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Abstract. Osteoarthritis (OA) progression is driven by 
chronic synovitis. However, the spatially organized macro‑
phage subsets that sustain unresolved inflammation through 
evasion of apoptosis remain poorly characterized. The present 
study investigated the functional subsets and spatial niches 
of synovial macrophages that regulate apoptotic pathways in 
OA pathogenesis. Spatial transcriptomics, single‑cell RNA 
sequencing and in vitro apoptotic models were integrated to 
characterize macrophage interactions in the OA synovium. 
The anti‑apoptotic role of SPP1+ macrophages was evaluated 
using adeno‑associated virus‑mediated macrophage‑targeted 
SPP1 knockdown and CCL3 neutralization in a mouse OA 
model. In addition, an in silico virtual knockout model was 
employed to delineate SPP1‑mediated apoptotic regulatory 
networks and prioritize candidate compounds for future vali‑
dation. Spatial multi‑omics revealed a TGF‑β‑enriched niche 
in which SPP1+ macrophages expand adjacent to senescent 

synovial fibroblasts. Distinct from their reported pro‑fibrotic 
roles, SPP1+ macrophages directly suppressed apoptosis of 
inflammatory macrophages via the SPP1‑CD44 signaling 
axis, while recruiting additional myeloid cells through CCL3 
secretion. In  vivo, targeting SPP1 or neutralizing CCL3 
effectively restored macrophage apoptosis, attenuated syno‑
vitis and cartilage degeneration. In silico myeloid specific 
SPP1 knockout delineated apoptotic pathway perturbations. 
In conclusion, TGF‑β‑induced SPP1+ macrophages establish 
an anti‑apoptotic inflammatory niche in OA synovium by 
directly inhibiting the apoptosis of inflammatory macrophages 
via SPP1 signaling and promoting myeloid recruitment. This 
spatially defined anti‑apoptotic circuit provides critical insight 
into persistent synovitis.

Introduction

Osteoarthritis (OA) is a highly prevalent degenerative joint 
disease characterized by progressive cartilage destruction 
and chronic synovial inflammation (1‑5). The socioeconomic 
burden of hip‑knee OA in East Asia has been underscored by 
recent epidemiological modeling (6). Despite the increasing 
incidence of OA, no effective disease modifying drugs are 
currently available, primarily due to the cellular and molecular 
mechanisms. Such mechanisms include the dysregulation of 
apoptotic pathways that drive persistent synovitis which remains 
incompletely understood (7‑9). While it is well‑established 
that synovial macrophages play pivotal roles in modulating 
this inflammatory response, the profound heterogeneity and 
specific mechanisms by which distinct subsets evade apoptosis 
or modulate cell death pathways in the synovial microenvi‑
ronment remain poorly characterized (10‑12). Consequently, 
elucidating the specific macrophage subsets responsible for 
chronic inflammation is of considerable clinical importance 
for identifying actionable therapeutic targets.
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Recent advances in single‑cell RNA sequencing 
(scRNA‑seq) and spatial transcriptomics have provided 
powerful tools for dissecting the complex cellular architec‑
ture of OA synovial tissue at high resolution (13‑15). Unlike 
conventional techniques, spatial transcriptomics retains the 
original localization of cells, revealing spatial distribution 
patterns and proximal communications between different 
cell subsets (16,17). These findings offer new opportunities 
to elucidate the mechanisms by which spatially organized 
inflammatory microenvironments arise and persist in OA (18).

In the present study, by integrating spatial transcriptomics, 
scRNA‑seq and functional validation experiments, an SPP1+ 
macrophage subset was identified in OA synovium and it was 
demonstrated that its differentiation is driven by TGF‑β derived 
from senescent synovial fibroblasts (19‑22). Mechanistically, 
a novel anti‑apoptotic paradigm was revealed whereby these 
SPP1+ macrophages sustain chronic inflammation not merely 
by secreting cytokines, but by directly suppressing apoptosis of 
inflammatory macrophages through the SPP1‑CD44 axis, while 
simultaneously increasing inflammatory cell accumulation via 
CCL3‑mediated chemotaxis (23,24). This discovery establishes 
a mechanistic link between macrophage survival pathways 
and persistent synovitis. Therapeutically, targeted intervention 
against SPP1 or CCL3 effectively alleviated synovitis and carti‑
lage degeneration in a mouse OA model (25). To bridge these 
molecular discoveries with clinical application, an in silico virtual 
knockout model was used to map the SPP1 mediated pathogenic 
network and computational drug repositioning was performed.

Materials and methods

Ethical approval and patient consent. Human OA synovial 
tissue samples were obtained from patients undergoing total 
knee arthroplasty. Normal synovial tissues were collected from 
donors with lower limb amputation due to traffic accidents and no 
history of arthritis. The collection and processing of all samples 
were approved by The Ethics Committee of Northern Jiangsu 
People's Hospital Affiliated to Yangzhou University (Yangzhou, 
China; approval no. 2023ky132) and conducted in accordance 
with the principles of the Declaration of Helsinki. All participants 
provided written informed consent prior to sample collection.

Human synovial sample collection and processing. A total 
of six synovial tissue samples were collected, including three 
from patients with OA and three from healthy controls. The 
OA group comprised 3 males (median age 71 years; range 
67‑81 years) and the control group comprised 3 males (median 
age 39 years; range 32‑45 years). One OA and one control 
sample were used for spatial transcriptome sequencing (10x 
Genomics Visium platform). The remaining two OA and two 
control specimens, which were not used for Visium analysis, 
were used for three‑marker multiplex immunofluorescence 
(SPP1, CD68 and COL1A1). Sample sizes for the other histo‑
logical and immunostaining analyses are specified in the 
corresponding figure legends. Clinical characteristics of the 
patients are described in Table SI.

Spatial transcriptome sequencing and analysis. The present 
study utilized formalin‑fixed paraffin‑embedded (FFPE) syno‑
vial tissue samples. Sections of 10 µm‑thickness were prepared 

and mounted onto the capture areas of 10x Genomics Visium 
chips. After pre‑processing including deparaffinization, rehydra‑
tion and antigen retrieval, sections were stained with H&E and 
images were captured. Following permeabilization to release 
intracellular mRNA, the released mRNA was captured by oligo‑
nucleotide probes with spatial barcodes on the chip. Subsequent 
cDNA synthesis and library construction were strictly performed 
according to the 10X Genomics Visium Spatial Gene Expression 
Reagent Kit (FFPE compatible workflow). Sequencing was 
performed on the Illumina NovaSeq platform (Illumina, Inc.) 
with a target depth of at least 50,000 reads/spot.

Raw sequencing data were aligned and gene count matrices 
generated using Space Ranger (v2.0; 10x Genomics, Inc.). 
Further data integration, normalization and unsupervised 
clustering were performed using Seurat (v4.3; Satija Lab, 
New York Genome Center) and Giotto (v1.4; Dries Lab). Cell 
type annotation was based on the CellMarker 2.0 database 
(http://117.50.127.228/CellMarker/) and the Human Cell Atlas 
(https://data.humancellatlas.org/). Spatial deconvolution was 
performed using CARD (v1.0) with minCountGene=100 and 
minCountSpot=5 and remaining parameters were kept at 
package defaults.

Single‑cell RNA data analysis. The scRNA‑seq dataset 
GSE216651, containing synovial samples from healthy indi‑
viduals (n=4) and patients with OA (n=5), was downloaded 
from Gene Expression Omnibus (GEO; https://www.ncbi.nlm.
nih.gov/geo/). Cells with >20% mitochondrial reads or <200 
genes were excluded, with 105,786 cells retained. Harmony 
(v0.1.0; Broad Institute of MIT and Harvard) was applied with 
20 principal components for batch correction. Quality control 
(QC) metrics, including the number of detected genes, total 
UMI counts and the percentage of mitochondrial counts, are 
shown in Fig. S1A.

