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A novel spherical GeIMA-HAMA hydrogel -l
encapsulating APETx2 polypeptide

and CFIm25-targeting sgRNA for immune
microenvironment modulation and nucleus
pulposus regeneration in intervertebral discs
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Abstract

Methods Single-cell transcriptomics and high-throughput transcriptomics were used to screen factors significantly
correlated with intervertebral disc degeneration (IDD). Expression changes of CFIm25 were determined via RT-gPCR
and Western blot. NP cells were isolated from mouse intervertebral discs and induced to degrade with TNF-a and
IL-1(3. CFIm25 was knocked out using CRISPR-Cas9, and CFIm25 knockout and overexpressing nucleus pulposus (NP)
cell lines were generated through lentiviral transfection. Proteoglycan expression, protein expression, inflammatory
factor expression, cell viability, proliferation, migration, gene expression, and protein expression were analyzed using
various assays (alcian blue staining, immunofluorescence, ELISA, CCK-8, EDU labeling, transwell migration, scratch
assay, RT-qPCR, Western blot). The GelMA-HAMA hydrogel loaded with APETx2 polypeptide and sgRNA was designed,
and its effects on NP regeneration were assessed through in vitro and mouse model experiments. The progression
of IDD in mice was evaluated using X-ray, H&E staining, and Safranin O-Fast Green staining. Immunohistochemistry
was performed to determine protein expression in NP tissue. Proteomic analysis combined with in vitro and in vivo
experiments was conducted to elucidate the mechanisms of hydrogel action.

Results CFIm25 was upregulated in IDD NP tissue and significantly correlated with disease progression. Inhibition of
CFIm25 improved NP cell degeneration, enhanced cell proliferation, and migration. The hydrogel effectively knocked
down CFIm25 expression, improved NP cell degeneration, promoted cell proliferation and migration, and mitigated
IDD progression in a mouse model. The hydrogel inhibited inflammatory factor expression (IL-6, iNOS, IL-13, TNF-a)
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Graphical Abstract

by targeting the p38/NF-kB signaling pathway, increased collagen COLII and proteoglycan Aggrecan expression, and
suppressed NP degeneration-related factors (COX-2, MMP-3).

Conclusion The study highlighted the crucial role of CFIm25 in IDD and introduced a promising therapeutic strategy
using a porous spherical GelMA-HAMA hydrogel loaded with APETX2 polypeptide and sgRNA. This innovative
approach offers new possibilities for treating degenerated intervertebral discs.

Keywords Intervertebral disc degeneration, Cleavage and polyadenylation specificity factor subunit 5, CRISPR-Cas9
protein, APETX2 polypeptide, GelMA-HAMA hydrogel, Nucleus pulposus regeneration, Immune microenvironment

TNF-a/IL-1B l I

v %y
Cas-9-CFIm25-

SORNA _JjL
CFIm25 mRNA™

NP cell

Introduction
Intervertebral disc degeneration (IDD) is a common
degenerative disease of the spine that is globally increas-
ing in prevalence [1-3]. The intervertebral disc is an
important component of the spine that maintains its nor-
mal function by absorbing and dispersing spinal load [4].
However, the long-term impact of mechanical, biological,
and chemical factors leads to IDD, causing it to lose its
normal structure and function [5, 6]. IDD severely affects
an individual’s quality of life and health, causing pain,
limited mobility, and neurological disorders [7-9]. There-
fore, exploring the etiology of IDD and finding effective
treatment strategies are important directions of research.
The etiology of IDD is extremely complex, involving
interactions between multiple cells and molecules [3, 10,
11]. Studies have found significant infiltration of inflam-
matory cells and release of inflammatory factors during
the progression of IDD [12-14]. These factors can acti-
vate matrix-degrading enzymes, leading to the degrada-
tion of intervertebral disc matrix proteins and subsequent
structural and functional damage [15, 16]. In addition,
IDD also involves various pathological processes such as

cell apoptosis, neovascularization, and abnormal expres-
sion of nerve growth factors [17-19]. Therefore, an in-
depth investigation of key factors and molecules in the
pathogenesis of IDD is of great significance in the search
for effective treatment strategies.

Intervertebral discs (IVDs) consist of the nucleus pulp-
osus (NP), annulus fibrosus, and upper and lower car-
tilaginous endplates. The NP tissue, a highly hydrated
gel-like structure, exhibits characteristics of shock
absorption and low-load endurance [20]. IVD degenera-
tion commonly involves a reduction in hydrophilic sub-
stances such as type II collagen (COL-II) and aggrecan,
upregulation of matrix metalloproteinases (MMPs) in the
disc matrix, increased oxidative stress, decreased func-
tional NP cell population, and fibrosis of the NP tissue
[21, 22]. Consequently, IVD degeneration is considered a
multifaceted pathological process at the molecular, cellu-
lar, and tissue levels.

Hydrogels have significant applications in the bio-
medical field, particularly in tissue engineering and
drug delivery systems. Serving as a three-dimensional
scaffold, hydrogels provide an environment mimicking
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the extracellular matrix, facilitating cell growth and tis-
sue regeneration [23]. Biologically active hydrogels are
preferred materials for IVD repair due to their excellent
biocompatibility and rheological properties [24]. Addi-
tionally, hydrogels effectively encapsulate and protect
gene editing tools such as the CRISPR-Cas9 system,
enhancing stability and efficiency within target cells or
tissues [25].

Single-cell RNA sequencing (scRNA-seq) is a high-
throughput technique enabling genome and transcrip-
tome sequencing and analysis at a single-cell level [26].
It identifies unique cell subpopulations, elucidates cellu-
lar changes, and becomes increasingly vital in fields like
cancer biology, developmental biology, and neurology
[27-29].

Hyaluronic acid-methacryloyl (HAMA) is a linear
polysaccharide composed of repeating units of [(-1,4-
D-glucuronic acid and p-1,3-N-acetyl-D-glucosamine,
promoting wound healing, regulating tissue forma-
tion, correcting inflammatory microenvironments,
but hindering cell adhesion, thus limiting biological
behaviors like proliferation, elongation, migration, and
differentiation [30]. However, GelMA hydrogels con-
taining a specific arginine-glycine-aspartic acid (RGD)
peptide sequence provide cell adhesion sites by binding
multiple integrins, overcoming the primary limitations
of HAMA [31]. Building a bipolymeric network hydro-
gel with GeIMA and HAMA can address the limitations
of single-component hydrogels, benefiting the improve-
ment of degenerative disc injury [32].

In this study, through single-cell RNA sequencing
(scRNA-seq) analysis, we identified a significant upreg-
ulation of CFIm25 in the NP tissue of IDD. Therefore,
we have chosen to investigate CFIm25 as a key factor
in this process. To elucidate the mechanism of action
of CFIm25 further and develop new therapeutic strate-
gies, we designed and prepared a novel porous spherical
GelMA-HAMA hydrogel loaded with APETx2 peptide
and sgRNA. Through in vitro and in vivo experiments,
we found that this hydrogel effectively downregulates
CFIm25 expression, enhances proliferation and migra-
tion capabilities of NP cells, thus slowing the progression
of IDD. This presents a new avenue for IDD treatment.
The aim of our study is to explore the mechanism of pro-
moting NP cell regeneration targeting CFIm25, utilizing
a porous spherical GeIMA-HAMA hydrogel loaded with
APETX2 peptide and sgRNA. If successful clinical thera-
peutic strategies are developed, it could provide a new
choice for the treatment of degenerative disc disease,
ultimately improving patients’ quality of life. Moreover,
further investigating the etiology of IDD could provide
insights into the treatment strategies for other degenera-
tive skeletal diseases, possessing significant scientific and
clinical implications.
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Therefore, the aim of this study is to explore the mech-
anism of promoting intervertebral disc NP regenera-
tion by targeting CFIm25 in NP cells using the porous
spherical GeIMA-HAMA hydrogel loaded with APETx2
polypeptide and sgRNA. Successful development of clini-
cally applicable treatment strategies will provide new
options for the treatment of degenerative IVD, improving
patients’ quality of life. Furthermore, in-depth research
into the etiology of IDD can shed light on the treatment
strategies for other degenerative skeletal diseases, giving
it significant scientific and clinical implications.

Materials and methods

Animal ethic statement

This study strictly adheres to internationally recognized
animal welfare and ethics guidelines. All experimen-
tal protocols have been approved by Honghui Hospital,
Xi’an Jiaotong University’s ethical review committee. We
have taken great care to ensure the welfare of the mice
involved in the experiment. All animals are fed accord-
ing to appropriate standards and live in suitable envi-
ronmental conditions. In conducting the experimental
procedures, every possible measure has been taken to
minimize the pain and discomfort of the animals. At the
conclusion of the experiment, humane euthanasia was
performed on the animals.

Construction of IDD model in mice

For this study, 6-8 week-old SPF-grade C57BL/6] male
mice (219, Beijing Weitonglihua Experimental Animal
Technology Co., Ltd., Beijing, China) weighing between
18 and 25 g were used. All mice were housed in indi-
vidual cages in an SPF-grade animal facility with a con-
trolled lighting schedule of 12 h of darkness and 12 h of
light, humidity at 60% ~ 65%, and temperature at 22 ~ 25
‘C. Mice had ad libitum access to food and water, and
after one week of adaptation, they were observed for
their health before the start of the experiment.

The method for constructing the IDD animal model in
mice is as follows: Mice were deeply anesthetized using
a 2% isoflurane-O2 mixture (1 L/min, R510-22-10, RWD,
Shenzhen, China). Under sterile conditions, the experi-
mental mice were placed on a surgical table, and the
intervertebral disc area was exposed. The intervertebral
disc on one side was punctured using a 27G needle to
induce IDD. To ensure the efficacy of the degeneration,
the needle was rotated 360° after puncture and held for
30 s. After modeling, the success of the procedure was
confirmed through radiological examination and his-
tological analysis. For the control group mice, similar
surgical procedures were performed, but IDD was not
induced. After completing all surgeries, mice received
appropriate postoperative care and monitoring [33, 34].
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X-ray imaging examination

The mice were anesthetized with 2% isoflurane (1 L/min)
prior to the examination and were positioned in a prone
position for the imaging procedure. X-ray images were
captured using an exposure time of 40 s, a distance of
40 cm, and a setting of 3 mA/35 kV on Philips X-ray film.
The height of the intervertebral space before and after the
surgery was measured and expressed as the Interverte-
bral Disc Height Index (DHI). Surgimap 2.3.2.1 software
(Nemaris, New York) was utilized for the measurements.
For detailed measurement and calculation methods, refer
to Figure S4A [35].

