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Monocyte-Derived Macrophages-Synovial
Fibroblasts Crosstalk Unravels Oncostatin
Signaling Network as a Driver of Synovitis
in Osteoarthritis

Damien Laouteouet,' {2/ Olivier Bortolotti,' ©*) Léa Marineche," Nicole Hannemann," Manon Chambon,’
Yaél Glasson,” Anne-Sophie Dumé,? Julien De Lima,®> Maud Fournial,* Dylan Touchet,* Dany Séverac,”
Felicia Leccia,® Christophe Duperray,'® Henri-Alexandre Michaud,? Farida Djouad,’ {2 Benoit Le Goff,?
Frédéric Blanchard,? Florence Apparailly,’” and Gabriel Courties’

Objective. Osteoarthritis (OA) is a debilitating joint disease that is characterized by cartilage degradation, synovial
inflammation, and pain. Macrophages have been implicated in OA pathology, but the origins and functions of diverse
macrophage subsets seeding the synovial joint tissue remain incompletely understood. This study investigates macro-
phage heterogeneity, ontogeny, fate, and communication with stromal niche cells in OA.

Methods. Single-cell RNA sequencing was employed on synovial cells isolated from mice with collagenase-
induced OA (CiOA) and CD14" macrophages from four patients with OA. We combined flow cytometry, genetic fate
mapping, and imaging mass cytometry to profile synovial macrophage subsets. Cell-cell communication analyses
were performed to investigate cellular network interactions.

Results. Three macrophage subsets with distinct gene signatures and origins were identified in CiOA, including
contributions to synovial inflammation and tissue remodeling. Fate mapping via CCR2-creER and CX3CR1-creER
mice revealed the expansion of monocyte-derived TIM4~ MHCII'®"/"9" macrophages. Monocyte-independent
TIM4* CX3CR1* macrophages operated a synovial niche shift, migrating near vascularized structures in the syno-
vial subintima. Notably, the Oncostatin M (OSM)/OSM receptor (OSMR) signaling network emerged as a critical
pathway linking recruited CCR2-derived macrophages to fibroblast activation. In individuals with OA, single-cell
transcriptomics identified a conserved MERTK'®" CD48"9" CCR2* macrophage subpopulation as a key source
of OSM.

Conclusion. Our study provides insights into macrophage subsets and their interplay with the joint microenviron-
ment, bridging the gap between their origins, transcriptomic profiles, and roles in OA. Specifically, the OSM/OSMR axis
represents a pivotal mechanism in recruited macrophage-fibroblast crosstalk, offering potential targets for novel
biomarkers and therapies to manage OA-related synovitis.
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INTRODUCTION

Osteoarthritis (OA) is the most prevalent form of degenerative
joint disorder in adults, making it the leading cause of disability in the
population older than 70 years.! With population growth and aging,
the global burden of OA is projected to exceed 600 milion cases of
knee OA alone by 2050.2 Despite palliative treatments for chronic pain
management, surgical interventions such as joint replacement often
remain the final recourse.® Although synovitis has been established
as an important driver of OA progression, individuals with OA exhibit
varying degrees of synovial inflammation.*® In fact, OA exists as an
heterogeneous disease with complex pathophysiology that has been
stratified into disease clinical subtypes including endotypes, pheno-
types, and more recently, pathotypes according to the variability in
synovitis severity and other clinical features.®® Hence, further investi-
gations are currently needed to better understand OA pathogenesis
and design novel targeted therapeutic interventions.

As the cellular protagonists of tissue homeostasis, inflamma-
tion, and tissue repair, macrophages from the synovial joint tissue
ideally occupy a central position in OA initiation and progression.
Although synovial macrophages and their secreted products are
increasingly assumed to play a pivotal role in synovitis, it remains
unclear which subtypes are drivers of OA pathogenesis.® Early
attempts to identify pathogenic versus protective macrophages
based on the M1/M2 classification and markers revealed rather
inconclusive both in patients with OA and experimental models. %"
13 In addition, macrophages depletion strategies using locally deliv-
ered clodronate-liposome or genetic mouse models resulted in con-
trasting outcomes in experimental OA.""" Indeed, the inability to
selectively target macrophage subsets, combined with the unde-
sired effects of broad macrophage ablation, has likely hampered
efforts to define their specific identities and functions in OA patho-
physiology. Although joint macrophage heterogeneity has been
recently characterized using single-cell RNA sequencing (scRNA-
seq) in surgical mouse models of post-traumatic OA, '€ the respec-
tive contributions of locally resident and recruited macrophage sub-
sets, as well as the cellular and molecular mechanisms underlying
synovitis and OA progression, remain understudied.