Standard Seurat workflows were applied (SCTransform 
normalization, 3,000 variable genes, clustering resolu‑
tion 0.8), and cell annotation followed published marker 
sets. Pseudotime trajectory analysis used Monocle3 (v1.3; 
Cole‑Trapnell Lab, University of Washington) and Slingshot 
(v2.2; Bioconductor). Differentially expressed genes were 
identified using FindMarkers (Wilcoxon rank‑sum test) with 
Bonferroni correction (adjusted P<0.05 was considered to 
indicate a statistically significant difference).

Pseudotime trajectory and pathway enrichment analysis. 
Slingshot (v2.2) was used for pseudotime trajectory analysis of 
monocytes and macrophages. Hallmark and KEGG pathway 
enrichment analyses were performed (FDR<0.05).

Cell‑cell communication analysis. The CellChat (v1.6.1; Jin 
Lab) was applied separately to the HD and OA myeloid cell 
subsets using the complete CellChatDB.human database 
(https://github.com/sqjin/CellChat). Communication prob‑
abilities were calculated using the truncated‑mean method 
(trim=0.1); interactions involving fewer than 10 cells were 
filtered. Remaining parameters were kept at package defaults.

Virtual knockout simulation and drug repositioning 
analysis. The scTenifoldKnk (v1.0.3; https://github.
com/cailab‑tamu/scTenifoldKnk) was used to perform pertur‑
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bation analysis on the myeloid cell subpopulation at the 
single‑cell level (26). A single‑cell gene co‑expression network 
was constructed with 10 sub‑networks (nc_nNet=10), 500 cells 
per subsample (nc_nCells=500) and tensor decomposition 
at K=3 (td_K=3). The SPP1 gene was deleted in silico, and 
the manifold distance of all genes was calculated to evaluate 
structural perturbations of the network. Genes with an adjusted 
P<0.05 (Benjamini‑Hochberg) were ranked by descending 
manifold distance and defined as significantly differentially 
regulated genes. The top 100 perturbed genes were subse‑
quently queried against the DSigDB database via the Enrichr 
platform (https://maayanlab.cloud/Enrichr/) for drug reposi‑
tioning analysis. Candidates were ranked by Combined Score; 
those with an adjusted P<0.05 were retained.

Cell lines and culture. The RAW 264.7 macrophage cell line 
(cat. no. CL‑0190; Procell Life Science & Technology Co., 
Ltd.) and mouse synovial fibroblasts (cat1.  no. CP‑M323; 
Procell Life Science & Technology Co., Ltd.) were authen‑
ticated using STR and certified as mycoplasma negative by 
the supplier. Cells were cultured in high‑glucose DMEM 
supplemented with 10% heat‑inactivated fetal bovine serum 
(FBS; Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml 
penicillin/streptomycin, at 37˚C in a 5% CO2 incubator.

Bone marrow‑derived macrophages (BMDMs) were flushed 
from the femurs and tibiae of three eight‑week‑old C57BL/6 
mice and cultured in DMEM with 10% FBS, 100 U/ml peni‑
cillin/streptomycin and 20 ng/ml M‑CSF (MedChemExpress) 
for six days. Differentiated BMDMs were treated with 
lipopolysaccharide (LPS; 100 ng/ml) with or without osteo‑
pontin (OPN; 200 ng/ml) for 12 h. After which, the cells were 
harvested for western blotting or Annexin V‑FITC/PI flow 
cytometry (Beyotime Institute of Biotechnology).

Cell interventions. To perform SPP1+ macrophage induc‑
tion, RAW 264.7 cells were seeded at 1x105  cells/well in 
6‑well plates. After adherence, the medium was replaced 
with medium containing recombinant human TGF‑β1 
(5 ng/ml; MedChemExpress) for 12 h to induce differentia‑
tion towards an SPP1+ phenotype. To perform inflammatory 
macrophage induction, RAW 264.7 cells were stimulated with 
LPS (100 ng/ml; MedChemExpress) for 12 h to establish an 
inflammatory macrophage model. To investigate the func‑
tion of OPN, recombinant mouse OPN protein (200 ng/ml; 
MedChemExpress) was added to the medium 1 h prior to 
LPS stimulation. Finally, to investigate the specific receptor 
for SPP1 action, the CD44 inhibitor (IM7; 10  µg/ml; 
MedChemExpress) or integrin inhibitor (MK0429; 3 nM; 
MedChemExpress) were added 1 h before the interventions. 
Concentrations were selected based on supplier data and prior 
literature (27,28).

The small interfering RNA (siRNA) for CD44 (sense, 
5'‑CGA​UGG​ACC​GGU​UAC​CAU​ATT‑3'; antisense, 5'‑UAU​
GGU​AAC​CGG​UCC​AUC​GTT‑3') and the siRNA for NC 
(sense, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'; antisense, 
5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3') were synthesized by 
WZ Biosciences Inc. RAW 264.7 cells plated in six‑well plates 
were transfected with siRNA (40 nM) using Lipofectamine 
RNAiMAX Transfection Reagent (Thermo Fisher Scientific, 
Inc.) at 37˚C for 6 h, after which the medium was replaced. 

Subsequent treatments were initiated 48 h after the start of 
transfection.

The short hairpin RNA (shRNA) constructs targeting SPP1 
(sense, 5'‑GTT​TCA​CAG​CCA​CAA​GGA​CAA‑3'; antisense, 
5'‑TTG​TCC​TTG​TGG​CTG​TGA​AAC‑3') and the negative 
control (sh‑NC; sense, 5'‑GAT​TGA​CGC​AAC​CGA​GAA​CA‑3'; 
antisense, 5'‑TGT​TCT​CGG​TTG​CGT​CAA​TC‑3') were synthe‑
sized by WZ Biosciences Inc. RAW 264.7 cells plated in six‑well 
plates were transfected with the shRNA constructs (2 µg/well) 
using Lipofectamine 3000 Transfection Reagent (Thermo 
Fisher Scientific, Inc.) at 37˚C for 6 h, after which the medium 
was replaced. Subsequent treatments were initiated 48 h after 
the start of transfection. The SPP1‑targeting sequence was 
identical to that used in the AAV construct in vivo. Knockdown 
efficiency was assessed by western blotting.

Flow cytometric detection of BMDM apoptosis. BMDMs were 
subjected to the indicated treatments with LPS and OPN. After 
treatment, the culture supernatants containing detached cells 
were collected, and the remaining adherent cells were gently 
dissociated. The adherent and floating cells from each well 
were pooled, washed twice with ice‑cold PBS and resuspended 
in 1X Annexin V binding buffer.

A total of ~1x105  cells were incubated with Annexin 
V‑FITC and PI using an Annexin V‑FITC/PI apoptosis detec‑
tion kit (Beyotime Institute of Biotechnology) for 15 min at 
room temperature in the dark. After staining, the samples 
were immediately analyzed using a CytoFLEX flow cytometer 
(Beckman Coulter, Inc.). Debris and doublets were excluded 
before quadrant analysis. At least 10,000 singlet events were 
collected/sample, and the data were analyzed using CytExpert 
software (version 2.7; Beckman Coulter, Inc.).

Early apoptotic cells were defined as Annexin V‑FITC+/PI‑ 
cells, whereas Annexin V‑FITC+/PI+ cells were considered 
late apoptotic or membrane‑compromised cells. The total 
apoptotic rate was calculated as the sum of the early and 
late apoptotic populations, with three independent biological 
experiments performed.

Cell co‑culture model. A non‑contact co‑culture system 
(Transwell; Corning, Inc.; pore size 0.4 µm) was established to 
study paracrine interactions between SPP1+ macrophages and 
inflammatory macrophages. The upper chamber contained 
LPS‑induced inflammatory macrophages or non‑induced 
macrophages, whilst the lower chamber contained TGF‑β1 
pre‑treated SPP1+ macrophages. After 12 h of co‑culture, 
cells from the upper chamber were collected for western blot 
analysis.

