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            Abstract
Fibroblasts are polymorphic cells with pleiotropic roles in organ morphogenesis, tissue homeostasis and immune responses. In fibrotic diseases, fibroblasts synthesize abundant amounts of extracellular matrix, which induces scarring and organ failure. By contrast, a hallmark feature of fibroblasts in arthritis is degradation of the extracellular matrix because of the release of metalloproteinases and degrading enzymes, and subsequent tissue destruction. The mechanisms that drive these functionally opposing pro-fibrotic and pro-inflammatory phenotypes of fibroblasts remain unknown. Here we identify the transcription factor PU.1 as an essential regulator of the pro-fibrotic gene expression program. The interplay between transcriptional and post-transcriptional mechanisms that normally control the expression of PU.1 expression is perturbed in various fibrotic diseases, resulting in the upregulation of PU.1, induction of fibrosis-associated gene sets and a phenotypic switch in extracellular matrix-producing pro-fibrotic fibroblasts. By contrast, pharmacological and genetic inactivation of PU.1 disrupts the fibrotic network and enables reprogramming of fibrotic fibroblasts into resting fibroblasts, leading to regression of fibrosis in several organs.
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                    Fig. 1: PU.1 expression in leukocytes and fibroblasts from normal human tissues and tissues affected by inflammatory or fibrotic diseases.[image: ]


Fig. 2: Fibrogenic potential of PU.1-expressing fibroblasts.[image: ]


Fig. 3: Epigenetic and post-transcriptional regulation of PU.1 in human fibroblasts.[image: ]


Fig. 4: Regulation of pro-fibrotic genes by PU.1.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 PU.1-expressing fibroblasts control tissue fibrosis.
a–c, Representative images of immunofluorescence (a, b) and confocal (c) microscopy of human skin, lung, liver, kidney and joint biopsy specimens stained for PU.1 (red), P4Hβ (green), CD45 or CD11b (purple), and with DAPI (blue). Tissues were obtained from healthy individuals (n = 5 each), idiopathic pulmonary fibrosis (n = 4), acute asthma (n = 5), alcoholic liver cirrhosis (n = 4), autoimmune hepatitis (n = 4), cirrhotic kidney (n = 4), interstitial nephritis (n = 5), osteoarthritis (OA; n = 5) and rheumatoid arthritis (RA; n = 5). Haematoxylin and eosin (HE)-stained tissue specimens are included. d, Representative immunofluorescence images (n = 4) of explanted fibrotic fibroblasts stained for PU.1 (red) and one of the following markers (green): FAP, CDH11 or MRC2; nuclei were stained with DAPI (blue). e, Semi-quantification of PU.1+ fibroblasts/total P4Hβ+ fibroblasts per HPF. Tissues were obtained from healthy individuals (n = 5 each), patients with systemic sclerosis (n = 10), plaque psoriasis (n = 7), idiopathic pulmonary fibrosis (n = 4), acute asthma (n = 5), alcoholic liver cirrhosis (n = 4), autoimmune hepatitis (n = 4), cirrhotic kidney (n = 4) and interstitial nephritis (n = 5), osteoarthritis (n = 5) and rheumatoid arthritis (n = 5). f, Cell counts and viability of CRISPR–Cas9-mediated PU.1 knockout in human fibrotic fibroblasts compared to unaffected control fibroblasts and fibroblasts treated with 50% DMSO as toxic control (n = 3 each). Cells were counted per HPF. g, Resting fibroblasts co-transfected with different amounts of a SPI1 expression plasmid as indicated (n = 4 each). Cell viability of fibroblasts was determined by CCK-8 toxicity assay. h–k, Relative Col1a1 and Col1a2 mRNA levels, hydroxyproline concentration, myofibroblast counts per HPF and respective histological scores (skin thickness, Ashcroft, Scheuer) in bleomycin-induced skin fibrosis (h; n = 6 per group), bleomycin-induced lung fibrosis (i; n = 6 per group) and CCl4-induced liver fibrosis (j; n = 5 per group) models, as well as a sclerodermatous chronic graft-versus-host disease model (k; n = 6 per group). Data are mean ± s.e.m. of the indicated number of independent experiments. P values were determined by one-way ANOVA with Tukey’s multiple comparison post hoc test.