In this study, we employed scRNA-seq in the collagenase-
induced OA (CIiOA) mouse model of OA as well as in patients with
OA to investigate the origins and functional roles of macrophage
subsets. By integrating flow cytometry, genetic fate mapping, and
imaging mass cytometry (IMC), our findings offer novel insights into
macrophage diversity, their differential contributions to OA, and
their potential interactions with the synovial microenvironment.

MATERIAL AND METHODS

Animals. C57BL/6 mice were obtained from
Charles River Laboratories. Cx3cri-creER (B6.129P2[Cg]-
Cx3cr1tme-1lere/ERT2ILI/Weand - 054160), R26-tdTomato (B6.Cg
GHROSAJ26SormialcAGtdTomatalze, ) - 077914) were purchased

from the Jackson Laboratory. Ccr2-creER mice'® were pro-
vided by Burkhard Becher (University of Zurich) via Elodie
Segura (Institut Curie). Genotyping was conducted according
to the protocols provided on the Jackson Laboratory website.
For fate-mapping experiments, Ccr2-creER and Cx3cr1-creER
mice were crossed with R26-tdTomato reporter animals. Mice
were bred and housed in our animal facility at the Institute for
Neurosciences of Montpellier under specific-pathogen—free
conditions. Depending on the experimental design, CiOA was
induced in 10 to 12-week-old mice. All animal experiments were
approved by the French Ministry of Higher Education and
Research, the Languedoc-Roussillon Animal Research Ethics
Committee, and the French Health Authorities, in compliance
with European guidelines for animal testing.

CiOA. Mice were anesthetized with 2% isoflurane supple-
mented with oxygen. A small skin incision was performed on top
of the patellar tendon and one unit of collagenase type VII from
Clostridium histolyticum (Sigma-Aldrich) diluted in phosphate
buffered saline (PBS) was injected (5 pl per knee joint) in the
intra-articular space using a 10 ul syringe (Hamilton) with a
33-gauge needle. Two days later, a second collagenase injection
was performed according to the same procedure as previously
described.?® Mice treated with PBS served as controls. OA scor-
ing was performed on histologic assessment of the joint tissue
according to a previously established semiquantitative grading
system for murine models.?

Isolation of mouse synovial cells. Knee synovial tissues
were dissected and minced into small pieces and then digested
with collagenase type IV (1 mg/mL, Gibco) DNase | (0.08 mg/mL,
Sigma-Aldrich) in Roswell Park Memorial Institute (RPMI-1640)
medium with 10% fetal bovine Serum (FBS) for 1 hour at 37°C
on a shaker at 800 revolutions per minute. The resulting cell sus-
pension was filtered through a 35 um nylon mesh cell strainer
cap and collected in a 5 mL test tube (Corning). Cells were pel-
leted by centrifugation at 330 g for 5 minutes at 4°C and resus-
pended in PBS supplemented with 2% FBS for subsequent
flow cytometry staining. All scRNA-seq raw data were deposited
in the Sequence Read Archive (SRA) and are available using the
bioproject accession number PRJNA1202538 (https://www.
ncbi.nim.nih.gov/sra/PRINA1202538). Other research data are
available on reasonable request.

Statistical analyses. Statistical analyses were performed
using GraphPad Prism (Version 9.5.1 GraphPad Software). Data
are presented as mean + SEM. The sample size of each experi-
ment and statistical tests used to calculate significance are
reported in the figure legends. Data were first tested for normality
using a D’Agostino—Pearson omnibus normality test. For the
comparison of two groups, two-tailed Student’s t-test and two-
tailed Mann-Whitney tests were used for normally distributed
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data and for non-normally distributed data, respectively. P values
< 0.05 were considered to denote significance.