H&E staining

Hematoxylin and eosin (H&E) staining was performed
using the Hematoxylin and Eosin Staining Kit (C0105S,
Beyotime, Shanghai, China) to observe the pathological
changes in the intervertebral disc tissue of mice. Partial
intervertebral disc tissue from mice was fixed in 4% para-
formaldehyde, followed by dehydration, transparency,
and embedding in paraffin. 5 um thick sections were
obtained using a microtome and then subjected to depa-
raffinization, hydration, staining with hematoxylin, rins-
ing with distilled water, immersion in 95% ethanol, and
subsequent staining with eosin. Differentiation with 70%
hydrochloric acid ethanol, dehydration, and transparency
was performed before finally mounting the sections with
neutral gum. The morphological changes in the inter-
vertebral disc tissue of the mice were observed using an
optical microscope [35].

Safranin O-Fast green staining

The Safranin O-Fast Green Staining kit (G1371, Beijing
Solabio Technology Co., Ltd., Beijing, China) was used
to stain and observe the distribution of acidophilic bone
and basophilic cartilage in the intervertebral disc. Fol-
lowing the instructions provided, the specific staining
procedure was performed as follows: initially, the slides
were stained with Safranin O for one hour; excess dye
was then removed by rinsing with distilled water, and
subsequently, gradient ethanol (50 —80%) was used for
decolorization. Subsequently, the slides were stained
with Fast Green for 60 s and dehydrated using absolute
ethanol. Finally, the sections were mounted in a clean
xylene-based mounting medium for 5 min, followed by
immediate sealing with neutral resin. The staining results
were evaluated using a histological scoring method
described in the literature, which assessed the stain-
ing outcomes from five different perspectives. Each cat-
egory’s score ranged from 1 to 3, with a cumulative score
between 5 and 15, indicating a higher score correspond-
ing to a higher degree of degeneration [36, 37].
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Immunohistochemical staining
The paraffin blocks were cooled on ice or in a refriger-
ated fridge set at 4 °C before embedding and sectioning.
The paraffin sections were left to dry overnight while the
slides were placed in an oven set at 60 °C and baked for
20 min. Subsequently, the sections were soaked in xylene
for 10 min, followed by another 10-minute immersion
after changing the xylene. After 5 min of hydration in
absolute alcohol, a second hydration was conducted by
replacing the absolute alcohol with fresh absolute alco-
hol for another 5 min. The sections were then sequen-
tially hydrated in 95% and 70% ethanol, with a 10-minute
soak in each type of alcohol, and finally rinsed in distilled
water for 5 min. The sections were immersed in citrate
buffer (pH 6.0) and heated in a high-power microwave
oven for 8 min, then cooled to room temperature. The
slides were washed thrice in PBS (pH 7.2-7.6), each for
3 min. To inactivate endogenous peroxidase, 3% H,O,
was added and left at room temperature for 10 min. The
sections were subsequently washed three times in PBS,
each time for 3 min. The sections were blocked with nor-
mal goat serum blocking solution (E510009, SBS Gene-
tech, Shanghai, China) at room temperature for 20 min.
After incubation, the sections were incubated over-
night at 4 °C with primary antibodies against COLII,
Aggrecan, MMP-3, COX-2, and CFIm25 (ab34712,
ab216965, ab52915, ab179800, and ab183660, respec-
tively, Abcam, UK), diluted at 1:100, 1:100, 1:1000, 1:100,
and 1:500, respectively. The sections were then washed
three times with PBS and incubated with secondary anti-
bodies, goat anti-rabbit IgG (ab6721, diluted at 1:5000,
Abcam, Cambridge, UK), for 30 min. Afterward, the sec-
tions were incubated with SABC (Streptavidin-Biotin
Complex, P0603, Beyotime, Shanghai, China) at 37 °C for
30 min. DAB chromogen (P0203, Beyotime, Shanghai,
China) was added to each specimen, followed by a 6-min-
ute incubation for color development. Counterstain-
ing was performed with a hematoxylin solution for 30 s.
The sections were subsequently dehydrated in 70%, 80%,
90%, 95% ethanol, and finally in absolute ethanol, each
for 2 min. The sections were then immersed in xylene
twice for 5 min before being mounted with neutral resin.
Observations and statistical analysis were conducted
using a BX63 upright microscope (Olympus, Japan), with
five random high-power fields selected per slide. Image-
Pro Plus 6.0 software was utilized to analyze the average
pixel density [36]. This experiment was repeated three
times.

Preparation of IVD tissue for NP

Lumbar paravertebral exposure surgery was performed
on male C57BL/6] mice (n=4, aged 6—8 weeks). In the
experimental group, mice underwent unilateral IVD
injury using a 27G needle, while the sham control group
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underwent the same lumbar paravertebral exposure sur-
gery without injury. At 2, 4, and 8 weeks post-surgery,
euthanasia was conducted, and NP tissue was isolated
and pooled from the intervertebral disc, ensuring the
removal of peripheral muscles, ligaments, and attach-
ments (Figure S1). The groups included the Sham group
(n=1, sham surgery), the 2-week recovery group (n=1,
2 weeks post-surgery), the 4-week recovery group (n=1,
4 weeks post-surgery), and the 8-week recovery group
(n=1, 8 weeks post-surgery). The isolated NP tissue was
digested in a culture medium containing 0.2% type II
collagenase (17101015, Thermo Fisher, USA) and 0.3%
trypsin (10165921001, Sigma-Aldrich, UK), followed
by centrifugation at 1000 rpm for 10 min at 37°C in a
5% CO, environment to obtain cell pellets. The culture
medium was removed, and cells were resuspended in
PBS. The suspension was filtered through a 70 um filter
to remove unwanted cell fragments. After another cen-
trifugation at 1000 rpm for 10 min, the resulting cell
pellet was resuspended in PBS, obtaining single-cell tran-
scriptome sequencing (scRNA-seq) samples [33].

scRNA-seq

We collected samples of mouse NP tissue at 2 weeks, 4
weeks, and 8 weeks after model simulation. The Sham
group represents normal mouse NP tissue, while the IDD
group represents IDD in mouse NP tissue. Each group
consisted of one sample. The cell viability and integrity
of the samples were assessed and counted using a micro-
scope and flow cytometer. Qualified individual cells were
captured using the C1 Single-Cell Auto Prep System (Flu-
idigm, Inc., South San Francisco, CA, USA) (Figure S1).
After cell capture, mRNA was extracted, and cDNA was
synthesized through reverse transcription. The cDNA,
post-lysis, and reverse transcription were pre-amplified
on a microfluidic chip for subsequent sequencing. The
amplified cDNA was used to construct libraries and sub-
jected to single-cell sequencing on the HiSeq 4000 Illu-
mina platform, with parameters set as paired-end reads,
read length of 2x75 bp, and approximately 20,000 reads
per cell [38].

scRNA-seq data analysis

The data was analyzed using the “Seurat” package in R
software. Quality control criteria were set as 200 <nFea-
ture_RNA <5000 and percent.mt<20 to filter out highly
variable genes. To reduce the dimensionality of the
scRNA-Seq dataset, a Principal Component Analysis
(PCA) was performed on the top 2000 highly variable
genes. The first 20 principal components were selected
for downstream analysis using the Elbowplot function in
the Seurat package. The main cell subgroups were iden-
tified using the FindClusters function in Seurat with the
default resolution set at res=1. The UMAP algorithm was
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then applied to achieve nonlinear dimensionality reduc-
tion of the scRNA-seq sequencing data. The Seurat pack-
age was utilized to identify marker genes for various cell
subgroups, and the “SingleR” package was used for cell
annotation. Cell communication analysis was conducted
using the “CellChat” package in R, while cell trajectory
analysis was performed with the “Monocle2” package.
Differential expression genes (DEGs) in the scRNA-Seq
dataset were identified using the “Limma” package in R,
focusing on DEGs between different samples [39, 40].

Preparation of IVD tissue for high-throughput
transcriptome sequencing

Male C57BL/6] mice (n=3), aged 6—8 weeks, underwent
surgical exposure of the L4-L6 lumbar vertebrae through
the peritoneum. Single-sided injury to the L4-5 and L5-6
IVDs was performed using a 27G needle. After a 4-week
recovery period, the mice were euthanized, and NP tissue
was isolated and pooled from either L4-5 and L5-6 discs
(IDD group, representing IDD) or L2-3 and L3-4 discs
(Control group, Normal control). Peripheral muscles,
ligaments, and attachments were carefully removed dur-
ing tissue dissection (Figure S2). The isolated NP tissue
was digested in a culture medium containing 0.2% type II
collagenase and 0.3% trypsin at 37 °C and 5% CO, for 4 h.
The culture medium was then centrifuged at 1000 rpm
for 10 min to obtain a cell pellet. The culture medium
was aspirated, and the cells were resuspended in PBS.
The suspension was filtered through a 70 pm filter to
remove unwanted cell debris. Subsequently, the cell pellet
was resuspended in PBS after centrifugation at 1000 rpm
for 10 min to obtain the high-throughput transcriptome
sequencing samples.

RNA purity and integrity were verified using the Nano-
drop ND-1000 spectrophotometer (Thermo Fisher) to
measure the RNA sample concentration by OD260/280,
ensuring the absence of protein and organic contamina-
tion. The RNA concentration was determined using the
Qubit RNA Assay Kit (Q33221, Thermo Fisher, USA).
Total RNA samples meeting the following criteria were
used for subsequent experiments: RNA integrity number
(RIN)>7.0 and 28 S:18 S ratio>1.5 [33, 41].

High-throughput transcriptome sequencing

The sequencing libraries were generated and sequenced
by CapitalBio Technology (Beijing, China). A total of 5 pg
of RNA was used for each sample. Briefly, we employed
the Ribo-Zero Magnetic Kit (MRZG12324, Epicen-
tre, USA) to remove ribosomal RNA (rRNA) from the
total RNA. Subsequently, the Illumina NEB Next Ultra
RNA Library Prep Kit (E7760S, NEB, USA) was uti-
lized to construct the sequencing libraries. The RNA
was fragmented using NEB Next First Strand Synthe-
sis Reaction Buffer (5x), resulting in fragment lengths of
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approximately 300 base pairs (bp). Next, the first-strand
cDNA was synthesized using reverse transcription prim-
ers and random primers, followed by the preparation of
the second-strand cDNA in the second-strand synthesis
reaction buffer containing dUTP Mix (10x). The cDNA
fragments were subjected to end repair, including the
addition of polyA tails and ligating sequencing adapters.
After the ligation of Illumina sequencing adapters, the
second strand of the cDNA was digested using the USER
enzyme (M5508, NEB, USA) to construct a strand-spe-
cific library. Subsequently, the library DNA was ampli-
fied and purified, followed by PCR enrichment. Finally,
library identification was conducted using the Agilent
2100 system, and quantification was performed using the
KAPA Library Quantification Kit (KK3605, Merck, USA).
Ultimately, paired-end sequencing was carried out on the
[llumina NextSeq CN500 platform [42, 43].