                          Source Data
                        


Extended Data Fig. 2 PU.1-expressing fibroblasts in different mouse models of fibrosis.
a, Representative haematoxylin and eosin and immunofluorescence images of a bleomycin-induced skin fibrosis model (n = 8 per group). Mice injected with NaCl were used as controls. b, Mouse model of sclerodermatous chronic graft-versus-host disease (n = 8 per group). Syngeneic transplanted mice were used as controls. c, Fibrosis model of tight skin 1 (Tsk1) mice (n = 11 per group). d, Model of bleomycin-induced pulmonary fibrosis (n = 6 per group). Controls received intratracheal application of NaCl. Representative haematoxylin and eosin and immunofluorescence images of respective tissues stained for PU.1 (red), vimentin (green), and with DAPI (blue) are included. Total Spi1 mRNA in the respective tissues was measured by qPCR. Absolute counts of PU.1-expressing fibroblasts were analysed per HPF. e, f, Mouse model of bleomycin-induced skin fibrosis (n = 5 per group). Controls received NaCl. Representative haematoxylin and eosin and immunofluorescence images of frozen serial tissue sections; boxed areas in the haematoxylin and eosin-stained sections indicate the representative histological regions (yellow, orange and purple) of the correspondingly framed immunofluorescence panels. e, Tissues from control littermates or Spi1GFP reporter mice were stained with DAPI (blue) and the indicated antibodies (red). f, IgG control of NaCl-treated control littermates of Spi1GFP reporter mice (n = 3 per group). g, Semi-quantitative analysis of PU.1 (GFP)-expressing fibroblasts. Absolute counts of PU.1-expressing fibroblasts were analysed per HPF (respective n is given in e). Control images of GFP+ tissue sections are shown in Extended Data Fig. 10d. Data are mean ± s.e.m. of the indicated number of independent experiments. P values were determined by either one-way ANOVA with Tukey’s multiple comparison post hoc test or two-tailed Mann–Whitney U-test if two groups were compared.

                          Source Data
                        


Extended Data Fig. 3 PU.1-expressing fibroblasts in bleomycin-induced lung and CCl4-induced liver fibrosis.
a–e, Mouse model of bleomycin-induced lung fibrosis (n = 4 per group). Controls received NaCl. a, Representative haematoxylin and eosin and immunofluorescence images of frozen serial tissue sections of control littermates or Spi1GFP reporter mice stained with DAPI (blue) and the indicated antibodies (red). b, IgG control of NaCl-treated control littermates of Spi1GFP reporter mice (n = 3 per group). c, Semi-quantitative analysis of PU.1 (GFP)-expressing fibroblasts (n = 4 each). Absolute counts of PU.1-expressing fibroblasts were analysed per HPF. Control images of GFP+ tissue sections are shown in Extended Data Fig. 10e. d, e, Flow cytometry analysis of digested lungs. d, Gating strategy to characterize GFP+ cells. e, Quantitative analysis of PU.1 (GFP)-expressing fibroblasts (n = 3 each). The percentage of CD45−vimentin+ PU.1-expressing fibroblasts per lung sample is shown. f–j, Mouse model of CCl4-induced liver fibrosis (n = 4). Controls received oil. f, Representative haematoxylin and eosin and immunofluorescence images of frozen serial tissue sections of control littermates or Spi1GFP reporter mice stained with DAPI (blue) and the indicated antibodies (red). g, IgG control of sunflower oil-treated control littermates of Spi1GFP reporter mice (n = 4 per group). h, Semi-quantitative analysis of PU.1 (GFP)-expressing fibroblasts (n = 3 each). Absolute counts of PU.1-expressing fibroblasts were analysed per HPF. Control images of GFP+ tissue sections are shown in Extended Data Fig. 10f. i, j, Flow cytometry analysis of digested livers. i, Gating strategy to characterize GFP+ cells. j, Quantitative analysis of PU.1 (GFP)-expressing fibroblasts (n = 4 each). The percentage of CD31−CD45−vimentin+ PU.1-expressing fibroblasts per liver sample is shown. Data are mean ± s.e.m. of the indicated number of biologically independent samples. P values were determined by one-way ANOVA with Tukey’s multiple comparison post hoc test. a, b, f, g, Boxed areas in the haematoxylin and eosin-stained sections indicate the representative histological regions of the corresponding immunofluorescence panels. Experiments were repeated three times independently with similar results.