RESULTS

Single-cell analysis reveals macrophage subtypes
transitions in CiOA synovial tissue. We employed the CIOA
model in mice to investigate how OA impacts the cellular compo-
sition of synovial tissue (Figure 1A). This model closely recapitu-
lates key pathologic features of OA observed in patients, such
as synovial inflammation and cartilage degradation, irrespective
of clinical variability (Figure 1B-D).2%2® We conducted scRNA-
seq on fluorescence-activated cell sorting (FACS)-sorted live
synovial knee cells using the 10X Genomics platform. Uniform
manifold approximation and projection (UMAP) analysis revealed
11 distinct clusters corresponding to five major cell types that
were identified through differentially expressed genes (DEGs)
and their enrichment for canonical markers (Figure 1E and F, Sup-
plementary Figure 1A and B, and Supplementary Table 1). Among
these, two clusters (clusters O and 5) were classified as synovial
stromal cells because of their high expression of Col1a?, Dcn,
and Pdgfra. Cluster 5 aligned with interstitial fibroblasts, whereas
cluster O contained genes characteristic of both lining and sublin-
ing fibroblast subsets (Supplementary Figure 1C and Supple-
mentary Table 2). To validate the previously reported
heterogeneity of synovial fibroblasts, we mapped the expression
of genes associated with lining fibroblasts (Prg4, Hbegf, Clic5)
and sublining fibroblasts (Thy1, Cd34, C3).24726 UMAP visuali-
zation confirmed the spatial separation between lining and sub-
lining fibroblast populations (Supplementary Figure 1D). In
contrast, cluster 6 was distinguished by high expression of car-
tilage matrix proteins and glycoproteins, such as Chad, Cilp2,
and Comp, identifying these cells as chondrocytes
(Supplementary Figure 1C and D).2” In addition to stromal cells,
we identified granulocytes, including two neutrophil clusters
(clusters 4 and 8) and an eosinophil cluster (cluster 9) character-
ized by gene sets such as Csf3r, S700a8, Ly6ghematoxylin and
eosin, and Ccr3 (Figure 1E and F, and Supplementary
Figure 1B). Cluster 7 comprised two distinct subpopulations
representing B cells (lghm) and T cells (//7r) that were marked
by specific expression of Cd79 and Trbc2, respectively
(Figure 1E and 1F, and Supplementary Figure 1E). A further dis-
crete cluster (cluster 10) identified endothelial cells with high
expression of Cdh5, Pecam1, and Egfi7.

Macrophages, which prevailed in the synovial joint tissue, were
characterized across three clusters (mac1, mac2, and mac3) based
on co-expression of Cd68, Adgre1, and Fcgr1 (Figure 1E-G). The
mac cluster, which was enriched for tissue-resident macrophage
(TRM) markers such as Lyvel, Clqa, Folr2, Timd4, Vsig4, and
Trem2, clearly distinguished long-lived resident macrophages from
the other two clusters.?®?° In contrast, mac2 showed elevated
expression of major histocompatibility complex (MHC) class II-

related genes (H2-Ab1, H2-Eb1, and Cd74), indicating an antigen-
presenting role. The mac3 cluster, which was characterized by high
expression of Spp1, Mmp 19, and Arg1, exhibited partial transcrip-
tional overlap with mac2, particularly in shared expression of Ccr2
and /I1b (Figure 1G and Supplementary Figure 1B). Pathway analy-
sis of the top 100 DEGs in each macrophage cluster revealed dis-
tinct biologic processes (Figure 1H and Supplementary Table 3).
The mac1 cluster was enriched with genes related to tissue devel-
opment, wound response, vascular integrity, and complement cas-
cades, aligning with the homeostatic role of TRMs. Mac2 was linked
to hematopoietic origin, antigen presentation, and cytokine signal-
ing pathways. Mac3, which was functionally enriched for genes
related to inflammation and extracellular matrix remodeling, resem-
bled matrisome-associated macrophages (MAM) linked to tissue
fiorosis (Figure 11),°° a condition observed in CIOA knee joints
(Figure 1J). In addition, analysis of macrophage cluster distribution
across healthy and CiOA mice evidenced a strong association of
mac?2 and mac3 clusters with diseased joints (Figure 1K).

These findings underscore the significant impact of CiOA on
the cellular landscape of synovial tissue. They particularly highlight
the shifts in macrophage populations that likely drive the inflam-
matory and degenerative processes central to disease progres-
sion and adverse tissue remodeling.

