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Abstract

Objectives: Synovium is acutely affected following joint trauma and contributes to post-
traumatic osteoarthritis (PTOA) progression. Little is known about discrete cell types and
molecular mechanisms in PTOA synovium. We aimed to describe synovial cell populations and
their dynamics in PTOA, with a focus on fibroblasts. We also sought to define mechanisms of
synovial Wnt/B-catenin signaling, given its emerging importance in arthritis.

Methods: We subjected mice to non-invasive anterior cruciate ligament rupture as a model of
human joint injury. We performed single-cell RNA-sequencing to assess synovial cell populations,
subjected Wnt-GFP reporter mice to joint injury to study Wnt-active cells, and performed intra-
articular injections of the Wnt agonist R-spondin 2 (Rspo2) to assess whether gain-of-function
induced pathologies characteristic of PTOA. Lastly, we used cultured fibroblasts, macrophages,
and chondrocytes to study how Rspo2 orchestrates crosstalk between joint cell types.

Results: We uncovered seven distinct functional subsets of synovial fibroblasts in healthy and
injured synovium, and defined their temporal dynamics in early and established PTOA. Wnt/p-
catenin signaling was overactive in PTOA synovium, and Rspo2 was strongly induced after injury
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and secreted exclusively by Prg4hi lining fibroblasts. Trajectory analyses predicted that Prg4i
lining fibroblasts arise from a pool of Dpp4+ mesenchymal progenitors in synovium, with SOX5
identified as a potential regulator of this emergence. We also showed that Rspo2 orchestrated
pathological crosstalk between synovial fibroblasts, macrophages, and chondrocytes.

Conclusions: Synovial fibroblasts assume distinct functional identities during PTOA in mice,
and Prg4"i lining fibroblasts secrete Rspo2 that may drive pathological joint crosstalk after injury.
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INTRODUCTION

Inflammation, fibrosis, and mineralization of synovium are key pathological features

of post-traumatic osteoarthritis (PTOA)(1-3). Despite major recent advances in our
understanding of synovial biology in inflammatory conditions such as rheumatoid arthritis
(RA)(4-7), little is known about mechanisms of PTOA pathogenesis.

Synovium is a heterogeneous connective tissue that exhibits intrinsic pathologies during
PTOA and promotes disease throughout the joint(8). Synovial fibroblasts (SFs) are a mixed
population of stromal cells that have been classified into pathological subsets in RA, based
on their proliferative capacity, invasiveness, and localization, along with their ability to
orchestrate inflammation or bone and cartilage damage(6, 7). However, in PTOA, functional
SF subsets have not been defined beyond an anatomical delineation between Thyl+
sublining and Prg4Ni lining SFs(9). Given the strong focus on cartilage in osteoarthritis
(OA), single-cell level analyses have shed significant light on chondrocyte subsets(10-12),
but little attention has been given to disease-associated synovial cell populations.

Targeting overactive canonical Wnt/B-catenin signaling has emerged as a strong candidate
for treating OA(13-17). However, the mediators and cell types responsible for overactive
Whnt signaling in OA are not well described. R-spondin 2 (Rspo2) is a secreted, matricellular
agonist of canonical Wnt signaling(18, 19), and recent reports have implicated its role in OA
progression(20, 21).

Herein, to study synovial dynamics during PTOA, we employed a non-invasive anterior
cruciate ligament rupture-based model of joint injury (ACLR) which recapitulates traumatic
joint overloading and instability that occur in human joint injury without confounding
effects from surgery(22-25). Transcriptomic profiling by single-cell RNA sequencing
(scRNA-seq) uncovered distinct functional subsets of SFs in healthy and injured tissue.
Further interrogation revealed overactive Wnt/B-catenin signaling throughout the SF niche
in synovium, and pathological secretion of Rspo2 exclusively by Prg4" lining SFs. These
insights offer new avenues for specific therapeutic targeting in PTOA.
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RESULTS

Single-cell transcriptomic profiling of synovium reveals cellular heterogeneity in PTOA

The cellular composition of synovium has been characterized in inflammatory models

of arthritis(6, 26), but little is known about synovial cell dynamics in PTOA. We used

flow cytometry to demonstrate that synovial tissue digestion yielded viable (>90%) cells
representing major resident subpopulations — synovial fibroblasts (SFs; CD31- CD45-),
endothelial cells (CD31+ CD45-), and hematopoietic cells (CD31- CD45+) (Figure S1A).
To study PTOA synovium, we employed a non-invasive, joint-overloading ACLR model,
which induces key clinical features of PTOA including cartilage degradation, synovial
inflammation, fibrosis, and osteophyte formation(23-25). We performed scRNA-seq on
synovium from mice 7d ACLR, 28d ACLR, or Sham controls (Figure S1B). Given inherent
sex differences reported in pre-clinical PTOA models including ACLR(27, 28) we combined
male and female synovium for each sample. After initial quality control, 20,422 cells were
integrated across conditions by canonical correlation analysis(29) (Figure S1C-D), then
unsupervised dimensionality reduction and clustering were performed (Figure 1A-B and
Figure S2A-B). SFs (sublining and lining), myeloid, and endothelial cells predominated
numerically in healthy and PTOA synovium, with SFs and myeloid cells undergoing

