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            Abstract
The identification of lymphocyte subsets with non-overlapping effector functions has been pivotal to the development of targeted therapies in immune-mediated inflammatory diseases (IMIDs)1,2. However, it remains unclear whether fibroblast subclasses with non-overlapping functions also exist and are responsible for the wide variety of tissue-driven processes observed in IMIDs, such as inflammation and damage3,4,5. Here we identify and describe the biology of distinct subsets of fibroblasts responsible for mediating either inflammation or tissue damage in arthritis. We show that deletion of fibroblast activation protein-α (FAPα)+ fibroblasts suppressed both inflammation and bone erosions in mouse models of resolving and persistent arthritis. Single-cell transcriptional analysis identified two distinct fibroblast subsets within the FAPα+ population: FAPα+THY1+ immune effector fibroblasts located in the synovial sub-lining, and FAPα+THY1− destructive fibroblasts restricted to the synovial lining layer. When adoptively transferred into the joint, FAPα+THY1− fibroblasts selectively mediate bone and cartilage damage with little effect on inflammation, whereas transfer of FAPα+ THY1+ fibroblasts resulted in a more severe and persistent inflammatory arthritis, with minimal effect on bone and cartilage. Our findings describing anatomically discrete, functionally distinct fibroblast subsets with non-overlapping functions have important implications for cell-based therapies aimed at modulating inflammation and tissue damage.
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                    Fig. 1: FAPα+ SFs accumulate in the arthritic joint.[image: ]


Fig. 2: Deletion of FAPα-expressing cells attenuates synovial inflammation and damage.[image: ]


Fig. 3: Single-cell RNA sequencing reveals distinct fibroblast subsets.[image: ]


Fig. 4: Fibroblast subsets are responsible for different aspects of disease pathology.[image: ]
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                Data availability

              
              STIA single cell and bulk fibroblast RNA sequencing data that support the findings of this study have been deposited in Gene Expression Omnibus (GEO) with the accession codes GSE129087 and GSE129451. Source Data for Figs. 1, 2, 4 and Extended Data Figs. 1–3, 10 are provided with the online version of the paper.

            

Code availability

              
              The source code repository of the computational pipeline for single-cell data analysis and integration is located at https://www.github.com/sansomlab/tenx/.

            

References
	Baker, K. F. & Isaacs, J. D. Novel therapies for immune-mediated inflammatory diseases: What can we learn from their use in rheumatoid arthritis, spondyloarthritis, systemic lupus erythematosus, psoriasis, Crohn’s disease and ulcerative colitis? Ann. Rheum. Dis. 77, 175–187 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Smolen, J. S. & Aletaha, D. Rheumatoid arthritis therapy reappraisal: strategies, opportunities and challenges. Nat. Rev. Rheumatol. 11, 276–289 (2015).
Article 
    
                    Google Scholar 
                

	Croft, A. P. et al. Rheumatoid synovial fibroblasts differentiate into distinct subsets in the presence of cytokines and cartilage. Arthritis Res. Ther. 18, 270 (2016).
Article 
    
                    Google Scholar 
                

	Mizoguchi, F. et al. Functionally distinct disease-associated fibroblast subsets in rheumatoid arthritis. Nat. Commun. 9, 789 (2018).
Article 
    ADS 
    
                    Google Scholar 
                

	Stephenson, W. et al. Single-cell RNA-seq of rheumatoid arthritis synovial tissue using low-cost microfluidic instrumentation. Nat. Commun. 9, 791 (2018).
Article 
    ADS 
    
                    Google Scholar 
                

	Gerlag, D. M., Norris, J. M. & Tak, P. P. Towards prevention of autoantibody-positive rheumatoid arthritis: from lifestyle modification to preventive treatment. Rheumatology 55, 607–614 (2016).
Article 
    CAS 
    
                    Google Scholar 
                

	Pap, T., Müller-Ladner, U., Gay, R. E. & Gay, S. Fibroblast biology. Role of synovial fibroblasts in the pathogenesis of rheumatoid arthritis. Arthritis Res. 2, 361–367 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Ospelt, C. & Gay, S. The role of resident synovial cells in destructive arthritis. Best Pract. Res. Clin. Rheumatol. 22, 239–252 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	McGettrick, H. M., Butler, L. M., Buckley, C. D., Rainger, G. E. & Nash, G. B. Tissue stroma as a regulator of leukocyte recruitment in inflammation. J. Leukoc. Biol. 91, 385–400 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Choi, I. Y. et al. Stromal cell markers are differentially expressed in the synovial tissue of patients with early arthritis. PLoS ONE 12, e0182751 (2017).
Article 
    