Expanded TIM4~ synovial macrophages originate
from monocytes during CiOA. Corroborating scRNA-seq
data, IBA1* (encoded by the Aifl gene) macrophages lacking
Lyve-1 surface expression were found to colonize the synovial
tissue of CIiOA knee joints (Figure 2A and B). To explore
further their monocytic origins, we employed Ccr2CeERT2/+:
Rosa26™td7emato+ tate-mapping mice. Flow cytometry analysis
of F4/80" CD64* synovial knee joint macrophages enabled the
delineation of three subpopulations based on the differential
expression of MHCII and TIM4 as a surrogate tissue-resident
cell surface marker. Notably, following a tamoxifen pulse, we
observed a predominant tdTomato labeling in both TIM4™ mac-
rophage subsets regardless of MHCII expression. In contrast,
TIM4* macrophages exhibited no detectable reporter expres-
sion, even three weeks post-induction of OA, a time point
already marked by the manifestation of key disease hallmarks
within the joint tissue (Figure 2C and Supplementary Figure 2).
Furthermore, quantitative assessment of the synovial macro-
phage subsets indicated that the TIM4~ subsets were primarily
responsible for the substantial increase in the overall macro-
phage population within the knee joints affected by CiOA
(Figure 2D and E). Concurrently with the influx of circulating
monocytes during the first week post-CiOA,%" local proliferation
has emerged as an additional mechanism contributing to mac-
rophage expansion within inflamed tissues.®7%¢ To investigate
this phenomenon, we conducted a two-hour in vivo BrdU-pulse
labeling experiment during CiOA initiation (Supplementary Fig-
ure 3). During this window, ~18% of bone marrow monocytes
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incorporated BrdU, in stark contrast to circulating monocytes,
facilitating clear assessment of increased macrophage prolifera-
tion within CiOA knee joints by flow cytometry (Supplementary
Figure 3A-C). BrdU incorporation data revealed that the prolifer-
ative activity was predominantly observed in recruited TIM4~

macrophages rather than in tissue-resident TIM4" macro-
phages (Supplementary Figure 3D). Collectively, these findings
emphasize the dual mechanisms of TIM4™ macrophage expan-
sion during CiOA, involving both the recruitment of monocytes
and their subsequent proliferation.
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Figure 2. LYVE1™ TIM4™ monocyte-derived macrophages expand in CiOA joints. (A) UMAP plots showing expression of indicated marker genes
related to either resident or recruited macrophages. (B) Confocal microscopy of synovial knee joints of control or mice with GiOA mice (6 weeks),
showing expression of IBA1 (orange), LYVE1 (magenta), MHCII (cyan). DAPI (blue) outlines nuclei. Scale bar 50 um. Images are representative of
four mice per group. (C) CIOA was induced in Ccr2°*ERT2:R26-tdTomato mice after tamoxifen administration. Saline-treated mice served as con-
trol. Representative FACS plots show the percentage of macrophage subsets partitioned by TIM4 and MHCII expression among F4/80" CD64*
cells across conditions. Histogram plots display the percentage of tdTomato labeling for each macrophage subset. (D) Flow cytometry quantifica-
tion of synovial F4/80" CD64" macrophages from mouse knee joints with or without CiOA at indicated timepoints. (E) FACS-based enumeration of
macrophage subsets (n = 4-14 per group). Data are mean + SEM, *P < 0.05, P < 0.01 **P < 0.001, Kruskal-Wallis test. BM, bone marrow;
CiOA, collagenase-induced osteoarthritis; Ctrl, control; FACS, fluorescence-activated cell sorting; MHC, major histocompatibility complex; ns,
nonsignificant; ST, synovial tissue; UMAP, uniform manifold approximation and projection.

Figure 1. scRNA-seq reveals distinct macrophage subsets in synovial knee joint tissue during CiOA. (A) C57BL/6J mice received intra-articular col-
lagenase VI injections and were euthanized 6 weeks later (n = 12). Control animals received saline (n = 11). (B) Representative H&E images of synovial
tissues from saline- and collagenase-treated mice. Scale bar 500 um (left) and 200 um (right). (C) Safranin-O/Fast Green staining shows articular car-
tilage defects. Scale bar 500 um (left) and 200 pum (right). (D) Bar graphs depict OARSI scores for histologic OA severity (n = 11-12/group). (E) Synovial
cells were FACS-isolated and pooled for scRNA-seq. UMAP shows synovial cell clusters identified using known gene markers. (F) Dot plot showing
gene expression across synovial cell clusters. (G) Violin plots of indicated gene expression levels across macrophage clusters. (H) GO pathway anal-
ysis of differentially expressed macrophage cluster genes. (l) Feature plots highlighting profibrotic MAM signature in macrophage clusters. Violin plots
show the MAM score stratified by macrophage clusters. (J) Sirius Red staining shows collagen deposition in saline- and collagenase-treated joints
(n = 4-6 per group). Scale bar 500 um. (K) UMAP of annotated macrophage clusters in saline- and collagenase-treated mice. Data are mean +
SEM, P < 0.01, ™P < 0.001, Mann-Whitney test. Ci, collagenase-induced; Ctrl, control; GO, gene ontology; H&E, hematoxylin and eosin; FACS,
fluorescence-activated cell sorting; MAM, matrisome-associated macrophage; OA, osteoarthritis; OARSI, Osteoarthritis Research Society Interna-
tional; MHC, major histocompatibility complex; scRNA-seq, single-cell RNA sequencing; UMAP, uniform manifold approximation and projection.
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OSM-DRIVEN CROSSTALK IN OA SYNOVITIS