the most drastic increase in abundance at 7d ACLR (Figure 1C-D). We also detected

rarer cell populations including pericytes, T cells, and Schwann cells, which are not well
characterized in synovium (Figure S2C). Profound injury-induced changes in synovial
cellular composition were underpinned by changes in global transcriptomic profile among
Sham, 7d, and 28d ACLR (Figure 1E). To examine intercellular communication between
synovial cells, we used CellChat, which infers cell-cell signaling pathways based on curated
interaction networks between ligands, receptors, agonists, and inhibitors(30). Outgoing and
incoming communication patterns for each major synovial cell type were calculated based
on relative contributions of ligand-receptor interactions, displayed as river plots (Figure 1F
and Figure S3). These data demonstrate distinct, cell- and direction-specific communication
signatures that orchestrate cell-cell signaling in synovium, allowing for subsequent analysis
of networks of interest. Together these results highlight the plasticity of synovium following
joint injury and shed light on the diverse cell types that populate PTOA synovium.

Identification of functionally distinct synovial fibroblast subsets

For more granular interrogation of SF subpopulations, we computationally subset SFs

and related mesenchymal cells, excluding pericytes. Re-clustering uncovered seven distinct
subsets present in healthy synovium (Angptl7+, IL-6+, Dpp4+, Prg4) or induced after
injury (aSMA+, Sox9+, MKi67+), each designated by highly confined expression of marker
genes (Figure 2A—-C and Figure S4). Established SF markers, such as Vim, Pdgfra, and Papn
were broadly present across subsets, with a distinction between Thyl+ SFs (expressed in
Angptl7+, aSMA+/Acta2+, IL-6+, Dpp4+, and Mki67+ clusters) and Prg4"i Thy1- lining
SFs (Figure 2D). Profound injury-induced changes in both proportion and abundance of
subsets occurred by 7d ACLR; all clusters expanded numerically post-injury but the most
robust increases were evident in subsets absent from healthy synovium — the a SMA+ and
Sox9+ clusters (Figure 2E-G). Notably, the abundance of all subsets diminished by 28d
ACLR, apart from Prg4i lining SFs, consistent with persistent lining hyperplasia observed
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in human PTOA(31, 32). Having defined distinct SF clusters and their temporal abundance,
we assessed whether their unique transcriptomic profiles underpinned distinct functional
roles. All clusters, except for Mki67+ cells, exhibited hallmark features of SFs, with roles in
extracellular matrix and collagen organization (Figure S5A). Gene Ontology and Reactome
analyses uncovered unique functions of each subset (Figure 2H and Figure S5B). Fibroblast
subsets were also subjected to CellChat analysis to characterize broad signaling patterns
(Figure 21 and Figure S5C-I). Angptl7+ cells, present in healthy and injured synovium,
were enriched for pathways relating to neurogenesis and were important secretors of ligands
for glial-derived neurotrophic factor signaling. Injury-induced aSMA+ cells were enriched
for pathways including myofibril assembly, smooth muscle contraction, and response

to mechanical stimulus — reminiscent of myofibroblasts. IL-6+ cells, present in Sham

and expanded by injury, were enriched for pro-inflammatory and chemotactic signaling,
suggesting a role in orchestrating immune-SF crosstalk. Dpp4+ cells, which expressed
previously reported mesenchymal progenitor markers Dpp4, Wnt2, Anxa3, Cd34and
Pi16(33, 34), were present both in Sham and ACLR. Prg4M SFs, which constitute the thin
lining layer in healthy synovium that exhibits dramatic hyperplasia in OA, were enriched
for cell junction regulation, R-spondin and syndecan signaling, and were overrepresented for
incoming signals from other SF subsets. Sox9+ cells, which also express Col2al, Osx/Sp7,
and Acan, were enriched for chondrogenic and osteogenic pathways, along with glycolytic
metabolism, consistent with an osteochondral progenitor (OCP) phenotype. These cells
may give rise to osteophytes, bony growths that constitute an important clinical feature of
PTOA(35). And lastly, Mki67+ cells exhibited a distinct proliferating phenotype, expressing
known markers such as Birc5and TopZa. We then compared these fibroblast subsets to
published scRNA-seq datasets from human OA and RA(4, 5). As expected, Prg4 was

most highly expressed in lining SFs across disease states (Figure S6). Strikingly, Dpp4+
and IL-6+ subpopulations of SFs were observed across datasets and clearly segregated,
suggesting a degree of conserved function in both OA and RA synovium. Together these
data reveal the diversity of stromal subpopulations in healthy and PTOA synovium and point
towards their distinct functions and signaling patterns.