Senescence and hypoxia model establishment. To estab‑
lish the senescence model, mouse synovial fibroblasts at 
passage three were treated continuously with D‑galactose 
(MedChemExpress) for 72 h to induce senescence. Successful 
establishment of the senescence model was verified using 
a SA‑β‑galactosidase staining kit (Beyotime Institute of 
Biotechnology). To establish the hypoxia model, senescent 
cells were placed in a tri‑gas incubator (Thermo Fisher 
Scientific, Inc.) under conditions of 1% O2, 5% CO2 and 94% 
N2 for 48 h to simulate the in vivo hypoxic microenvironment. 
After that, cells were collected for western blot analysis.

https://www.spandidos-publications.com/10.3892/ijmm.2026.6005
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Western blotting. After cell lysis using RIPA lysis 
buffer (medium; cat.  no.  P0013C; Beyotime Institute of 
Biotechnology), protein concentration was determined using 
the BCA method and densitometric analysis of western 
blot bands was performed using ImageJ2 (version  2.1.0; 
National Institutes of Health). Protein samples (15 µg/lane) 
were separated by SDS‑PAGE using 4‑20% Bis‑Tris precast 
gels (Yeasen Biotechnology Shanghai Co., Ltd.), trans‑
ferred to PVDF membranes, blocked with 1X protein‑free 
rapid blocking buffer (cat. no. PS108P; Epizyme Biotech) 
at room temperature for 15  min and incubated overnight 
at 4˚C with the following primary antibodies: OPN (1:1,000; 
cat. no.  30200‑1‑AP), phosphorylated NF‑κB p65 (p‑p65; 
1:1,000; cat.  no.  80379‑2‑RR), NF‑κB p65 (1:1,000; cat. 
no. 80979‑1‑RR), caspase‑3 (1:1,000; cat. no. 19677‑1‑AP), 
cleaved caspase‑3 (1:1,000; cat.  no.  68773‑1‑Ig), BCL‑2 
(1:1,000; cat. no. 68103‑1‑Ig), Bax (1:1,000; cat. no. 60267‑1‑Ig), 
CD44 (1:1,000; cat. no. 30854‑1‑AP) and TGF‑β (1:1,000; 
cat. no.  26155‑1‑AP) (all from Proteintech Group, Inc.). 
After incubation with the primary antibodies, membranes 
were incubated with HRP‑conjugated goat anti‑mouse 
IgG (1:10,000; cat. no. SA00001‑1) or goat anti‑rabbit IgG 
(1:10,000; cat. no. SA00001‑2) secondary antibodies (both 
from Proteintech Group, Inc.) at room temperature for 1 h. 
Protein bands were detected using an ECL detection system.

Immunohistochemistry (IHC) and immunofluorescence (IF). 
Tissue sections (5‑µm thick) underwent deparaffinization 
using BioDewax and Clear Solution (cat. no. G1128‑500ML; 
Wuhan Servicebio Technology Co., Ltd.), rehydration through 
two changes of absolute ethanol followed by 95, 80 and 70% 
ethanol and distilled water, and antigen retrieval, followed 
by incubation overnight at 4˚C with the following primary 
antibodies: OPN (1:100; cat. no. 30200‑1‑AP), CD68 (1:100; 
cat.  no. 25747‑1‑AP), COL1A1 (1:100; cat.  no. 66761‑1‑Ig), 
TGF‑β (1:100; cat.  no.  69512‑1‑Ig), phosphorylated NF‑κB 
p65 (p‑p65; 1:100; cat. no. 80379‑2‑RR), cleaved caspase‑3 
(1:100; cat. no. 68773‑1‑Ig), CD44 (1:100; cat. no. 30854‑1‑AP), 
TNF‑α (1:100; cat.  no.  17590‑1‑AP), COL2A1 (1:100; cat. 
no. 86139‑2‑RR), MMP13 (1:100; cat. no. 18165‑1‑AP) and 
CCL3 (1:100; cat.  no.  32190‑1‑AP) (all from Proteintech 
Group, Inc.). For IHC, sections were incubated with 
ready‑to‑use HRP‑conjugated goat anti‑mouse/rabbit IgG 
polymer (cat.  no.  PV‑9000; Beijing Zhongshan Golden 
Bridge Biotechnology Co., Ltd.), used undiluted, at room 
temperature for 20 min. For IF, sections were incubated at 
room temperature for 1 h with CoraLite488‑conjugated goat 
anti‑mouse IgG (cat.  no.  SA00013‑1) or goat anti‑rabbit 
IgG (cat.  no.  SA00013‑2), or rhodamine‑conjugated goat 
anti‑mouse IgG (cat.  no.  SA00007‑1) or goat anti‑rabbit 
IgG (cat.  no.  SA00007‑2) secondary antibodies (all 1:100; 
Proteintech Group, Inc.). Nuclei were counterstained with DAPI 
(0.002 mg/ml; cat. no. G1012; Wuhan Servicebio Technology 
Co., Ltd.). IHC images were captured using a light microscope 
(Carl Zeiss AG), and IF images were captured using a fluores‑
cence microscope (Carl Zeiss AG).

Animal experiments. All animal experiments were approved 
by The Yangzhou University Animal Ethics Committee 
(Yangzhou, China; approval no. 202303842) and were 

conducted in accordance with the guidelines of the China 
Council on Animal Care and Use. A total of 39 male C57BL/6 
mice (eight‑weeks‑old; initial body weight, 22‑26 g) were used to 
maintain consistency with the established DMM protocol (29) 
and because OA severity in this model is sex‑dependent, with 
males developing more consistent cartilage damage (30). Mice 
were housed under specific pathogen‑free conditions with a 
12/12‑h light/dark cycle and free access to food and water. 
A total of 24 mice were randomly allocated to the following 
four groups (n=6/group) using a random number table: i) Sham; 
ii) DMM + normal saline; iii) DMM + adeno‑associated virus 
(AAV)‑NC; and iv) DMM + AAV‑shSpp1. A formal a priori 
power calculation was not performed, given the exploratory 
mechanistic nature of the study. Group sizes were determined 
with reference to comparable published DMM intervention 
studies employing intra‑articular AAV‑shRNA delivery with 
equivalent group sizes  (31‑33), while balancing biological 
replication against the Reduction principle. OA was induced 
by destabilization of the medial meniscus (DMM) surgery in 
the DMM groups. Briefly, under anesthesia induced by intra‑
peritoneal injection of pentobarbital sodium (50 mg/kg), the 
joint cavity was exposed via a medial parapatellar incision, 
the medial meniscotibial ligament was transected and the 
incision was sutured. In the Sham group, the joint cavity was 
opened without meniscal injury. Throughout the present study, 
animals were monitored daily for general health, body weight 
and signs of pain or distress. And exclusion criteria included 
perioperative mortality, postoperative joint infection, severe 
wound complications, inability to access food and water, and 
failure of surgery or tissue processing that precluded reliable 
histological assessment. No animals met these criteria; no 
animals or data points were excluded from the final analyses. 
No obvious signs of infection, abnormal behavior or unex‑
pected mortality were observed in any animal. At the end 
of the experimental period, mice were deeply anaesthetized 
with pentobarbital sodium (50 mg/kg; intraperitoneal injec‑
tion) and euthanized by cervical dislocation. After that, knee 
joints were harvested for histopathological processing. All 
histological outcome assessments, including the Osteoarthritis 
Research Society International (OARSI) cartilage degra‑
dation score and the synovitis inflammation score, were 
performed by two independent observers who were blinded 
to group allocation. For each animal, scores from multiple 
non‑adjacent sections were averaged to obtain a single repre‑
sentative value, with the individual mouse considered as the 
experimental unit for all statistical analyses. The present study 
was conducted in compliance with the ARRIVE guidelines 
(https://arriveguidelines.org).

