucleus pul-
posus cells (NPCs). After entering the cytoplasm,
Sphk2 phosphorylates sphingosine and generates
sphingosine-1-phosphate (S1P), thus activating the
intracellular PI3K/AKT signaling pathway and
increasing autophagy. Activation of autophagy
could inhibit senescence of NPCs by reducing SASP
protein expression. Ultimately, Lenti-Sphk2-Exos
ameliorated intervertebral disc degeneration by
balancing autophagy/senescence.
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biological systems [24]. Although invasive surgery can partially
ameliorate the disease, there are risks of surgical injury and worsening
of immune-mediated tissue damage [40]. Hence, non-surgical treatment
and prevention can represent more attractive strategies [41]. The herein
described engineered hydrogel is injected near the endplate of the
cartilage without destroying the AF and NP. The solidified hydrogel will
then slowly release the impregnated Lenti-Sphk2-exosomes to the NP
region throughout time, thereby avoiding the double damage of surgery
and immunity and inhibiting IVDD progress. This highlights the positive
significance of our research.

Hydrogel has been widely used in three-dimensional cell culture,
experiments, and clinical investigations [42,43], as it can provide a
microenvironment that favors the survival of engineered cells [44].
Furthermore, cytokine-modified hydrogels maintain cell activity more
effectively [45,46]. We found that the costal cartilage extracellular
matrix acts as positive factor, maintaining CESCs alive and in good
shape. Moreover, ECM-Gels significantly promoted CESC proliferation
and growth in vitro and in vivo, and provided suitable support for the
continuous release of exosomes from engineered CESCs. Hydrogels
loaded with exosomes can be used therapeutic tools for the treatment of
various diseases [47,48]. However, the limited number of exosomes that
could be placed in hydrogels and the inability to sustain long-term stable
release of exosomes are some pitfalls of this approach. Therefore, the
construction of engineering cells with continuous release of exosomes,
along with a hydrogel that enables their growth, is of great significance.
We studied the effect of hydrogels carrying Lenti-Sphk2-CESCs on IVDD
in vivo. ECM-Gels loaded with Lenti-Sphk2-CESCs were found to
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produce sufficient and functional Sphk2, which was then transported by
exosomes into the NP tissue in a rat model of IVD. These results
demonstrate the obvious advantage of this new therapeutic strategy for
IVDD treatment.

Exosomes are extracellular vesicles that transport active cellular
components, such as proteins, and DNA and RNA molecules, between
cells and represent a good possibility as drug delivery system. Therefore,
they have attracted increasing attention as therapeutic tools for degen-
erative diseases [49,50]. MSC-derived exosomes improve disc degener-
ation through antioxidant and anti-inflammatory effects [51], as well as
by reducing endoplasmic reticulum stress in NPCs [14]. However, given
that the intervertebral disc is an immune privileged organ, autologous
CESCs are more suitable for implantation in the intervertebral disc as
treatment for IVDD. Our previous study confirmed that exosomes from
CESCs are involved in IVDD [52]. However, the specific cellular and
molecular mechanism is unclear. NPCs play a key role in the generation
and maintenance of extracellular matrix, and IVDD is aggravated by
decrease of NPCs and degeneration of extracellular. IVDD is also char-
acterized by senescence and apoptosis of NPCs [53]. CESCs, AF stem
cells, chondrocytes, and exosomes were all found to have a significant
effect during repair of IVDD [54].- [55] Numerous studies have also
shown that stem cells can produce exosomes that inhibit cell senescence
[56,57]. We discovered that CESC-Exos can improve puncture-induced
IVDD, and confirmed that Sphk2 plays an important role in this pro-
cess. A study has shown that exosomes derived from liver cells can carry
Sphk2 to repair damaged liver tissue [13]. Herein, we determined that
CESC-Exos could be used to carry Sphk2 into the NPCs, thus inhibiting
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IVDD in rats. Sphk2 is a natural protein that can shuttle freely between
the CEP and the NP through the exosome pathway. Hence, Sphk2 holds
great therapeutic potential for IVD, and is the core of our engineered
exosomes.

Recent studies have shown that the effect of Sphk2 on cell senescence
is mainly dependent on its localization within the cells. Sphk2 is mainly
expressed in the cytoplasm and can inhibit aging and promote prolif-
eration [58], but it can also be expressed in the nucleus where it pro-
motes cell growth inhibition [35,59]. Research shows that decreased
expression of Sphk2 in fibroblasts and tumor cells reduced cell prolif-
eration and increased markers of senescence [60,61]. Through the
activation of autophagy, Sphk2 could delay aging, but the specific
signaling pathway was not clear. Autophagy is a highly conserved
catabolic process, which is involved in a variety of cellular biological
activities. AKT pathway is considered as a critical autophagy regulator
and involved in the initiation and promotion of various pathological
disorders [61-63]. In a previous study, authors demonstrated that
artesunate accelerated autophagy in rheumatoid arthritis rats through
the PI3BK/AKT/mTOR signaling pathway [64]. Moreover, another study
has proved that PI3K/AKT/mTOR-mediated autophagy played a key
role in development of autism spectrum disorder [65]. Thus, the role of
PI3K/AKT/mTOR pathway in the modulation of autophagy is impor-
tant. After PKH67-labeled exosomes were transferred into NPCs, we
found that Sphk2 was mainly expressed in the cytoplasm and inhibited
NPC senescence. Moreover, the effects of Lenti-Sphk2-Exos on inhibiting
NPC senescence and disc degeneration were noticeably weakened after
adding either an mTOR or AKT pathway inhibitors in vitro or in vivo
[66]. These results indicate that Lenti-Sphk2-Exos can enter NPCs to
inhibit disc degeneration by releasing Sphk2 and enhancing autophagy
through the activation of the PI3K/AKT signaling pathway.

5. Conclusions

In summary, this work demonstrates that ECM-Gels encapsulating
Lenti-Sphk2-CESCs continuously and stably release exosomes that can
pass through the AF and transport Sphk2 into NPCs when situated near
the CEP. Furthermore, Lenti-Sphk2-Exos can regulate the autophagy/
senescence of NPCs and prevent disc degeneration through the activa-
tion of the PI3K/AKT signaling pathway both in vitro and in vivo (Fig. 6).
These results not only provide further support for CESC-Exos and Sphk2
as potential therapeutic tools for IVDD prevention, but they also provide
a theoretical basis for IVDD treatment using continuous release of
Sphk2-loaded engineered exosomes near the CEP.
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