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            Abstract
Osteoarthritis (OA) is a prevalent aging-related joint disease lacking disease-modifying therapies. Here, we identified an upregulation of circulating exosomal osteoclast (OC)-derived microRNAs (OC-miRNAs) during the progression of surgery-induced OA in mice. We found that reducing OC-miRNAs by Cre-mediated excision of the key miRNA-processing enzyme Dicer or blocking the secretion of OC-originated exosomes by short interfering RNA-mediated silencing of Rab27a substantially delayed the progression of surgery-induced OA in mice. Mechanistically, the exosomal transfer of OC-miRNAs to chondrocytes reduced the resistance of cartilage to matrix degeneration, osteochondral angiogenesis and sensory innervation during OA progression by suppressing tissue inhibitor of metalloproteinase-2 (TIMP-2) and TIMP-3. Furthermore, systemic administration of a new OC-targeted exosome inhibitor (OCExoInhib) blunted the progression of surgery-induced OA in mice. We suggest that targeting the exosomal transfer of OC-miRNAs to chondrocytes represents a potential therapeutic avenue to tackle OA progression.
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                    Fig. 1: Elevated OC-miRNAs in osteoclasts and circulating exosomes in early-stage OA.[image: ]


Fig. 2: Genetic knockdown of OC-miRNAs retards the progression of ACLT-induced OA in mice.[image: ]


Fig. 3: Blockage of OC-exosomes dampens the progression of ACLT-induced OA in mice.[image: ]


Fig. 4: OC-exosomes promote chondrocyte catabolism, endothelial cell angiogenesis and axon innervation in vitro.[image: ]


Fig. 5: OC-derived exosomal miRNAs inhibit TIMP-2 and TIMP-3 to reduce the resistance of cartilage to matrix degeneration, angiogenesis and sensory innervation in vitro.[image: ]


Fig. 6: OC-derived exosomal miRNAs reduce the resistance of cartilage to matrix degeneration, angiogenesis and sensory innervation in OA.[image: ]


Fig. 7: OCExoInhib treatment blunts OA progression in mice after ACLT.[image: ]
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Extended data

Extended Data Fig. 1 Characterization for bone marrow-derived OCs and serum OC-exosomes.
(a) QPCR analysis of the mRNAs of Ctsk and Acp5 in osteoclasts (OSCAR+CTR+OCs), OC precursors (OSCAR+CTR-OCPs) and non-osteoclastic cells (OSCAR-CTR-cells) isolated from mouse hindlimb bone marrow cells by magnetic activated cell sorting (MACS). (b) Representative TRAP staining images and the number of TRAP+ multinucleated cells in the culture of the aforementioned OCs, OCPs and non-OCs. Scale bars: 100â€‰Î¼m. c, Nanoparticle tracking analysis showing the size distribution of the serum exosomes. (d) Representative transmission electronic microscope (TEM) images of serum exosomes. Scale bars: 200nm. (e) Western blot analysis of the exosome markers CD63, CD9, TSG101, ALIX, the osteoclast-specific markers OSCAR and CTR, and the cytoplasma proteins GM130 and cytochrome C in serum exosomes. g, Gating strategy for characterization of the circulating OC-exosomes by flow cytometry analysis. The circulating exosomes were harvested from the serum, purified by the CD63 magnetic beads and visualized by the FITC staining. The CD63+ fraction was further gated for sorting the OC-exosomes co-expressing OSCAR (PE) and CTR (APC). (g) Representative TEM images of serum OC-derived exosomes expressing OSCAR and CTR (indicated by red arrows). Scale bars: 200nm. (h) QPCR analysis of sera exosomal miR-223-3p and miR-34a-5p from ACLT and Sham mice at 2 weeks after surgery, respectively. (i) The exosome quantitation (per 106 cells) in cell culture supernatant of OCs differentiated from bone marrow monocyte/macrophage (BMMs) from ACLT and Sham mice at 2w after surgery, respectively. Data are shown as mean Â± s.d. All experiments were performed in at least biologically independent triplicates in each group. The exact p values are shown in figures. In a & h, Two-way analysis of variance (ANOVA) with either Turkeyâ€™s (a) or Bonferroniâ€™s (h) multiple comparisons test was used for statistical analysis. In b, One-way ANOVA with Turkeyâ€™s multiple comparisons was used for statistical analysis. In i, studentâ€™s t-test was used for statistical analysis.