For AAV‑shSPP1 intervention, the CD68 promoter was 
used to drive AAV2/5 carrying either the control interference 
sequence (AAV2/5‑NC) or the Spp1 interference sequence 
(AAV2/5‑sh‑Spp1). The targeting portions of the shRNA 
sequences were as follows: AAV‑shSpp1 (5'‑GTT​TCA​CAG​
CCA​CAA​GGA​CAA‑3'); AAV‑sh‑NC (5'‑GAT​TGA​CGC​AAC​
CGA​GAA​CA‑3'). The Spp1‑targeting sequence was obtained 
from Ahmed et al (34) and corresponds to nucleotides 871‑891 
of the mouse SPP1 transcript NM_009263.3, with complete 
sequence identity (21/21 nucleotides). In  vivo knockdown 
was assessed by quantitative CD68/SPP1 dual immunofluo‑
rescence to evaluate SPP1 expression within CD68‑positive 
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synovial macrophages. A total of 1 week after surgery, each 
mouse received an intra‑articular injection of 10 µl (1x1011 
GC) of either AAV2/5‑sh‑Spp1 (targeting macrophages) or 
AAV2/5‑NC control virus. AAV2/5‑sh‑Spp1 and AAV2/5‑NC 
(contract no. HYKY‑240228009‑DAAV) were purchased from 
OBiO Technology (Shanghai) Corp., Ltd. Viral injections were 
repeated every two weeks for a total of two injections.

For CCL3 neutralizing antibody intervention (15 mice; 
n=5/group), 1‑week post‑surgery, the joint cavity was injected 
with anti‑CCL3 neutralizing antibody (200 ng each time; 
10 µl; R&D Systems, Inc.) or isotype IgG control. Injections 
were repeated every two weeks, for a total of two injections.

Mice were sacrificed at six weeks post‑surgery, and knee 
joints were collected for micro‑CT scanning. Briefly, knee 
joints fixed in 4% paraformaldehyde (PFA) at 4˚C for 24 h were 
imaged using a micro‑CT system (NMC‑200; PINGSENG 
Healthcare Inc.; https://www.pingseng.com/) at a resolution of 
15 µm, operating at 80 kV and 0.06 mA. Consistent thresholds 
were applied to evaluate each sample. Osteophyte volume, 
bone volume fraction (BV/TV) and trabecular microstructure 
parameters were analyzed.

Histology and IHC. Knee joints were fixed in 4% PFA 
at 4˚C for 24 h, decalcified with EDTA, paraffin‑embedded 
and sectioned for H&E and Safranin O‑Fast Green staining. 
Cartilage damage was assessed using the OARSI scoring 
system. IHC and IF were performed to detect the expression 
of COL2A1, MMP13, SPP1, CD68, Cleaved Caspase‑3 and 
TNF‑α. Synovitis was assessed using a synovitis scoring 
system.

Statistical analysis. For cell‑based assays, n denotes the 
number of independent biological replicates; for human tissue 
immunostaining, n denotes the number of biologically inde‑
pendent synovial samples; and for in vivo studies, n denotes 
the number of mice/group, with each data point representing 
one mouse and the mouse considered as the experimental unit. 
The exact n for each panel is indicated in the corresponding 
figure legend. The RAW 264.7 RNA‑seq experiment used 
three biological replicates/condition. Data are presented as 
the mean ± SD. A two‑tailed unpaired Student's t‑tests was 
performed for two‑group comparisons, whilst comparisons 
among ≥3 groups were performed with one‑way or two‑way 
ANOVA followed by Tukey's post hoc test. P‑values for differ‑
ential gene expression were adjusted for multiple comparisons 
using the Bonferroni method (adjusted P<0.05), and pathway 
enrichment analyses were considered significant at FDR<0.05. 
P<0.05 was considered to indicate a statistically significant 
difference. Analyses were performed in GraphPad Prism 
software (version 10.2.0; Dotmatics).

Results

SPP1+ macrophages are enriched in the inflamed synovial 
tissue of patients with OA. A previous study has reported 
prominent macrophage infiltration in the synovial tissue of 
patients with OA (35). In the present study, knee synovial 
tissue samples were clinically collected from six patients 
(3 patients with OA and 3 normal controls). OA synovial tissue 
was obtained from patients with K‑L stage IV OA, whereas 

normal synovial tissue was obtained from donors who under‑
went amputation due to traffic accidents and had no history 
of arthritis. Exploratory spatial transcriptome analysis was 
performed on synovial tissue from one patient with OA and 
one normal control (Fig. 1A).

Using the 10x Genomics Visium platform to measure total 
mRNA in intact tissue sections, after standard quality control 
and integration using the Seurat package, a total of 16 distinct 
cellular subclusters (c1‑c16) mapped onto the corresponding 
H&E images were obtained (Fig. 1B and C). Subsequent anno‑
tation of the 16 subclusters based on CellMarker 2.0, followed 
by extraction and reclustering of the macrophage‑containing 
subcluster, yielded eight macrophage subclusters (Ma1‑Ma8; 
Fig. 1D). On the basis of the top three marker genes for each 
of the eight macrophage subclusters (Fig. 1E), it was found 
that the Ma8 macrophage subcluster was increased in the OA 
synovium (Fig. 1F). Violin plots revealed the top four marker 
genes of the Ma8 subcluster, which primarily expressed SPP1, 
MMP9, IL1RN and FABP4 (Fig. 1G).

To further validate these findings in an independent 
cohort, the bulk RNA‑seq dataset GSE89408 (normal, n=28; 
OA, n=22) was analyzed, which was downloaded from the 
GEO database. The expression of SPP1 and the macrophage 
marker CD68 was significantly elevated in OA synovial tissue 
(P<0.05), which is consistent with the spatial transcriptomic 
observations (Fig. 1H).

These results indicate increased expression of SPP1+ 
macrophages during OA progression, suggesting their poten‑
tial involvement in regulating cell survival pathways within 
the OA synovium. Due to the limited number of Visium cases, 
spatial localization of SPP1+ macrophages was initially focused 
on, with subsequent multilevel validation performed through 
public scRNA‑seq datasets and functional experiments 
examining macrophage survival.