Transcriptome sequencing data analysis

The raw sequencing data was examined for the quality
of paired-end reads using FastQC software v0.11.8. Pre-
processing of the raw data involved removing Illumina
sequencing adapters and poly (A) tails sequences using
Cutadapt software 1.18. A perl script was employed to
eliminate reads with an N content exceeding 5%. Fur-
thermore, the FASTX Toolkit software 0.0.13 was used to
extract reads with a base quality of at least 20, accounting
for 70% of the bases. The BBMap software was utilized to
correct the paired-end sequences. Eventually, the filtered
high-quality read fragments were aligned to the mouse
reference genome using hisat2 software (0.7.12).

Differential analysis was performed on mRNA read
counts using the “Limma” package in the R program-
ming language. The criteria for selecting differen-
tially expressed genes were set as |log2FC| > 1 and
P.value<0.05. The “heatmap” package in R generated a
heat map displaying the intersecting genes. The protein-
protein interaction (PPI) relationships of key factors were
analyzed using the STRING database (https://string-db.
org/), with a minimum required interaction score set to
0.700. The Cytoscape 3.5.1 software was used to visualize
the network of interaction relationships, and the built-in
CytoHubba tool was employed to identify core genes.

For the aforementioned intersecting genes, functional
enrichment analysis of Gene Ontology (GO) was con-
ducted using the “ClusterProfiler” package in R, including
analysis of biological processes (BP), molecular functions
(MF), and cellular components (CC). The results of GO
enrichment were visualized through bubble plots and cir-
cle plots, with a screening criterion of P<0.05. Addition-
ally, based on the p-values, the “ClusterProfiler” package
in R was used to conduct the Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis for the
candidate targets. The results of the KEGG enrichment
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analysis were illustrated through bubble plots and circle
plots [41].

Isolation and handling of mouse NP cells

After euthanizing the mice, the skin, muscles, and other
soft tissues from the lumbar and tail regions were asep-
tically removed. The intervertebral disc tissue was
extracted and washed several times with PBS to eliminate
blood and impurities. The NP tissue was then dissected
and placed in DMEM/F12 medium (11320033, Thermo
Fisher, USA). It was transferred to a 15 mL centrifuge
tube and centrifuged at 1000 rpm for 5 min to remove the
supernatant, retaining the pellet. PBS was added for three
additional washes. The tissue was minced and placed in a
digestion solution containing 0.25% trypsin (25200056,
Thermo Fisher, USA) and EDTA and digested at 37°C for
30 min. During digestion, pipetting was required to sepa-
rate cells. After digestion, the supernatant was removed
by centrifugation at 1000 rpm for 5 min, followed by
three washes with PBS. Subsequently, the tissue was
exposed to DMEM/F12 medium containing 0.1% type II
collagenase at 37°C for 4 h, followed by three washes with
PBS. Finally, the cells were seeded in appropriate cul-
ture plates using DMEM/F12 complete culture medium
containing 10% FBS (10100147 C, Thermo Fisher, USA)
and 1% antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycin, 15140163, Thermo Fisher, USA), and cul-
tured at 37°C with 5% CO,. The culture medium needed
to be regularly replaced, and cell growth was monitored
[36, 44].

The isolated NP cells were seeded in a 12-well plate.
Once the cells adhered to the surface, they were treated
with IL-1f (10 ng/mL, HY-P7073, MedChemExpress,
USA) or TNF-a (50 ng/mL, HY-P7090, MedChemEx-
press, USA) for 48 h to induce NP cell degeneration.
After treatment, fresh culture medium was replaced, or
cells and culture medium were collected after 24 h for
subsequent analysis and experiments, such as cell viabil-
ity assays and gene and protein expression analysis, to
evaluate the effectiveness of the degeneration model [45].

Immunofluorescence staining

In addition to the culture medium, cells were rinsed three
times with PBS for 2 min each time. They were then fixed
with —20°C ice-cold methanol for 30 min, and excess
methanol was removed. After that, they were washed
three times with PBS for 5 min each time. The cells
were treated with 0.1% Triton X-100 at room tempera-
ture for 15 min, followed by three washes with PBS for
5 min each time. Blocking was performed with BSA for
30 min, and then rabbit anti-COLII or Aggrecan antibod-
ies (catalog numbers PA5-99159 and PA1-1746, respec-
tively, diluted at 1:500, Thermo Fisher, USA) were added
and incubated at 37°C for 60 min. The cells were washed
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with PBS for 5 min three times. Goat anti-rabbit second-
ary antibodies labeled with FITC (A-11008 or A-11012,
diluted at 1:500, Abcam, UK) were added and incubated
at 37°C in the dark for 60 min, followed by three washes
with PBS for 3 min each time. The cells were stained with
DAPI for 10 min, and then excessive DAPI was removed
by washing with PBS. Finally, a 20 pL mounting medium
was added to let it dry before observing and capturing
images with a fluorescence microscope. For quantitative
analysis, the fluorescence coverage area in six randomly
selected fields of view was measured using a 40X objec-
tive lens, and the average was calculated [35].

Alcian blue staining

NP cells were uniformly seeded in a 6-well plate, with
each well containing a 2 mL complete culture medium
to provide optimal growth conditions. Alcian Blue stain-
ing of cells was performed using the alcian blue staining
kit (G1563, Beijing Solabel Science & Technology Co.,
Ltd., Beijing, China), following the detailed instructions
provided by the manufacturer. The fluorescence area was
measured, and the density of each image was integrated
using Image-Pro Plus 6.0 software to analyze the relative
staining level of each image while ensuring consistency in
parameters [36].

Enzyme-linked immunosorbent assay (ELISA)

The serum or supernatant collected from each group
of mice or NP cells was subjected to ELISA using the
ELISA assay kit (Elabscience, Wuhan, China) according
to the manufacturer’s instructions to detect the expres-
sion of IL-6, iNOS, TNF-«, and IL-1p. The kit numbers
used were E-EL-M0044, E-EL-M0696, E-EL-M3063, and
E-EL-MO0037. In brief, standard samples and specimens
were transferred to individual wells and incubated to
allow protein binding with immobilized antibodies. After
washing, biotinylated specific antibodies were added.
After a certain incubation period, unbound biotinylated
antibodies were washed away, followed by the addition of
HRP conjugate and subsequent washing. 3,35,5’-Tetra-
methylbenzidine (TMB) substrate was added, turning the
solution blue, which further turned yellow upon the addi-
tion of the stop solution. The optical density (OD) values
were measured at 450 nm after subtracting the blank well
values. The expression of each inflammatory factor was
calculated based on the protein concentration curve of
standard samples [45].

Cell viability assay using CCK-8

The NP cells to be tested were digested and resuspended,
and the cell concentration was adjusted to 1x10° cells/
mL. The cells were seeded in a 96-well plate with 100
uL per well and incubated overnight. Cell viability was
determined using the CCK-8 assay kit (C0041, Beyotime,
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Shanghai, China) according to the manufacturer’s
instructions at 12, 24, 36, and 48 h after incubation. For
each measurement, 10 pL of CCK-8 detection reagent
was added and incubated at 37°C with 5% CO, for 1 h.
The absorbance at 450 nm was then measured using an
enzyme-linked immunosorbent assay reader to calculate
cell viability [46].

Edu staining

The NP cells to be tested were seeded in a 24-well plate
with a density of 1x10° cells per well, and each cell group
was replicated in 3 different wells. A solution of 5-Ethy-
nyl-2’-deoxyuridine (Edu) at 10 pymol/L was added to
the culture medium from ST067 (Beyotime, Shanghali,
China). The plate was then incubated in a cell culture
incubator for 2 h. The culture medium was removed, and
the cells were fixed with a PBS solution containing 4%
paraformaldehyde for 15 min at room temperature. Sub-
sequently, the cells were washed twice with PBS contain-
ing 3% BSA. A PBS solution containing 0.5% Triton-100
was added, and the cells were incubated at room tem-
perature for 20 min. After two washes with PBS contain-
ing 3% BSA, 100 uL of the staining solution was added to
each well, and the plate was incubated at room tempera-
ture in the dark for 30 min. DAPI was then added to stain
the cell nuclei for 5 minutes. Following that, 610 ran-
dom fields of view were observed under a fluorescence
microscope (FM-600, Shanghai Putian Optical Instru-
ment Co., Ltd.), and the number of positive cells in each
field was recorded. The Edu labeling rate (%) was calcu-
lated as the number of positive cells divided by the sum
of positive and negative cells multiplied by 100% [46].
Each experiment was performed in triplicate.

Transwell migration experiment

After various treatments, the NP cells were subjected to a
Transwell migration assay. First, the NP cells were diluted
in basal culture medium without FBS to a 2.5x10% cells/
mL. Then, 100 uL of the cell suspension was added to
the upper chamber of each Transwell, while 500 pL of
medium containing 10% FBS was added to the lower
chamber. After 24 h, the upper chamber was removed,
and cells in the upper chamber were gently removed
using a cotton swab. Next, the cells were fixed with a
solution containing 4% paraformaldehyde at room tem-
perature for 30 min. Subsequently, the cells were stained
with 0.1% crystal violet (C0121, Beyotime, Shanghai,
China) for 30 min. Five random areas were selected,
and the cells were photographed and counted under an
inverted microscope (IXplore Pro, Olympus, Japan) [47].
Each experiment was performed in triplicate.
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Scratch experiment

On the bottom surface of a 6-well plate, evenly draw lines
at intervals of 0.5—1 cm using a ruler and a marker. Each
hole should be intersected by at least 5 lines. NP cells
were seeded into the wells at a density of 5x 10° cells per
well and allowed to grow until reaching 100% confluence.
A scratch was made using a 200 pL pipette tip perpendic-
ular to the marked lines, followed by a medium change
to serum-free culture medium. The distance between the
wound edges was measured and recorded under an opti-
cal microscope (model: DM500, Leica) at 0 h and 24 h.
Images of the cell groups were captured using an inverted
microscope to observe their migration ability. Image-
Pro Plus 6.0 was used to analyze the distance between
the scratches, and the wound healing rate was calculated
according to the following formula [48].

distancey , — distanceoy ),

Wound healing rate = -
dis tan ceg

In this study, the variables distanceg, and distance,,;, rep-
resent the distances between scratched cells at 0 h and
24 h after the scratch, respectively.

Knockout of CFIm25 using CRISPR-Cas9 technology
CFIm25-KO cells were generated using the CRISPR/
Cas9 technology. The sgRNA targeting the Nudt21
gene was designed using the CRISPOR online tool. The
sgRNA sequences used were as follows: Nudt21-sgRNA:
Forward: 5-TCTCGACTGTTAATGGCGGG-3' (PAM:
TGG), Reverse: 5-AAGAGGCGCGGAACACACGC-3
(PAM: CGQ).

The sgRNA was inserted into the Lenti-CRISPR v2 vec-
tor (HanBio, Shanghai, China) containing the Streptococ-
cus pyogenes Cas9 nuclease gene. Cell transduction was
performed using the lentiviral Lenti-CRISPR v2 vector,
followed by the generation of CFIm25-KO cells using the
CRISPR/Cas9 editing system.