                          Source data
                        


Extended Data Fig. 2 Characterization of OCmiR-KD mice.
(a) Representative genotyping image of the Dicerfl/fl mice, Rosa-YFP mice and Dicerfl/fl; Rosa-YFP mice. (b) Representative confocal fluorescent micrographs of YFP expression after Cre-mediated recombination in TRAP+ OCs in the cryosection of subchondral bone from the Dicerfl/fl; Rosa-YFP mice administered with Cre-expressing plasmid encapsulated within the OC-TDS. (c) Gating strategy for the detection of Cre-mediated recombination in OCs in vivo by flow cytometry analysis. The dead cells were excluded by 7-aminoactinomycin D (7-AAD) staining, while the live cells were gated for identifying the OCs with the co-expression of OSCAR (PE) and CTR (APC). The Cre-mediated recombination in OCs was further confirmed by the YFP expression in OCs. (d) Microscopic images of multinucleated osteoclast formation with TRAP staining in BMMs with or without infection of Cre-expressing lentivirus (e) The exosome quantitation (per 106 cells) in cell culture supernatant of OCs differentiated from BMMs with or without infection of Cre-expressing lentivirus. (f-g) Western blot analysis of cellular protein expression of Rab27a and GAPDH (f) and exosomal protein expression of CD63 and CD9 (g). All scale bars: 100â€‰Î¼m. Data are shown as mean Â± s.d. All experiments were performed in biologically independent triplicates in each group. The exact p values are shown in figures. Studentâ€™s t-test was used for statistical analysis.

                          Source data
                        


Extended Data Fig. 3 Effect of OC-exosome blockage on osteoblasts in mice after ACLT.
(a) Representative fluorescent images of the Runx2 (red) immunostaining at tibial articular cartilage and subchondral bone. (b) The number of Runx2+ cells at subchondral bone (SCB) area or growth plate (GP) area of mice from the indicated groups at 4w after ACLT. Scale bar: 100â€‰Î¼m. Data are shown as mean Â± s.d. N=8 mice in each group. The exact p values are shown in figures. Two-way ANOVA with Turkeyâ€™s multiple comparisons test was used for statistical analysis.

                          Source data
                        


Extended Data Fig. 4 The transfer of OC-exosomes to OA cartilage in vivo.
The representative confocal images of the PKH26-labelled OC-exosomes in tibial cartilage, subchondral bone and metaphysis area in ACLT mice or Sham mice at 2w after surgery. The mice were intravenously injected with OC-exosomes (20â€‰Î¼g per mouse) 3 days before euthanasia. Left: PKH26-labelled OC-exosomes indicated by red fluorescent signal. Middle left: Endomucin+ vessels indicated by green fluorescent signal. Middle right: Merged images with DAPI-stained nucleates (blue) and bright field. Right: 20x zoom-in of the cartilage layer. Dotted lines indicate the osteochondral junction. Arrows indicate the PKH26-labelled OC-exosomes at osteochondral junction and cartilage layer. Scale bar: 100â€‰Î¼m. All experiments were performed in biologically independent triplicates in each group.


Extended Data Fig. 5 OC-derived exosomal miR-214-3p promote cartilage matrix degeneration, angiogenesis and sensory axon innervation in vivo.
(a) Schematic diagram showing the strategy for osteoclast-targeted delivery of control ncRNA in Ctsk-Cre mice (WT, OCExo-Intact), osteoclast-specific miR-214 knockout mice (CKO, OCExo-Intact) and osteoclast-specific miR-214 knockin mice (CKI, OCExo-Intact) and osteoclast-targeted delivery of Rab27a siRNA in the CKI mice (OCExo-BLK). (b-c) QPCR analysis of the miR-214-3p in BM-OCs and serum exosomes (b) and the pri-miR-214 and miR-214-3p in cartilage (c) from the indicated mice. (d) The burrowing performance. (e) Left: Representative Safranin O staining images of tibial articular cartilage. Right: the OARSI scores. (f-g) Left: Representative fluorescent images of the Endomucin (EDMC, green) and CD31 (red) immunostaining (f) and CGRP (green) immunostaining (g) at tibial articular cartilage and subchondral bone. Right: the number of EDMChiCD31hi cells (f) and CGRP+ fibers (g) around the osteochondral junction. All scale bar: 100â€‰Î¼m. Data are shown as mean Â± s.d. In b & c, N=4 mice per group. The exact p values are shown in figures. Two-way ANOVA with Bonferroniâ€™s (h) multiple comparisons test was used for statistical analysis. In d-g, N=6 mice in each group. One-way ANOVA with Turkeyâ€™s multiple comparisons test was used for statistical analysis.

                          Source data
                        


Extended Data Fig. 6 OC-derived exosomal miRNAs regulate TIMP2 and TIMP3 in chondrocytes in vitro.
(a) Representative confocal fluorescent micrographs showing the co-localization of FAM-labelled miR-214-3p mimics and PKH26-labelled OC-exosomes in chondrocytes. Scale bar: 100â€‰Î¼m. (b) QPCR analysis of the mRNA levels of TIMP1, 2 and 3 in IL-1Î²-stimulated chondrocytes with or without OCs co-culture. (c) Western blot analysis of the mRNA levels of TIMP1, 2 and 3 in IL-1Î²-stimulated chondrocytes with or without OCs co-culture. The aforementioned OCs were differentiated from BMMs with either Rab27a siRNA or ncRNA transfection. Data are shown as mean Â± s.d. All experiments were performed in biologically independent triplicates in each group. The exact p values are shown in figures. Two-way ANOVA with Turkeyâ€™s multiple comparisons test was used for statistical analysis.