                    Google Scholar 
                

	Filer, A. The fibroblast as a therapeutic target in rheumatoid arthritis. Curr. Opin. Pharmacol. 13, 413–419 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Kollias, G. et al. Animal models for arthritis: innovative tools for prevention and treatment. Ann. Rheum. Dis. 70, 1357–1362 (2011).
Article 
    
                    Google Scholar 
                

	Roberts, E. W. et al. Depletion of stromal cells expressing fibroblast activation protein-α from skeletal muscle and bone marrow results in cachexia and anemia. J. Exp. Med. 210, 1137–1151 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Street, K. et al. Slingshot: cell lineage and pseudotime inference for single-cell transcriptomics. BMC Genomics 19, 477 (2018).
Article 
    
                    Google Scholar 
                

	Zhang, F. et al. Defining inflammatory cell states in rheumatoid arthritis joint synovial tissues by integrating single-cell transcriptomics and mass cytometry. Preprint at https://www.biorxiv.org/content/10.1101/351130v1 (2018).

	Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-cell transcriptomic data across different conditions, technologies, and species. Nat. Biotechnol. 36, 411–420 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Filer, A. et al. Identification of a transitional fibroblast function in very early rheumatoid arthritis. Ann. Rheum. Dis. 76, 2105–2112 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Donlin, L. T. et al. Methods for high-dimensonal analysis of cells dissociated from cyropreserved synovial tissue. Arthritis. Res. Ther. 20, 139 (2018).
Article 
    
                    Google Scholar 
                

	Krenn, V. et al. Synovitis score: discrimination between chronic low-grade and high-grade synovitis. Histopathology 49, 358–364 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Sinha, R. et al. Index switching causes ‘spreading-of-signal’ among multiplexed samples in Illumina HiSeq 4000 DNA sequencing. Preprint at https://doi.org/10.1101/125724 (2017).

	Tirosh, I. et al. Single-cell RNA-seq supports a developmental hierarchy in human oligodendroglioma. Nature 539, 309–313 (2016).
Article 
    ADS 
    
                    Google Scholar 
                

	Ashburner, M. et al. Gene Ontology: tool for the unification of biology. Nat. Genet. 25, 25–29 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).
Article 
    
                    Google Scholar 
                

	Luo, W., Friedman, M. S., Shedden, K., Hankenson, K. D. & Woolf, P. J. GAGE: generally applicable gene set enrichment for pathway analysis. BMC Bioinformatics 10, 161 (2009).
Article 
    
                    Google Scholar 
                

	Ross, E.A., et al. Treatment of inflammatory arthritis via targeting of tristetraprolin, a master regulator of pro-inflammatory gene expression. Ann. Rheum. Dis. 76, 612–619 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Wehmeyer, C. et al. Sclerostin inhibition promotes TNF-dependent inflammatory joint destruction. Sci. Transl. Med. 8, 330ra35 (2016).
Article 
    
                    Google Scholar 
                


Download references




Acknowledgements
A.P.C. was supported by a Wellcome Trust Clinical Career Development Fellowship no. WT104551MA; A.F. was supported by Arthritis Research UK Clinician Scientist Fellowship no. 18547; F.B. was supported by an Arthritis Research UK Senior Fellowship; H.M.M. was supported by an Arthritis Research UK Career Development Fellowship (19899); C.W. was supported by a Deutsche Forschungsgemeinschaft (DFG) Fellowship (ref. 319464273); A.J.N was supported by a Versus Arthritis Career Development Fellowship no. 21743; K.W. was supported by Rheumatology Research Foundation Scientist Development Award; K.J. was supported by a Wellcome Trust PhD studentship; S.N.S. and M.A. are supported by the Kennedy Trust for Rheumatology Research. K.D. was supported by a Deutsche Forschungsgemeinschaft (DFG) award CRC1181. This work was supported by the Arthritis Research UK Rheumatoid Arthritis Pathogenesis Centre of Excellence no. 20298 (RACE); The National Institutes of Health Accelerating Medicines Partnership in RA/SLE and Arthritis Research UK programme grant no. 19791 (to C.D.B.). This paper presents independent research supported by the NIHR Birmingham Biomedical Research Centre at the University Hospitals Birmingham NHS Foundation Trust and the University of Birmingham. The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR, our funding bodies or the Department of Health.