Transfected cells, including the sgRNA plasmid and
donor sequence, were selected with 4 pg/mL puromy-
cin (HY-K1057, MedChemExpress, USA). Surviving
cells were then subjected to limited dilution cloning, and
CFIm25-KO cells were selected through RT-qPCR and
Western blot analysis [45, 49].

Overexpression of CFIm25 using lentivirus

The plasmid vector pCMV6-AC-GFP (LM-2069, LMAI
Bio, Shanghai, China) was used by LMAI Bio (Shanghai,
China) to construct the CFIm25 plasmid. To generate
CFIm25-UP lentivirus (CFIm25-UP-LTEP-s, hereafter
referred to as CFIm25-UP) and control lentivirus (NC-
LTEP-s, hereafter referred to as Mock), HEK293T cells
(Bio-72947, Beijing Biodex Biotechnology Co., Ltd.) were
employed. Plasmids and lentivirus packaging services
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were provided by LMAI Bioengineering. The constructed
luciferase reporter gene plasmids (Mock-luc, CFIm25-
UP-luc), along with the helper plasmid, were co-trans-
fected into HEK293T cells using Lipofectamine 2000
reagent (11668030, Thermo Fisher, USA). The transfected
cells were assessed, amplified, and purified to obtain
packaged lentivirus.

For lentiviral-mediated cell transduction, 5x10° cells
were seeded in a 6-well plate. Once the NP cell conflu-
ency reached 60—70%, the medium containing an appro-
priate amount of packaged lentivirus (MOI=10, with a
working titer of approximately 5x10° TU/mL) and 5 pg/
mL polybrene (TR-1003, Sigma-Aldrich, UK) was added
for transduction. After 4 h of transduction, an equal
medium volume was added to dilute polybrene. Follow-
ing a 24-hour transduction period, fresh medium was
replaced. After 48 h of culturing, the transduction effi-
ciency was assessed using the luciferase reporter gene,
and the cells were further maintained in a medium sup-
plemented with 2 pg/mL puromycin (E607054, LMAI
Bioengineering, Shanghai, China). During cell passaging,
the puromycin concentration was gradually increased in
a gradient of 2, 4, 6, 8, and 10 pg/mL to select resistant
cell lines. Once the cells no longer died in a medium con-
taining puromycin, they were collected, and the knock-
out efficiency was validated using RT-qPCR [50].

The cell groups were as follows: CFIm25-WT NP cells
(wild-type cells), CFIm25-KO NP cells (CFIm25 knock-
out cells), CFIm25-UP NP cells (CFIm25 overexpression
cells), and Mock NP cells (cells transfected with empty
lentivirus).

Detection of gene expression by RT-gPCR

Total RNA from tissues and cells was extracted using
the Trizol Reagent kit (A33254, Thermo Fisher, USA).
Reverse transcription was performed using the reverse
transcription kit (RR047A, Takara, Japan) to obtain the
corresponding c¢cDNA. The reaction system was pre-
pared using the SYBR® Premix Ex TaqTM II kit (DRRO81,
Takara, Japan) and the RT-qPCR reaction was carried
out in a real-time fluorescence quantitative PCR instru-
ment (ABI7500, Thermo Fisher, USA). The PCR program
was designed as follows: an initial denaturation at 95 °C
for 30 s, followed by a cycling stage consisting of dena-
turation at 95 °C for 5 s, annealing at 60 °C for 30 s, and
40 cycles. Subsequently, the extension was performed at
95 °C for 15 s and 60 °C for 60 s, followed by a final exten-
sion at 90 °C for 15 s to generate amplification curves.
The housekeeping gene, GAPDH, was used as an inter-
nal reference. Each RT-qPCR was set up in triplicates,
and the experiment was repeated three times. The fold
change in gene expression between the experimental and
control groups was calculated using the 2722t method,

where AACT=ACt ACt

experimental group ~ control group’ and
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ACt=Ct yget gene = Ct reference gene- Ct represents the num-
ber of amplification cycles required for the real-time
fluorescence intensity to reach the set threshold, at this
point, the amplification enters the exponential phase
[45]. Primer design details can be found in Table S1.

Western blot analysis

To extract total protein from tissue and cell lysates, RIPA
buffer (P0013B, Beyotime, Shanghai, China) containing
1% PMSF (phenylmethanesulfonyl fluoride) was used
following the manufacturer’s instructions. The protein
concentration of each sample was determined using the
BCA assay kit (P0011, Beyotime, Shanghai, China). The
protein concentration was then adjusted to 1 ug/pL, and
each sample was set at a volume of 100 puL. Samples were
boiled at 100 °C for 10 min to denature the proteins and
stored at -80 °C until further use.

An 8-12% SDS-PAGE (sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis) was prepared based on
the target protein band size. An equal amount of 50 pg
protein sample was loaded onto each lane using a micro-
syringe. Electrophoresis separation was performed at a
constant voltage of 80 V for 2 h, followed by 120 V for an
additional 90 min at a constant current of 250 mA. The
proteins from the gel were then transferred to a PVDF
membrane (1620177, Bio-Rad, USA).

The membrane was blocked at room temperature for
1 h with 1x TBST (Tris-buffered saline with Tween 20)
containing 5% skim milk. After discarding the block-
ing solution, the membrane was washed with 1x TBST
for 10 min. The primary antibody (refer to Table S2 for
antibody information) was incubated overnight at 4 °C,
followed by three washes with 1x TBST for 10 min each.
Subsequently, the membrane was washed three times
with 1x TBST at room temperature for 5 min each.
HRP-conjugated goat anti-rabbit IgG (ab6721, dilution:
1:5000, Abcam, Cambridge, UK) or goat anti-mouse IgG
(ab205719, dilution: 1:5000, Abcam, Cambridge, UK)
secondary antibody was added and incubated at room
temperature for 1 h. After three washes with 1x TBST
at room temperature for 5 min each, the membrane
was immersed in an ECL reaction solution (1705062,
Bio-Rad, USA) and incubated at room temperature for
1 min. The liquid was removed, and the membrane was
covered with plastic wrap for band exposure using the
Image Quant LAS 4000 C gel imaging system (GE, USA).
The relative protein expression levels were quantified by
comparing the grayscale value ratio of the target band to
the reference band, with GAPDH serving as an internal
control for total cellular protein. Protein expression levels
were analyzed for each protein [45]. Each experiment was
repeated three times.
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Preparation of GelMA-HAMA composite hydrogel
Synthesis of Methacrylate Gelatin (GelMA): Initially,
a 10% (w/v) phosphate-buffered solution with a pH of
7.4 was prepared using type A gelatin (G2500, Sigma-
Aldrich, UK) derived from pig skin. Subsequently, a
solution of 20% methacrylic anhydride (MA, 276685,
Sigma-Aldrich, UK) was added dropwise to the prepared
gelatin solution at 50 °C and stirred for 1 h. The resul-
tant mixture was then diluted 5-fold with a 40 °C heated
phosphate-buffered solution, filtered, and dialyzed using
distilled water for 1 week before freeze-drying (Figure
S7A) [32].

Synthesis of Methacrylate Hyaluronic Acid (HAMA):
Initially, a distilled water solution of hyaluronic acid
(924474, Sigma-Aldrich, UK) was prepared at a concen-
tration of 0.5% (w/v). Dimethylformamide (DMF) was
added to the solution at a ratio of H,O: DMF=3:2. While
stirring, a 1% solution of MA (276685, Sigma-Aldrich,
UK) was added dropwise. The pH was then adjusted
to 8-9 using 0.5 M sodium hydroxide (S5881, Sigma-
Aldrich, UK), and the solution was incubated overnight
with continuous stirring at 4 °C. Following this, the solu-
tion was dialyzed using distilled water for 3 days and sub-
sequently freeze-dried (Figure S7B) [32].

Preparation of GeIMA-HAMA Microspheres: HAMA
and GelMA were mixed in a 3:1 ratio, followed by the
addition of 0.3% (w/v) photoinitiator (L157759, Aladdin,
Shanghai, China), mineral oil (§T275, Beyotime, Shang-
hai, China), and 10% (w/w) Span80 (1338-43-8, Mack-
lin, Shanghai, China) as a surfactant. Crosslinking of the
hydrogel was achieved through UV irradiation (365 nm,
6.9 mW-.cm™?) in a dark setting. The flow rate was
adjusted using a microfluidic device to prepare GelMA-
HAMA microspheres. The collected microspheres were
washed repeatedly with isopropanol and 75% ethanol to
remove surfactants and mineral oil. The purified micro-
spheres were then soaked in PBS for 4 h, repeated 6
times, to eliminate other additives. To obtain porous
microspheres, the purified spheres were frozen at -20 °C
for 8 h and subsequently freeze-dried for 48 h [35, 51].

Preparation of GelMA-HAMA microspheres

GelMA-HAMA microspheres conjugated with APETx2
polypeptide (GelMA-HAMA-APETX2, GA): Disperse
100 mg of GelMA-HAMA microspheres in 1 mL of MES
buffer (pH=6, HY-D0858, MedChemExpress, Shanghai,
China). Then sequentially add 8 mg of EDC (1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride, 22980, Thermo Fisher, USA) and 12 mg of NHS
(N-hydroxysuccinimide, 24500, Thermo Fisher, USA)
and react at 37 ‘C for 15 min. Subsequently, add 5 pg of
APETX2 (ab141849, Abcam, UK) and incubate at 37 C
for 6 h. Rapid centrifugation yields GA, which is washed
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three times and then freeze-dried for 48 h to obtain GA
hydrogel [35].

GCA hydrogel loaded with Cas9-CFIm25-sgRNA
recombinant protein (GelMA-HAMA-APETX2@ Cas9-
CFIm25-sgRNA, GCA): Dissolve Cas9-CFIm25-sgRNA
recombinant protein at a concentration of 2 mg/mL in
PBS and mix it with 10% (wt) GA hydrogel. Incubate at
37 °C for 30 min, then wash three times, centrifuge, and
dry to obtain GCA [25, 52].

Characterization of composite hydrogels

The composite hydrogel was characterized and detected
using Fourier Transform Infrared spectroscopy (FTIR)
and Scanning Electron Microscopy (SEM). Briefly, SEM
analysis was conducted using a Hitachi S-4800 SEM with
an acceleration voltage of 3 kV. The hydrogel sample was
placed on conductive tape and coated with gold using
Cressington Scientific Instruments’ coating equipment
in Watford, UK, for 60 s. Subsequently, the sample was
observed using the SEM.

For the FTIR analysis, the hydrogel was frozen in a
-20°C freezer and freeze-dried for 48 h. The freeze-
dried sample (1 mg) was mixed with 80 mg of dried KBr
(221864) from Sigma, ground into a fine powder, and
pressed into a pellet. The pellet was then scanned using
the Nicolet 6700 infrared spectrometer from Thermo
Fisher, with specific parameters for single-beam absorp-
tion mode (resolution: 4 cm™!, wavelength range:
4000-400 cm™!, scan speed: 0.15 cm/s, number of
scans: 128). During the scanning process, the sample was
purged with pure helium at a flow rate of 5 mL/min to
remove air.

