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            Abstract
Monocytes and macrophages comprise a variety of subsets with diverse functions1,2,3,4,5. It is thought that these cells play a crucial role in homeostasis of peripheral organs, key immunological processes and development of various diseases. Among these diseases, fibrosis is a life-threatening disease of unknown aetiology. Its pathogenesis is poorly understood, and there are few effective therapies. The development of fibrosis is associated with activation of monocytes and macrophages6,7,8. However, the specific subtypes of monocytes and macrophages that are involved in fibrosis have not yet been identified. Here we show that Ceacam1+Msr1+Ly6Câˆ’F4/80âˆ’Mac1+ monocytes, which we term segregated-nucleus-containing atypical monocytes (SatM), share granulocyte characteristics, are regulated by CCAAT/enhancer binding protein Î² (C/EBPÎ²), and are critical for fibrosis. Cebpb deficiency results in a complete lack of SatM. Furthermore, the development of bleomycin-induced fibrosis, but not inflammation, was prevented in chimaeric mice with Cebpbâˆ’/âˆ’ haematopoietic cells. Adoptive transfer of SatM into Cebpbâˆ’/âˆ’ mice resulted in fibrosis. Notably, SatM are derived from Ly6Câˆ’FcÎµRI+ granulocyte/macrophage progenitors, and a newly identified SatM progenitor downstream of Ly6Câˆ’FcÎµRI+ granulocyte/macrophage progenitors, but not from macrophage/dendritic-cell progenitors. Our results show that SatM are critical for fibrosis and that C/EBPÎ² licenses differentiation of SatM from their committed progenitor.
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                    Figure 1: Cebpbâˆ’/âˆ’ chimaeric mice are resistant to fibrosis.


Figure 2: Critical role of C/EBPÎ² in the differentiation of SatM.


Figure 3: Identification of SatM progenitor cells.


Figure 4: C/EBPÎ² licenses SatM differentiation from committed progenitor cells.
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Extended data figures and tables

Extended Data Figure 1 Characterization of various macrophage/monocytes.
a, Indicated cell types were sorted and RNA was collected from them. Each cell type was subjected to microarray analysis. Principal component analysis by using gene expression data was performed. b, c, Indicated cell types in bone marrow were sorted, and each cell type was adoptively transferred into the wild-type mice, which were administered bleomycin. Images of Azan staining (b) and quantity of hydroxyproline are shown (c). Similar results were obtained in three independent experiments (aâ€“c). Scale bars, 100â€‰Î¼m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01.


Extended Data Figure 2 Cebpbâˆ’/âˆ’ chimaeras are resistant to the development of fibrosis.
a, Quantity of hydroxyproline 14 days after bleomycin administration was determined. b, Indicated cytokines in the BAL 3 days after bleomycin administration were determined by ELISA. c, d, Images of H&E staining in the lung tissue 4 days (c) and 13 days (d) after intratracheal injection with bleomycin. Scale bars, 50â€‰Î¼m. e, MRI imaging, H&E, Azan and Sirius red staining of lung. f, MRI images of T2 weighted (T2W), T1 weighted (T1W) and water suppression (WS) was shown (left panels). Azan staining of fibrotic lungs and corresponding schematic images of fibrotic region (right panels). g, Indicated cell types in bone marrow were sorted, and adoptively transferred into the wild-type mice with bleomycin administration. Quantity of hydroxyproline was shown. Similar results were obtained in three independent experiments (aâ€“g). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01.


Extended Data Figure 3 Cebpd is dispensable for fibrosis and SatM differentiation.
a, The survival rate of chimaeras (at least nâ€‰=â€‰5) inoculated with bleomycin (3 Î¼g per g body weight). Similar results were obtained in three independent experiments. b, The proportions of SatM in bone marrow (upper left panel), spleen (bottom left panel), blood (upper right panel) and lung (bottom right panel) were shown. Similar results were obtained in five independent experiments.


Extended Data Figure 4 Modified high-fat diet liver fibrosis was repressed in Cebpbâˆ’/âˆ’ chimaeras.
a, Liver was collected from wild-type and Cebpbâˆ’/âˆ’ chimaeric mice fed on CDA-HFD, and indicated mRNA were determined by qPCR. b, Images of Azan staining of liver tissue. Scale bar, 50 Î¼m. c, Quantity of hydroxyproline was determined. Similar results were obtained in three independent experiments (aâ€“g). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01.