                          Source Data
                        


Extended Data Fig. 4 Regulation of PU.1 expression in fibroblasts.
a–c, PU.1 expression levels of primary human fibroblasts. Representative western blot and semi-quantitative analysis of PU.1 protein expression in resting (isolated from normal skin), fibrotic (isolated from fibrotic skin of patients with systemic sclerosis) and inflammatory (isolated from inflamed joints of patients with rheumatoid arthritis) fibroblasts stimulated with or without TNF for 24 h (a), with or without TGF-β for 24 h (b) or for up to 72 h (c) (n = 4 per group). Protein extracts of fibrotic fibroblasts were used as positive control in each lane. d, ChIP analysis (n = 4 each) assessing the binding of SMAD3 to the SPI1 promoter and its −17 kb URE is shown. e, Short interfering RNA (siRNA)-mediated knockdown of SMAD3 in fibrotic fibroblasts stimulated with or without TGF-β for 24 h (n = 5). Scrambled (scr) siRNA was used as control. f, Expression levels of PU.1 in primary human resting, fibrotic and inflammatory fibroblasts (n = 3 each) cultured ex vivo for several passages. g, Expression levels of EZH2 in resting (n = 11), fibrotic (n = 9) and inflammatory (n = 7) fibroblasts relative to β-actin as assessed by western blot analysis. Results are presented relative to resting fibroblasts. h, i, Resting fibroblasts treated with different concentrations of GSK126 as indicated (n = 3 each). h, Cell viability of fibroblasts was determined by CCK-8 toxicity assay. i, Expression levels of H3K27me3 relative to total H3 as assessed by western blot analysis. Results are presented relative to untreated control. j, k, Inflammatory fibroblasts treated with different concentrations of miR-155 antagomirs as indicated (n = 3 each) to investigate cell viability by CCK-8 toxicity assay (j) and mir-155 expression levels relative to let-7b as assessed by qPCR (k). Results are presented relative to cells co-transfected with scrambled antagomirs. l, m, Fibrotic fibroblasts treated with different concentrations of DB1976 to analyse cell viability by CCK-8 toxicity assay (n = 6) (l) and DB1976 dose-dependent effects on TGF-β-induced collagen production (n = 4 each) (m). Results are presented relative to untreated control. Data are mean ± s.e.m. of the indicated number of independent experiments. P values were determined by one-way ANOVA with Tukey’s multiple comparison post hoc test.

