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Abstract

Objective: The incidence of osteoarthritis (OA) increases with each passing year. The degeneration of the meniscus and synovium is
considered the initial factor of knee osteoarthritis (KOA), but their synergistic mechanism has not been clarified. Methods: In this study,
single-cell RNA sequencing (scRNA-seq) was employed to establish 16 normal or degeneratedmeniscus samples and 6 synovium samples
based on the meniscus and synovium tissues of 16 patients. A cell atlas comprising 124,026 single cells in total was established (including
8 patients from the public database The Genome Sequence Archive for Human (GSA-Human) PRJCA008120). Results: Based on the
exploration of the meniscus/synovium microenvironment homeostasis and the crosstalk between them during their degeneration, this
study provided a comprehensive description of the involved cellular interactions. The cell types present in the meniscus and synovium
were analyzed, and new fibroblast subtypes related to their degeneration were identified. Additionally, the interactions within pathways
such as vascular endothelial growth factor (VEGF) and VISFATIN between the meniscus and synovium were studied, with a focus on
various cell subtypes. The mechanisms involving vascular growth, immune cell infiltration, and common or distinct genes during the
degeneration of synovium and meniscus tissues were also investigated. Conclusion: This study presented the largest cellular atlas of
the synovium and meniscus in osteoarthritis (OA) to date, reflecting a detailed description of the cellular crosstalk during degeneration.
The findings suggested that the synovium played a significant role in the intra-articular tissue crosstalk (synovium/meniscus), thereby
contributing to the degeneration observed in OA.
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Introduction

Osteoarthritis (OA) is a chronic disease related to the
degeneration of articular cartilage tissues, involving the to-
tal joint that may affect the synovium, meniscus, cartilage,
subchondral bone, ligament, and muscle of patients. Syn-
ovial fibroblasts and meniscus chondrocytes are consid-
ered the most abundant and widely distributed cells with
the most significant direct correlation with the degenera-
tive process (Chou et al., 2020; Fu et al., 2022; Sun et al.,

2020). Synovium and meniscus/cartilage samples from OA
patients have been analyzed separately in many previous
studies (Fu et al., 2022; Zhang et al., 2019), and fibrob-
lasts have been divided into different subtypes. Based on
previous studies on the single cell in the cartilage, Fu et
al. (2022) divided meniscus cells in OA into five subtypes,
comprising Ch.1 (CHAD), Ch.2 (FNDC1), Ch.3 (PRG4),
Ch.4 (CFD), and Ch.5 (cycling). Zhang et al. (2019) de-
fined synovial lining fibroblasts (PDPN and PRG4) and
synovial sublining fibroblasts (PDPN and THY1), which
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was different from Wei’s definition of synovial lining fi-
broblasts (PRG4, PDGFRA, and PDPN) and synovial sub-
lining fibroblasts (THY1, PDGFRA, and PDPN) (Wei et
al., 2020). On this basis, Micheroli et al. (2022) further
explored a new subtype of CXCL14+ synovial fibroblasts
(CXCL14, C3, CD34, ASPN, and THY1) with high expres-
sion of CXCL14.

Through single-cell studies of the synovium and carti-
lage, it can be found that synovial fibroblasts and meniscus
chondrocytes have similar characteristics, functions, and
marker genes, such as PRG4, HTRA1, CD55, COL3A1,
STMN1, andMMP2 (Chou et al., 2020; Fu et al., 2022; Ji et
al., 2019; Sun et al., 2020). Moreover, fibrochondrocytes
(FCs) (Ji et al., 2019; Sun et al., 2020) and PRG4+ chon-
drocytes (Ch.3) (Fu et al., 2022) with the characteristics of
fibroblasts have also been identified in single-cell studies
based on the cartilage samples from OA patients. The close
relationship between these two kinds of cells has also been
verified in previous studies (Song et al., 2015; Sakaguchi
et al., 2005). The co-culture of fibroblasts and chondro-
cytes can promote cell proliferation and collagen synthesis
(Song et al., 2015). Besides, synovial mesenchymal stem
cells (SSCs) are superior tomesenchymal stem cells derived
from other tissues in forming cartilage tissues (Sakaguchi et
al., 2005). SSCs also play a therapeutic role inmeniscus de-
fect models of large animals such as pigs (Hatsushika et al.,
2014). In addition, some experiments focus on the charac-
teristics of synovial fibroblasts of chondrocytes. It has been
demonstrated that the phenotype of chondrogenic progen-
itor cells (CPCs) is closer to synoviocytes than chondro-
cytes (Zhou et al., 2014). Compared with relatively static
chondrocytes, CPCs may be more similar in phenotype and
function to synoviocytes that migrate and proliferate during
joint injury (García-Arnandis et al., 2010). Of note, the syn-
ovial environment may induce synovial differentiation of
chondrocytes. When rat chondrocyte pellets were cultured
with synovium-conditionedmedia, the expression of articu-
lar surface marker lubricin proteoglycan 4 (PRG4) was sig-
nificantly induced (Chau et al., 2022). It can be speculated
that synovial fibroblasts andmeniscus chondrocytes may be
cells with similar tissue homology and thus play a synergis-
tic role.

In this study, the cellular association between syn-
ovium and meniscus samples was systematically revealed.
A transcriptomic atlas of 124,026 cells was generated from
22 normal/degenerative meniscus samples from 16 donors.
To the best of our knowledge, this may be a single-cell RNA
sequencing (scRNA-seq)-based study with the largest sam-
ple size and cell size based on synovium and meniscus sam-
ples from OA patients. Besides, the first dataset based on
the integrative analysis of meniscus and synovium samples
was constructed. In addition, the crosstalk, differentially
expressed genes (DEGs), and pseudotime between normal
and degenerated synovium and meniscus samples were also
analyzed. Based on that, three new fibroblast subtypes were

identified, including fibrochondrocytes (FCs), Fibroblast_1
(Fib_1), and Fibroblast_2 (Fib_2), respectively. In this
study, it was demonstrated that the crosstalk of synovium
and meniscus may be closely related to the degeneration in
OA. Many subtypes of synoviocytes were involved in this
process, which provided a basis for the intervention of early
synovial lesions and synovitis in OA.

Methods
Human Sample Preparation

In this study, these 16 patients were composed of 8 pa-
tients from Genome Sequence Archive for Human (GSA-
Human) (https://ngdc.cncb.ac.cn/gsa-human/) with the ac-
cession number PRJCA008120 and 8 inpatients from the
Department of Osteoarthrosis, Peking University Shenzhen
Hospital (Supplementary Table 1). Among the 8 patient
samples provided by GSA-Human, there were 6 degener-
ated meniscus samples and 6 normal meniscus samples.
Among the 8 patient samples provided by the Department
of Osteoarthrosis, Peking University Shenzhen Hospital,
there were 4 degenerated meniscus samples, 3 degenerated
synovium samples, and 3 normal synovium samples. The
normal synovium group was composed of the synovial tis-
sues of the knee joint from patients with acute injury-related
diseases. The degenerated synovium group and degener-
ated meniscus group were composed of knee synovium and
medial meniscus posterior horn outer (red–red zone) ar-
eas from patients with severe osteoarthritis undergoing to-
tal knee arthroplasty. 2 patients provided paired synovium
and meniscus samples (Donor K provided lateral meniscus
samples (K outer) and synovium samples (K Syn); Donor L
provided lateral meniscus samples (L outer) and synovium
samples (L Syn)). In this study, there were 10 degener-
ated meniscus samples, 3 degenerated synovium samples,
6 normal meniscus samples, and 3 normal synovium sam-
ples. Of note, 6 inner samples from the public database
PRJCA008120 were mainly used for early data integra-
tion to verify the batch effect of data integration samples.
These 6 inner samples (A2inner, B1inner, C1inner, E1inner,
F9inner, and H12inner) were not included in the differ-
entially expressed gene (DEG) and scMetabolism analysis
system. The 22 samples, consisting of 124,026 cells in total,
were included in other analyses. Supplementary Fig. 2a
presents the details of these samples. In addition, a normal
meniscus specimen was taken from a patient with severe
trauma and underwent amputation surgery for immunoflu-
orescence (IF) staining.