CX3CR1" resident macrophages operate a spatial
niche shift in synovial tissue after CiOA. Because the
resident-like mac1 cluster also expressed Cx3cr1, we employed
a tamoxifen-inducible Cx3cr1-driven lineage tracing approach to
delve deeper into the fate of monocyte-independent resident mac-
rophages after CIOA (Supplementary Figure 4).°” After intraperito-
neal tamoxifen administration in adult Cx3cr1°®F72*:Rosa26™
taTomato+ mijce, tdTomato labeling was irreversibly activated in
CXBCR1-expressing monocytes and macrophages. Consistent
with previous work, we observed a rapid decline in the frequency
of CD115" tdTomato* blood monocytes, which decreased from
94.8% + 1.2% at one-week post-tamoxifen pulse to 2.2% =+
0.1% after four weeks, which is attributable to the continual
replacement of circulating monocytes derived from bone marrow
hematopoietic stem and progenitor cells.2® In contrast, CX3CR1*
resident macrophages exhibited a high labeling efficiency through-
out the pulse-chase experiment, although microglia demonstrated
the highest percentage of tdTomato retention at four weeks
(Supplementary Figure 4A and B). Subsequent flow cytometric
analysis of synovial macrophages during the progression of CiOA
revealed that the pool size of the tdTomato* subpopulation was
largely maintained, whereas unlabeled monocyte-derived macro-
phages increased (Supplementary Figure 4C). The maintenance
of resident macrophages alongside with increased monocyte-
derived macrophages supply led us to examine their spatial dis-
tribution in the synovial niche. To this end, we developed an anti-
body panel for IMC to identify macrophages in relationship to
structural  synovial niche components (Supplementary
Figure 5A-D).%8 IMC of knee joint sections from Cx3cr1°eER?/
*:Rosa26™@7omalo+ mice with CIOA showed a severely com-
promised synovial tissue microenvironment as evidenced by
the loss of its well-defined architecture in healthy conditions
(Figure 3A). Strikingly, the sublining interstitial region showed
profound changes, resulting in a cluttered fibrotic network filled
with macrophages and constituent niche cells including stromal
(CD68™ Vimentin®), as well as mural (aSMA™) and endothelial
cells (CD31*) forming blood vessels. In parallel to increased vas-
cular structures and tissue fibrosis, IMC-based quantification
confirmed the presence of significantly elevated recruited mac-
rophages (CD68* tdTomato™) near vascularized fibrotic regions,
whereas TRMs (CD68" tdTomato™) were maintained at similar
levels in GIOA mice compared with controls (Figure 3B). Interest-
ingly, tdTomato™ macrophages, which initially localized in the lin-
ing niche, had shifted away and were found to cluster nearby
vascularized fibrotic regions (Figure 3C-E). The maci cluster
showed higher expression levels of genes associated with cell
migration and activation, as well as responses to wounding
and stress in CiOA (Figure 3F and Supplementary Table 4).

Collectively, these results underscore the dynamic nature of
macrophage behavior according to their origin. They also suggest
that lining CX3CR1* TRMs actively respond to stress signals from
the distant interstitial sublining tissue niche.

Cell-cell interaction analysis identifies Oncostatin
M-Oncostatin M receptor signaling as a major moMac-
stromal communication axis in CiOA. To further examine
how synovial macrophages and stromal cells differentially com-
municate in distinct synovial environments, we performed cell-cell
communication analyses using the CellChat method.®® Interac-
tion plots of synovial cells across conditions suggested reinforced
intercellular communication networks in mice with CiOA, particu-
larly between macrophages and synovial stromal cells (Figure 4A
and B). We next investigated information flow for signaling path-
ways in control and CiOA mice. When inferring significant
ligand—receptor pairs (L-Rs), CellChat predicted a list of 17 puta-
tive signaling pathways exclusively active in the CiOA microenvi-
ronment (Figure 4C and Supplementary Figure 6A). The
contribution of each pathway to the outgoing signaling patterns
among synovial cell types identified recruited macrophages as
the source of several cues, including SPP1, visfatin, and Oncosta-
tin M (OSM). In contrast, synovial fibroblasts and chondrocytes
were identified as the primary senders for periostin and midkine
and EGF and CD200 signals, respectively. Overall, the intercellular
signaling pathways primarily exhibited complex autocrine and
paracrine communications, as each pathway targeted multiple
cell types (Supplementary Figure 6A). Interestingly, this analysis
predicted that OSM signals from CiOA-associated macrophages
(mac2 and mac3 clusters) and neutrophils more specifically target
stromal cell types. Indeed, expression patterns of the L-R pair
involved in the OSM signaling network showed higher levels of
Osm in the context of CIOA, whereas Osmr transcripts were
exclusively found in fibroblasts and chondrocytes, identifying
them as the target cells (Figure 4D and E). However, six weeks
after CiOA induction, neutrophils were abundant in the bone mar-
row but scarce in fibrotic tissue and bone-forming osteophytes,
unlike CD68* macrophages, which predominated in the dam-
aged microenvironment. This supports the notion that
monocyte-derived macrophages (mac2 and mac3 clusters) are
more likely to be the primary source of OSM in CiOA synovial tis-
sue (Supplementary Figure 6B).