                          Source Data
                        


Extended Data Fig. 5 Pro-fibrotic potential of PU.1.
a, GSEA of quantitative RNA-seq signals of GO-defined monocyte-related gene clusters in human resting fibroblasts co-transfected with PU.1 (n = 4). Resting fibroblasts co-transfected with a control plasmid were used as controls (n = 4). b, mRNA expression levels of indicated transcripts in human resting fibroblasts treated with or without DB1976 and simultaneously co-transfected with or without a SPI1 expression plasmid (pUNO.1-hSPI1 (PU.1 OE), n = 5 per group) as assessed by qPCR. Cells co-transfected with a scramble (scr) plasmid were used as control. Results are presented relative to cells co-transfected with scramble. c, Genomic annotation of PU.1-binding sites defined by ChIP–seq analysis in primary human fibrotic fibroblasts. d, Annotation of PU.1 ChIP–seq peaks (n = 3 each) at various q-value treshholds to active regulatory elements (AREs). For unbiased identification of active regulatory elements, 11 ENCODE datasets from DNase-sequencing and histone ChIP–seq were used as described in the Methods; q values are those provided by MACS2 call-peak67. e, Differentially expressed genes from gene sets of inflammatory fibroblasts co-transfected with SPI1 (PU.1 OE) or scramble vector as control (ctrl). Gene sets include fibrosis-associated, inflammatory and matrix-degrading pathways determined by qPCR (n = 4 each). Colours represent the significance levels of the observed changes in the respective expression levels in PU.1 overexpression compared to control. f, Micro-mass organoids of inflammatory fibroblasts co-transfected with SPI1 or scramble vector in the presence of TNF for 21 days (n = 8 per group). Sections of micro-mass organoids were stained with haematoxylin and eosin. Lining fibroblasts were quantified relative to total number of cells per HPF. g, Three-dimensional full-thickness skin organoid model of inflammatory fibroblasts co-transfected with SPI1 or scramble vector. The collagen content was measured by hydroxyproline assay; α-SMA expression and skin thickness were quantified per HPF (n = 4 each). h, mRNA expression levels of indicated transcripts in primary human inflammatory fibroblasts treated with or without DB1976 and simultaneously co-transfected with or without miR-155 antagomirs (n = 4 each). Results are presented relative to cells co-transfected with scramble (scr) antagomirs. Data are mean ± s.e.m. of the indicated number of independent experiments. P values were determined either according to a previous study51 (a), by one-way ANOVA with Tukey’s multiple comparison post hoc test (b, h) or by two-tailed Mann–Whitney U-test (e–g).

                          Source Data
                        


Extended Data Fig. 6 PU.1 anchors differentiation towards fibrotic fibroblasts in a network of flanking factors including TEAD1.
a, TEAD1 expression levels of primary human fibroblasts. Representative western blot and semi-quantitative analysis of TEAD1 expression in resting, fibrotic and inflammatory fibroblasts (n = 4 each). b, ChIP analysis of TEAD1 binding at regions of genes with a fibrotic signature in the vicinity of PU.1-binding sites. DNA fragments of human fibrotic fibroblasts were immunoprecipitated with anti-TEAD1 and analysed by qPCR relative to input DNA (n = 4 per group). Results are compared to IgG control. Signature pro-fibrotic genes were screened for PU.1 ChIP–seq peaks and potential flanking TEAD1-binding sites. c, mRNA expression levels of indicated transcripts in primary human inflammatory fibroblasts co-transfected with SPI1 or scramble plasmid (n = 4 each); cells were cultured under neutral conditions (serum-starved medium only) or in the presence of TGF-β (fibrotic) or TNF (inflammatory (inflam)). Results are presented relative to scramble under neutral culture conditions. Data are mean ± s.e.m. of the indicated number of biologically independent samples. P values were determined either by one-way ANOVA with Tukey’s multiple comparison post hoc test or two-tailed Mann–Whitney U-test if two groups were compared.

                          Source Data
                        


Extended Data Fig. 7 PU.1 silencing in experimental fibrosis.
a–f, Experimental fibrosis models. Representative images of trichrome-stained (a, b) or Sirius red-stained (c, d) tissue sections, mRNA levels of Col1a1 and Col1a2, hydroxyproline content, myofibroblast counts and respective histological scores (skin thickness, Ashcroft, Scheuer) in mice treated with or without DB1976. Mice treated with NaCl or oil were used as controls. a, b, Bleomycin-induced skin fibrosis model with preventive (a; n = 7) or therapeutic (b; n = 8) treatment; in the latter, regression of pre-established fibrosis was evaluated since mice were challenged with bleomycin for 3 weeks to induce robust skin fibrosis before treatment with DB1976 was initiated, while injections with bleomycin were continued. As an additional control, mice were injected with bleomycin for 3 weeks followed by injections with NaCl for another 3 weeks. c, Bleomycin-induced lung fibrosis model (n = 5). d, CCl4-induced liver fibrosis model (n = 5). Body weights (e) and levels of pain and distress (f) of DB1976-treated mice were monitored every second day (n = 5 each). Mice challenged with subcutaneous injections of bleomycin were used as positive controls. Data are mean ± s.e.m. of the indicated number of biologically independent samples. P values were determined by one-way ANOVA with Tukey’s multiple comparison post hoc test.