In the in vitro release experiment, the GCA hydrogel
solution was dissolved in 1 mL of PBS and incubated at
37°C with 5% CO,. The supernatant was collected every
2 days and replaced with fresh PBS. The released protein
quantity in the culture medium was determined using the
Bradford protein assay kit from Shanghai Biotehnai Co.,
Ltd., following the instructions provided in the kit. [32,
35].

In vivo animal experiment

A total of 24 male C57BL/6] mice were involved in the
experiment and were randomly divided into two groups.
One group consisted of 6 mice, while the other group
consisted of 18 mice. The IDD model was constructed
in 18 mice using the method described above, and they
were randomly divided into 3 groups, with 6 mice in each
group. The remaining 6 mice were exposed to the inter-
vertebral disc area but were not induced by IDD. These
mice were divided into 4 groups and received different
treatments: the Sham group, where intervertebral disc
exposure was performed without injury, and 10 pL of PBS
was injected into the intervertebral disc as treatment;
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the model control group (PBS group), where mice were
injected with 10 uL of PBS after inducing IDD; the treat-
ment group (GA group), where mice were injected with
10 pL of GA solution into the intervertebral disc; and
the treatment group (GCA group), where mice were
injected with 10 pL of GCA solution into the interver-
tebral disc. Drug treatment was initiated one week after
constructing the intervertebral disc model, with injec-
tions administered every 2 days for a duration of 4 weeks.
After completing the treatment, the mice were subjected
to radiographic examination and euthanized, and their
intervertebral disc tissues were extracted for subsequent
biochemical experiments [35].

Proteomic analysis
Six mice were randomly selected and divided into two
groups, the PBS group (n=3) and the GCA group (n=3),
for injection therapy. The protein from the intervertebral
disc NP tissue of mice was extracted using RIPA buffer
supplemented with a protease inhibitor (Figure S3). Dur-
ing the extraction process, samples were treated with
an ultrasound probe for 30 s every 5 min, three times in
total, to ensure cell rupture and protein release. The pro-
tein concentration of the extracted samples was deter-
mined using the BCA protein quantification kit, and the
concentration was ensured to be within an acceptable
range. After adjusting the pH to 8.0, trypsin (15090046,
Thermo Fisher, USA) was added at a ratio of 1:50 (enzyme
to protein), and the mixture was incubated at 37 °C for
16 h for enzymatic digestion. The digested samples were
then subjected to clean-up using ZipTip C18, loaded onto
a high-performance liquid chromatography system, and
connected to a mass spectrometer for MS/MS analysis.
The data were processed using the MaxQuant software,
which included protein identification and quantification.
iTRAQ labeling was performed using desalted pep-
tides containing 0.1% formic acid (1002641000, Sigma,
USA) for mass spectrometry analysis. Each sample was
analyzed three times using the QSTAR Elite Hybrid MS
(Applied Biosystems/MDS-SCIEX) and an online HPLC
system (Shimadzu, Japan). In each analysis, 30 pL of
peptide solution was injected and separated on a home-
made nano-column with a nano-electrospray emitter
(75 pum ID X 15 c¢cm, 5 pm particle size) (New Objectives,
Woburn, MA). A 90-minute high-performance liquid
chromatography gradient was established using mobile
phase A (5% (v/v) acetonitrile, 0.2% (v/v) formic acid) and
mobile phase B (90% (v/v) acetonitrile, 0.2% (v/v) formic
acid), with an effective flow rate of 300 nL/min. The sepa-
rations were performed using a constant flow rate of 30
puL/min. The mass spectrometer was set to acquire data
in positive ion mode, with a mass range of 300—-2000 m/z
and precursor fragmentation for charges+2 to +4. The
three most abundant peptide ions with a count threshold
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greater than 5 were selected in each MS/MS spectrum.
The dynamic exclusion time for selected precursor ions
was set to 30 s, with a mass tolerance of 30 mDa.

LC-MS/MS injections were performed utilizing auto-
mated collision energy and automatic mass spectrom-
etry/mass spectrometry accumulation smart information
dependency. The fragmentation intensity multiplier was
set to 20, with a maximum accumulation time of 2 s.
Three LC-MS/MS injections (technical replicates=3)
were carried out to achieve better coverage of the target
proteome and improve statistical consistency. WB anal-
ysis was used for protein verification after proteomics
analysis of the same sample. The parameters were as
follows: (1) MS: scan range (m/z)=350-1500; resolu-
tion=120,000; AGC target=4e5; maximum injection
time=>50 ms; (2) HCD-MS/MS: resolution=30,000; AGC
target=1e5; collision energy=33; (3) DIA (data-indepen-
dent acquisition). Each window overlapped by 1 m/z,
and the window number was 47. The iRT kit (Ki3002,
Biognosys AG, Switzerland) was added for calibration of
peptide peak retention times. The DIA dataset was gen-
erated by Spectronaut V 13 (Biognosys AG, Switzerland),
including data normalization and relative protein quan-
tification. Differential expression proteins were filtered
using Welch’'s ANOVA test with a filtering condition of
p-value<0.05 and logFC>1.0 [53].

TUNEL detection of cellular apoptosis

Tissue cells were stained using the TUNEL staining kit
(C1088, Beyotime, Shanghai, China). Briefly, mouse
intervertebral disc tissue was fixed with 4% paraformal-
dehyde for 30 min, followed by three washes with PBS.
Then, a permeabilization solution containing 0.3% Tri-
ton X-100 in PBS was added and incubated for 3 min at
room temperature, followed by 5 min at room tempera-
ture. This was followed by two additional washes with
PBS. Subsequently, 50 pL. of TUNEL detection solution
was added, and the samples were incubated in the dark
at 37 °C for 60 min. After incubation, three washes with
PBS were performed, followed by a 10-minute restaining
with DAPI (10 pg/mL), and finally, the slides were sealed
using an anti-fluorescence quenching mounting solution.
Cellular apoptosis was observed using a fluorescence
microscope, with Cy3 exhibiting an excitation wave-
length of 550 nm and an emission wavelength of 570 nm
(red fluorescence). The apoptotic cell proportion in each
group was calculated using Image-Pro Plus 6.0 software
[36].

Flow cytometry analysis

Initially, cells were isolated from mouse interverte-
bral disc tissue samples and treated with collagenase
and DNAse for approximately 1-2 h to obtain a single-
cell suspension using density gradient centrifugation.
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Subsequently, the cells were adjusted to approximately
1x10° cells/mL and incubated for 5 h in a stimulant solu-
tion containing PMA (Phorbol 12-myristate 13-acetate,
HY-18739, MedChemExpress, Shanghai, China), iono-
mycin (HY-13434, MedChemExpress, Shanghai, China),
and GolgiPlug™ (Brefeldin A, 555029, BDbiosciences,
USA) at 37 °C and 5% CO,. After incubation with CD16/
CD32 antibodies (0.5 mg/mL, 14-0161-82, Thermo
Fisher, USA) for 10 min to block nonspecific binding, sur-
face labeling was performed as follows: APC-conjugated
CD19 antibody (0.2 mg/mL, 17-0193-82, Thermo Fisher,
USA) for B cells, PE-conjugated CD3 antibody (0.2 mg/
mL, 12-0031-82, Thermo Fisher, USA) for T cells, FITC-
conjugated CD4 antibody (0.5 mg/mL, 11-0041-82,
Thermo Fisher, USA) for CD4* T cells, PE-Cy7-conju-
gated CD8 antibody (0.2 mg/mL, A15385, Thermo Fisher,
USA) for CD8" T cells, APC-conjugated antibody for
IEN-y (0.2 mg/mL, 17-7311-82, Thermo Fisher, USA) for
Th1 cells, and PE-conjugated antibody for IL-4 (0.2 mg/
mL, 12-7041-82, Thermo Fisher, USA) for Th2 cells. Cell
analysis was carried out using a flow cytometer, ensuring
differentiation of cell types by setting appropriate gates
and employing unstained cells and singly stained controls
to verify staining specificity and accuracy. All procedures
were conducted under sterile conditions to prevent cell
contamination [54].

Statistical analysis

Data were obtained from at least three independent
experiments and presented as the meanzstandard devi-
ation (Mean*SD). For comparisons between the two
groups, an independent-sample t-test was used. For com-
parisons among three or more groups, a one-way analy-
sis of variance (ANOVA) was employed. If the ANOVA
results indicated significant differences, Tukey’s HSD
post hoc test was further performed to compare the dif-
ferences between each group. For non-normally distrib-
uted or heterogeneous variance data, the Mann-Whitney
U test or Kruskal-Wallis H test was used. All statistical
analyses were conducted using GraphPad Prism 9.5.0
(GraphPad Software, Inc.) and R version 4.2.1 (R Founda-
tion for Statistical Computing). The significance level for
all tests was set at 0.05, with a two-sided p-value less than
0.05 considered statistically significant, while a p-value
greater than 0.05 was deemed non-significant.

Results

Single-cell RNA sequencing reveals dynamic changes in
cell types during IDD

We first established the IDD mouse model by using a
puncture needle (Figure S4A) and evaluated the inter-
vertebral disc through imaging and histological section-
ing after 4 weeks. X-ray examination revealed a reduced
intervertebral disc index and decreased intervertebral
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disc height in the IDD group compared to the Sham
group, serving as the control group (Figure S4B). HE
staining showed structural damage to the intervertebral
disc in the IDD model mice, with rupture of the NP tissue
and disruption of the boundary between the NP and the
fibrous ring (Figure S4C). Safranin O-Fast Green stain-
ing further confirmed tissue damage in the intervertebral
disc of the IDD model mice, with decreased red stain-
ing indicating a decrease in cartilage components and
increased green staining suggesting an increase in bone
components (Figure S4D). The histological score of the
intervertebral disc in IDD mice was significantly higher,
indicating significant degeneration of the intervertebral
disc (Figure S4E). Additionally, immunohistochemical
staining revealed a significant decrease in the content of
collagen type II (COLII) and aggrecan in the interverte-
bral disc tissue of the IDD group compared to the Sham
group (Figure S4F). These findings demonstrate our suc-
cessful construction of the IDD mouse model.

To further analyze changes in intervertebral disc cell
populations during IDD development and identify the
molecular mechanisms involved, we collected samples of
degenerative intervertebral disc tissue at 2, 4, and 8 weeks
post-surgery (referred to as the 2 wks group, 4 wks group,
and 8 wks group, respectively), as well as healthy inter-
vertebral disc tissue from normal mice (Sham group).
scRNA-seq was performed to analyze these samples, and
the data were integrated using the “Seurat” package in
the R programming language (Figure S1). First, we exam-
ined the gene count (nFeature_RNA), mRNA molecule
count (nCount_RNA), and percentage of mitochondrial
genes (percent.mt) in all cells of the scRNA-seq data.
The majority of cells had nFeature. RNA <5000, nCount_
RNA <20,000, and percent.mt<20% (Figure S5A). Based
on these criteria, we excluded low-quality cells, resulting
in an expression matrix of 15,993 genes and 13,301 cells.
The correlation analysis of sequencing depth showed a
correlation coefficient of r = -0.2 between nCount_RNA
and percent.mt and r=0.9 between nCount_RNA and
nFeature_RNA in the filtered data (Figure S5B). This
indicates that the filtered cell data has good quality and
can be used for further analysis.