Canonical Wnt/p-catenin signaling is activated in synovium during PTOA

Targeting canonical Wnt/p-catenin signaling has therapeutic promise in OA given its
reported overactivation in joint disease(14, 36, 37), and we found that the Wnt pathway was
an important element of broad synovial signaling patterns in our study (Figure 1F and 2I).
We showed Schwann cells to be important secretors of Wnt ligands in synovium, especially
Whnt6 and Wnt9a, while Dpp4+ mesenchymal progenitors were important secretors within
the SF niche (Figure 3A-B and Figure S7TA-B). Beyond just outgoing Wnt signals, we
showed that each of the SF subsets (except for Mki67+ proliferating SFs) were enriched

for canonical Wnt signaling terms compared to non-SF cell types in synovium (Figure

3C). Inspection of individual Wnt ligand expression patterns and regulation after injury
showed that Wnt5a, Wnt5b, Wnt6, Wnt9a and Wnt11 were the most highly expressed
(Figure 3D-E). While some Wnt ligands were down-regulated, most were induced after joint
injury, and this observation is consistent more broadly with up-regulation of Wnt pathway
genes seen in whole synovium and in only SFs, at 7d and 28d ACLR (Figure S7C-D).

To assess synovial cells actively undergoing canonical Wnt/p-catenin signaling, we used
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Wnt-GFP reporter mice which express TCF/LEF response element-driven EGFP(38). The
abundance, but not total proportion, of Wnt-GFP+ cells increased in 7d ACLR compared to
contralateral synovium, and we observed increased GFP intensity — a proxy for increased
Whnt/B-catenin signaling activity (Figure 3F-G and Figure S8A-B). Wnt-GFP+ cells were
predominantly CD31- CD45-, indicative of SFs (Figure 3H), and total number and GFP
intensity increased within this population in ACLR versus contralateral synovium (Figure
31-J and Figure S8C). This corroborates our finding from scRNA-seq pathway analysis
that SFs are the predominant Wnt-active cells in synovium (Figure 3C). These results
demonstrate the importance of canonical Wnt/B-catenin signaling in synovial crosstalk and
its overactivation in PTOA, with SFs being key cells undertaking Wnt signaling.

The canonical Wnt agonist R-spondin 2 is strongly and selectively induced during PTOA

To understand potential Wnt modulators activated during PTOA, we focused on R-spondin
2 (Rspo2), a secreted, matricellular agonist of canonical Wnt signaling that has been
implicated in PTOA(20, 21). Immunostaining of whole joint sections from Sham and ACLR
limbs revealed widespread up-regulation of Rspo2 in synovium and meniscus after injury,
with strong expression evident in the osteophyte (Figure 4A-B). We detected elevated Rspo2
in synovial fluid, up-regulation of RspoZ2transcript by gPCR, and increased abundance of
RSPO2+ cells by flow cytometry, in synovium of injured mice (Figure 4C-D and Figure
S9A). Despite a previous report that synovial M1 macrophages express Rspo2 in OA(21),
we did not detect any CD45+ hematopoietic cells expressing Rspo2 by flow cytometry,

in healthy or injured synovium, nor did sSCRNA-seq indicate RspoZ2 expression in myeloid
cells (Figure 4E-F). Rspo2transcript and protein were only detected in SFs, where it was
significantly more highly expressed than other R-spondin family members and strongly
induced in PTOA (Figure 4E-F and Figure S9B-D). This observation was consistent in
primary cultured cells, where Rspo2was highly expressed in knee-derived SFs compared to
bone marrow-derived macrophages (BMDM) (Figure S9E-F). Primary cultured SFs are a
well-established /n vitro model(39), and we confirmed that our cells expressed classical SF
markers (Podoplanin, THY1/CD90.2, CD55) and had <1% contamination from CD11b+
synovial macrophages (Figure S9G-J). Within SFs, Rspo2 was confined to the Prg4hi

lining subset, not Thy1+ sublining SFs (Figure 4G), consistent with Rspo2 immunostaining
localization to the synovial lining (Figure 4A). Cell-cell signaling analysis revealed that
outgoing R-spondin signaling was dominated by interactions between lining-derived Rspo2
and its receptors Lgr4—6 on other SF subsets (Figure 4H-I1). These results demonstrate that
Rspo2 is induced in PTOA and, within synovium, is exclusively secreted by lining SFs.