                Reviewer information

                Nature thanks Jason Cyster, Thomas A. Wynn and the other anonymous reviewer(s) for their contribution to the peer review of this work.

              

Author information
Author notes	These authors contributed equally: Stephen N. Sansom, Andrew Filer


Authors and Affiliations
	Rheumatology Research Group, Institute for Inflammation and Ageing, College of Medical and Dental Sciences, University of Birmingham, Queen Elizabeth Hospital, Birmingham, UK
Adam P. Croft, Joana Campos, Jason D. Turner, Jennifer Marshall, Loriane Savary, Corinna Wehmeyer, Amy J. Naylor, Samuel Kemble, Jenefa Begum, Kerstin Dürholz, Francesca Barone, Helen M. McGettrick, Andrew Filer & Christopher D. Buckley

	Versus Arthritis Centre of Excellence in the Pathogenesis of Rheumatoid Arthritis, College of Medical and Dental Sciences, University of Birmingham, Queen Elizabeth Hospital, Birmingham, UK
Adam P. Croft, Andrew Filer & Christopher D. Buckley

	The Kennedy Institute of Rheumatology, University of Oxford, Oxford, UK
Kathrin Jansen, Moustafa Attar, Mark Coles, Stephen N. Sansom & Christopher D. Buckley

	Musculoskeletal Medicine, University of Muenster, Muenster, Germany
Corinna Wehmeyer

	Department of Internal Medicine 3, Rheumatology and Immunology, Friedrich-Alexander-University Erlangen-Nürnberg (FAU) and Universitätsklinikum Erlangen, Erlangen, Germany
Kerstin Dürholz

	Department of Medicine, Division of Rheumatology, Northwestern University, Feinberg School of Medicine Chicago, Evanston, IL, USA
Harris Perlman

	Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, USA
Douglas T. Fearon

	Division of Rheumatology, Immunology, and Allergy, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA
Kevin Wei, Soumya Raychaudhuri, Ilya Korsunsky & Michael B. Brenner

	University Hospitals Birmingham NHS Foundation Trust, Birmingham, UK
Andrew Filer

	MRC and Versus Arthritis Centre for Musculoskeletal Ageing Research (CMAR), College of Medical and Dental Sciences, University of Birmingham, Queen Elizabeth Hospital, Birmingham, UK
Andrew Filer & Christopher D. Buckley


Authors	Adam P. CroftView author publications
You can also search for this author in
                        PubMed Google Scholar



	Joana CamposView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kathrin JansenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jason D. TurnerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jennifer MarshallView author publications
You can also search for this author in
                        PubMed Google Scholar



	Moustafa AttarView author publications
You can also search for this author in
                        PubMed Google Scholar



	Loriane SavaryView author publications
You can also search for this author in
                        PubMed Google Scholar



	Corinna WehmeyerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Amy J. NaylorView author publications
You can also search for this author in
                        PubMed Google Scholar



	Samuel KembleView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jenefa BegumView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kerstin DürholzView author publications
You can also search for this author in
                        PubMed Google Scholar



	Harris PerlmanView author publications
You can also search for this author in
                        PubMed Google Scholar



	Francesca BaroneView author publications
You can also search for this author in
                        PubMed Google Scholar



	Helen M. McGettrickView author publications
You can also search for this author in
                        PubMed Google Scholar



	Douglas T. FearonView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kevin WeiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Soumya RaychaudhuriView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ilya KorsunskyView author publications
You can also search for this author in
                        PubMed Google Scholar



	Michael B. BrennerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Mark ColesView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stephen N. SansomView author publications
You can also search for this author in
                        PubMed Google Scholar