Next, we conducted further analysis on the filtered
cells. Firstly, highly variable genes were selected based
on gene expression variance, and the top 2000 genes
with the highest variance were chosen for downstream
analysis (Figure S5C). Cell cycle scores were then calcu-
lated using the CellCycleScoring function (Figure S5D),
and the data was preliminarily normalized. Subsequently,
PCA was performed to linearly reduce the dimensional-
ity of the data, as depicted in Figure S5E, which shows
the first two principal components. The expression pro-
files of genes most correlated with these principal com-
ponents were visualized in a heatmap (Figure S5F), and
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the distribution of cells in the PC1 and PC2 space was
represented in Figure S5G. The results demonstrated the
presence of batch effects between samples.

To alleviate batch effects and improve the accuracy of
cell clustering, we employed the harmony package for
batch correction of the sample data (Figure S5H). Addi-
tionally, an Elbow Plot was used to visually assess the
standard deviation ordering of principal components
(PCs). The plot revealed that PC1 to PC20 adequately
reflected the information of the selected highly variable
genes and held significant analytical significance (Figure
S5I). The batch effects were effectively eliminated after
correction, as observed in Fig. 1A.

Furthermore, the UMAP algorithm was utilized for
non-linear dimensionality reduction of the top 20 princi-
pal components. Through UMAP clustering analysis, all
cells were grouped into 10 distinct cell clusters (Fig. 1B-
D). Automatic annotation of these 10 cell clusters was
performed using the Bioconductor/R package “SingleR,
resulting in the identification of 6 cell types: chondro-
cytes, immune cells (IC), macrophages (Mac), stromal
cells (SC), pericytes, and endothelial cells (EC) (Fig. 1E).
The UMAP expression patterns of marker genes rep-
resenting these 6 cell types were displayed, with Dmpl
representing chondrocytes, Fcerlg associated with IC,
Abhd12 assigned to Mac, CD18 representing SC, CD146
reflecting pericytes, and CD105 indicating EC (Fig. 1F).
Additionally, a heatmap was generated showcasing the
top 5 genes for each cell type (Figure S5]).

In summary, our scRNA-seq analysis successfully iden-
tified 6 cell types within the IVD tissue.

Key roles of chondrocytes and immune cells in IDD and
upregulation of CFIm25 expression

In this study, we provide a detailed description of the cel-
lular composition of six types of cells from four samples.
By performing a T-test, we analyzed the differences in cell
quantities between the Sham group and the IDD group
at 2, 4, and 8 weeks post-surgery. The analysis revealed
a significant decrease in chondrocytes and a significant
increase in immune cells and macrophage quantities in
the IDD group at 2, 4, and 8 weeks (Fig. 2A).

To further investigate the mechanisms driving cellular
evolution in IDD, we examined the intercellular signal-
ing mediated by ligand-receptor interactions. We used
the “CellChat” package in R to infer the communication
and interaction levels between identified phenotypes in
degenerated intervertebral disc cells. The results demon-
strated a significant increase in both the number of cell-
cell communications and interaction strengths among
cell subpopulations at 2 weeks post-IDD (Fig. 2B). Addi-
tionally, we observed a significant increase in cell-cell
communication and interaction strengths, particularly
between chondrocytes and immune cells, following IDD
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(Fig. 2C). These findings underscore the importance of
chondrocytes in the IDD model. Furthermore, we iden-
tified an increase in the number of cell-cell communica-
tions and receptor-ligand pairs between chondrocytes
and immune cells post-IDD, indicating that chondrocytes
interact with immune cells to enhance the inflammatory
response and influence the function of the intervertebral
disc (Fig. 2C-D). Altogether, these results highlight the
critical role of chondrocytes and immune cells in mediat-
ing intercellular communication during IDD.

To further explore the mechanisms regulating IDD, we
performed transcriptome sequencing (RNA-seq) on IDD
samples. A total of 1,408 differentially expressed genes
were identified, including 840 upregulated genes and 568
downregulated genes (Fig. 3A). Additionally, we selected
308 differentially expressed genes, specifically in chon-
drocytes from the NP and found an overlap of 122 genes
between these two sets (Fig. 3B). For these 122 overlap-
ping genes, we conducted PPI analysis using STRING,
obtaining the PPI network and interaction rankings of
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the genes. Figure 3C-D provides detailed information,
highlighting the central role of the Nudt21 gene in this
protein interaction network.

In addition, we conducted a GO functional enrich-
ment analysis on the 122 intersecting genes. The results

revealed that these intersecting genes were associated
with various biological processes, such as muscle con-
traction, salt response, and muscle cell development,
among others. In terms of cellular components, they
were mainly enriched in items related to muscle fibers,
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contraction fibers, and muscle segments. Regarding
molecular function, the main enrichment was observed
in items related to muscle actin binding, endopeptidase
inhibitor activity, and peptide inhibitor activity (Fig. 3E).
Furthermore, we performed KEGG pathway enrichment
analysis on the 122 intersecting genes, and the results
showed that these 76 EARGs were primarily involved in
the IL-17 signaling pathway, mRNA surveillance path-
way, TNF signaling pathway, pertussis, and typhoid path-
way, among others (Fig. 3F).

Next, we employed machine learning techniques to
screen the 122 intersecting genes. We utilized LASSO
regression modeling and the SVM-RFE algorithm to
identify the feature genes associated with IDD. In the
LASSO regression algorithm, we selected the Lambda
parameter and determined the point of minimum error
through cross-validation, resulting in the identification of
five key genes (Fig. 3G). In the SVM-RFE algorithm, we
used the “svmRadial” method to select three key genes
(Fig. 3H). The intersection of genes obtained from both
algorithms was visualized in a Venn diagram, and the fea-
ture gene Ndut21 was identified (Fig. 3I). Additionally, in
our single-cell UMARP plot, we observed higher expres-
sion of the Ndut21 gene in the intervertebral disc NP
tissue (Fig. 3]). Therefore, we speculate that the Ndut21
gene may play a significant role in regulating IDD.

To determine the role of Ndut21 in IDD further, we
established an IDD mouse model through surgery and
validated the expression of Ndut21 in normal and degen-
erated intervertebral disc NP tissues using RT-qPCR and
Western blot. The results showed a significant increase in
Ndut21 mRNA and its encoded protein CFIm25 expres-
sion in the IDD group compared to the Sham group,
and the expression levels of Ndut21 mRNA and CFIm25
protein gradually increased with the progression of IDD
(Fig. 3K-L).

Taken together, our findings from the multi-omics
analysis of IDD in the NP tissue highlight the impor-
tance of chondrocytes and immune cells as key mediators
of intercellular communication in IDD. The mRNA and
protein expression levels of CFIm25 were significantly
upregulated in the degenerated tissues, suggesting their
potential involvement in the physiological and pathologi-
cal processes of intervertebral disc cells.

The role of CFIm25 in regulating function and immune
response in intervertebral disc NP cells

To investigate the impact of CFIm25 on IDD further, we
isolated NP cells from mouse intervertebral disc NP tis-
sue and subjected them to an in vitro culture. Verifica-
tion was performed through immunofluorescent staining
of COLII protein, Safranin O-Fast Green Staining, and
alcian blue staining. The results of these tests demon-
strated the successful isolation of NP cells from mouse
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IVD, with an expression of COLII protein, alkaline carti-
lage components, and proteoglycan (Figure S6A).

To mimic the degenerative environment, we simulated
degenerated NP cell models by adding pro-inflammatory
cytokines such as TNF-a and IL-1B, which resulted in
degenerated NP cells (Figure S6B-C).

Alcian blue staining results revealed a significant
decrease in proteoglycan expression in degenerated
NP cells (Degeneration group) compared to normal NP
cells (Normal group) (Figure S6D). Expression of COLII
and Aggrecan proteins in degenerated NP cells was also
significantly reduced (Figure S6E), while expression of
inflammatory factors IL-6 and iNOS was significantly
increased (Figure S6F). Additionally, CCK-8 and EDU
assays demonstrated decreased viability (Figure S6G)
and significantly reduced proliferative capacity (Figure
S6H) in degenerated NP cells compared to normal NP
cells. Transwell migration and cell scratch experiments
further revealed a significant decrease in the migration
ability of degenerated NP cells (Figure S6I-J). Moreover,
the expression of CFIm25 was significantly increased in
degenerated NP cells compared to normal NP cells (Fig-
ure S6K).

Based on degenerated NP cells, we performed CRISPR-
Cas9 knockout of CFIm25 or overexpression of CFIm25
through lentiviral plasmid transfection, resulting in
CFIm25 knockout and overexpression of degenerated
NP cell lines (Fig. 4A). The effects of gene knockout and
overexpression were confirmed by Western blot analysis
(Fig. 4B). EDU detection results demonstrated a signifi-
cant enhancement in the proliferation ability of degen-
erated NP cells in the CFIm25-KO group compared to
the CFIm25-WT group, while a significant decrease in
proliferation ability was observed in the CFIm25-UP
group compared to the Mock group (Fig. 4C). CCK-8
assay results indicated that CFIm25 knockout enhanced
cell vitality in degenerated NP cells, whereas CFIm25
overexpression suppressed cell vitality (Fig. 4D). Tran-
swell migration and cell scratch experiments revealed
that CFIm25 knockout enhanced the migration ability
of degenerated NP cells, while CFIm25 overexpression
inhibited cell migration ability (Fig. 4E-F). Additionally,
alcian blue staining results showed that CFIm25 knock-
out increased proteoglycan expression in degenerated
NP cells, while CFIm25 overexpression inhibited proteo-
glycan expression (Fig. 4G). Immunofluorescence stain-
ing results demonstrated elevated expression of COLII
and Aggrecan proteins in degenerated NP cells of the
CFIm25-KO group compared to the CFIm25-WT group,
whereas significant downregulation of COLII and Aggre-
can protein expression was observed in the CFIm25-UP
group compared to the Mock group (Fig. 4H). ELISA
revealed an increase in inflammatory factors IL-6 and
iNOS levels in degenerated NP cells corresponding
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to CFIm25 expression levels, while CFIm25 knock-
out induced a decrease in IL-6 and iNOS expression in
degenerated NP cells (Fig. 41).

By constructing an in vitro cell model and conducting
knockout and overexpression experiments of CFIm25,
we further validated its role in regulating the immune
microenvironment. These results not only unveil the
multiple functions of CFIm25 in IDD but also provide
experimental evidence for further investigating its spe-
cific mechanisms in this pathological process.