                          Source Data
                        


Extended Data Fig. 8 Effects of DB1976 in anti-fibrotic concentrations on haematopoietic cells and bone marrow-derived stem cells.
a, c, e, g, i, Flow cytometry gating strategy to identify different peripheral blood cell (a) and splenic cell (c) populations, B cell precursors and mature B cells in the bone marrow (e), T cell precursors and mature T cells in the thymus (g) or bone marrow-derived mesenchymal stem cells (MSCs) and haematopoietic stem cells (HSCs) (i) in mice treated with different concentrations of DB1976 or NaCl (n = 3 each) for 6 weeks. FMO, fluorescence minus one controls. b, White blood cell (WBC) count, red blood cell (RBC) count, numbers of thrombocytes (TBCs) and the T to B cell ratio in the peripheral blood. d, Quantification of splenic monocytes (Mø), macrophages (Mph), dendritic cells (DC) and the T to B cell ratio. f, Frequencies of indicated B cell populations. h, Frequency of indicated thymocyte subsets. DN, double-negative thymocytes (based on the expression of CD25 and CD44); DP, double-positive thymocytes. j, Percentage of Lin−CD29+CD105+ MSCs in the bone marrow, mean fluorescence intensity (MFI) of CD29+ MSCs and CD105+ MSCs and percentage of CD45+CD34+ HSCs in the bone marrow are shown. Data are mean ± s.e.m. of the indicated number of biologically independent samples. P values were determined by one-way ANOVA with Tukey’s multiple comparison post hoc test.

                          Source Data
                        


Extended Data Fig. 9 Characterization of cultured fibroblast phenotypes.
a–c, Gating strategy of cultured human resting (a), fibrotic (b) and inflammatory (c) fibroblasts stained for PDGFRα, collagen I and vimentin (fibroblast markers) as well as KRT14, CD31, CD45 and CD326 (also known as EpCAM) (control markers). Respective isotype and corresponding positive controls for KRT14 (human keratinocytes), CD31 (human umbilical vein endothelial cells), CD45 (human peripheral blood mononuclear cells) and EpCAM (human kidney tubular epithelial cells) are included. d, e, Proliferation, migration and invasion of different passages (P3, P5, P8) of human resting, fibrotic and inflammatory fibroblasts (n = 3 each) were assessed using the xCELLigence Real Time Cell Analysis Instrument. Resting fibroblasts cultured in the absence of a gradient of chemoattractants were used as controls. Data are mean ± s.e.m. of the indicated number of biologically independent samples. P values were determined by one-way ANOVA with Tukey’s multiple comparison post hoc test.
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Extended Data Fig. 10 Control images of human and mouse tissues.
a–c, Representative haematoxylin and eosin and immunofluorescence images of paraffin-embedded (a–c) human skin, lung, liver, kidney and joint tissues (a) or mouse skin, lung and liver tissues (b) stained with DAPI and Ig controls as indicated (n = 5 each). c, Representative images of haematoxylin and eosin and immunofluorescence images of mouse biopsy specimens (n = 5 each) of fibrotic skin, lung and liver stained with DAPI, and for α-SMA, collagen I and CD31. d–f, Representative haematoxylin and eosin and immunofluorescence images of frozen tissue sections of control littermates or Spi1GFP reporter mice stained with DAPI (blue). d, Mouse model of bleomycin-induced skin fibrosis (n = 5 per group). Controls received NaCl. e, Mouse model of bleomycin-induced lung fibrosis (n = 4 per group). Controls received NaCl. f, Mouse model of CCl4-induced liver fibrosis (n = 4 per group). Controls received oil.
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