	Andrew FilerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Christopher D. BuckleyView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
A.P.C. conceived the project, performed experiments, analysed data and wrote the manuscript. J.C. performed experiments, analysed data and helped to write the manuscript. K.J. analysed the single-cell RNA sequencing data and helped to write the manuscript. J.D.T. performed flow cytometry on human synovial biopsy tissue. J.M. performed immunofluorescence microscopy. M.A. performed single cell capture and library preparation. L.S. performed tissue histology and microscopy. C.W. and A.J.N. performed osteoclast differentiation assays. S.K. assisted with the CIA experimental arthritis model. J.B. performed micro-CT analysis. K.D. performed flow cytometry from CIA mouse joints. H.P. generated serum from KBxN mice. F.B. and H.M.M. helped in the design and interpretation of experimental mouse data. D.T.F. generated the FAPα-DTR mouse. K.W. performed and analysed mass cytometry of human synovial biopsy tissue. S.R. and I.K. helped generate, analyse and interpret human single-cell transcriptomic data. M.B.B. and M.C. provided critical interpretation of experimental data. S.N.S. supervised the design, execution, analysis and interpretation of the single-cell transcriptomics experiments and helped to write the manuscript. A.F. participated in study design, patient recruitment, sample acquisition and review of the data. C.D.B. conceived the project, supervised the work, analysed data and co-wrote the manuscript. All authors discussed the results and commented on the manuscript.
Corresponding author
Correspondence to
                Christopher D. Buckley.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Mouse synovial FAPα expression.
a, Expression of PDPN and FAPα by immunohistochemistry in ankle joints (representative of n = 8 mice). b–e, Flow cytometry of digested synovia. Gating strategy for synovial fibroblasts in digested synovia (b) representative expression of PDPN and FAPα during STIA (c), corresponding absolute numbers of FAPα+ cells (n = 10 mice per group) (d), and plot of FAPα expression in THY1− (LL, blue) or THY1+ (SL, red) PDPN+ cells and PDPN−THY1+ pericytes (black) in day 9 STIA synovia (e). Each plot is representative of n = 12 mice; numbers represent the percentage of cells. f, Quantification of Fap transcript expression in sort-purified cells (day 9 STIA synovia, n = 12 mice). g, Immunofluorescence staining for PDPN, FAPα and THY1 expression in day 9 STIA ankle joints (representative of n = 12 mice). h–j, Spearman’s correlation analysis between the total (black), LL (blue) and SL (red) FAPα expressing cells quantified by flow cytometry and the change in ankle joint thickness (h), cartilage destruction (i) and bone erosion (j; cartilage destruction and bone erosion assessed by histology) (n = 40 mice). k, l, Representative bioluminescence of in vivo imaging of FAPα-DTR+ mice treated with diphtheria toxin or vehicle (Veh) (k) and quantification of bioluminescence (l; n = 8 mice per group). m, Quantification of synovial FAPα+ cells following administration of either diphtheria toxin or vehicle (n = 8 mice per group). n, Immunohistochemistry staining of FAPα (red) expression in ankle joints following diphtheria toxin (representative of n = 8 mice). o, Total number of CD45−CD31− cells by flow cytometry in day 9 STIA synovia compared to non-arthritic (control) mice following diphtheria toxin (n = 7 mice per group). p, H&E staining and quantification of cellularity following diphtheria toxin treatment. Arrow indicates synovial membrane. Data are expressed as the average number of cells per quantified per histological section (n = 8 mice per group). Statistics: two-way ANOVA with Tukey’s post hoc test (f, m, o, p). Data are mean ± s.d., except in f, m, o, which are shown as box plots (centre line, median; box limits, upper and lower quartiles; whiskers, maximum and minimum values).

                          Source data
                        


Extended Data Fig. 2 Effects of FAPα cell deletion.
a–c, Change in wrist and ankle joint thickness during STIA with AUC analysis following treatment with diphtheria toxin (FAPα cell deletion) at days 5 and 7 (a), and days 10 and 12 (b), or prophylactically before the induction of STIA (c) (all, n = 8, mice per group). d, Representative time-course analysis of structural joint damage assessed by micro-CT following treatment with diphtheria toxin (FAPα cell deletion) at days 3 and 5 following induction of STIA. e, Quantification of bone erosion and new bone formation (e; n = 8 mice per group), combined for front and hind paws. f, Histological examination of ankle joint tissue sections at day 12 STIA with quantification of bone erosion, pannus formation and bone formation (all by H&E) and cartilage destruction (by safranin O staining) (n = 12 mice per group). g, Representative images of cathepsin K immunohistochemical staining of osteoclasts (brown) in the ankle joints of day 12 STIA mice. h, Number of osteoclasts (cathepsin K positive) per tissue section in DTR− versus DTR+ mice at day 12 STIA compared to non-arthritic control mice (n = 12 mice per group). i, Expression of bone turnover markers including osteoclast and osteoblast markers in whole paw tissue analysed by RT−qPCR (n = 8 mice per group, data are expressed as mean fold change in expression compared to expression in non-arthritic mice). Statistics: Mann–Whitney test (a–c); two-way ANOVA with Tukey’s post hoc test (e); one-way ANOVA with Tukey’s post hoc test (f, h). Data are mean ± s.d., except AUC analysis in a–c, which are shown as box plots (centre line, median; box limits, upper and lower quartiles; whiskers, maximum and minimum values).