During sample preparation, the meniscus and syn-
ovium were cut into small pieces. Then, digestion and
dissociation were performed using 150 U/mL collagenase
II (Cat # LS004176, Worthington Biochemical Corpora-
tion, Lakewood, NJ, USA), 2 mg/mL collagenase IV (Cat
# LS004188, Worthington Biochemical Corporation, Lake-
wood, NJ, USA), 1.2 U/mL Dispase II (Cat # LS02104,
Worthington Biochemical Corporation, Lakewood, NJ,
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USA), and 50 U/mL DNase I (Cat # LS002007, Worthing-
ton Biochemical Corporation, Lakewood, NJ, USA). Sam-
ples with the cell viability >80 % and the cell concentra-
tion of 700–1200 cells/µL were selected to complete subse-
quent experiments. Subsequently, cleaning, re-suspension,
and uploading of single-cell suspension samples were com-
pleted. After the formation of Gel Beads in Emulsions
(GEMs), the samples were transferred to the Polymerase
Chain Reaction (PCR) tubes. After reverse transcription
and library construction, the 10x single-cell transcriptome
library was constructed using an Illumina sequencer (Cat #
novaseq6000, Illumina, San Diego, CA, USA).

Data Analysis Process

The preprocessed gene expression matrix generated
by the Cell Ranger pipeline was imported into Seurat
(v.4.3.0) (Stuart et al., 2019) for downstream analysis. Dur-
ing quality control, genes expressed in fewer than three
cells were removed, and cells were filtered based on de-
tected gene numbers, UMI counts, and mitochondrial gene
expression, with thresholds set at 1000–20,000 for UMI
counts, 200–5000 for detected genes, and less than 20 %
for mitochondrial gene expression. The filtered gene ex-
pression matrix was normalized using the “NormalizeData”
function with default parameters (normalization. Method =
“LogNormalize”, scale.factor = 10,000), followed by scal-
ing and regression with “ScaleData” to remove the effects
of UMI count variations andmitochondrial content percent-
ages. Principal component analysis (PCA) was performed
on the scaled data, restricted to the top 2000 variable genes
identified by “FindVariableFeatures” with default settings,
and different samples were integrated using the “Harmony”
package (v1.0) with the top 20 principal components as
input for the “RunHarmony” function. Cell clusters were
identified using the “FindClusters” function at a resolution
of 0.5, and major cell types were annotated with “SingleR”
(Aran et al., 2019). Subsequently, we performed subclus-
ter identification using the FindSubCluster function. The
annotation of these subclustered cells primarily relied on
previously curated canonical marker genes.

The FindMarkers function was then used to identify
differentially expressed genes (DEGs) between different
cell clusters, employing the Wilcoxon rank-sum test as the
statistical method, with a false discovery rate (FDR) thresh-
old set at <0.05 to identify significant candidate genes.
To explore intercellular communication among different
cell clusters, the CellChat package was utilized (Jin et al.,
2021). We constructed cell-cell communication networks
for each cell type, assessing the strength and importance of
ligand-receptor interactions. Using CellChat, we quantified
the changes in communication pathways between different
cell types and visualized these interactions using heatmaps
and bubble plots. For investigating cell differentiation tra-
jectories and potential developmental paths, the monocle
package was applied. Dimensionality reduction was per-

formed on the gene expression data using the DDRTree
method to identify pseudotime trajectories, allowing us to
infer dynamic transitions between different cell states and
identify dynamic expression patterns of key genes during
differentiation. To gain deeper insights into the biologi-
cal functions of differentially expressed genes, gene func-
tional enrichment analysis was conducted using the cluster-
Profiler package (Yu et al., 2012). Gene Set Enrichment
Analysis (GSEA) was carried out employing gene sets pro-
vided by scMetabolism (Wu et al., 2022) and GSEABase
to identify significantly enriched KEGG pathways and GO
biological processes in different cell clusters, with a sig-
nificance threshold of p.adjust < 0.05 to explore relevant
biological functional modules. All data processing and vi-
sualization were performed within the R programming en-
vironment, with analysis results presented through various
graphical representations, including violin plots, heatmaps,
bubble plots, and trajectory plots, to display research find-
ings in a clear and intuitive manner.

Multiple Immunofluorescence Staining

Three normal and degenerated meniscus specimens
of varying severity obtained from human knee arthroplas-
ties were fixed in 4 % paraformaldehyde, embedded in
paraffin, and sliced. Serial staining was performed with
the TSAPLus Fluorescent Staining Kit (Cat # G1257-50T,
Servicebio, Wuhan, China). Ch.1 (SERPINA1), Ch.2
(MMP14), Ch.3 (CDON), Immune cell (CD45), endothe-
lial cells (VWF), Macrophage (CD163), and PCL (ACTA2)
were labeled simultaneously on the same tissue section
using different primary antibodies. The images were
acquired using Pannoramic MIDI scanner (Cat # 5076,
3DHISTECH, Budapest, Hungary). And the false color
was set to distinguish. The primary antibodies for in-
cubating specimens include SERPINA1 (Cat # A21972,
1:1000, ABclonal, Woburn, MA, USA), MMP14 (Cat #
A2549, 1:1000, ABclonal, Woburn, MA, USA), CDON
(Cat # sc-377232, 1:500, Santa Cruz Biotechnology, Dal-
las, TX, USA), CD45 (Cat # GB14038-50, 1:1000, Service-
bio, Wuhan, China), VWF (Cat # GB11020-100, 1:1000,
Servicebio, Wuhan, China), CD163 (Cat # GB115709-
100, 1:5000, Servicebio, Wuhan, China), ACTA2 (Cat #
GB12044-100, 1:5000, Servicebio, Wuhan, China) and
IL1b (Cat # GB11113-100, 1:3000, Servicebio, Wuhan,
China). Multicolor immunofluorescence staining utilizes
the peroxidase reaction of tyramide based on tyramide sig-
nal amplification (TSA) technology to generate a series of
enzymatic reactions that form a large number of fluorescein
deposits at the antigen-antibody binding site to achieve sig-
nal amplification, and subsequently optimize the incubation
sequence of the primary antibodies.