                          Source data
                        


Extended Data Fig. 7 The development of OCExoInhib.
(a) TRAP staining analysis of the osteoclastogenesis of Raw264.7 cells treated with various exosome inhibitors at 0.5â€‰Î¼M. Scale bar: 100â€‰Î¼m. (b) MTT assay of the cell viability of Raw264.7 cells treated with Nexinhib20 or LJ001. (c) The synthetic route for d-Asp8-Nexinhib20 derivative conjugate. Reagents and conditions: (i) Br2, DCM, 0â€‰Â°C to r.t., 8h; (ii) 1,2,4-triazole, Cs2CO3, acetonitrile, 80â€‰Â°C, 4 h; (iii) 3-hydroxylbenzaldehyde, piperidine, toluene, 60â€‰Â°C, 4 h; (iv) K2CO3, acetonitrile, 40â€‰Â°C, 6 h; (v) LiOH, THF/H2O, 20â€‰Â°C, 4h; (vi) N-Hydroxysuccinimide, 1,3-dicyclohexylcarbodiimide, DCM, 20â€‰Â°C, 12h; (vii) Ethyldiisopropylamine, d-Asp8, DMF, 20â€‰Â°C, 24h. (d) Exosome quantitation (per 106 cells) in cell culture supernatant of RANKL-induced Raw264.7 cells with the treatments indicated. (e) QPCR analysis of the mRNAs of Ctsk and Acp5 in RANKL-induced Raw264.7 cells with the treatments indicated. (f) The number of bone resorption pits in bone slices seeded with RANKL-induced Raw264.7 cells with the treatments indicated. (g) Molecular docking showing the interaction between Rab27a and Nexinhib20 (left panel), between Rab27a and LJ001 (middle panel), and between Rab27a and OCExoInhib (right panel), respectively. Red, yellow, blue and white ribbons: Rab27a. The binding surfaces are identified in gray. The structure of inhibitor is displayed by green ball-and-stick model and the structure of d-Asp8 is displayed by purple ball-and-stick model. (h) Representative biophotonic images of the distribution of the FAM-labelled LJ001 and OCExoInhib in organ levels. (i) Representative confocal images of the colocalization of FAM-labelled OCExoInhib and TRAP+ OCs (arrow indicated) at tibial subchondral bone surface. Dotted line indicates the osteochondral junction. Scale bar: 100â€‰Î¼m. Data are shown as mean Â± s.d. All experiments were performed in biologically independent triplicates in each group. The exact p values are shown in figures unless the asterisks are annotated as follow. In a, ***: pâ€‰<â€‰0.001 vs Veh group. Two-way ANOVA (a & e) or One-way ANOVA (d & f) with Turkeyâ€™s multiple comparisons test was used for statistical analysis.

                          Source data
                        


Extended Data Fig. 8 OCExoInhib treatment blunt the OA progression in mice after DMM.
(a) Schematic diagram showing the strategy for OCExoinhib treatment in C57BL/6 mice with DMM. (b) The burrowing performance. (c) Left: Representative Safranin O staining images of tibial articular cartilage. Right: the OARSI scores. (d-f) Left: Representative fluorescent images of the TIMP2 (green) immunostaining (d), the Endomucin (EDMC, green) and CD31 (red) immunostaining (e) or the CGRP (green) immunostaining (f) at tibial articular cartilage and SCB. Right: the number of TIMP2+ chondrocytes at cartilage layer (d), the number of EDMChiCD31hi cells (e) and CGRP+ fibers (f) around the osteochondral junction (white dotted line). All scale bars: 100â€‰Î¼m. Data are shown as mean Â± s.d. N=8 mice per group. The exact p values are shown in figures unless the asterisks are annotated as follow. In b, ***: pâ€‰<â€‰0.001 DMM+Veh / DMM+OCExoInhib group vs Sham+Veh group, Ï†Ï†Ï†: pâ€‰<â€‰0.001 DMM+Veh group vs DMM+OCExoInhib group. Two-way ANOVA with Turkeyâ€™s multiple comparisons test was used for statistical analysis. In c-f, One-way ANOVA with Turkeyâ€™s multiple comparisons test was used for statistical analysis.


Extended Data Fig. 9 Schematic diagram of the osteoclast-chondrocyte crosstalk mediated by osteoclast-derived exosomal miRNA in OA.
Left side of the dotted line: an illustration of the health articular joint. Right side of the dotted line: an illustration of the articular joint with OA. The box illustrates the postulated exosomal miRNA-mediated osteoclast-chondrocyte crosstalk in OA.
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