Synovial lining fibroblasts arise from Dpp4+ mesenchymal progenitors

To assess the injury-associated emergence of Prg4"i Rspo2-expressing lining SFs, we
performed trajectory analysis within the SF niche using Monocle3. This analysis identified
Dpp4+ progenitors as precursors for Prg4M lining SFs across pseudotime, via an aSMA+
intermediate akin to that seen in other musculoskeletal injury models such as fracture
healing(40, 41) (Figure 5A-B). This differentiation was supported by pseudotime regression
analysis of genes unique to the Dpp4+ root (Dpp4, Pil6, Wnt2) or the Prgdi terminus
(Prg4, Col22al, Rspo2) of the proposed trajectory (Figure 5C-D). Transcription factor motif
analysis of genes derived from co-regulation network analysis along the trajectory revealed
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SOX5 as a putative regulator of RspoZ2in lining SFs (Figure 5E-F and Figure S10A-C).
siRNA-mediated knockdown of SOX5 in hindpaw-derived SFs reduced Sox5 transcript by
~50%, and we observed a concomitant ~65% to 80% reduction in RspoZ2transcript, pointing
towards a direct role for SOXS5 in regulation of RspoZlevels in SFs (Figure 5G and Figure
S10D). In summary, we propose that Prg4" lining SFs that secrete Rspo2 arise from a
Dpp4+ progenitor pool within synovium, and this differentiation trajectory, regulated in part
by SOX5, may provide insights into mechanisms of chronic lining hyperplasia in PTOA.

R-spondin 2 is sufficient to induce some pathological features in healthy joints of mice

To study gain-of-function effects /in vivo, we performed intra-articular injections of RSPO2
(right hindlimbs) or PBS (left hindlimbs) into mice and assessed knee hyperalgesia,

matrix metalloproteinase (MMP) activity, and histological features of OA and synovitis
(Figure 6A). Limbs injected with RSPO2 had a lower pain threshold, indicative of RSPO2-
induced hyperalgesia, and higher MMP activity compared to PBS-injected limbs (Figure
6B-C). RSPO2-injected joints had elevated PTOA and synovitis severity scores, driven by
chondrocyte hypertrophy and structural damage in articular cartilage, synovial fibrosis, and
inflammatory cell infiltration (Figure 6D-G, Figure S11 and Figure S12). These data clearly
demonstrate that in healthy mouse joints, exogenous delivery of RSPO2 is sufficient to
induce some of the pathological features observed in various joint conditions, including
inflammatory arthritis and PTOA.

R-spondin 2 orchestrates pathological crosstalk between joint-resident cell types

The joint is a complex organ with diverse cell and tissue types capable of signaling to one
another via synovial fluid. Having shown that SFs produce Rspo2 and that it is enriched in
synovial fluid of injured joints, we sought to assess how SF-derived Rspo?2 interacts with
other joint-resident cell types. Treatment of knee-derived SFs with inflammatory cytokines
TNFa or IL-1B, known to be activated in OA(42, 43), did not increase secretion of Rspo2
into conditioned media (Figure 7A). In vivo, SFs expressed Lgr4, Lgr5and Lgr6, the
receptors for Rspo2; Lgr4 was broadly expressed by SFs, whereas Lgr5and Lgré were
confined to the aSMA+ and IL-6+, and the Sox9+ clusters, respectively, and were induced
after injury (Figure 7B and Figure S13A). SFs derived from murine hindpaws and from
knees expressed high levels of Lgr4and Lgr5, thus serving as valid models for studying
Rspo2 signaling in SFs (Figure S13B). Treatment of Wnt-GFP reporter-derived hindpaw
SFs with RSPO2 increased GFP intensity (a proxy for Wnt activity) and the percentage

of Wnt-GFP+ cells (Figure 7C). Hindpaw SFs cultured on soft substrate (to reduce basal
Whnt activity) were treated with RSPO2 and showed higher nuclear localization of active
[B-catenin compared to vehicle (Figure 7D and Figure S13C). Reduced translocation was
seen after treatment with the Wnt inhibitor C59, whereas the Wnt activator CHIR99021
induced high levels of B-catenin in the nucleus. We observed induction of Wnt-responsive
genes AxinZand Lef1, and of RspoZ2itself, after treating hindpaw and knee-derived SFs
with RSPO2 (Figure 7E and Figure S13D). This induction was mitigated by treatment
with the Lgr inhibitor Mianserin(20). These data demonstrate that SFs secrete and respond
to RSPO2, at least in part via Lgr signaling. Macrophages, on the other hand, did not
express Lgr receptors (Figure S13E). We saw no induction of Wnt genes (AxinZ, Lefl)

or macrophage functional genes (//16, Tnf, Mrc1/Cd206, 1/10) upon treatment of BMDM
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with RSPO2 (Figure 7F). Therefore, we treated BMDM with conditioned media from
vehicle- or RSPO2-treated hindpaw SFs, to ask whether SFs secrete secondary mediators
that affect macrophage polarization. SF conditioned media was given to BMDM polarized
towards M1 (IL-1B), M2 (IL-4) or MO (PBS) (Figure 7G). In each condition, media

from RSPO2-treated SFs skewed macrophage polarization towards an inflammatory, M1-
like phenotype, based on composite gene expression of M1/M2 markers (Figure 7H and
Figure S13F). This was mitigated when SFs were co-treated with Mianserin, reinforcing
that RSPO2-induced activation of SF-derived mediators that activate macrophages is Lgr-
dependent. We then employed this conditioned media treatment protocol to chondrogenic
ATDCS5 cells, which express Lgr receptors (Figure S14A). Treatment of differentiated
ATDCS5 cells with media from RSPO2-treated hindpaw SFs increased their expression of
osteogenic genes Bspand Ocn (Figure S14B). Direct treatment of ATDC5 cells with RSPO2
during and after chondrogenic differentiation suppressed chondrogenic genes, but elevated
hypertrophic, osteogenic, and Wnt genes (Figure S14C-D), consistent with previous reports
of a pro-osteogenic and anti-chondrogenic role for Rspo2(20, 44). Together, these results
suggest that Rspo2 may orchestrate pathological crosstalk in the joint via pro-inflammatory
signaling between SFs and macrophages, and pro-hypertrophic signaling between SFs and
chondrocytes.