                          Source data
                        


Extended Data Fig. 3 Effect of FAPα cell deletion on leukocyte infiltration.
a, Flow cytometry plot of peripheral blood monocytes (numbers, percentage of positive cells) with quantification at day 9 STIA following diphtheria toxin at day 3 and day 5 (n = 6 mice per group). b, Flow cytometry gating strategy for leukocyte populations in digested synovia. c, Numbers of leukocytes and percentage of MHC class II expressing F4/80 cells (M1) in hind limb joints of day 28 persistent STIA mice analysed by flow cytometry (n = 13 mice per group). d, Representative immunohistochemical staining of macrophages (F4/80+, brown; nuclei, blue) in the ankle joint tissue sections at day 12 STIA mice following diphtheria toxin at day 3 and 5 (representative of n = 6 mice). e, Percentage of F4/80+ macrophages staining positive for MHC class II as detected by flow cytometry in day 12 STIA digested synovia from DTR+/− mice following diphtheria toxin at day 3 and 5 (n = 13 mice per group). f, Expression of functional macrophage markers detected by RT−qPCR in sort-purified macrophages (CD45+CD11b+F4/80+) isolated from the synovia of day 12 STIA mice following diphtheria toxin at day 3 and 5 (n = 7 mice per group). g, h, Number of FAPα expressing cells quantified by flow cytometry from digested synovia (n = 8 mice), popliteal (draining) and mesenteric (non-draining) lymph nodes (n = 6 mice) following intra-articular administration of diphtheria toxin into the ankle joint during STIA (harvested day 14) (g) and daily change in weight from baseline (expressed as percentage of original body weight) in STIA mice compared to non-arthritic mice (h) (n = 6 mice). i, Effect of local deletion of synovial FAPα-expressing cells (by intra-articular injection of diphtheria toxin) on ankle joint thickness in the resolving model of STIA model when compared to the wrist joints on the same mouse (non-deleted limbs) (n = 8 mice) and to non-arthritic DTR+ and DTR− injected mice (n = 6 mice per group) with AUC analysis. j, Representative micro-CT images of day 14 STIA and non-arthritic control mice following intra-articular injection of diphtheria toxin and quantification of bone erosion and new bone formation (STIA DTR− n = 10, STIA DTR+ n = 13, DTR− and DTR+ n = 8). k, Quantification of the number of fibroblasts and leukocytes in digested synovia of day 9 STIA mice analysed by flow cytometry following intra-articular administration of diphtheria toxin (n = 8 mice). Statistics: two-way ANOVA with Tukey’s post hoc test (a, c, e, j, k), two-tailed paired Student’s t-test (f, g), one-way ANOVA with Tukey’s multiple comparison tests (i, j). Data are mean ± s.d., except in a, c, e, f, g, k and AUC analysis in i, which are shown as box plots (centre line, median; box limits, upper and lower quartiles; whiskers, maximum and minimum values).

                          Source data
                        


Extended Data Fig. 4 10X Chromium single-cell RNA sequencing (droplet-based single-cell) analysis of CD45− cell populations from inflamed synovium.
a, t-SNE projection of non-haematopoietic stromal cells from the inflamed mouse joint (n = 3 biological replicates, day 9 STIA) showing the initial automatic cluster assignments from Seurat (projection is identical to that shown in Fig. 3a). b, The same t-SNE plot coloured by biological replicate. c, The bar plot shows the number of cells in each cluster stratified by replicate. d, Cluster cell identification: the five panels of violin plots show expression (normalized, log-transformed counts of the cells from all of the n = 3 biological replicates, y axes) of known cell-type marker genes (for fibroblasts, LL fibroblasts, osteoblasts, chondrocytes and vascular cells) in each of the automatically assigned clusters (x axes). The colours of violin plots correspond to those shown in Extended Data Fig. 4a.