Senescent synovial fibroblast‑derived TGF‑β promotes the 
acquisition of an SPP1+ macrophage phenotype. To further 
investigate changes in SPP1+ macrophages during OA progres‑
sion, the scRNA‑seq dataset GSE216651 was downloaded 
from the GEO, which contains synovial samples from healthy 
individuals (n=4) and patients with OA (n=5). A standard 
Seurat workflow and annotation based on previously published 
literature (22) revealed fibroblasts, endothelial cells, myeloid 
cells, lymphocytes, pericytes and adipose stem cells, along 
with their marker genes (Fig. S1A and B). Myeloid cells were 
extracted, re‑clustered and annotated, yielding eight cell 
subclusters. UMAP plots and dot plots revealed the following 
eight subclusters: i) Tissue‑resident macrophages; ii) mono‑
cytes; iii) inflammatory macrophages; iv) dendritic cells 1; 
v) SPP1+ macrophages; vi) dendritic cells 2; vii) mast cells; 
and viii) granulocytes (Fig. 2A and B). Pseudotime trajectory 
analysis using Slingshot revealed a bifurcating differentiation 
path originating from CD16+ monocytes, leading to the genera‑
tion of inflammatory macrophages (Inflamm.Mac) or SPP1+ 
macrophages (SPP1.Mac; Fig. 2C and D). Along the trajectory 
towards SPP1.Mac, the expression of SPP1, FABP4, MMP9 
and MMP19 gradually increased, suggesting the progressive 
acquisition of the SPP1+ phenotype (Fig. 2E). Hallmark and 
KEGG pathway analyses revealed enrichment of several path‑
ways in SPP1.Mac (Fig. 2F), including inflammation‑related 
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Figure 1. SPP1+ macrophages are enriched in the inflamed synovial tissue of patients with OA. (A) Workflow for spatial transcriptomic analysis using the 10x 
Genomics Visium platform. (B and C) UMAP plots of synovial cells from normal (n=1) and OA (n=1) samples. (D) Macrophage subset clustering in normal 
and OA synovial tissue. (E) Heatmap of marker genes for the macrophage subsets; the color scale indicates scaled expression. (F) Spatial distribution of SPP1 
expression in normal and OA synovium. (G) Violin plots of the four most highly differentially expressed genes in the SPP1+ macrophage subset. (H) Violin 
plots of CD68 and SPP1 expression in bulk synovial transcriptomes from normal (n=28) and OA (n=22) samples. Data are presented as the mean ± SD. SPP1, 
secreted phosphoprotein 1; OA, osteoarthritis; UMAP, uniform manifold approximation and projection; SD, standard deviation.
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Figure 2. Senescent synovial fibroblast‑derived TGF‑β promotes the acquisition of an SPP1+ macrophage phenotype. (A) UMAP plot of myeloid cells from healthy 
donors (n=4) and patients with OA (n=5). (B) Dot plot of marker gene expression in each cell cluster. Color indicates scaled average expression, and dot size indicates 
the percentage of cells expressing each gene. (C) Pseudotime trajectories of monocyte and macrophage populations generated using Slingshot. (D and E) Gene 
expression along the pseudotime trajectory from Mono to SPP1. Mac; the color scale indicates relative gene expression. (F) Hallmark and KEGG pathway analyses 
of each cell cluster in HD and OA samples. The color scale indicates scaled gene set enrichment scores; inflammation‑related pathways are highlighted in yellow 
and TGF‑β‑related pathways in purple. (G) Cell type annotation of OA synovial tissue using CARD deconvolution. (H) Spatial co‑localization of SPP1 and TGFB1 
expression in OA synovium. (I) H&E, IHC and IF staining of synovium from normal controls (n=3) and patients with OA (n=3). Scale bar, 100 µm. (J) IF staining 
for TGF‑β and SPP1 in synovium from normal controls (n=3) and patients with OA (n=3). Scale bar, 100 µm. (K) Western blot analysis of OPN protein expression in 
TGF‑β‑treated RAW 264.7 cells (n=3). (L) Representative three‑marker multiplex IF images of human synovium from normal controls (n=2) and patients with OA 
(n=2), showing SPP1+CD68+ cells within COL1A1+ fibroblast‑associated regions. Scale bar, 100 µm. SPP1, secreted phosphoprotein 1; TGF‑β, transforming growth 
factor‑β; OA, osteoarthritis; UMAP, uniform manifold approximation and projection; KEGG, Kyoto Encyclopedia of Genes and Genomes; CARD, conditional 
autoregressive‑based deconvolution; H&E, hematoxylin and eosin; IHC, immunohistochemistry; IF, immunofluorescence; OPN, osteopontin.
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pathways (such as MAPK, NF‑κB and TNF) and cell 
survival pathways (such as PI3K‑Akt and mTOR). Notably, 
anti‑apoptotic signatures appeared to be enriched in SPP1.
Mac, suggesting a possible role in promoting macrophage 
persistence in the inflammatory environment. Concurrently, 
the canonical TGF‑β pathway was observed to be upregu‑
lated in monocytes, potentially pointing to a role for TGF‑β 
in the differentiation of monocytes into SPP1+ macrophages 
(Fig. 2F).

To integrate spatial context, CARD deconvolution of OA 
synovial tissue was performed, and the following six major 
cell types were annotated: i)  Fibroblasts; ii)  endothelial 
cells; iii) myeloid cells; iv)  lymphocytes; v) pericytes; and 
vi) adipose stem cells. High spatial colocalization of fibro‑
blasts and myeloid cells was detected within the synovium 
(Fig. 2G). Given that a single spot on the 10x Visium platform 
can contain up to ten cells, this suggests spatial proximity and 
niche colocalization. Colocalization analysis of the TGFB1 and 
SPP1 genes in the OA synovium revealed their presence in the 
same regions (Fig. 2H). IHC and IF colocalization confirmed 
the expression of SPP1+ in macrophages in the OA synovium 
(Fig. 2I). In parallel, multiplex IF of human synovial tissue also 
showed that SPP1+CD68+ cells were concentrated in COL1A1+ 
fibroblast‑associated areas, providing qualitative protein level 
evidence consistent with potential spatial proximity (Fig. 2L).

Hypoxia scoring and visualization of senescence‑associ‑
ated genes (P16 and P21) indicated that fibroblasts adjacent 
to SPP1+ macrophage clusters exhibited hypoxic and senes‑
cent phenotypes (Fig. S2A), conditions that promote TGF‑β 
secretion and modulate apoptotic sensitivity in the synovial 
microenvironment. In vitro, senescence and hypoxia models 
were established in mouse synovial fibroblasts, and western 
blotting/ELISA experiments revealed increased TGF‑β secre‑
tion under these conditions (Fig. S2B‑D). IF staining validated 
the spatial proximity of SPP1 and TGF‑β (Fig. 2J). Finally, 
stimulation of RAW 264.7 macrophages with TGF‑β strongly 
increased OPN protein expression, supporting the direct regu‑
latory effect of TGF‑β on SPP1+ macrophage differentiation 
(Fig. 2K).

CellChat analysis predicts enhanced crosstalk between SPP1+ 
macrophages and inflammatory macrophages in the OA 
synovium. To elucidate the mechanism by which SPP1+ macro‑
phages affect the behavior of inflammatory macrophages, 
CellChat was used to analyze intercellular communication 
among myeloid subsets in synovial tissue.

Computational analysis revealed significantly increased 
outgoing and incoming signal strength for the inflamma‑
tory macrophage cluster and decreased strength for the 
tissue-resident macrophage cluster in the OA synovium 
(Fig. 3A). Moreover, a chord diagram displays the interac‑
tions between SPP1 macrophages and different myeloid cell 
subpopulations (Fig. 3B). Analysis of ligand‑receptor pairs 
revealed that in OA, SPP1+ macrophages primarily exhibited 
increased interactions with inflammatory macrophages via 
SPP1‑CD44, SPP1‑integrin and CCL3‑CCR1 interactions 
(Fig. 3C and D). Centrality scores were calculated to assess 
the primary roles of different myeloid subsets related to 
SPP1 signaling. These analyses revealed increased SPP1 
signal receiver function in inflammatory macrophages and 

increased SPP1 signal sender function in SPP1+ macrophages 
in OA tissue (Fig. 3E and F).

SPP1+ macrophages suppress apoptosis of inflammatory 
macrophages through the SPP1‑CD44 signaling axis. Building 
on the aforementioned findings and CellChat‑inferred commu‑
nication patterns, the direct effects of OPN on macrophages 
were examined in vitro. RAW 264.7 macrophages were treated 
for 12 h under three conditions (control, OPN and OPN + 
LPS). Western blot analysis revealed that OPN reduced NF‑κB 
pathway activation in macrophages by suppressing p65 phos‑
phorylation under basal conditions (Fig. 4A). However, when 
macrophages were polarized into an inflammatory phenotype 
by LPS, OPN no longer modulated NF‑κB activation, but 
instead exerted anti‑apoptotic effects through alternative 
mechanisms (Fig. 4A).

To investigate further, a Transwell co‑culture model was 
established in which inflammatory or noninflammatory 
macrophages were co‑cultured with TGF‑β‑induced SPP1+ 
macrophages (Fig.  4B). Western blot analysis confirmed 
that SPP1+ macrophages did not directly activate the NF‑κB 
pathway via p65 phosphorylation in co‑cultured macrophages 
(Fig. 4C).