GelMA-HAMA-APET%2 composite hydrogel promotes
proliferation, migration, and differentiation of IDD cells
GelMA and HAMA hydrogel particles were synthesized
separately, and GelMA-HAMA microspheres were then
synthesized using a photo-initiator (Figure S7A).

APETX2 polypeptide is a selective and reversible
acid-sensitive ASIC3 channel inhibitor that reduces the
inflammatory factors storm caused by an acidic environ-
ment in the intervertebral disc [35]. Carboxyl groups on
the surface of GelMA-HAMA microspheres were acti-
vated using EDC/NHS and then covalently connected
to the amino residues on APETX2, forming GelMA-
HAMA-APETX2 microspheres (GA) (Figure S7A).
Finally, GeIMA-HAMA-APETX2 microspheres were co-
cultured with Cas-9-CFIm25-sgRNA protein, construct-
ing GelMA-HAMA-APETx2@Cas-9-CFIm25-sgRNA
composite hydrogel microspheres (GCA) (Figure S7A).

The GelMA-HAMA hydrogel with double-targeted
APETX2 polypeptide and sgRNA, loaded in a new porous
spherical form, was successfully characterized using SEM
and FTIR. The SEM results demonstrated the successful
coupling of APETx2 polypeptide with the hydrogel and
the successful loading of Cas-9-CFIm25-sgRNA protein
by GA (Figure S7B). The FTIR results showed that there
was no difference in the wavelength between GA and the
hydrogel, but the absorbance peak of the hydrogel was
stronger than that of GA, suggesting that the hydrogel
had more active functional groups (Figure S7C). Drug
release testing of the hydrogel showed that it could sta-
bly and slowly release both the polypeptide and Cas-
sgRNA protein over an extended period of time (Figure
S7D). Furthermore, microscopic observation revealed
that the hydrogel microspheres were uniformly dispersed
in PBS, with a particle size distribution ranging from 104
to 110 pm, and maintained their shape integrity in PBS
(Figure S7E). These results demonstrate the successful
construction of the GeIMA-HAMA hydrogel loaded with
APETX2 polypeptide and Cas-sgRNA.

In vitro cellular experiments were conducted to vali-
date the biological activity of the loaded complex. It was
predicted that GCA could release APETX2 polypeptide
and Cas-9-CFIm25-sgRNA protein in NP cells, leading
to the knockdown of CFIm25 and improvement of IDD
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(Fig. 5A). Western blot analysis showed that compared
to the hydrogel GA without Cas-9-CFIm25-sgRNA pro-
tein, GCA effectively suppressed CFIm25 expression in
NP cells (Fig. 5B). CCK-8 assay demonstrated that GCA
significantly enhanced the viability of degenerated NP
cells (Fig. 5C). ELISA results revealed that GCA inhib-
ited the expression of IL-6 and iNOS in degenerated NP
cells, thereby suppressing inflammation (Fig. 5D). The
enhancement of proliferative capacity in degenerated NP
cells by GCA was also significantly stronger than that of
GA (Fig. 5E). Additionally, the results of the transwell
migration experiment and cell scratch experiment indi-
cated that GCA improved the migratory ability of degen-
erated NP cells (Fig. 5F-G). Immunofluorescence staining
showed that compared to the PBS and GA groups, the
expression of COLII and Aggrecan proteins in degener-
ated NP cells was elevated in the GCA group, approach-
ing the level of normal cells (Normal group) (Fig. 5H).
Moreover, alcian blue staining results demonstrated that
GCA restored the expression level of proteoglycan in
degenerated NP cells (Fig. 5I).

Based on the comprehensive results of these experi-
ments, we conclude that the novel porous GelMA-
HAMA hydrogel loaded with APET%2 polypeptide and
sgRNA exhibits promoting effects on the proliferation,
migration, and differentiation of degenerated NP cells,
demonstrating its potential application in intervertebral
disc repair.

GCA treatment promotes regeneration and improvement
of IDD in mice

To explore the promotive effect of GCA on IVD regen-
eration, we evaluated the in vivo effects of GCA using
a mouse IDD model established by needle puncture
(Fig. 6A). Imaging and histological analysis are reliable
indicators for reflecting IDD or regeneration [35]. We
constructed the IDD model and assessed the changes in
intervertebral disc height in mice four weeks after treat-
ment using X-ray examination, as shown in Fig. 6B. Com-
pared to the Sham group, mice in the PBS group showed
a significant reduction in intervertebral disc height. How-
ever, mice in the treatment group exhibited a significant
recovery in intervertebral disc height, and the improve-
ment in mice treated with GCA exceeded that of mice
treated with GA.

Histological analysis of the mouse intervertebral disc
tissue sections stained with H&E as well as Safranin
O-Fast Green staining revealed the following: Compared
to the Sham group, mice in the PBS group exhibited rup-
tured NP, fuzzy boundaries between the NP and annulus
fibrosus, and a significant decrease in cartilage compo-
nents within the tissue. In comparison to the PBS group,
mice in the treatment group showed improved interver-
tebral disc tissue degeneration and structural damage,
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clearer boundaries between the NP and annulus fibro-
sus, and reduced loss of cartilage components within the
intervertebral disc tissue. Particularly, the improvement
in mice with degenerated IVD treated with GCA was
more pronounced than that in the GA treatment group
(Fig. 6C-D). Additionally, the histological scores of inter-
vertebral disc tissue in the GCA group were significantly
decreased, indicating a noticeable improvement in IDD
in mice after GCA treatment (Fig. 6E).

The ELISA test results showed that compared to the
Sham group, the expression of the inflammatory factors
IL-6, iNOS, TNF-q«, and IL-1f in the serum of mice in
the PBS group was significantly increased. However, after
treatment, the expression of inflammatory factors in the
serum of mice decreased, indicating a reduction in the
inflammatory response in the intervertebral disc micro-
environment. Furthermore, the inflammatory response
in the intervertebral disc of mice was further reduced

in the GCA treatment group compared to the GA treat-
ment group (Fig. 6F). In addition, the TUNEL test results
showed that treatment with GA and GCA reduced apop-
tosis of cells in the degenerated NP tissue, with GCA
demonstrating a significantly stronger inhibitory effect
on cell apoptosis compared to GA (Fig. 6G). Immuno-
histochemical staining results showed that treatment
with GCA significantly decreased the expression of the
CFIm25 protein in degenerated NP tissue of mice com-
pared to the PBS or GA group (Fig. 6H). Furthermore,
treatment with GCA significantly increased the expres-
sion of the COLII and Aggrecan proteins in degenerated
NP tissue (Fig. 6I-]).

Based on these comprehensive assessments, we can
conclude that the porous GelMA-HAMA hydrogel
loaded with APET%2 polypeptide and sgRNA can effec-
tively reduce the inflammatory response in the interver-
tebral disc immune microenvironment of mice, increase
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the expression of collagen protein (COLII) and aggrecan  GCA alleviates inflammatory responses and IDD in mice by
in the intervertebral disc microenvironment, alleviate the  inhibiting the p38/NF-kB signaling pathway

progression of IDD in mice, improve intervertebral disc ~ To investigate the mechanisms of hydrogel-loaded poly-
bioproperties, and demonstrate potential for the treat- peptide and sgRNA in the treatment of IDD in mice,
ment of IDD. we extracted proteins from the NP tissue of mice in the
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PBS treatment group and the GCA treatment group.
Nanoparticle-based HPLC-MS/MS analysis, known as
Data Independent Acquisition (DIA), was employed for
quantitative proteomic analysis to explore the changes in
protein content in the NP tissue of mice after GCA treat-
ment (Figure S3).

DEPs were screened using the “limma” package in R
language, with a criteria of p-value<0.05 and |log2FC| >
1.0. A total of 194 DEPs, consisting of 73 upregulated and
121 downregulated proteins, were identified. The volcano
plot and heat map showing the differentially expressed
DEPs are presented in Fig. 7A-B. The 194 DEPs were
subjected to GO functional enrichment analysis, which
revealed their involvement in biological processes such
as purine nucleotide metabolism, nucleotide metabolism,
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and ribose phosphate metabolism. In terms of cellular
components, the DEPs were mainly enriched in extra-
cellular matrix containing collagen, myelin sheath, and
complexes containing mitochondrial proteins. Molecu-
lar function analysis showed enrichment in extracellular
matrix structural constituents, magnesium ion binding,
and catalytic activity associated with binding (Fig. 7C).

Further enrichment analysis of the 122 overlapping
genes was performed on KEGG pathways. The results
showed that 76 overlapping genes were primarily
involved in the NF-kappa B signaling pathway, mRNA
surveillance pathway, TNF signaling pathway, Parkinson’s
disease, and diabetic cardiomyopathy. Among these path-
ways, the NF-kappa B signaling pathway had the highest
number of genes (Fig. 7D).
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Additionally, protein-protein interaction network anal-
ysis using the STRING database revealed multiple poten-
tial interacting proteins around Rela and Mapk14. These
proteins, encoded by p65 and p38, respectively, may serve
as core regulators in the progression of IDD (Fig. 7E-F).
According to literature reports, Nudt21 has been identi-
fied as an upstream regulatory factor in the NF-kB sig-
naling pathway [55], while the APET%2 polypeptide has
been shown to inhibit the p38 signaling pathway and
attenuate the inflammatory response in IVD [35].

Therefore, we conducted RT-qPCR and Western blot
analyses to examine the changes in p38 and p65 protein
expression in degenerated NP cells following treatment
with GA and GCA. The results revealed that compared to
the Normal group, the Rela and Mapk14 mRNA expres-
sions in the PBS group were significantly elevated, along
with a significant increase in the phosphorylation lev-
els of p38 and p65 proteins. In comparison to the PBS
group, the GA treatment group exhibited a significant
decrease in Mapkl4 mRNA expression, while there was
no notable change in Rela mRNA expression. However,
the GCA treatment group showed a significant reduc-
tion in both Rela and Mapkl4 mRNA expressions, along
with a decrease in the phosphorylation levels of p38 pro-
tein in the GA treatment group and a significant decrease
in the phosphorylation levels of both p38 and p65 pro-
teins in the GCA treatment group. Additionally, the
GCA treatment group exhibited a decrease in Rela and
Mapk14 mRNA expressions and a decrease in the acti-
vation capacity of p38 and p65 phosphorylation levels,
which was significantly stronger than the GA treatment
group (Fig. 8A-B). RT-qPCR and Western blot analysis
results also demonstrated that treatments with GA and
GCA upregulated the expression of collagen COL II and
aggregating proteoglycan Aggrecan, along with their
encoding genes while downregulating the expression
of NP degeneration-related factors COX-2 and MMP-3
proteins, and their encoding genes in degenerated NP
cells. Moreover, the GCA treatment group exhibited a
significantly stronger regulation effect on the respective
proteins and their encoding genes when compared to the
GA treatment group (Fig. 8C-D). Furthermore, immu-
nohistochemical staining of mouse NP tissue slices after
treatment revealed that in comparison to the PBS group
or GA group, the phosphorylation levels of p38 and p65,
as well as the protein expression of COX-2 and MMP-3,
were significantly reduced in the intervertebral disc NP
tissue of mice treated with GCA. This further confirmed
the inhibitory effect of GCA on the p38/NF-«B signaling
pathway (Fig. 8E-H).