DISCUSSION

Synovium undergoes dramatic changes in composition and function after joint injury;
however, underlying molecular mechanisms are not well understood. Here, we report a
hierarchy of functionally distinct SF subsets in healthy and injured joints, and demonstrate
that lining SFs secrete the Wnt/p-catenin agonist R-spondin 2, which promotes PTOA.

Recent studies utilizing ‘omics approaches have shed light on SF and macrophage
subpopulations in RA synovium, in mice and humans(5-7, 26, 45). Single-cell studies

of OA, in addition to their paucity, have largely focused on cartilage(9-12, 46), given

its historical and prevailing position as the focal point of OA research. Reports are now
emerging focused on the role of synovium specifically in OA, including recent evidence
from Nanus et a/ showing a SF gene signature of inflammation and neurotrophic factors
linked to early OA pain(47). Studies in human(9) and mouse(10) defined the broad
distinction between sublining and lining SFs in OA. Here, we have extended these findings
to propose distinct functional subsets within the SF niche, including Dpp4+ mesenchymal
progenitors and IL-6+ immune-interacting SFs, along with a SMA+ myofibroblast-like cells
and osteochondral progenitors that arise after injury. These functional subsets are worthy of
future /n vitro and in vivo characterization.

Human GWAS findings first linked canonical Wnt/p-catenin signaling to OA(48-50).
Lorecivivint (SM04690), a small molecule Wnt inhibitor, has shown therapeutic promise
in pre-clinical studies(51, 52) and Phase I/11 clinical trials(15-17, 53, 54), with ongoing
Phase I11 trials aiming to harness broad Wnt inhibition for treatment of moderate to severe
OA patients. An important consideration when modulating Wnt activity is the deleterious
effects of both overactive and absent Wnt signaling in chondrocytes(20, 55-59); finetuning
Whnt activity is thus a warranted avenue of inquiry. R-spondins are potent Wnt agonists
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that facilitate Frizzled/LRP receptor stability to permit Wnt activation(19). Okura et a/
showed that Rspo2 is elevated in synovial fluid of OA patients(20), and identified the
antidepressant Mianserin as a putative Rspo/Lgr inhibitor that mitigated anti-chondrogenic
actions of Rspo2. Another study showed that intra-articular injection of RSPO2 exacerbated
collagenase-induced OA in mice, consistent with our results in uninjured mice, and
demonstrated efficacy of anti-Rspo2 treatment in suppressing p-catenin overactivation(21).
The authors, however, proposed that Rspo2 was secreted by synovial macrophages, for
which we found no evidence in healthy or injured synovium, nor /n vitro. Instead, we

used multiple approaches to demonstrate that Prg4"i lining SFs express and secrete Rspo2.
Differentiation trajectory analysis pointed towards a Dpp4+ mesenchymal progenitor pool
giving rise to Rspo2-expressing lining SFs, via an aSMA+ intermediate. Advances in multi-
omic single-nucleus sequencing, combining gene expression and chromatin accessibility

for refined trajectory inference(60), will facilitate further interrogation of lining SF
differentiation and provide insights into pathological lining hyperplasia seen in PTOA.
SOXS5 has been shown to activate MMP9 and promote an invasive phenotype in RA SFs(61),
reminiscent of the hyperplastic lining phenomenon seen in our model, which we propose is
regulated in part by SOX5. Additionally, SFs were shown to up-regulate SOX5 in response
to pro-inflammatory cytokine treatment(62), which may represent one mechanism by which
SOX5-driven lining hyperplasia is initiated.

Given our observation of Rspo2 expression in multiple joint tissues, further work examining
how Rspo2 and its cellular sources drive PTOA-relevant pathologies such as fibrosis,
osteophytes, and inflammation is warranted. Rspo2 is a soluble matricellular protein that
we and others(20) have shown to be detectable in healthy synovial fluid and elevated

in OA. Our intra-articular injections delivered Rspo2 directly into the synovial fluid, and
this resulted in features characteristic of arthritis pathology throughout the joint. These
findings, in conjunction with our mechanistic /n vitro results showing Rspo2-mediated
interactions between joint-resident cell types, suggest that Rspo2 may indeed play a role in
orchestrating pathological joint crosstalk after injury. This justifies further investigation of
in vivo mechanisms to better understand how targeting Rspo2 signaling may be harnessed
as a potential therapeutic approach. Building on promising findings of Rspo/Lgr inhibition
by Mianserin(20), the development of specific and sustained-release OA therapies that target
overactive Wnt and Rspo signaling should be prioritized.