Proliferation and Apoptosis Staining

Three normal and degenerated meniscus specimens of
varying severity obtained from human knee arthroplasties
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were fixed in 4 % paraformaldehyde, embedded in paraf-
fin, and sectioned. Cell proliferation was assessed using
the Click-iT EdU-488 Cell Proliferation Detection Kit (Cat
# G1601, Servicebio, Wuhan, China). The staining was
performed according to the manufacturer’s instructions.
Briefly, the sections were incubated with EdU solution, fol-
lowed by reaction with the Click-iT reaction cocktail to la-
bel proliferating cells. DAPI was used for counterstaining
to visualize nuclei. Cell apoptosis was evaluated using the
One-Step TUNEL Apoptosis Assay Kit (Cat # KGA1405-
50, KeyGENBioTECH, Nanjing, China). The staining was
conducted as per the protocol provided by themanufacturer.
The sections were incubated with the TUNEL reaction mix-
ture, followed by DAPI counterstaining. Both EdU and
TUNEL stained sections were scanned using a Pannoramic
MIDI scanner. The images were acquired and analyzed to
determine the proliferation and apoptosis rates in the menis-
cus samples.

Results
scRNA-seq Revealed Different Cell Types in Synovium and
Meniscus Samples

To identify the expression profiles of cells in the nor-
mal and degenerated synovium and meniscus samples, as
shown in Supplementary Fig. 2a, a total of 124,026 cells
from 22 samples of 16 knee osteoarthritis (KOA) patients
were sequenced by scRNA-seq (Fig. 1a, Supplementary
Fig. 1 and Supplementary Table 1), including 35,635
synoviocytes (synovial lining fibroblasts, synovial sublin-
ing fibroblasts, CXCL14+ fibroblasts (CXCL14+ Fibs), fi-
broblast_1, and fibroblast_2), 38,936 meniscus cells (Ch.1,
Ch.2, Ch.3, Ch.4, and Ch.5), 23,856 immune cells (B cells,
T cells, dendritic cells (DCs), mast cells, macrophages
(Macs)), 16,223 endothelial cells (capillary-venous and
capillary-arterial), 9376 pericyte-like cells (PCL) (pericyte-
like cells_1 and pericyte-like cells_2). These cells were
divided into 24 separate clusters using the unsupervised
clustering algorithm. The heterogeneity of cell types was
significant (Supplementary Fig. 1d and Supplementary
Fig. 2c–e). These cells were visualized through the uni-
form manifold approximation and projection (UMAP) and
t-Distributed Stochastic Neighbor Embedding (tSNE) (Fig.
1c–e). The number of genes per cell and that of counts
per cell, as well as the PCA of genes with large varia-
tions, are shown in Supplementary Fig. 1a–c. Except
for the H12 inner samples from the public database, other
samples were of good quality. The cell type was identi-
fied by markers in Fig. 1f, Supplementary Fig. 2b and
Supplementary Figs. 3,4. The cell clusters with high
expression of cartilage-related genes were renamed chon-
drocytes, such as CHAD, PRG4, TGF-βI, CDF, STMN1,
COL3A1, DCN, and LUM. Additionally, 5 kinds of menis-
cus fibroblasts were defined as per Fu et al. (2022), includ-
ing Ch.1 (CHAD+), Ch.2 (FNDC1+), Ch.3 (PRG4+), Ch.4
(CFD+), and Ch.5 (STMN1+) (Supplementary Fig. 5a).

The cells with high expression of VWF and PECAM1 were
identified as endothelial cells, including endothelial cell
(capillary-venous) (ECs (CAP-V)) (GJA5+) and endothe-
lial cell (capillary-arterial) (ECs (CAP-A)) (VWF+). The
smooth muscle cells and mural cells with high expression
of ACTA2, MYL9, and TAGLN were named pericyte-like
cells, PCL.1 (ACTA2+ and FABP4+), and PCL.2 (ACTA2+
and MYH11+) (Supplementary Fig. 5b,c). As defined in
previous articles, there were 3 kinds of fibroblasts, includ-
ing synovial lining fibroblasts (SIFs), synovial sublining fi-
broblasts (SSFs) (Wei et al., 2020; Zhang et al., 2019), and
CXCL14+ fibroblasts (CXCL14+ Fibs) (Micheroli et al.,
2022), 2 newly defined subtypes, including Fibroblast_1
(Fib_1) and Fibroblast_2 (Fib_2), and 1 transitional sub-
type, namely synovial fibrochondrocytes (FCs) (Ji et al.,
2019; Sun et al., 2020). Moreover, CD79A and CD27
were used to identify B cells, CD2 and CD8A to identify T
cells, LYVE1, FOLR2, and MRC1 to identify macrophages
(Macs), and CD1C, CLEC10A, and FCGR2B to identify
dendritic cells (DCs).

scRNA-seq Revealed New Fibroblast Subtypes

The term “fibrochondrocytes” can be traced back to
the 1984 study on fibrochondrogenesis by Whitley et al.
(1984). In recent years, to prepare favorable meniscus re-
pair materials, the focus of many studies has been placed on
promoting the fibrocartilage differentiation of synovium-
derived stem cells (Fox et al., 2010; Qu et al., 2019). In
this process, investigators from several laboratories isolated
fibrochondrocytes from meniscus cells (Gunja and Athana-
siou, 2007). Among them, Ji et al. (2019) isolated fibrocar-
tilage chondrocytes (FCs) from the cartilage with the aid of
scRNA-seq for the first time. Besides, Sun et al. (2020)
used a similar method to identify fibrochondrocytes (FCs)
with high expression of COL3A1, COL6A1, and COL1A1.
In short, these results indicated that the markers of this cell
subtype included those of chondrocytes (such as COL3A1
and COL6A) (Sun et al., 2020) and synovial fibroblasts
(such as PRG4) (Wei et al., 2020). Hence, it can be main-
tained that this is a transitional subtype and may exist in
synovium and meniscus samples. Similar to previous stud-
ies, it was found that this cell subtype can highly express the
markers of chondrocytes and synovial fibroblasts, among
which BGN, COL6A1, and COL3A1 were the markers of
Ch.2 (Fu et al., 2022), and HTRA1 and PRG4 were the
markers of SIFs (Wei et al., 2020; Zhang et al., 2019). FCs
were found in meniscus and synovium samples (Fig. 1b),
with a larger number in meniscus samples. The pseudotime
analysis was performed in synovium andmeniscus samples,
respectively. It can be observed that FCs were mainly dis-
tributed around the starting point of the trajectory in syn-
ovium samples and the trajectory’s root of the pseudotime
trajectory in meniscus samples. In the clustering process,
two newly defined subtypes, Fibroblast_1 (Fib_1) and Fi-
broblast_2 (Fib_2), were observed. Both subtypes can ex-
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Fig. 1. Single-cell RNA sequencing (scRNA-seq) revealed the main cell types in synovium and meniscus samples. (a) The overall
workflow of scRNA-seq. Synovium/meniscus samples were collected from non-osteoarthritis (OA) and OA patients. Some samples
were collected from the online database The Genome Sequence Archive for Human (GSA-Human) PRJCA008120. (b) The proportion
of cell subsets in the degenerated and normal meniscus and synovium samples. (c) Visualization of all meniscus/synovium samples
through t-Distributed Stochastic Neighbor Embedding (tSNE) and uniform manifold approximation and projection (UMAP) with donor
origins. (d) Visualization of cell identity compartments of all meniscus/synovium samples through tSNE and UMAP. (e) Visualization
of main cell types through tSNE and UMAP. (f) The expression level of marker of main cell subtypes.
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press the marker (PRG4) of synovial fibroblasts, mainly in
synovium samples (Fig. 1b). Fib_1 was mainly observed
in the normal synovium samples, while Fib_2 was mainly
observed in degenerated synovium samples (Fig. 1b).