OSM-0SM receptor (OSMR) axis is a potential driver
of synovitis. OSM exerts broad pleiotropic effects and has
implications in various processes such as proliferation, angiogen-
esis, tissue fibrosis, and inflammation.*® Hence, we asked
whether OSM signals are sufficient to trigger pathologic features
of OA. Recombinant OSM injection into ankle joints of adult
healthy wild-type mice resulted in increased numbers of synovial
CD31*" CD45~ endothelial cells and sublining CD31~ CD45~
PDPN* PDGFRa* THY1* fibroblasts (Figure 5A), suggesting that
OSM exerts mitogenic actions on synovial cells.*’ Although
OSM was reported to contribute fibroblast chemotaxis, FACS-
sorted synovial fibroblasts showed similar migration patterns
regardless of OSM presence in a Boyden chamber assay
(Figure 5B). In chronic joint inflammation such as rheumatoid
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sequencing.

arthritis (RA), synovial fibroblasts adopt a pathogenic state
marked by the expression of fibroblast activation protein (FAP)
and the production of numerous cytokines, chemokines, and
degrading enzymes that sustain immune cell infiltration and

cartilage erosion.?* To determine whether OSM contributes to
the polarization of synovial fibroblasts toward an inflammatory,
fibrotic, or destructive phenotype, we analyzed the expression of
key markers of the fibroblast pathogenic switch on cultured
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synovial fibroblasts incubated with or without recombinant OSM
(Figure 5C). Strikingly, fibroblasts exhibited a marked pro-
inflacsnmatory signature in response to OSM stimulation as evi-
denced by significantly increased expression of Ccl2, Ccl7, Cxcl1,
Cxcl14, 1133, 116, and /l1r1. OSM had varying effects on other
matrix molecules involved in fibrosis, with Tenascin C levels being
elevated, whereas Tgfb1 messenger RNA (mRNA) levels were
significantly decreased. On the other hand, expression levels of
several other extracellular matrix genes involved in tissue remod-
eling such as Fibronectin 1, Collageni, or Mmp2 and Mmp9
remained unchanged. In contrast, Mmp3 and Mmp 13, two major
catabolic proteases involved in cartilage degradation, were drasti-
cally up-regulated in OSM-treated synovial fibroblasts.

Consistent with gene expression profiles, three weeks after
intra-articular OSM administration, histologic assessment of
OSM-treated knee joints exhibited signs of cartilage defects as
assessed by Safranin-O/Fast Green staining (Figure 5D), whereas
collagen content was similar to contralateral saline-treated knees
(data not shown). OSM signals did not significantly influence Fap
mRNA levels in vitro, despite widespread FAP detection across
fibroblast subsets and synovial tissue niches of CiIOA knee joints,
as demonstrated by FACS and immunohistochemistry
(Figure 5E and F). These data suggest that distinct communica-
tion networks participate in synovial fibroblasts phenotypic switch
and position OSM as a key factor that licenses synovial fibroblasts
to produce inflammatory mediators rather than contributing to a
net profibrotic phenotype.