The lack of longitudinal samples and bias towards end-stage donors are inherent drawbacks
of human OA tissue samples, complicating studies focused on early disease etiology,
especially post-traumatic. Therefore, the clinically-relevant ACLR model of PTOA in mice
provides a useful means of studying pathophysiological events that precede established
disease. Future investigations must discern the immediate molecular events after joint
trauma from the chronic downstream sequelae that arise after initial injury via joint
destabilization and inflammation. Further, it will be critical to assess the extent to which
our findings, especially distinct SF subsets, are conserved in human PTOA. Changes in
gene expression and preferential cell type depletion are shortcomings of common tissue
dissociation methods, as used here. We observed very low numbers of contaminating
skeletal muscle cells in our sScRNA-seq dataset (<1%) and an absence of capsular cells,
confirming the precision and reproducibility of our knee synovial dissection. However, a
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limitation of this procedure is that the posterior synovium and posterior fat pad are not
captured. The rapid advancement of spatial transcriptomics may remedy these concerns and
allow scientists to capture both the phenotypic and anatomical dimension, which is essential
for an organ as architecturally complex as the joint. Meta-analysis of both mouse and human
single-cell studies from OA synovium and cartilage will further help to bridge gaps in
knowledge, harmonizing existing data for better utility and interpretation.

In summary, we defined distinct functional subsets of SFs in PTOA, showed that lining SFs
secrete Rspo2, and that Rspo2 can promote pathological crosstalk within the joint. We also
identified a Dpp4+ progenitor pool that gives rise to Prg4" Rspo2-expressing lining SFs,

in part via SOX5. These findings highlight the importance of SF speciation and canonical
Whnt/B-catenin signaling in PTOA, which together serve as promising therapeutic targets in
pursuit of disease-modifying OA drugs.
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Key messages
What is already known about this subject?

Whnt/B-catenin signaling is overactive in mouse and human OA joints, but the mechanism
of action and identity of agonists are currently unknown. Lining and sublining synovial
fibroblasts are known but specific functional subsets of these cells are undescribed in OA.

What doesthis study add?

We uncovered distinct functional subsets of synovial fibroblasts in OA, and showed that
Prg4"! lining fibroblasts secrete the Wnt/B-catenin signaling agonist R-spondin 2 which
orchestrates joint pathology.

How might thisimpact on clinical practice or future developments?

While Whnt signaling is recognized to be important in OA pathogenesis, very little is
known about Wnt signaling in synovium nor the key modulators of Wnt signaling
following joint injury. These findings may lead to more specific targeting of Wnt
signaling via Rspo2 inhibition.
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Figure 1. Single-cell transcriptomic profiling of synovium reveals cellular heterogeneity in
PTOA.

(A) UMAP plots showing reduced dimensionality projections of all synovial cells from
Sham, 7d ACLR or 28d ACLR mice (20,422 cells, n=2 biological replicates per condition,
each composed of one male and one female). Cell types are grouped by color and designated
numbers, with annotations on the right. Major cell groups have dashed outlines. (B)

Violin plots of synovial cell type marker genes. (C) Proportional breakdown of major
synovial cell types in each condition. (D) Total abundance of major synovial cell types in
each condition. (E) Global gene expression across conditions from pseudo-bulk analysis

|
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of scRNA-seq data of all synovial cells. (F) River plot from CellChat analysis showing
outgoing signaling patterns from major synovial cell types and the pathways comprising
each pattern (contribution score for each pathway is shown on the right). ACLR: anterior
cruciate ligament rupture (injury model).
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Figure 2. I dentification of functionally distinct synovial fibroblast subsets.
(A) UMAP plot showing SFs and related cell types integrated across conditions using

canonical correlation analysis (n=2 biological replicates per condition, as in Figure 1).
Clusters have designated numbers and colors corresponding to their annotation (top). (B)

SF UMAP plots split by condition. (C) UMAP plot of SFs showing cluster borders with
colored, dashed outlines (left), and feature plots of marker genes used to designate the
naming of each cluster. Color scales represent relative expression for each gene individually.
(D) Violin plots showing expression levels of common SF marker genes across clusters. (E)
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Proportional breakdown (%) of each cluster across condition. (F) Total abundance (#) of
cells in each cluster across conditions. (G) Fold change (relative to Sham) of cell number
(#) in each cluster at 7d and 28d ACLR. (H) Pathway analysis using Gene Ontology (GO)
Biological Processes showing unique functional terms for each cluster and the direction of
each term. (1) River plot showing CellChat analysis of outgoing signaling patterns from
SF subsets and the pathways comprising each pattern, and the contribution score of each
pathway on the right. FDR: false discovery rate.
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Figure 3. Canonical Wnt/p-catenin signaling is activated in synovium during PTOA.
(A-B) Circle plots showing canonical Wnt signaling communication between all synovial