The CellChat-Based Analysis Revealed the Changes in
Synovium/Meniscus Samples Caused by the Progression of
OA

The crosstalk was observed in normal and degener-
ated meniscus and synovium samples based on CellChat.
Of note, the interaction between over-expressed ligands
and receptors in meniscus chondrocytes and synovial fi-
broblasts can be observed in different tissue samples. A
variety of cells were found to have extensive correlations
in the internal environment of KOA. It was observed that
there were several different expression patterns in nor-
mal and degenerated meniscus and synovium cells. The
inflammation-related pathways critical to the progression
of OA were up-regulated in degenerated samples compared
with normal samples, including the insulin-like growth fac-
tor (IGF) (Busby Jr et al., 2009), pleiotrophin (PTN) (Zhu
et al., 2021), and fibroblast growth factor (FGF) path-
ways in OA and the Midkine (MK) pathway in rheumatoid
arthritis (RA) (Maruyama et al., 2004). Besides, the car-
tilage regulatory pathways (such as angiopoietin-like pro-
tein (ANGPTL), protein S (PROS), and platelet-derived
growth factor (PDGF) pathways) and vascular regulatory
pathways (such as VISFATIN (Liao et al., 2016), vascular
endothelial growth factor (VEGF) (Hamilton et al., 2016),
and semaphorin 3 (SEMA3) (Okubo et al., 2011) pathways)
were up-regulated in degenerated samples. On the contrary,
the GALECTIN pathway (Toegel et al., 2016; Weinmann
et al., 2016), CXCL pathway, transforming growth factor
beta (TGF-β) pathway (Fernandes et al., 2020), and other
pathways related to macrophage polarization were down-
regulated in degenerated samples.

Based on that, it can be assumed that the meniscus and
synovium may exhibit similar CellChat trends during the
development of OA. The CellChat-based analysis of normal
and degenerated meniscus and synovium samples may pro-
vide a new method for understanding the synergistic effects
from the mechanisms related to OA progression between
tissues (meniscus and synovium) and cells (chondrocytes
and fibroblasts). Subsequently, a CellChat-based analysis
was performed to explore the interaction between synovial
fibroblasts and chondrocytes.

The Crosstalk between Synovium and Meniscus in Key
Pathways in OA

The IGF pathway, PTN pathway, MK pathway, and
FGF pathway were highly expressed in OA samples (Busby
Jr et al., 2009; Maruyama et al., 2004; Zhu et al., 2021).
In the progression of OA, 4 pathways presented extremely
similar trends in meniscus and synovium samples. Sig-
nificant crosstalk between synovial fibroblasts and chon-

drocytes can be observed in normal and degenerated sam-
ples (Fig. 2 and Supplementary Fig. 6a). In particu-
lar, there were more and stronger interactions between SSF
(senders) and Ch.1–5 (receivers) in degenerated samples
than in normal samples. This was consistent with previ-
ous findings, namely that insulin-like growth factor 1 (IGF-
1) and pleiotrophin (PTN) were highly expressed in the
OA cartilage (Martel-Pelletier et al., 1998; Morales, 2008;
Pufe et al., 2003). Besides, fibroblast growth factor-18
(FGF-18), a key molecule in the FGF signaling pathway,
was highly expressed in the OA synovium (Takata et al.,
2021). This may be related to the expression of MMP-13
in chondrocytes induced by bFGFs (Im et al., 2009). Of
note, there is no research on the role of the MK pathway
(a pathogenic pathway related to RA) in OA, and there is
no report with a focus on the expression patterns of the
above 4 pathways in the OA synovium. These results sug-
gested that synovial fibroblasts (senders) were involved in
the changes of multiple pathways during the degeneration
of tissues. The whole Cellchat pattern in different samples
was further observed. It was found that synovium samples
presented more active communication patterns, and nor-
mal synovial tissues also exhibited complex communica-
tion patterns. This also verified that the occurrence of OA
may be earlier than that of cartilage inflammation, suggest-
ing the significance of early intervention in themanagement
of synovitis (Supplementary Fig. 6b).

The Crosstalk between Synovium and Meniscus in
Cartilage Regulatory Pathways

It can be observed that the ANGPTL pathway, PDGF
pathway, and PROS pathway presented similar trends
in the CellChat-based analysis during the progression of
OA. Ch.1–5, SSF, and SIF (senders) had more inter-
action and stronger interactions in degenerated samples
(Supplementary Figs. 7,8). This phenomenon was more
prominent in meniscus samples. This may be related to 3
pathways that can lead to disease progression by affecting
the growth of articular cartilage or cartilage vessels (Gerwin
et al., 2022; Su et al., 2020; Suleiman et al., 2013). From
the observation of 3 pathogenic pathways in degenerated
samples: SIF and SSF (senders) exhibited a larger commu-
nication probability than Ch.1–5 (senders). This suggested
that synovial fibroblasts may play an important role dur-
ing the degeneration of tissues. In normal meniscus sam-
ples, it can only be observed that PRG4+ Ch.3 (senders)
ligands acted on various cell receptors. Of note, this spe-
cial chondrocyte subtype was distributed on the meniscus
surface and can highly express PRG4, an HTRA1 marker
gene, which was common in the synovium (Fu et al., 2022).
These results verified that the synovium may play a role in
the progression of OA (de Lange-Brokaar et al., 2012).
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Fig. 2. Cellular communication revealed by OA-related pathway through CellChat. The heatmap (based on CellChat analysis)
revealed the interaction numbers and communication probabilities in cellular communication networks among the normal meniscus,
degenerated meniscus, normal synovium, and degenerated synovium groups.
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The Crosstalk between Synovium and Meniscus in
Neovascularization Pathways

ECs (CAP-A) and ECs (CAP-V) (receivers) ex-
hibited a larger communication probability in the VIS-
FATIN pathway, VEGF pathway, and SEMA3 pathway,
presenting similar trends in the CellChat-based analysis
(Supplementary Figs. 9,10). Besides, there were more in-
teractions between ECs (receivers) in the degenerated group
than in the normal group in meniscus samples. These re-
sults were consistent with previous findings, namely that
the VISFATIN pathway (Liao et al., 2016; Tsai et al., 2020),
VEGF pathway (Hamilton et al., 2016; Murata et al., 2008),
and SEMA3 pathway (Okubo et al., 2011) promoted the
progression of OA by regulating neovascularization during
cartilage development. VISFATIN up-regulated the expres-
sion of vascular endothelial growth factors (VEGFs) in hu-
man OA synovial fibroblasts and promoted tube formation
and migration of endothelial progenitor cells (Tsai et al.,
2020). VEGF was highly expressed in the OA cartilage
(Enomoto et al., 2003) and involved in angiogenesis and
chondrocyte metabolism (Murata et al., 2008), thus pro-
moting the expression of MMPs in chondrocytes (Pufe et
al., 2004).