To comprehensively evaluate transcriptional responses, 
RAW 264.7 macrophages were divided into control, LPS and 
OPN + LPS groups and subjected to RNA‑seq. Among these 
genes, genes related to monocyte proliferation, such as Myc, 
Mef2c, Itgam and Csf1r, were significantly upregulated in the 
OPN + LPS group (Fig. 4D). Differential GO analysis revealed 
enrichment in terms such as monocyte proliferation and 
leukocyte proliferation (Fig. 4E). GSEA revealed significant 
suppression of pro‑apoptotic gene signatures in the OPN + 
LPS group compared with LPS treatment alone (Fig. 4F), indi‑
cating that OPN counteracts inflammation‑induced apoptotic 
programming. IF staining revealed that OPN inhibited p65 
phosphorylation and suppressed apoptosis under normal 
conditions. However, in inflammatory macrophages, OPN 
appeared to modestly reduce p65 nuclear localization while 
still inhibiting apoptosis (Fig. 4G and H). Western blotting 
confirmed that OPN treatment in LPS‑stimulated inflam‑
matory macrophages did not alter p65 phosphorylation 
but significantly reduced cleaved Caspase‑3 expression 
and modulated BCL‑2 family protein balance, confirming 
its specific anti‑apoptotic function independent of NF‑κB 
signaling (Fig. 4I). CellChat analysis predicted that SPP1+ 
macrophages interact with inflammatory macrophages via 
SPP1‑CD44 and SPP1‑integrin ligand‑receptor pairs. To 
determine which receptor mediated the anti‑apoptotic effect 
in the OA synovium, inflammatory macrophages were treated 
with the CD44 receptor inhibitor IM7, the integrin inhibitor 
MK0429 or an IgG2b control antibody. Western blot analysis 
revealed that CD44 blockade, but not integrin inhibition, 
abrogated the anti‑apoptotic effect of OPN in inflammatory 
macrophages, demonstrating that SPP1+ macrophages may 
suppress apoptosis of inflammatory macrophages through 
the SPP1‑CD44 signaling axis (Fig. 4J). To address potential 
off‑target concerns associated with the pharmacological 
CD44 inhibitor, siRNA‑mediated knockdown of CD44 in 
RAW 264.7 macrophages was further performed. Western blot 
confirmed reduced CD44 protein expression following siCd44 
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transfection (Fig. S2E). Under LPS + OPN conditions, CD44 
silencing effectively reversed the OPN‑induced anti‑apoptotic 
protein profile, as evidenced by decreased BCL‑2 expression 
and increased cleaved Caspase‑3 levels compared with control 
siRNA‑treated cells (Fig. 4K). To confirm these findings, 
complementary experiments were performed in primary 
mouse BMDMs. Flow cytometry with Annexin V‑FITC/PI 
staining (Fig. 4L) showed that the LPS induced increase in 
total apoptotic cells was partially reversed by OPN treatment. 
Concurrently, western blot analysis (Fig. 4M) revealed that 
OPN added to LPS‑challenged BMDMs reduced cleaved 

Caspase‑3 and skewed the BCL‑2/Bax equilibrium toward 
an anti‑apoptotic state. Dot plots from the scRNA‑seq data 
revealed upregulated CD44 receptor expression on inflamma‑
tory macrophages in OA compared with normal conditions 
(Fig. S2F). In vitro interventions followed by IF and western 
blotting confirmed the increase in CD44 receptor expression 
(Fig. 4N and O).

Taken together, these in vitro studies reveal a mechanistic 
basis whereby SPP1+ macrophages prevent the apoptosis of 
inflammatory macrophages through the SPP1‑CD44 signaling 
axis. To assess the in vivo significance of this mechanism, 

Figure 3. CellChat analysis predicts enhanced crosstalk between SPP1+ macrophages and inflammatory macrophages in the OA synovium. (A) Dot plot of 
outgoing and incoming signaling strength in HD (n=4) and OA (n=5) datasets. Each dot represents a cell cluster. (B) Chord diagrams of the interactions between 
SPP1 macrophages and myeloid cell subpopulations in the HD (n=4) and OA (n=5) datasets; dot size is proportional to the number of cells. (C and D) Dot 
plots of signaling pathways that are significantly increased or decreased in OA. Color indicates the communication probability of the indicated ligand‑receptor 
pairs and dot size indicates the associated P‑value. (E and F) Heatmaps of CellChat‑calculated SPP1 signaling network centrality scores for each cell cluster, 
including sender, receiver, mediator and influencer roles. Data are presented as the mean ± SD. SPP1, secreted phosphoprotein 1; OA, osteoarthritis; HD, 
healthy donor; SD, standard deviation.
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Figure 4. SPP1+ macrophages suppress apoptosis of inflammatory macrophages through the SPP1‑CD44 signaling axis. (A) Western blot analysis of p‑p65 
and total p65 in RAW 264.7 cells under the indicated OPN and LPS treatment conditions (n=3). (B) Schematic of the co‑culture of SPP1.Mac with IF.Mac or 
No‑IF.Mac. (C) Western blot analysis of p‑p65 and p65 in RAW 264.7 cells under the indicated co‑culture conditions (n=3). (D) Volcano plot of differentially 
expressed genes in OPN‑treated RAW 264.7 cells. (E) GO analysis of the differentially expressed genes following OPN treatment. (F) GSEA of the apoptosis 
pathway following OPN treatment. (G and H) IF staining for p65 and cleaved caspase‑3, respectively, in OPN‑treated RAW 264.7 cells (n=6). Scale bar, 20 µm. 
(I) Western blot analysis of p‑p65, total p65, total caspase‑3 and cleaved caspase‑3 following OPN treatment (n=3). (J) Western blot analysis of total caspase‑3, 
cleaved caspase‑3, BCL‑2 and Bax following OPN treatment under the indicated inhibitory conditions (n=3). (K) Western blot analysis of CD44, BCL‑2, 
Bax, total caspase‑3 and cleaved caspase‑3 in RAW 264.7 macrophages following Cd44 siRNA knockdown (siCd44) or control siRNA (siNC) under LPS + 
OPN treatment (n=3). (L) Flow cytometric analysis of apoptosis using Annexin V‑FITC/PI staining in BMDMs treated with LPS with or without OPN (n=3 
independent experiments). (M) Western blot analysis of total caspase‑3, cleaved caspase‑3, BCL‑2 and Bax in primary mouse BMDMs treated with LPS with 
or without OPN (n=3). (N) IF staining for CD44 in RAW 264.7 cells under normal and OA‑model conditions (n=6). Scale bar, 20 µm. (O) Western blot analysis 
of CD44 in RAW 264.7 cells under normal and OA‑model conditions (n=3). Data are presented as the mean ± SD. *P<0.05, **P<0.01 and ****P<0.0001. SPP1, 
secreted phosphoprotein 1; OPN, osteopontin; LPS, lipopolysaccharide; IF.Mac, inflammatory macrophage; No‑IF.Mac, non‑inflammatory macrophage; GO, 
Gene Ontology; GSEA, gene set enrichment analysis; IF, immunofluorescence; BMDM, bone marrow‑derived macrophage; FITC, fluorescein isothiocyanate; 
PI, propidium iodide; HD, healthy donor; OA, osteoarthritis; SD, standard deviation; p‑, phosphorylated.
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next its functional relevance in a mouse model of OA was 
examined.

Macrophage‑targeted SPP1 knockdown restores apoptotic 
sensitivity and mitigates synovial inflammation in OA. To 
investigate the effect of SPP1+ macrophages on OA progression, 
an OA model was established in eight‑week‑old C57BL/6 mice 
via DMM surgery. Post‑surgery, the mice received intra‑artic‑
ular injections of AAV‑shRNA targeting SPP1 under the CD68 
promoter (specific for macrophages) or saline control (Fig. 5A). 
Knee joint samples were collected at six weeks post‑surgery for 
micro‑CT and histopathological analysis (Fig. 5B‑D). H&E, 
Safranin O‑Fast Green, COL2A1 IHC and MMP13 IF staining 
were performed on knee joint sections (Fig. 5E and F). Western 
blot analysis confirmed reduced SPP1 protein expression in 
RAW 264.7 macrophages expressing shSpp1 compared with 
sh‑NC, supporting the knockdown efficacy of the targeting 
sequence used in the AAV construct (Fig. S2G). In addition, 
IF co‑staining for TNF‑α, SPP1, Cleaved Caspase‑3 and CD68 
was performed on synovial tissue (Fig. 5G). The saline group 
showed significant subchondral bone changes, particularly 
osteophyte formation, and a significant decrease in the BV/TV. 
Notably, sh‑SPP1 treatment effectively ameliorated these 
pathological changes, inhibiting alterations in trabecular bone 
and bone density (Fig. 5H‑J). Furthermore, IHC staining of 
articular cartilage revealed upregulated COL2A1 expression 
after sh‑SPP1 treatment, and IF staining revealed decreased 
MMP13 production (Fig. 5E, F, K and L). sh‑SPP1 significantly 
reduced synovial SPP1+ macrophages and restored apoptotic 
markers. In inflammatory macrophages, AAV‑shSpp1 treat‑
ment increased cleaved Caspase‑3+ macrophages cells, while 
decreasing TNF‑α expression (Fig. 5G and M‑O), confirming 
that SPP1‑driven anti‑apoptotic signaling sustains persistent 
inflammation.