Extended Data Fig. 5 Continued cluster identification analysis.
The four panels of violin plots show expression (normalized, log-transformed counts of the cells from all of the n = 3 biological replicates, y axes) of known cell-type marker genes (for pericytes, muscle cells, erythrocytes and the cell cycle) in each of the automatically assigned clusters (x axes). The colours of violin plots correspond to those shown in Extended Data Fig. 4a.


Extended Data Fig. 6 Differential gene expression between fibroblast clusters.
The heat map shows the (row-scaled) expression of the top-20 (by P value) discovered significant, conserved marker genes for each cluster (Benjamini–Hochberg adjusted P < 0.1 in separate tests of cells from each of the n = 3 biological replicate samples, two-sided Wilcoxon tests). Each column represents a single fibroblast and each row shows the given gene. The cluster identification is indicated for each column. LL fibroblasts correspond to F5 and are PDPN+THY1− and SL fibroblasts correspond to F1–F4 fibroblast subsets and are PDPN+THY1−.


Extended Data Fig. 7 Differential gene expression in specific fibroblast clusters.
a, A set of violin plots showing gene expression (normalized, log-transformed counts of the cells from all of the n = 3 biological replicates, x axes) of additional fibroblast markers in each of the F1–F5 fibroblast clusters (y axes) (corresponds to Fig. 3b). b, t-SNE projection of fibroblasts from the inflamed mouse joint coloured by replicate (corresponds to Fig. 3b). c, A set of violin plots showing gene expression (normalized, log-transformed counts of the cells from all of the n = 3 biological replicates, x axes) of known markers for chemokines in each of the F1–F5 fibroblast clusters (y axes) (corresponds to Fig. 3b). d, Number of cells in each cluster stratified by replicate.


Extended Data Fig. 8 Trajectory analysis and identification of fibroblast subpopulations from human RA patients.
a, The heat map shows genes most strongly up- or downregulated across the inferred F1–F2–F5 trajectory in the mouse fibroblasts from the STIA model (as determined by Slingshot14). b–e, Reanalysis of CEL-Seq2 single-cell RNA sequencing dataset from 20 RA patients15. b, t-SNE projection of the RA patient fibroblasts indicating the automatic cluster assignments from Seurat. c, The sets of violin plots show expression (normalized, log-transformed counts, cells from all n = 20 RA patients, x axes) of cluster marker genes in each of the RA patient fibroblast clusters (y axes). The violin plots are grouped into six sets comprising ‘other markers’ (known markers or markers reported by Zhang et al.15) or of markers characteristic of each of the human RA F1–F5 clusters, as indicated. d, The same t-SNE plot as in b, coloured by patient ID. e, The bar plot shows the number of patients represented in each assigned cluster.


Extended Data Fig. 9 Bulk RNA sequencing of sort-purified FAPα expressing LL and SL cell populations from the inflamed hind limb joints of day 9 STIA mice.
a, Gating strategy for flow cytometry based cell sorting from day 9 STIA digested synovia gated on CD45−CD31− live cells. Coloured gates correspond to each sort-purified population and the percentage gated cell population is indicated. b, Principal component analysis reveals that each population clusters according to either a SL phenotype or a LL phenotype. Each dot presents a single biological replicate sample and is coloured according to the gating strategy outlined in a. c, The heat map shows the differential expression of the 50 most-significant genes (by P value) for each population (Benjamini-Hochberg adjusted P < 0.1) and reveals distinct transcriptional profiles between THY1+ and THY1– cell populations. d, Expression of specific genes RNA sequencing in PDPN+FAPα+THY1− versus PDPN+FAPα+THY1+ sort-purified cells. For each heat map, a column represents a single biological replicate, coloured according to the gating strategy in a. Biological replicates represent cells isolated and purified from the digestion of synovia from the hind limbs of a single mouse (n = 10 THY1−FAPα+, n = 5 THY1−FAPα−, n = 6 THY1+FAPα− and n = 12 THY1+FAPα+ samples).