Besides, significant communication between
macrophages (senders) and ECs (receivers) can be
observed in synovium samples. This was consistent
with previous findings, namely that VEGF secreted by
macrophages can promote angiogenesis and aggravate
inflammation in the OA synovium (Haywood et al., 2003).
It was also found that ECs (receivers) in degenerated
meniscus samples exhibited a larger communication
probability than those in normal meniscus samples. This
may be attributed to the binding of SEMA3A to neuropilin 1
(NRP-1), which served as an antagonist of VEGF signaling
transduction in ECs (Okubo et al., 2011). These results
were similar to those of Enomoto et al. (2003) in that the
VEGF receptor neuropilin 1 (NRP-1) was up-regulated in
the OA cartilage. In addition, SEMA3A was highly ex-
pressed in chondrocytes of the OA meniscus. This may be
related to the inhibitory effect of semaphorin 3A (SEMA3A)
on the protective migration of VEGF165 in chondrocytes
reported by Okubo et al. (2011). In this study, it was also
found that the communication probability of meniscus
chondrocytes (receivers) in degenerated meniscus samples
was larger than that in normal meniscus samples. More-
over, the above 3 pathways presented similar trends in the
interaction number and strength in degenerated meniscus,
normal synovium, and degenerated synovium samples.
This may be related to the angiogenesis of synovial tissues
and cartilage tissues during the progression of OA (Smith
et al., 1997). Additionally, the early high expression
of pathway ligand molecules in the synovium may act
on meniscus tissues through the synovial fluid (Blom
et al., 2007). In summary, these results validated the
views of other researchers (Sanchez-Lopez et al., 2022).

Vascular regulatory signaling pathways may construct the
communication between synovium and meniscus in the
process of degeneration.

The Crosstalk between Synovium and Meniscus in
Macrophage Polarization Pathways

The GALECTIN pathway (MacKinnon et al., 2008),
CXCL pathway (Unver et al., 2015), and TGF-β path-
way (Fernandes et al., 2020) (some pathways related to
macrophage polarization) presented similar trends in the
CellChat-based analysis (Supplementary Figs. 11,12).
Fernandes et al. (2020) also found that monocytes (M) 2
polarization of macrophages can promote the repair of car-
tilage and synovium (Sanchez-Lopez et al., 2022). The
GALECTIN pathway (Toegel et al., 2016; Weinmann et al.,
2016) of chondrocytes (receivers), a harmful upstream me-
diator of the cartilage, presented significant differences in
the interaction of meniscus samples. This may be related
to the role of GALECTIN-1 as an upstream mediator of in-
flammation andmatrix decomposition in OA. The secretion
of GALECTIN-1 was not induced by proinflammatory con-
ditions (Toegel et al., 2016; Weinmann et al., 2016). This
may be attributed to the high GALECTIN pathway activ-
ity in normal meniscus samples. GALECTIN-3 can drive
M2 polarization of macrophages in mice (MacKinnon et
al., 2008). This also suggested that the GALECTIN path-
way was involved in macrophage-related mechanisms. In
particular, the strength of interactions between the antigen-
presenting cells (APCs) (senders) of macrophages/DCs and
the GALECTIN pathway of DCs (receivers) in degenerated
synovium and meniscus samples was weakened compared
with normal samples. Moreover, the CXCL pathway be-
tween APCs (senders) and ECs (CAP-V) (receivers) de-
creased in degenerated samples of different tissues.

There aremany experiments with a focus on the angio-
genesis of the CXCL pathway (Bernardini et al., 2003; Wu
et al., 2012). The serum level of CXCL8, CXCL9, CCL2,
and CXCL10 in patients with KOA increased with age
(Bonfante et al., 2017). CXCL7 can promote M2 polariza-
tion of macrophages in tumors (Sica andMantovani, 2012).
M1 and M2 polarization of macrophages can secrete differ-
ent CXCL molecules (Mosser, 2003). It can be assumed
that the crosstalk between APCs (senders) and ECs (re-
ceivers) may be involved in the regulation of macrophage
polarization through the CXCL pathway. The commu-
nication probability between macrophages (senders) and
Ch2 and Ch5 (receivers) decreased in synovium samples.
Changes in the anti-inflammatory and pro-chondrogenic
cytokine transforming growth factor-β (TGF-β) secreted
by macrophages with disease progression can also be
observed. The increased secretion of TGF-β in M2
macrophages contributed to the repair of cartilage byMSCs
(Fernandes et al., 2020). The decreased secretion of
TGF-β may be the common initiating factor for meniscus
and synovial metamorphosis. Macrophage (senders) pre-
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sented similar trends in the GALECTIN pathway, CXCL
pathway, and TGF-β pathway between different sam-
ples. Macrophages played an important role in the whole
progression of OA. However, it remains undefined that
macrophage infiltration mainly affects the early stage (Ben-
ito et al., 2005) or the end stage (Roemer et al., 2010). In
summary, these results suggested that the pathways related
to macrophage polarization had similar action patterns in
synovium and meniscus samples. Crosstalk between the in-
ner meniscus samples and the degenerated meniscus sam-
ples is shown in Supplementary Fig. 13.

Analysis of the Dynamic Relationships between Synovial
Fibroblast and Meniscus Chondrocyte Subtypes

A total of 11 subtypes were selected to construct a new
trajectory, including 6 synovial fibroblasts (SIFs, SSFs,
CXCL14+ Fibs, Fib_1, Fib_2, and FCs) and 5 meniscus
chondrocytes (Ch.1, Ch.2, Ch.3, Ch.4, and Ch.5). In syn-
ovium samples, the trajectory root was mainly populated by
FCs, while the two primary termini of the tree were pop-
ulated by Ch.2 and Fib_2 of cell fate 1 and Ch.3, Ch.5,
and Fib_1 of cell fate 2 (Fig. 3a,b). In meniscus sam-
ples, cell fate 1 was populated by FCs and Fib_2, and cell
fate 2 was populated by SSFs (Fig. 3b,c). Several genes
that changed significantly during the transformation were
identified in the pseudotime differential expression anal-
ysis. Fig. 3d,e presents the genes with the most signifi-
cant changes in the pseudotime trajectory in the heatmap.
In the synovium pseudotime heatmap, cluster 4 was pop-
ulated by Ch.4 (EFEMP1 and CFH), Ch.3 (PRELP), and
Ch.1 (CHI3L2 and CHI3L1), and its expression was down-
regulated with the progression of OA. In cluster 3, marker
genes (CD55 and PRG4) of SIFs were highly expressed
with the progression of OA, and the number of SIFs in de-
generated synovium samples was significantly higher com-
pared with normal synovium samples (Fig. 1b). It can
be speculated that SIFs played an important role in de-
generated synovium samples. Additionally, SSFs, SIFs,
CXCL14+ Fib, and Fib_2 were exclusively present in the
pseudotime trajectory of degenerated synovium samples,
while Fib_1 predominantly occupied the pseudotime trajec-
tory of normal synovium samples. Notably, Fib_1 was pri-
marily associated with synovium cell fate 2, in contrast to
SSFs, SIFs, and CXCL14+ Fib, which were associated with
synovium cell fate 1. These findings suggest that synovium
cell fate 2 may represent a normal cell state during degen-
eration, characterized by conservative cellular development
that may play a role in inhibiting inflammatory progression.
In contrast, cell fate 1 may indicate an abnormal cell state
in degenerated specimens.