In summary, a specific reduction in SPP1+ macrophages in 
the synovium effectively alleviated TNF‑α secretion and syno‑
vitis, thereby slowing OA progression in mice. The observed 
histological changes in the mice are consistent with previous 
in vitro analyses.

CCL3 neutralization reduces myeloid cell accumulation 
and promotes resolution of synovitis in OA. Previous studies 
reported that SPP1+ macrophages can chemoattract mono‑
cytes (36,37). Consistently, the present scRNA‑seq CellChat 
analysis revealed CCL3‑CCR1 interactions between SPP1+ 
and inflammatory macrophages. Colocalization analysis of 
the CCL3 and SPP1 genes in OA synovial spatial transcrip‑
tomes (Fig. 6A) and IF staining of human synovial tissue 
(Fig. 6B) revealed that CCL3 is predominantly expressed in 
the surrounding SPP1+ macrophages. During monocyte differ‑
entiation into SPP1+ and inflammatory macrophages, CCL3 
expression initially increased but subsequently decreased 
(Fig. 6C).

In the mouse DMM OA model, intra‑articular admin‑
istration of a CCL3 neutralizing antibody was performed. 
IF and IHC analyses of knee joint samples are shown in 
Fig. 6D and E. The CCL3 neutralizing antibody group showed 
a significant reduction in TNF‑α+ inflammatory macrophages 
in the synovium, decreased MMP13 in cartilage and increased 
COL2A1 levels (Fig. 6F). Micro‑CT analysis revealed that 

CCL3 neutralization reduced osteophyte formation in OA 
mouse knees (Fig. 6G).

These results suggest that SPP1+ macrophages exacerbate 
OA progression through dual mechanisms, including direct 
suppression of the apoptosis of inflammatory macrophages via 
SPP1‑CD44 signaling and indirect promotion of myeloid cell 
accumulation via CCL3‑mediated chemotaxis.

In silico SPP1 perturbation nominates apoptosis‑related 
networks and candidate compounds. To evaluate the regu‑
latory role of SPP1 on the synovial microenvironment at 
a systems level, an in  silico virtual knockout simulation 
targeting myeloid SPP1 was performed. Manifold distance 
analysis identified the top 20 significantly perturbed genes, 
including key regulatory factors such as TTN, F13A1 and 
LYVE1 (Fig. 7A and B).

Functional enrichment analysis revealed that the gene 
network regulated by SPP1 was significantly enriched in 
apoptosis regulation, particularly the p53 signaling pathway 
and BCL‑2 family‑mediated cell death pathways, alongside 
NF‑κB inflammatory responses (Fig. 7C and D). This compu‑
tational finding is highly consistent with the present in vitro 
results that demonstrated that SPP1 suppresses the apoptosis 
of inflammatory macrophages. DSigDB screening ranked 
oxazolone first, sodium second and folic acid third (Fig. 7E), 
but these computational findings require further experimental 
verification.

Discussion

Despite advances in understanding OA, the disease still lacks 
effective disease‑modifying drugs, largely because the cellular 
mechanisms of synovial inflammation remain elusive. The 
present study identified SPP1+ macrophages as critical regula‑
tors of apoptosis resistance in the OA synovium. In addition, 
spatial transcriptomics, single‑cell transcriptomics and 
mechanistic experiments were integrated to define a previously 
uncharacterized SPP1+ macrophage subset that expands in the 
human OA synovium and contributes to persistent synovitis. 
Senescent/hypoxic synovial fibroblasts secrete TGF‑β (38,39), 
which promotes the differentiation of a CD16+ monocyte 
population into SPP1+ macrophages via noncanonical signaling 
pathways. These SPP1+ macrophages sustain synovial inflamma‑
tion through two complementary mechanisms: i) Preventing the 
apoptosis of inflammatory macrophages through SPP1‑CD44 
signaling; and ii) recruiting additional myeloid cells via CCL3 
secretion. In the present study, the single‑cell model was further 
leveraged to perform in silico drug repositioning, establishing 
the SPP1‑mediated pathogenic network as a biological target for 
pharmacological intervention.

Initially, spatial transcriptomic profiling of synovial tissue 
from one healthy donor and one patient with OA was performed 
to delineate the cellular landscape and spatial organization of 
the OA synovium. Spatial colocalization of fibroblasts and 
myeloid cells were observed and indicated spatial proximity 
and potential niche colocalization. These findings align with 
the emerging view that synovial fibroblasts are key archi‑
tects of the immune microenvironmental ‘niche’  (40‑47). 
Although the Visium dataset is exploratory (n=1/group) and 
its spot‑level resolution aggregates multiple cells, the inferred 
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Figure 5. Macrophage‑targeted SPP1 knockdown restores apoptotic sensitivity and mitigates synovial inflammation in OA. (A) Schematic of the DMM‑induced 
mouse OA model and treatment protocol. (B) OARSI scores (n=6 mice/group). (C) Synovitis pathology scores (n=6 mice/group). (D) Representative micro‑CT 
images of mouse knee joints. Scale bar, 2 mm. (E and F) H&E and Safranin O staining, COL2A1 IHC and MMP13 IF staining of mouse knee joints. Scale bars, 
200 µm in (E) and 100 µm in (F). (G) IF co‑staining for TNF‑α, CD68, cleaved caspase‑3 and SPP1 in mouse synovium. Scale bar, 100 µm. (H‑J) Quantification 
of BV/TV and trabecular parameters (n=6 mice/group). (K and L) Quantification of COL2A1 and MMP13 staining (n=6 mice/group). (M‑O) Quantification of 
TNF‑α, CD68/SPP1 co‑localization and cleaved caspase‑3+ inflammatory macrophages; panel N shows SPP1 expression within CD68+ macrophages, confirming 
SPP1 knockdown efficiency (n=6 mice/group). Data are presented as the mean ± SD. *P<0.05, **P<0.01 and ****P<0.0001. SPP1, secreted phosphoprotein 1; DMM, 
destabilization of the medial meniscus; OA, osteoarthritis; OARSI, Osteoarthritis Research Society International; micro‑CT, micro‑computed tomography; 
H&E, hematoxylin and eosin; COL2A1, type II collagen; IHC, immunohistochemistry; MMP13, matrix metallopeptidase 13; IF, immunofluorescence; BV/TV, 
bone volume fraction; SD, standard deviation.
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spatial proximity between fibroblasts and myeloid cells was 
independently validated by multiplex IF on human syno‑
vial tissues. Thus, despite these technical limitations, this 

orthogonal protein‑level evidence supports the existence of a 
spatially organized fibroblast‑myeloid niche, providing a novel 
foundation for understanding synovitis in OA (48‑52).