Extended Data Fig. 10 Effect of intra-articular injection of fibroblast subsets.
a, Effect on ankle joint thickness of intra-articular injection of 500,000 sort-purified PDPN+FAPα+THY1− (blue) or PDPN+FAPα+THY1+ (red) cells into the ankle joint of CIA mice at the first sign of joint inflammation (day 0) compared to contralateral sham injected joints (n = 8 mice per group). b, Representative images of micro-CT analysis and quantification of bone erosion and new bone formation (n = 8 mice per group). c, Flow cytometric analysis of leukocytes in the digested synovia of injected joints, 7 days post injection (n = 8 mice per group). d, Representative confocal microscopy of ankle joint tissue of mice injected with tomato red-expressing PDPN+FAPα+THY1− or PDPN+FAPα+THY1+ isolated from day 9 STIA cells and injected into day 3 STIA recipient mice (representative images from n = 6 mice, 14 days post injection). e, Flow cytometric analysis of digested synovia, 14 days after injection of cell trace labelled cells (isolated from day 9 STIA mice and injected into the ankle joint of day 3 STIA recipient mice), gated on the CD45−CD31−PDPN+ cell fraction. Percentage of THY1+ (red) or THY1− (blue) cell in this gated cell fraction is indicated (representative of n = 6 per group). f, Percentage of engraftment and viability of injected cells 14 days after injection into the ankle joints of STIA mice (n = 8 per treatment group, two tailed Student’s t-test). Engraftment is expressed as the percentage recovery of the original injected cell number. Statistics: one-way ANOVA with Bonferroni post hoc test (b, c) and AUC analysis (a), paired two-tailed Student’s t-test (f). Data represented as mean ± s.d., except in c, e and AUC analysis in a, which are shown as shown as box plots (centre line, median; box limits, upper and lower quartiles; whiskers, maximum and minimum values).
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Supplementary information
Reporting Summary

Supplementary Table 1
Mouse STIA cluster markers. The conserved cluster marker genes identified for the clusters of single cells shown in Figure 3A ("CD45- cells") and Figure 3B ("Fibroblasts"). Conserved cluster marker genes were identified as those with a maximum Benjamini Hochberg (BH) adjusted p-value <0.1 in separate tests of cells belonging to each of the n=3 biological replicates (two-sided Wilcoxon tests)


Supplementary Table 2
Mouse STIA fibroblast cluster gene set analysis. GO biological process significantly over-represented (Benjamini-Hochberg corrected p value <0.05, one-sided Fisher's tests) amongst the conserved cluster marker genes (n=3 biological replicates, see Supplementary Table 1) for the mouse STIA fibroblast clusters (Figure 3C)


Supplementary Table 3
Gene expression analysis of THY1- FAPα- versus THY1- FAPα+ fibroblasts. Differential gene expression comparison between THY1- FAPα- (n=5 biological replicates) and THY1- FAPα+ (n=10 biological replicates) sort purified fibroblasts from day 9 STIA digested hind limb synovia using DESeq2. Biological replicates represent digested synovia from the hind limb joints of a single mouse. Genes were tested for differential expression using the Wald test and p-values were adjusted using the Benjamini-Hochberg method. Comparisons of gene expression between biological groups for which the adjusted p-values were <0.05 were considered significant


Supplementary Table 4
Gene expression analysis of THY1+ FAPα- versus THY1+ FAPα+ fibroblasts. Differential gene expression comparison between THY1+ FAPα- (n=7 biological replicates) and THY1+ FAPα+ (n=13 biological replicates) sort purified fibroblasts from day 9 STIA digested hind limb synovia using DESeq2. Biological replicates represent digested synovia from the hind limb joints of a single mouse. Genes were tested for differential expression using the Wald test and p-values were adjusted using the Benjamini-Hochberg method. Comparisons of gene expression between biological groups for which the adjusted p-values were <0.05 were considered significant


Supplementary Table 5
Gene expression analysis of THY1- FAPα+ versus THY1+ FAPα+ fibroblasts. Differential gene expression comparison between THY1- FAPα+ (n=10 biological replicates) and THY1+ FAPα+ (n=13 biological replicates) sort purified fibroblasts from day 9 STIA digested hind limb synovia using DESeq2. Biological replicates represent digested synovia from the hind limb joints of a single mouse. Genes were tested for differential expression using the Wald test and p-values were adjusted using the Benjamini-Hochberg method. Comparisons of gene expression between biological groups for which the adjusted p-values were <0.05 were considered significant


Supplementary Table 6
Gene set analysis THY1- FAPα+ versus THY1+ FAPα+ fibroblasts. Significant differences in GO biological process gene enrichment (Benjamini-Hochberg corrected p value <0.05) comparison between THY1- FAPα+ (n=10 biological replicates) and THY1+ FAPα+ (n=13 biological replicates) cell populations. Biological replicates represent cells sort purified from digested synovia from the hind limbs of a single mouse
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