cell types (A) or SFs only (B), with directionality indicated by arrowheads. Lines are
color-coded by source cell type and line width is proportional to interaction strength. (C)
Pathway analysis using GO Biological Processes showing enriched canonical Wnt signaling
terms in each SF cluster compared to all non-SFs. (D) Bubble plot showing expression
levels of each Wnt ligand gene across major synovial cell types, and the proportion of

cells in each cluster expressing the gene. Some Wnt ligand genes were not detected. (E)
Heatmap showing Whnt ligand gene expression (z-score) in all synovial cells from Sham, 7d
ACLR or 28d ACLR conditions. (F-J) Flow cytometry assessment of injured or contralateral
(contra) synovium from Wnt-GFP reporter mice 7d ACLR (n=4 mice). (F) Total number of
Whnt-GFP+ synovial cells. (G) Median fluorescence intensity (MFI) of GFP for all synovial
cells. (H) Overlay of Wnt-GFP+ cells (green) from contra and 7d ACLR synovium showing
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their expression of CD31 and CD45. CD31- CD45- cells represent predominantly SFs in
synovium. Green values represent the percentage of Wnt-GFP+ cells in each gate. (I) Total
number of CD31- CD45- synovial cells that were Wnt-GFP+. (J) MFI of GFP for CD31-
CD45- synovial cells. Paired two-tailed student’s t-tests were used for F, G, I, and J, where
*p<0.05, **P<0.01. Error bars are mean £ SEM. qval: P value adjusted for false discovery
rate.
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Figure 4. The canonical Wnt agonist R-spondin 2 is strongly and selectively induced during
PTOA.

(A) Immunofluorescent staining of R-spondin 2 (RSPO?2) in joint sections from Sham, 3d
or 28d ACLR. A negative control with only secondary antibody (Ab) staining is included
(left). Nuclei were counterstained with Hoechst 33342. White arrowheads indicate areas

of RSPO2 expression. Representative images are shown from n=3 mice per condition. FP:
fat pad; S: synovium; F: femur; T: tibia; M: meniscus; OP: osteophyte. (B) Qualitative
grading of RSPQO2 staining in (A) for synovium, cartilage, subchondral bone (SCB), and
meniscus. (C) RSPO2 protein levels in synovial fluid from contralateral (contra) and 28d
ACLR (n=6 mice), measured by ELISA. Amount of RSPO2 was normalized to total protein
in each synovial fluid sample. (D-E) Assessment of RSPO2+ cells from contra, 7d ACLR
or 28d ACLR synovium by flow cytometry (n=3 mice per condition). (D) Total number of
RSPO2+ cells in synovium. (E) Expression of CD31 and CD45 in RSPO2+ synovial cells.
Mean percentage of RSPO2+ cells in the CD31- CD45- gate is shown in red £ SEM. (F)
Feature plot showing expression of RspoZ2in all synovial cells by scRNA-seq. Lining SFs
are outlined. (G) Violin plots of RspoZ, the sublining SF marker 74y, and the lining marker
Prg4 across SF subsets. (H) Circle plot showing Rspo signaling communication between
SF subsets, with directionality indicated by arrowheads. Lines are color-coded by source
cell type and line width is proportional to interaction strength. (1) Relative contribution

of Rspo pathway ligand-receptor pairs for the circle plot of SFs in (H). For (B), one-way
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ANOVA with multiple comparisons and Tukey’s post-hoc correction was used to assess
significance in each tissue compartment (*/<0.05, **/<0.01, ***P<0.001 compared to
Sham; #P<0.05 compared to 3d ACLR). For (C), a paired two-tailed student’s t-test was
used with **£<0.01. For (D), a two-way ANOVA with multiple comparisons and Tukey’s
post-hoc correction was used, where *P<0.05, **£<0.01 compared to the corresponding
contralateral. For B-D, error bars are mean + SEM.
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Figure5. Synovial lining fibroblasts arise from Dpp4+ mesenchymal progenitors.
(A\) Trajectory analysis of Prg4"i lining SFs. The black line represents the trajectory

calculated by Monocle3 and cells are color-coded according to their cluster. Arrows indicate
progression of pseudotime derived from (B). (B) Pseudotime plot for the Dpp4+ to Prg4Mi
lining SF trajectory in (A), calculated using Monocle3 (C-D) Pseudotime regression plots
(left) and the corresponding feature plots mapped onto the lining trajectory UMAP (right),
for genes associated with the (C) Dpp4+ root (Dpp4, Pi16, Wnt2) or (D) PrgaN terminus
(Prg4, Col22al, Rspo2) of the trajectory. (E-F) Transcription factor motif analysis in Module
2 (from Figure S10A) of the Prg4Ni lining trajectory, using RcisTarget. (E) Binding motif
for SOX5 (JASPAR_MAOQ0087.1). (F) Pseudotime regression plot (left) and feature plot
(right) for Sox5in the Dpp4+ to Prg4hi trajectory.(G) Hindpaw SFs were transfected with