In meniscus samples, the expression of genes of clus-
ters 2 and 3 was up-regulated, and that of cluster 4 was
down-regulated with the progression of OA. Of note, the
marker genes of Ch.2 (COL6A3), Ch.3 (COL3A1, FN1, and
TNFAIP6), and Ch.4 (PLA2G2A, EFEMP1, and CYP1B1)

in clusters 2 and 3 were highly expressed with the progres-
sion of OA; while, the marker genes of Ch.1 (FGFBP2,
APOD, CYR61, C2orf40, CHI3L2, CHI3L1, and CP) ex-
hibited a reverse expression trend. Overall, Ch.1–5 chon-
drocytes predominantly occupied the pseudotime trajectory
in meniscus samples, forming the trajectory root in normal
meniscus and the termini of two cell fates in degenerated
meniscus samples (Fig. 3b). With the progression of OA,
the expression of marker genes of Ch.2–5 was up-regulated
significantly; while the expression of marker genes of Ch.1
was down-regulated. This result verified the finding of Fu
et al. (2022), namely that Ch.1may be a normal subtype and
can maintain the homeostasis of meniscus tissues. Except
for Ch.4, few chondrocytes could populate the pseudotime
trajectory of synovium samples, which may be explained
that Ch.4 had the markers of SSFs such as CXCL12 (Fu et
al., 2022). The fibroblasts/chondrocyte intermediate sub-
type FCs populated the root of synovium samples and cell
fate 1 of meniscus samples. The marker gene COL3A1 of
FCs was down-regulated in cluster 4 of synovium samples
and up-regulated in cluster 2 of meniscus samples. This
validated the hypothesis that the synergistic effect of syn-
ovium andmeniscus was the initial factor in the progression
of OA. FCs may play a role in this process.

Multiple Mechanisms Triggered the Progression of OA in
Synovial Tissues

The Gene Set Enrichment Analysis (GSEA) re-
sults demonstrated that EPITHELIAL MESENCHYMAL
TRANSITION (EMT), TNFA SIGNALING VIA NFKB,
and other pathways exhibited common expression charac-
teristics in various cells (Ch.3, Ch.4, Ch.5, Fib_2, DCs,
ECs, PCL_1, and PCL_2). These gene sets related to in-
flammatory injury were highly expressed in normal syn-
ovium samples than in normal meniscus samples. In con-
trast, the expression of these gene sets was higher in de-
generated meniscus samples than in degenerated synovium
samples (Fig. 4a,b, Supplementary Fig. 14a). Synovium
and meniscus samples can be considered as a whole, and
hence the influence of the progression of OA on major joint
tissues was analyzed as a whole. In most cells (Ch.1, Ch.3,
Ch.4, Ch.5, Fib_1, Fib_2, FCs, ECs, mast cells, T cells,
and DCs), the EMT and TNFA pathways were highly ex-
pressed in degenerated samples comparedwith normal sam-
ples (Fig. 4a,b, Supplementary Fig. 14a). Based on that,
it was speculated that there was an inflammatory mecha-
nism in the synovial and meniscus tissues that transferred
from synovial tissues to meniscus ones, which could af-
fect the degeneration of various tissues regarding bones and
joints. Meanwhile, it was noticed that similar phenomena
widely appeared in hypoxia and apoptosis (Supplementary
Fig. 15a,b).

SIFs constituted an important cell subtype in the de-
generated synovium. Different from the initial effects of
degeneration of synovial tissues for most cells, SIFs exhibit
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Fig. 3. Pseudotime analysis of synovial fibroblast and meniscus Chondrocyte subsets. (a) Monocle pseudotime trajectory showing
the progression of synovial fibroblasts and meniscus chondrocytes in synovium samples. (b) Pseudotime trajectory of the progression
of 11 kinds of synovial fibroblasts and meniscus chondrocytes. (c) Monocle pseudotime trajectory showing the progression of synovial
fibroblasts and meniscus chondrocytes in meniscus samples. (d) The kinetic curve along the trajectory from the root to fate 1 and fate 2
presented from the left to the right of the heatmap. Ch.1 with the maker of CHI3L2 and CHI3L1. Ch.3 with the maker of PRELP. Ch.4
with the maker of EFEMP1 and CFH. Synovial lining fibroblasts (SIFs) with the maker of CD55 and PRG4. (e) The kinetic curve from
the root along the trajectory to the end presented from the left to the right of the heatmap. Ch.1 with the marker of FGFBP2, APOD,
CYR61, C2orf40, CHI3L2, CHI3L1, and CP. Ch.2 with the marker of COL6A3. Ch.3 with the marker of COL3A1, FN1, TNFAIP6, and
PRELP. Ch.4 with the marker of PLA2G2A, EFEMP1, CYP1B1, and CFH.
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Fig. 4. The EPITHELIAL MESENCHYMAL TRANSITION (EMT) pathway played an important role in the synovium in
the early stage of OA. (a) Differential expression of the HALLMARK EPITHELIAL MESENCHYMAL TRANSITION gene set in
synovial fibroblasts and meniscus chondrocytes identified by Gene Set Enrichment Analysis (GSEA), with metabolic activity quantified
by scMetabolism. (b) Similar analysis in inflammatory vascular-associated cells.
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high expression of TNF, hypoxia, and other injury mecha-
nisms in normal samples (Fig. 5a). Besides, these cells may
participate in the mechanism initially inducingmeniscus in-
jury (Fig. 5b). Additionally, in the degenerated samples,
the Ch.2 andCXCL14+ Fib cell populations showed low ex-
pression of genes associated with EMT, apoptosis, TNFα,
hypoxia, and TNFα signaling via the NF-κB pathway, all
of which are typically involved in inflammatory injury re-
sponses in degenerated samples. Conversely, these cells
displayed high expression of potential anti-inflammatory
pathways, such as the mTORC pathway (Fig. 5c, Sup-
plementary Fig. 14b, and Supplementary Fig. 16a, b).
These findings suggest that SIFs, Ch.2, and CXCL14+ Fib
may play a protective role in the meniscus and synovium of
degenerated samples, consistent with previous studies (Fu
et al., 2022). Ch.2 (FNDC1) is a chondrocyte population
associated with abnormal ECM degradation and remodel-
ing.

Finally, the newly identified synovial fibroblast sub-
types Fib_1 and Fib_2 were analyzed, respectively. In
degenerated samples, both subtypes showed high expres-
sion of the TNFA and EMT pathways and low expression
of HALLMARK INTERFERON GAMMA RESPONSE
pathway (Fig. 4b, Supplementary Fig. 17a). The EMT
pathway showed an upward trend in normal synovium sam-
ples and degenerated meniscus samples (Supplementary
Fig. 17b). It can be speculated that the mechanism re-
lated to the progression of OA was limited to the synovium
and other single tissues to a certain extent. Furthermore,
EMT and other mechanisms can act on different tissues in
the progression of OA at different stages. Compared with
meniscus samples, the TNFA pathway in Fib_2 was highly
expressed in normal and degenerated synovium samples
(Supplementary Fig. 17b). This may be explained by the
fact that Fib_2 is the main fibroblast subtype in degenerated
synovium samples, while Fib_1 is the predominant subtype
in normal synovium samples.