MERTK'®" CD48"" CCR2" synovial macrophages
drive OSM in patients with OA. To evaluate the clinical rele-
vance of macrophage subtypes identified in experimental CIOA,
we collected joint tissue from four patients with OA undergoing
knee arthroplasty and isolated CD14" macrophages by flow
cytometry. CD14" macrophages constituted the predominant
immune cell population in OA synovia, accounting for 89.2% =+
3.1% of total CD45" cells (Figure 6A and Supplementary
Figure 7A). A total of 9057 viable single cells from these individuals
were subjected to scRNA-seq using the 10X Genomics Chromium
platform. At a clustering resolution of 0.15, synovial macrophages

segregated into four distinct clusters (Figure 6B, Supplementary
Figure 7B and Supplementary Table 5) that were annotated based
on established markers.*2*® Three of the clusters (Hu-mac1, Hu-
mac2, and Hu-mac3) expressed MERTK and MRC1 alongside
markers associated with lining macrophages such as TREM2,
FOLR2, LYVET, and TIMD4, corresponding closely to the mact
subset identified in mice (Figure 1). Among those, Hu-mac3 dis-
played a more pronounced inflammatory profile as evidenced by
elevated expression of CCL3, CCL4, and TNF (Figure 6C and Sup-
plementary Figure 7C). The fourth cluster, Hu-mac4, exhibited low
MERTK and MRC17 expression and lacked lining-associated
markers (eg, TIMD4 and TREM2) but showed high expression of
CD48, alarmins (ST00A8, ST00A9, S100A12), and inflammatory
regulators like TNFAIP3, NFKBIA, and HBEGF. Notably, this
MERTKPY CD48"" subset also expressed CCR2 at notable
levels. To investigate transcriptional parallels between mouse and
human synovial macrophages, we mapped the DEGs from murine
clusters onto the human dataset (Figure 6D). This analysis con-
firmed strong similarities across species, particularly for MERTK"
CD48"" macrophages, which in patients with OA, as in CIOA
mice, expressed high levels of NLRP3 and IL71B and uniquely
expressed OSM transcripts in nearly all patients with OA
(Figure 6E). Although their precise lineage requires further confirma-
tion, the inflammatory profile of MERTK'" CD48"" macrophages,
together with indirect evidence for their circulating origins,** sug-
gest that OSM might also be sourced by tissue-infiltrating macro-
phages in human OA synovia.

DISCUSSION

The present study provides insights into the distinct origins of
macrophage subtypes in the synovial tissue during steady state
and osteoarthritic conditions and sheds light on their respective
contribution to chronic synovitis in CIOA, a mouse model marked
by a pronounced inflammatory pattern, as well as in patients with
OA. Here, we highlight the OSM-OSMR axis as a promising start-
ing point to address the interplay of monocyte-derived macro-
phages with synovial fibroblasts in OA, particularly for the
inflammatory clinical phenotype.

Figure 5. OSM promotes a fibroinflammatory state in synovial fioroblasts. (A) Flow cytometry of endothelial cells (CD45 CD31%), lining
(CD45-CD31~PDPN*PDGFRa*Thy17), and sublining fibroblasts (CD45-CD31"PDPN*PDGFRa*Thy1") after intra-articular injections of rOSM in
C57BL/6 mice (n = 5). Contralateral joints received PBS as controls. (B) Migration assay using Boyden chambers with synovial fibroblasts seeded
in the upper chamber. Migrated cells were stained and measured at 560 nm after 24 hours of migration toward rOSM or PBS in the lower chamber
(n = 4-5 per group). (C) RT-gPCR of selected markers in FACS-sorted fibroblasts (PDPN*PDGFRa™) incubated with rOSM in vitro (n = 4-5 mice per
group). (D) Safranin-O/Fast Green-stained sections highlight proteoglycan loss and cartilage fibrillation in C57BL/6 mice (n = 8) three weeks after intra-
articular injections of rOSM (right knee) or PBS (left knee). Bar graph shows cartilage damage scores. (E) Flow cytometry of FAP expression in Thy1~
lining and Thy1* sublining fibroblasts in control and CIOA mice. Bar graphs show geometric mean FAPa signal. (F) FAPa immunostaining in synovial
tissues of control and CIOA. Scale bar 500 pm for left panels and 100 um for enlarged images. Bar graphs show QuPath quantification of FAPa* cells
(n = 4-6 mice per group). Mann-Whitney test; ns, not significant; *P < 0.05; **P < 0.01, and **P < 0.001. CiOA, collagenase-induced osteoarthritis;
CTL, control; Ctrl; control; EC, endothelial cell; FACS, fluorescence-activated cell sorting; FAP, fibroblast activation protein; LF, lining fibroblast; MFI,
mean fluorescence intensity; ns, nonsignificant; OARSI, Osteoarthritis Research Society International; OD, optical density; OSM, Oncostatin M; PBS,
phosphate buffered saline; r, recombinant; RT-gqPCR, quantitative reverse transcription PCR; SLF, sublining fibroblast.
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Consistent with recent synovial scRNA-seq studies in mice macrophage subset characterized by residency genes (Trem2,
simulating OA caused after a traumatic injury, our findings confirm Cx3cr1, Vsig4) but also share conserved features reminiscent to
that the healthy knee synovial tissue harbors a predominant TRMs seeding various other organs body such as the expression
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Figure 6. Legend on next page.
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of Timd4, Lyve1, and Folr2."8282° |n line with previous observa-
tions, we also corroborate the distinct synovial tissue positioning
of CX8CR1* macrophages and MHCII* macrophages in healthy
lining and interstitial synovial niche microenvironments, respec-
tively.3"4® Although the precise fetal origin of synovial macrophage
subsets and how they establish in the developing joint have yet to
be formally assessed, our findings in Cx3cr1“"®ER-RosaldTomato
mice support the long-lived nature of lining TRM. Despite their effer-
ocytic and anti-inflammatory actions at steady state, the role of
macrophages seeding the lining layer during joint inflammation
remains puzzling. Their depletion before joint inflammation resulted
in contrasting disease outcomes in OA, and their protective role in
mouse models of RA has been challenged by their more recently
described activation status promoting innate immune cell sup-
ply.3748 This apparent contradiction might arise from either broad
or macrophage subset-specific depletion that activate surrounding
synovial niche cells, thereby triggering spontaneous joint inflamma-
tion.*” By combining Cx3cr1-based fate mapping and IMC, we
demonstrate that the size of the lining macrophage pool remains
unchanged in mice with OA but undergoes spatial reorganization
toward the interstitial fibrotic areas of the synovial tissue. Accumu-
lation of CX3CR 1" macrophages near poorly structured blood ves-
sels was associated with a gene signature indicative of
inflammatory response and migration pathways. However, a limita-
tion of our study lies in the challenge of recovering sufficient endo-
thelial cells to identify potential signaling networks that would
provide insight into mechanisms driving this niche shift. Hence,
future studies are necessary to assess whether lining TRM restrain
or promote pathologic angiogenesis in OA.