Figure 6. CCL3 neutralization reduces myeloid cell accumulation and promotes resolution of synovitis in OA. (A) Spatial co‑localization of SPP1 and CCL3 
expression in OA synovium. (B) IF staining for SPP1 and CCL3 in synovium from normal controls (n=3) and patients with OA (n=3). Scale bar, 100 µm. 
(C) Expression of the indicated genes along pseudotime trajectories from Mono to SPP1.Mac (yellow) and from Mono to Inflamm.Mac (purple). (D) IF 
co‑staining for TNF‑α and CD68 in mouse synovium (n=5 mice/group). Scale bar, 50 µm. (E) IHC staining for COL2A1 and MMP13 in mouse knee joints 
(n=5 mice/group). Scale bar, 100 µm. (F) Quantification of TNF‑α/CD68 IF and COL2A1/MMP13 IHC staining (n=5 mice/group). (G) Micro‑CT images of 
mouse knee joints (n=5 mice/group). Scale bar, 2 mm. Data are presented as the mean ± SD. ****P<0.0001. CCL3, C‑C motif chemokine ligand 3; SPP1, secreted 
phosphoprotein 1; OA, osteoarthritis; IF, immunofluorescence; IHC, immunohistochemistry; COL2A1, type II collagen; MMP13, matrix metallopeptidase 13; 
micro‑CT, micro‑computed tomography; SD, standard deviation.
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Among the various synovial cell types, macrophages have 
garnered attention due to their high plasticity and central 
role in inflammation regulation (10,53‑56). The present study 

confirms prior observations of increased macrophage infiltra‑
tion in the OA synovium. More importantly, a distinct SPP1+ 
macrophage subset (Ma8) that expands in OA and expresses 

Figure 7. In silico SPP1 perturbation nominates apoptosis‑related networks and candidate compounds. (A) Bar chart of the top 20 significantly differentially 
regulated genes following SPP1 virtual knockout, ranked by manifold distance. (B) Volcano plot showing the distribution of differentially regulated genes; the 
x‑axis indicates the Z‑score. (C) Hallmark GSEA ridge plot of the perturbed network genes, showing enrichment of apoptosis and IL‑6‑JAK‑STAT3 signaling. 
(D) KEGG pathway enrichment analysis highlighting perturbed genes associated with cell proliferation and death and chemokine signaling. (E) Candidate 
compounds identified by screening the DSigDB database; oxazolone, sodium and folic acid were the three highest‑ranked candidates. SPP1, secreted phos‑
phoprotein 1; GSEA, gene set enrichment analysis; IL‑6, interleukin‑6; JAK, Janus kinase; STAT3, signal transducer and activator of transcription 3; KEGG, 
Kyoto Encyclopedia of Genes and Genomes; DSigDB, Drug Signatures Database.
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a unique molecular signature (SPP1, MMP9 and FABP4) was 
identified. Next, pseudotime trajectory analysis revealed that 
SPP1+ macrophages and inflammatory macrophages share 
a common origin from CD16+ monocytes but diverge into 
distinct differentiation paths. This finding establishes SPP1+ 
macrophages as an independent functional subset rather than a 
mere transitional state of inflammatory macrophages.

Next, the upstream regulatory mechanisms governing the 
emergence of SPP1+ macrophages were explored. The findings 
indicate that senescent or hypoxia‑stressed synovial fibroblasts 
act as key drivers in this process (57‑62). Spatial transcriptomics 
revealed enrichment of senescence‑associated genes (such as 
P16 and P21) in fibroblast regions adjacent to SPP1+ macro‑
phages, strongly suggesting that fibroblast senescence and the 
associated senescence‑associated secretory phenotype may be 
crucial in shaping the local inflammatory microenvironment. 
In vitro assays further demonstrated that senescent or hypoxic 
fibroblasts exhibit significantly enhanced TGF‑β secretion. 
The role of TGF‑β in OA is complex and context dependent 
and is often described as a ‘double‑edged sword’  (63,64). 
Although its role in subchondral bone sclerosis has been well 
studied, its mechanisms in synovitis remain unclear. Through 
spatial and single‑cell transcriptomics coupled with in vitro 
validation, the present study demonstrated that TGF‑β secreted 
by senescent/stressed synovial fibroblasts may promote the 
acquisition of an SPP1+ macrophage phenotype, potentially 
involving PI3K‑Akt and mTOR signaling).

Previous studies have reported conflicting roles for SPP1 
(OPN), with evidence supporting both proinflammatory and 
anti‑inflammatory functions  (65‑70). The present findings 
clarify a previously unappreciated anti‑apoptotic role for 

SPP1+ macrophages, whereby they directly inhibit apoptosis 
of inflammatory macrophages through SPP1‑CD44 signaling 
in a manner independent of canonical NF‑κB pathway acti‑
vation (71,72). This discovery provides a novel mechanistic 
explanation for the persistence of synovial inflammation in 
OA. Specifically, SPP1+ macrophages perpetuate inflam‑
mation by sustaining the population of inf lammatory 
macrophages through suppression of their apoptotic clear‑
ance. This pro‑survival effect operates independently of 
canonical NF‑κB activation (73), providing a novel mecha‑
nistic explanation which suggest that rather than directly 
driving NF‑κB‑mediated inflammation, SPP1+ macrophages 
perpetuate it by sustaining the inflammatory cell population.

This discovery integrates the key elements of TGF‑β, SPP1+ 
macrophages and inflammatory macrophages into a coherent 
cellular cascade. Moreover, cell‑cell communication analysis 
revealed a self‑amplifying inflammatory positive feedback loop 
in the OA synovium. SPP1+ macrophages not only maintain 
inflammatory macrophage survival via the SPP1‑CD44 axis 
but also, potentially through CCL3 secretion, promote further 
recruitment and activation of monocytes or macrophages, 
which is consistent with the reported chemotactic functions 
of SPP1 (74,75). Consequently, both AAV‑shRNA‑mediated 
specific knockdown of SPP1 in macrophages and CCL3 
neutralizing antibody treatment significantly alleviated syno‑
vitis, cartilage destruction and osteophyte formation in the 
mouse model. Notably, while gene therapy and neutralizing 
antibodies validated the biological targets, the present study 
sought to translate these findings into accessible clinical 
interventions. By employing a virtual knockout model on the 
scRNA‑seq datasets, the SPP1‑mediated network perturbation 

Figure 8. SPP1+ macrophages establish an anti‑apoptotic niche in OA synovium through CD44‑dependent suppression of inflammatory macrophage apoptosis 
and CCL3‑mediated myeloid recruitment. Oxidative and mechanical stress induce synovial fibroblast senescence and TGF‑β secretion, which promotes the 
formation of SPP1+ macrophages. Increased numbers of SPP1+ macrophages suppress inflammatory macrophage apoptosis through SPP1‑CD44 signaling 
and secrete CCL3, thereby promoting inflammatory macrophage infiltration into the synovium and exacerbating OA. SPP1, secreted phosphoprotein 1; OA, 
osteoarthritis; TGF‑β, transforming growth factor‑β; CCL3, C‑C motif chemokine ligand 3.
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was mapped and drug repositioning strategies were used to 
find promising therapeutic candidates.

Interpretation of the present findings is subject to several 
caveats. First, the Visium spatial data were derived from a limited 
number of samples (n=1/group), and the age disparity between OA 
and control synovial tissues may confound senescence‑related 
interpretations. However, the major spatial observations are 
corroborated by independent bulk and single‑cell RNA‑seq 
cohorts as well as multiplex IF. In addition, although the 
anti‑apoptotic effect of OPN was independently confirmed in 
primary murine BMDMs, CD44 dependence was demonstrated 
only in RAW264.7 macrophages by pharmacological blockade 
and siRNA‑mediated knockdown. Direct CD44 perturbation in 
primary macrophages and dose‑response and time‑course anal‑
yses were not performed. The in vivo AAV‑shSpp1 experiment 
supports the functional relevance of macrophage‑associated 
SPP1 reduction but does not constitute a CD44‑mediated rescue 
experiment. Direct confirmation in human synovial macrophages 
also remains to be established. Only male mice were used in the 
present study to maintain consistency with the established DMM 
protocol. Given the emerging evidence of sex‑dependent differ‑
ences in OA pathogenesis, whether the SPP1‑CD44 axis operates 
similarly in female mice remains to be determined. The compu‑
tational drug repositioning analysis is hypothesis‑generating and 
awaits rigorous experimental validation. These limitations do not 
undermine the principal conclusions but rather delineate priori‑
ties for future investigation.

In summary, a TGF‑β driven SPP1+ macrophage subset 
was identified that establishes an anti‑apoptotic niche in the 
OA synovium, directly suppressing inflammatory macrophage 
apoptosis via SPP1‑CD44 signaling, while concurrently 
promoting myeloid cell recruitment through CCL3 (Fig. 8). 
This spatially defined circuit provides a mechanistic framework 
for understanding persistent synovitis not merely as unremitting 
inflammation, but as a failure of apoptotic clearance sustained 
by a specific cellular microenvironment. In vivo disruption of 
SPP1 or CCL3 effectively restores macrophage apoptosis and 
attenuates disease progression, validating this pathway as a 
therapeutic target.
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