Distinguishing Cell Subtype Distribution by
Immunofluorescence

Immunofluorescence staining was used to verify the
spatial distribution of subtype markers in three human
meniscus specimens with different clinical symptoms and
radiographic grading (Kellgren-Lawrence grading scale
(KL) 0, 3, 4). SERPINA1, MMP14, CDON, CD45,
VWF, CD163, ACTA2 and IL1b were selected for staining.
Normal (KL_0) and Degenerated (KL_3, KL_4) menis-
cus specimens were stained simultaneously with the fol-
lowing antibodies: anti-SERPINA1 against meniscus sub-
type Ch.1, anti-MMP14 against Ch.2, anti-CDON against
Ch.3, CD45 against immune cells, VWF against endothe-
lial cells, CD163 against macrophages, anti-ACTA2 against
PCL cells, and anti-IL1b embodying inflammatory factors.
Similar to previous studies (Fu et al., 2022), a mixed distri-
bution of SERPINA1+ Ch.1 and MMP14+ Ch.2 within the

meniscus was observed. CDON+ Ch.3 chondrocytes were
predominantly distributed on the upper and lower menis-
cus articular surfaces, and ACTA2+ PCL appeared around
VWF-positive vascular endothelial cells. In the outer part
of the meniscus, blood supply of synovial capillaries to the
meniscus could be observed, and CD45+ immune cells and
CD163+ macrophages were distributed around the capil-
laries, some of which expressed IL1b. However, no cells
positive for these molecules were observed on the upper
and lower meniscus articular surfaces due to the absence of
capillaries. Compared with normal specimens, the number
of MMP14+ chondrocytes on the upper and lower menis-
cus articular surfaces increased in the Degenerated group,
and there were more capillaries in the junction area be-
tween outer meniscus margin and synovium in the degen-
erated group. In addition, IF showed that in the degen-
erated group, the number of ACTA2+ PCL decreased, the
number of immune cells such as vascular endothelial cells
and macrophages increased, and the number of IL1b posi-
tive cells increased. IL1b was also significantly highly ex-
pressed on the upper meniscus articular surface of KL_4
(Fig. 6a,b, Fig. 7a).

Analysis of Proliferation and Apoptosis During OA
Progression

In the KL_3 stage, there was a significant increase in
apoptotic cells in the outer region of themeniscus compared
to the KL_0 stage. Additionally, apoptotic cells were ob-
served on both the upper and lower articular worn surfaces
of the meniscus in KL_3 stage specimens. Interestingly, in
KL_4 stage specimens, apoptotic cells were primarily lo-
cated within the meniscus rather than on the articular sur-
faces (Fig. 7b). Similarly, EdU-positive proliferating cells
were only observed near the small blood vessels in the artic-
ular surface and the outer part of the meniscus at the KL_3
stage (Supplementary Fig. 18).

Discussion
Investigators involving basic research pay attention

to the pathogenesis of synovium, meniscus, cartilage, and
other tissues in OA, and they attempt to identify and verify
new therapeutic targets in OA-related tissues. At present,
however, common drugs used in clinical practice only
include glucocorticoids to relieve joint pain and sodium
hyaluronate to protect the articular cartilage. This separa-
tion between clinical application and basic research results
may be related to the fact that only differentially expressed
genes (DEGs) in a single tissue are highlighted in previ-
ous studies (Chou et al., 2020; Sun et al., 2020). The in-
tegrative analysis of synovium and meniscus tissues pro-
vides a novel insight into the pathogenesis of OA. In OA,
mechanical and metabolic factors can lead to high vascu-
larization of synovial tissues (Smith et al., 1997). Mean-
while, the structural damage from synovitis in OA has re-
ceived attention from some researchers (Maglaviceanu et
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Fig. 5. SIF, Ch.2, CXCL14, and other cell subtypes may play a protective role. (a) GSEA and scMetabolism analyses showed that
the SIF in normal tissues was enriched for HALLMARK TNFA SIGNALING VIA NFKB and HALLMARK HYPOXIA. (b) GSEA
was used to describe the activation of HALLMARK TNFA SIGNALING VIA NFKB of SIF in normal and degenerated meniscus and
synovium samples. (c) GSEA and scMetabolism analysis comparing degenerated samples and normal samples.
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Fig. 6. Immunofluorescence staining of human meniscus showing intrinsic cell subtypes. The synovium/meniscus junction and
upper and lower meniscus articular surfaces in the normal group and degenerated group were observed by IF staining. (a) Representative
multicolor immunofluorescence staining image. Color settings: SERPINA1 for Ch.1 cells (green), CDON for Ch.3 cells (yellow), and
CD45 for immune cells (magenta). Nuclei are stained blue (DAPI). (b) Color settings: MMP14 for Ch.2 cells (green), ACTA2 for
pericyte-like cells (PCL) (yellow), and VWF for immune cells (magenta). Nuclei are stained blue (DAPI). IF, immunofluorescence.
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Fig. 7. Immunofluorescence Staining and Analysis of Proliferation and Apoptosis in Human Meniscus. (a) Immunofluorescence
staining Color settings: IL-1β (green), CD163 for Macrophage (Pink), and CD45 for immune cells (magenta). Nuclei are stained blue
(DAPI). (b) The apoptosis and proliferation of cells in the normal group and degenerated group were observed using TUNEL staining
and EdU staining.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v048a06


108 www.ecmjournal.org

European Cells and Materials Vol.48 2024 (pages 93–114) DOI: 10.22203/eCM.v048a06

al., 2021). Synovium plays an important role in the occur-
rence and development of OA. Ultrasound (Sarmanova et
al., 2016), Magnetic Resonance Imaging (Atukorala et al.,
2016; Felson et al., 2016), and other methods can be em-
ployed to verify the early pathogenesis of synovitis in OA
(Smith et al., 1997). Synovial lesions may precede and be
related to cartilage injury. In contrast, the synergistic effect
of synovium and meniscus in the progression of OA was
only highlighted by Chou et al. (2020), who predicted the
potential upstream regulatory factors of chondrocytes, thus
inferring the cross-talk networks between cartilage and syn-
ovium tissues. However, synoviocytes and meniscus cells
were not included in the same analysis system, and normal
samples were also not taken into account. Therefore, the
role of synovium/cartilage in the progression of OA cannot
be evaluated.

In other disciplines, cancer cells with similar spatial
positions but different tissue sources have been included in
a single-cell analysis system (Li et al., 2023). The cellular
heterogeneity in cervical squamous cell carcinoma (SCC)
and adenocarcinoma (AD) in similar microenvironments
has also been collectively analyzed. This necessitates the
overall consideration of transcriptome changes in differ-
ent tissues in OA. Similar pathophysiological changes, fi-
broblast proliferation, neovascularization, and inflamma-
tory cell infiltration can be observed during synovial and
cartilage degeneration (Smith et al., 1997).