Using Ccr2-based fate-mapping strategy, regardless of
MHCII expression, TIM4~ synovial macrophage subtypes, which
highly expressed Ccr2, achieved efficient tdTomato labeling upon
tamoxifen administration in Ccr2°®ER-Rosa'®™®ma mice, indicat-
ing their monocytic origin. Although recent trajectory inference
analyses have suggested resident macrophages may also give
rise to activated phenotypes, including those expressing CCR2
and SPP1, our direct fate-mapping data strongly supports that
the significant numerical expansion driving synovitis in this model
originates primarily from the recruitment and proliferation of
CCR2-dependent, TIM4~ monocytes.*€ Further experimental lin-
eage tracing studies will be valuable to definitively reconcile the
relative contributions of resident macrophage diversification ver-
sus monocyte recruitment to the full spectrum of macrophage

phenotypes in different OA models. In CiOA, increased vasculari-
zation and fibrosis were associated with interstitial tissue coloni-
zation by recruited monocyte-derived macrophages, indicating
their role in driving synovitis. During CiOA, paralleling increased
vascularization and fibrosis, and the interstitial tissue niche was
profoundly affected by colonization of recruited monocyte-
derived macrophages displaying a mixed profibrotic and pro-
inflammatory gene signature. Their mixed pro-inflammatory and
profibrotic transcriptomic profile is reminiscent to those of MAM
identified in multiple fibrosing disorders including patients with
OA, suggesting a role in driving synovitis and adverse tissue
remodeling.%°

Understanding intercellular communication networks in rela-
tion to synovial cell diversity is essential for uncovering how OA
disrupts joint health and function. Here, we highlight the OSM-
OSMR axis as a key mediator of the interplay between
monocyte-derived macrophages and synovial fibroblasts in mice
with CIOA. Importantly, our findings underscore the existence of
an analogous MERTK®Y CD48"" CCR2* population to Osm
expressing murine macrophages in human osteoarthritic synovial
tissues. Development of strategies for in vivo OSM specific target-
ing in recruited macrophage subsets will provide a better under-
standing of the mechanisms by which OSM influence the
stromal microenvironment. Although OSM levels are elevated in
a subset of patients with OA, whether the OSM/OSMR circuit also
associates with a clinical inflammatory phenotype warrant further
investigations.*® Defining synovial cell composition and identifying
specific molecular networks to knee OA subtypes, as outlined by
current stratification systems, may represent a critical step toward
targeted therapeutic interventions for patients.
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