The above findings confirm that GCA alleviates inflam-
mation reactions in the degenerated intervertebral disc
immune microenvironment by inhibiting the p38/NF-xB
signaling pathway, thus improving IDD in mice.
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GCA regulates the immune microenvironment of the
intervertebral disc to promote NP regeneration

According to the literature, immune cells, including B
cells and T cells, are believed to secrete molecules that
promote inflammation, autophagy, or cell apoptosis
(such as TNF-a and IL-1p), leading to IDD. Additionally,
immune cells release a significant amount of inflamma-
tory cytokines, exacerbating the cascade of inflammatory
reactions [56, 57]. Given the aforementioned single-cell
sequencing results indicating that immune cells play
a crucial role in mediating cell-to-cell communication
in IDD, we further investigated the impact of GCA on
immune cells in the IDD immune microenvironment.

Flow cytometry analysis revealed that, compared to the
Sham group, the number of T cells and B cells in the NP
tissue of mice in the PBS group significantly increased,
promoting intervertebral disc inflammation. In con-
trast, compared to the PBS group, the numbers of T cells
and B cells in the NP tissue of mice in the GA and GCA
groups significantly decreased. Notably, the reduction in
immune cell numbers in the GCA group was significantly
greater than that in the GA group (Fig. 9A). Further-
more, as T cells were found to be more abundant than
B cells, we further analyzed the changes in the numbers
of CD4* and CD8* T cells within the T cell population.
The results revealed a significant increase in the num-
bers of CD4" and CD8" T cells in the NP tissue of mice
with IDD. However, following treatment with either GA
or GCA, the cell numbers significantly decreased. Inter-
estingly, the treatment effectiveness of GCA was greater
than that of GA (Fig. 9B).

Furthermore, we observed that the number of CD4" T
cells exceeded that of CD8* T cells. Research indicates
that T cell activation serves as a unique signal for cell-
mediated autoimmunity, with Thl and Th2 cells play-
ing fundamental roles in the immune regulation of IDD.
Th1 cells primarily produce pro-inflammatory cytokines,
such as IFN-y and IL-12, contributing to inflammation
and cell-mediated immune responses, while Th2 cells
produce anti-inflammatory cytokines like IL-6 and IL-13,
participating in humoral immune responses [54, 57].
Subsequently, we further investigated the changes in the
numbers of Th1 and Th2 cells within CD4* T cells. Our
analysis revealed that, compared to the Sham group, the
number of Th1 cells in the NP tissue of mice in the PBS
group significantly increased, while the number of Th2
cells decreased significantly. Following treatment with
GA and GCA, the number of Thl cells decreased while
the number of Th2 cells increased in the NP tissue of
mice. Importantly, the treatment effect of GCA was sig-
nificantly stronger than that of GA (Fig. 9C-D).

Furthermore, we conducted Western blot analysis to
validate that GCA treatment can decrease the number
of Th1 cells and increase the number of Th2 cells. The
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results revealed (Fig. 9E) that, compared to the Sham
group, the expression of the pro-inflammatory cytokines
IFN-y and IL-12 increased in the NP tissue of mice in the
PBS group, while the expression of anti-inflammatory
cytokines IL-6 and IL-13 decreased. Following treatment
with GA and GCA, the expression of IFN-y and IL-12
significantly decreased, while the expression of IL-6 and
IL-13 significantly increased. Importantly, GCA exhib-
ited a significantly stronger inhibitory effect on immune
inflammation in the intervertebral disc of mice than GA.

These research findings demonstrate that GCA can
modulate the immune microenvironment in the NP tis-
sue of IDD mice, thereby promoting the regeneration of
degenerated intervertebral disc NP.

Discussion

IDD is a degenerative disease associated with various fac-
tors such as age, genetics, and mechanical load, and is
considered a significant cause of morbidity and mortality
in clinical practice [58, 59]. IDD can lead to lumbar back
pain and other spinal-related conditions, profoundly
affecting patients’ quality of life. Although the exact
pathological mechanisms remain incompletely under-
stood, research indicates that cytokines, growth factors,
enzymes, and other proteins play crucial roles in the
process of IDD [60]. Therefore, in-depth exploration of
these molecules and their roles in IDD holds substantial
importance for developing new therapeutic strategies.

This study focused on CFIm25 as a target and investi-
gated the mechanism of NP regeneration in degenerated
IVDs by utilizing APETX2 peptide and sgRNA loaded in
GelMA-HAMA hydrogels. Previous studies have high-
lighted that IDD is the result of the combined effects of
multiple factors [17, 61, 62]. Some studies suggest that
inflammatory reactions play a crucial role in the onset
and progression of IDD, while others emphasize the sig-
nificance of cell proliferation and migration [63, 64]. This
study delved into the expression changes of CFIm25 in
IDD and its role in NP cell function, affirming the impor-
tance of CFIm25 in the pathogenesis of IDD [10, 17, 65,
66].

Cytokines interleukin-1p (IL-1p) and tumor necrosis
factor-a (TNF-a) are the major pro-inflammatory cyto-
kines with potent inflammatory activities, capable of
promoting the secretion of various pro-inflammatory
mediators. In degenerative IDD, their levels are upregu-
lated and closely associated with various pathological
processes of IDD, including inflammatory reactions,
matrix destruction, cellular senescence, autophagy, apop-
tosis, pyroptosis, and proliferation, being considered as
crucial mediators contributing to IDD [67]. In this study,
we extensively investigated how the expression inhibi-
tion of CFIm25 could slow down IDD by enhancing the
immune microenvironment. Our findings indicate that
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the strategy of loading APETX2 peptide and sgRNA for
CFIm25 knockout into GelMA-HAMA hydrogels sig-
nificantly reduced the expression of inflammatory factors
IL-6, iNOS, IL-1B, and TNF-a in the IVD microenviron-
ment, while also increasing the expression of collagen
COLII and aggregating proteoglycan Aggrecan. These
discoveries underscore the crucial role of the immune
microenvironment in the development of IDD, providing
novel therapeutic targets for future research.

In terms of methodology, this study utilized transcrip-
tomics and high-throughput transcriptomics analysis to
identify factors significantly associated with IDD, which
were further validated through RT-qPCR and West-
ern blot [68]. Compared to other studies, we employed
CRISPR-Cas9 technology to knockout CFIm25 and over-
expressed CFIm25 using lentiviral vectors to establish
NP cell lines with CFIm25 knockout and overexpression
[69-71]. These methods provide more precise tools for
research and a more detailed understanding of the role of
CFIm25 in IDD [72, 73].

In terms of experimental results, we observed that
inhibiting CFIm25 improved the degeneration of NP cells
and promoted their proliferation and migration capacity.
These results are consistent with other research, high-
lighting the important role of CFIm25 in IDD [74, 75].
Additionally, we successfully prepared GelMA-HAMA
hydrogel and loaded the peptide APETx2 and sgRNA
onto it, demonstrating its effectiveness in promoting NP
regeneration in vitro and in a mouse model. These find-
ings provide new therapeutic strategies for the treatment
of IDD.

This study presents several differences compared to
previous studies. Traditional treatment methods mainly
focus on pain relief and improving quality of life without
addressing the restoration of intervertebral disc tissue
function [76-78]. However, this study proposes a new
treatment strategy by improving the function of NP cells
through targeted regulation of CFIm25 and evaluating its
effectiveness using the GelMA-HAMA hydrogel both in
vitro and in vivo [79]. This approach provides a new pos-
sibility for intervertebral disc regeneration.

In summary, this study first discovered through multi-
omics analyses that the CFIm25 encoding gene, Nudt21,
plays an essential role in the progression of intervertebral
disc degenerative diseases, with increased expression in
degenerated discs. Moreover, in vitro intervention exper-
iments targeting Nudt21 further confirmed that knock-
ing down CFIm25 expression can improve IDD in mice.
Based on these findings, this study successfully devel-
oped a novel porous spherical GelMA-HAMA hydrogel
as a carrier, loaded with an APETX2 polypeptide and
sgRNA to specifically target CFIm25, aiming to alleviate
the symptoms of IDD. Our strategy breaks new ground
by targeting CFIm25 to regulate the intervertebral disc
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immune microenvironment and promote the regenera-
tion of degenerated intervertebral disc NP. In vitro and
in vivo experiments, as well as proteomic analysis con-
firmed that the novel hydrogel GCA can reduce CFIm25
protein expression, inhibit the expression of inflamma-
tory factors IL-6, iNOS, IL-1B, and TNF-« in the inter-
vertebral disc immune microenvironment by suppressing
the p38/NF-«B signaling pathway, reduce inflammation
in the intervertebral disc microenvironment, increase
the expression of collagen protein COLII and aggregat-
ing protein aggrecan, suppress the expression of degen-
eration-related factors COX-2 and MMP-3 in NP, and
thereby improve IDD in mice.

The scientific and clinical value of this study lies in
its in-depth exploration of the pathogenesis of IDD and
the proposal of a new treatment strategy. By targeting
CFIm25 in NP cells and utilizing the porous spherical
GelMA-HAMA hydrogel loaded with APETX2 polypep-
tide and sgRNA, researchers successfully promoted the
regeneration of degenerated intervertebral disc NP and
improved the progression of IDD. This study is of signifi-
cant importance for the diagnosis and treatment of IDD
patients, providing valuable guidance for the search for
new therapeutic approaches.

However, this study has several limitations. Firstly, the
experimental subjects were limited to mouse and in vitro
models, lacking human validation due to species differ-
ences and physiological complexities. Therefore, the
direct applicability of these findings to the clinical envi-
ronment is questionable, and their feasibility and safety
in clinical applications remain to be verified. Secondly,
although the study results indicate that targeting and
regulating CFIm25 and utilizing APETx2 peptide and
sgRNA can improve IDD, the specific mechanism has not
been fully elucidated. Further research is still needed to
delve into the treatment effects and mechanisms.

Looking ahead, this study provides many intriguing
directions for future research. Firstly, a more detailed
understanding of the role of CFIm25 in IDD. Secondly,
considering the combination of this treatment method
with other therapies could explore more effective treat-
ment strategies. Additionally, the potential application
of the porous spherical GelMA-HAMA hydrogel in the
treatment of other degenerative diseases could also be
further studied. These further investigations will con-
tribute to a deeper understanding of IDD treatment and
provide better treatment choices for patients. In future
research, it is crucial to validate the expression levels of
CFIm25 in human clinical samples to further confirm
its role as a potential therapeutic target for degenera-
tive intervertebral disc disease. This step will help bridge
the gap between preclinical research findings and clini-
cal applications, thus providing stronger support for the
development of effective treatment strategies.
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