a negative control siRNA, siRNA for Sox5 (#1 and #2), or untransfected (Sham), then
RspoZ2 expression assessed after 48 h (n=3 biological replicates). Afp5b was used as the
housekeeper gene, and the Sham transfection condition was set to 1. For G, one-way
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ANOVA with multiple comparisons and Tukey’s post hoc testing was performed where
***<0.001. Error bars are mean + SEM.
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Figure 6. R-spondin 2 is sufficient to induce some pathological featuresin healthy joints of mice.
(A) Experimental design. Male and female C57BI6/J mice (n=5) were given intra-articular

injections with R-spondin 2 (RSPO2, 200 ng/mL, right limb) or PBS (left limb) for five
consecutive days. 28 days later, knee hyperalgesia and matrix metalloproteinase (MMP)
activity were assessed, then whole joint histological sections were graded for OA severity
and synovitis. (B) Knee hyperalgesia testing of contralateral (contra, PBS-treated) or
RSPO2-treated limbs 28d after first injection. Paired limbs are connected by lines. (C) MMP
activity as measured by near-infrared imaging of MMPSense680 probe. Representative
intensity image (left) and quantitation of signal (right). Paired limbs are connected by

lines. (D-G) PTOA (D) and synovitis (F) severity scoring(63, 64) for contralateral versus
RSPO2-injected limbs, with paired limbs connected by lines. Safranin O/Fast Green stained
sections imaged at 10x magnification that are representative of (E) PTOA score or (G)
synovitis score. Highlighted features are proteoglycan and matrix loss (black arrows),
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synovial lining hyperplasia (green arrows), synovial fibrosis (blue arrows), sub-synovial
inflammatory infiltrate (red arrows), and cortical bone erosion (black outline arrows). Scale
bar: 100 um. For B, C, D and F, paired two-tailed student’s t-tests were used, where
**p<0.01. F: femur; T: tibia; M: meniscus; S: synovium.
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Figure 7. R-spondin 2 orchestrates pathological crosstalk between joint-resident cell types.
(A) Secreted RSPO2 protein levels in conditioned medium from cultured knee-derived

SFs treated for 48 h with vehicle (veh), TNFa (10 ng/mL) or IL-1f (10 ng/mL). (B)
Feature plots of Lgr receptors (Lgr4—6) in SFs. Color scales are not equivalent between
plots. Cluster borders are shown on the right. (C) Hindpaw-derived SFs from Wnt-GFP
reporter mice were treated with veh or RSPO2 (200 ng/mL) for 24 h. SFs were analyzed
by flow cytometry to assess Wnt signaling activity (Wnt-GFP MFI, left) and the total
percentage of Wnt-GFP+ cells (right). WT SFs (no reporter) were used as a negative
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control. Two biological replicates were performed. (D) Hindpaw-derived SFs were treated
for 4 h with veh, C59 (0.25 uM), RSPO2 (200 ng/mL), or CHIR99021 (10 uM) on 1.5

kPa Ibidi soft substrate dishes (n=3 biological replicates). Immunocytochemical staining

of non-phosphorylated/active p-catenin was performed to assess nuclear localization. Left:
percentage of cells with nuclei positively stained for p-catenin. Right: Nuclear B-catenin
staining intensity. (E) Hindpaw-derived SFs were treated for 24 h with veh, RSPO2 (200 ng/
mL), Mianserin (20 uM), or RSPO2+Mianserin (n=8-10 biological replicates). Expression
of Axin2, Lefl and Rspo2was normalized to Azp50 levels, and veh samples were set

to 1. (F) Bone marrow-derived macrophages (BMDM) were treated for 8 h with veh or
RSPO2 (200 ng/mL) (n=3 biological replicates). Expression of Axin2, Lef1, I/1b, Tnf,
Mrcl and /110 were normalized to Gapah levels, and veh samples were set to 1. (G)
Schematic showing experimental design of SF-BMDM conditioned media treatment in (H).
(H) Hindpaw-derived SFs were treated with vehicle, RPSO2 (200 ng/mL), Mianserin (20
uUM), or RSPO2+Mianserin. After 6 h, treatment media was removed, cells were washed
and replenished with normal SF media for another 18 h (24 h total). SF conditioned media
was harvested and directly treated to BMDM for 8 h in tandem with MO polarization

(PBS, middle), M1 polarization (10 ng/mL IL-1p, left), or M2 polarization (10 ng/mL IL-4,
right) (n=3 biological replicates per condition). A composite M1:M2 polarization score was
calculated based on the expression of M1 (//1b, 116, Nos2) and M2 (Mrcl, 1110, Argl) genes
by gPCR. Gapdhwas used as the housekeeper gene. For A, E and H, one-way ANOVA
with multiple comparisons and Tukey’s post hoc testing was performed where */<0.05,
**p<0.01, ***A<0.001. For D and E, paired two-tailed student’s t-tests were performed
where *£<0.05. Error bars are mean = SEM. n.s.: not significant.
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