In the multicolor immunofluorescence assay, more
significant expression of inflammatory factors, capillary
proliferation, and perivascular infiltration of myeloid cells
were also observed in the degenerated group. Most studies
have suggested that capillaries play a multifaceted role in
the progression of OA (Fu et al., 2022; Sun et al., 2020),
such as tissue repair and inflammatory progression in syn-
ovial and meniscal tissues. Changes in the number of en-
dothelial cells and PCL cells were observed in the progres-
sion of OA, which may result in altered vascular perme-
ability, and demonstrate a more complex crosstalk between
meniscus and synovium in the degenerated group. Un-
der physiological conditions, there was extensive commu-
nication between chondrocytes and synoviocytes (Li et al.,
2021b). The two kinds of cells can jointly promote the pro-
gression of inflammation in OA (Dreier et al., 2001). Cy-
tokines secreted by the inflammatory synovium (de Lange-
Brokaar et al., 2012) can act on cartilage tissues such as
the meniscus and articular cartilage in the synovium fluid,
and it may play a crucial role in the pathophysiology of OA
(Steinhagen et al., 2010). The potential mechanism of syn-
ovial injury mediating cartilage injury in OA in mice has
been verified in a previous study (Blom et al., 2007). Mean-
while, inflammatory cartilage can also promote the devel-
opment of chronic synovitis (Hamasaki et al., 2020; Silver-
stein et al., 2017).

There are many studies with a focus on the associated
pathways in synovium and meniscus samples (Chou et al.,

2020; Chau et al., 2022). The FGF pathway was highly ex-
pressed in OA. Currently, many recombinant human fibrob-
last growth factor 18 (rhFGF18) drugs such as Sprifermin
have entered phase II clinical trials and have been proved
to exert anabolic effects on articular cartilage (Li et al.,
2021a). The angiopoietin-like proteins (ANGPTLs), a cate-
gory of cartilage regulators, were expressed in cartilage dif-
ferentiation (Gerwin et al., 2022). In addition, ANGPTLs
fulfilled functions in inflammatory tissue repair and partic-
ipated in the progression of synovitis in OA (Nishiyama et
al., 2021). The performance of platelet-derived growth fac-
tors (PDGFs) in the CellChat-based analysis was consistent
with that in previous studies (Su et al., 2020). It was in-
volved in the process that PDGFR-β secreted by PCL cells
drove subchondral bone vessels to break through tidemarks
and enter avascular cartilage (Su et al., 2020). Recombinant
protein S (PROS), a vitamin K-dependent plasma protein,
played the role of cofactors of anticoagulant proteases. As a
natural anticoagulant, protein S (PS) encoded by PROS has
many potential biological functions (Suleiman et al., 2013).
It can be assumed that PS may promote the capillary forma-
tion in cartilage. The concentration of VISFATIN, VEGF,
and SEMA3 in the serum of OA patients was higher than
that in controls (Okubo et al., 2011). They can promote vas-
cular growth and maintain vascular networks, which could
in turn stimulate the secretion of inflammatory cytokines
(Tsai et al., 2020). In the degenerated synovium and menis-
cus samples, T and B cells (senders) increased in the VIS-
FATIN pathway and TGF-β pathway compared with nor-
mal samples, which was consistent with previous studies
(Okubo et al., 2011). Lymphocytes were rare in the syn-
ovium of patients with mild OA but more common in pa-
tients with severe OA (Smith et al., 1997). GALECTIN-1,
a key molecule in the GALECTIN pathway (a macrophage
polarization pathway), was highly expressed in the degener-
ated cartilage of patients with severe OA, and it may induce
inflammatory progression and matrix degradation. Differ-
ent from the protective effect in RA, GALECTIN-1 pro-
moted the progression of OA (Toegel et al., 2016; Wein-
mann et al., 2016). Besides, GALECTIN-1, GALECTIN-
3, and GALECTIN-8 can synergistically promote the pro-
gression of OA (Weinmann et al., 2018). Similar to the
findings in previous studies, it was also found that mast
cell and synovitis scores were positively correlated with the
severity of OA (de Lange-Brokaar et al., 2016). The TGF-
β pathway between mast cells (senders) and chondrocytes
and macrophages (receivers) can only be observed in de-
generated samples.

The internal environment of the synovium, menis-
cus, cartilage, and synovial fluid in OA samples is charac-
terized by cartilage regulation pathways, vascular regula-
tion pathways, and macrophage polarization-related path-
ways. Our CellChat-based analysis of multiple pathways
revealed that synovial fibroblasts (senders) play a signifi-
cant role in the changes occurring in these pathways during
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tissue degeneration. Key pathways, such as the IGF path-
way, PTN pathway, MK pathway, and FGF pathway, which
are highly expressed in OA, exhibited similar communica-
tion patterns. This similarity may reflect the histological
homology between synovial and meniscal tissues, the re-
semblance of pathophysiological changes, and a synergistic
mechanism throughout the degeneration process. Further-
more, the synergy and close relationship between synovial
fibroblasts and chondrocytes are areas that merit further ex-
ploration. The CellChat-based analysis of the ANGPTL
pathway, PDGF pathway, and PROS pathway underscored
the important roles of synovial tissues and synovial fibrob-
lasts. Additionally, the observations of the VISFATIN path-
way, VEGF pathway, and SEMA3 pathway in the syn-
ovium and meniscus suggest the potential initiating effects
of synovial fibroblasts.

To further observe this effect, we attempted to use
TUNEL and EdU staining to track themost active regions of
cell apoptosis and proliferation during the degenerative pro-
cess. In the KL_3 meniscus-synovium junction tissue, we
found a higher number of apoptotic cells, which might sug-
gest the initiating role of synovial tissue in the early stages
of OA. Interestingly, we only observed a small amount of
EdU signal in KL_3 stage arthritis meniscus specimens. We
speculate that this may reflect the abnormal capillary and
chondrocyte proliferation in the inflammation-related outer
part of the meniscus. In KL_4 stage specimens, apoptotic
cells were observed only within the severely degenerative
meniscus, which directly indicates meniscus damage in the
late stages of OA. However, the initial role of synovium in
early OA and its implications warrant further in-depth func-
tional studies for validation.

Conclusions
To sum up, our results suggest a close crosstalk be-

tween the synovium and meniscus. The synovium may
promote the progression of OA through its association
with cartilage tissues and the crosstalk between synovial
fibroblasts and meniscus chondrocytes. This descriptive
study highlights the role of intra-articular tissues (syn-
ovium/meniscus) in this process. These findings provide a
basis for understanding the cellular interactions involved in
OA, which may inform future studies on early intervention
in synovitis.

Our future research will focus on PCL cells present in
both the synovium and meniscus. Although immunofluo-
rescence experiments have observed a decrease in the num-
ber of ACTA2+ PCL cells during OA progression, this study
did not observe communication between PCL cells and en-
dothelial cells. Future studies on ACTA2+ PCL cells are
expected to reduce vascular endothelial cell permeability
in the synovium in OA, mitigating the pathological prolif-
eration of synovial capillaries into the outer region of the
meniscus. This may fundamentally reduce the complex
crosstalk between themeniscus and synovium, thereby alle-

viating the spread of inflammation in intra-articular tissues
in the early stages of OA and ultimately slowing down the
degenerative changes in the knee joint.
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