Extended Data Figure 5 Wound healing progressed normally in Cebpbâˆ’/âˆ’ chimaeras.
a, b, Chimaeric mice with wild-type and Cebpbâˆ’/âˆ’ cells (at least nâ€‰=â€‰5) were injured by biopsy (diameter (Î¦)â€‰=â€‰6â€‰mm). The repair rate of the wound area was monitored. c, H&E analysis of skin was performed. Similar results were obtained in three independent experiments.


Extended Data Figure 6 FACS analysis of various immune cells in Cebpbâˆ’/âˆ’ chimaeras.
a, FACS analysis of spleen. The proportions of neutrophils (upper left), eosinophils (middle left), natural killer cells (bottom left), B cells, T cells (upper right), plasmacytoid dendritic cells (pDC) and conventional dendritic cells (cDC) were shown. b, FACS analysis of SatM. The proportions of these cells in blood (left panel), spleen (centre panel) and lung (right panel) were shown. Similar results were obtained in five independent experiments (a, b).


Extended Data Figure 7 Initiation factor of fibrosis produced from activated SatM.
a, Sorted SatM were cultured with Toll-like receptor ligands for 48â€‰h, and concentrations of indicated cytokines were determined by ELISA. b, Fibroblasts were cultured with TNF-Î± for indicated time, and expression level of Spp1 mRNA was determined by qPCR. Similar results were obtained in three independent experiments (a, b). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01.


Extended Data Figure 8 Characterization of SatM.
a, The FSCâ€“SSC profiles of whole-cell and SatM in bone marrow (left and centre panels) and merged image (right panel) were shown. Similar results were obtained in three independent experiments. b, Expression of phosphorylated (p-) and unphosphorylated Erk and Akt and actin in SatM stimulated with M-CSF (50â€‰ng mlâˆ’1). c, Flow cytometric analysis of spleen. The proportions of SatM were shown by F4/80âˆ’, Mac1+, Ly6Câˆ’, Msr1+ and Ceacam1+. Similar results were obtained in five independent experiments (b, c). d, The expression level of indicated cell surface molecules of SatM from bone marrow were shown. Similar results were obtained in three independent experiments. e, Cell lysates were prepared from SatM in wild-type mice, and were subjected to whole-cell proteomics analysis. Substantially expressed granule proteins were described. f, g, Sorted Siglec-F+CCR3+CD4âˆ’ population, Ly6G+Mac1+ population and DX5+FcÎµRI+c-kitâˆ’CD3âˆ’CD19âˆ’ population were stained with Diff-Quick after cytospin centrifugation and were photographed (f) and investigated by TEM (g). Scale bars were shown in indicated images. Similar results were obtained in three independent experiments (f, g). h, Flow cytometric analysis of spleen obtained from wild-type and Î”dblGATA mutant mice. The proportions of eosinophils (upper panel) and SatM (bottom panel) were shown. Similar results were obtained in five independent experiments.


Extended Data Figure 9 Characterization of various progenitors.
a, The proportion of GMPs (left panel) and MDPs (right panel) were shown. Similar results were obtained in three independent experiments. b, Sorted Ly6Câˆ’FcÎµRI+ GMP population were stained with Diff-Quick after cytospin centrifugation and were photographed. Similar results were obtained in five independent experiments. c, Principal component analysis by using gene expression of indicated cells was performed. d, SatM, inflammatory monocytes, SMPs, cMoPs, MDPs and GMPs were sorted and subjected to microarray analysis. Data on transcription factor genes were partitioned by k-means clustering using the threshold kâ€‰=â€‰8. Clustered molecules are shown. e, Sorted GFP+Linâ€“c-kitâ€“C5aR+CD115+FcÎµRI+Ly6Câ€“ populations were transferred into wild-type mice, and then analysed by FACS. Similar results were obtained in three independent experiments.


Extended Data Figure 10 Macrophages regulated by Jmjd3 and Trib1 were dispensable for the development of fibrosis.
a, The proportion of SatM in Jmjd3âˆ’/âˆ’ (left panel) and Trib1âˆ’/âˆ’ (right panel) were shown. Similar results were obtained in five independent experiments. b, c, Chimaeric mice with wild-type, Jmjd3âˆ’/âˆ’ or Trib1âˆ’/âˆ’ haematopoietic cells (at least nâ€‰=â€‰5) were intratracheally inoculated with bleomycin (3â€‰Î¼g per g body weight). The survival rate of mice was monitored (b). Images of Azan staining for collagen fibres in the lung tissue of wild-type, Jmjd3âˆ’/âˆ’ and Trib1âˆ’/âˆ’ bone marrow chimaeric mice (c). Similar results were obtained in three independent experiments.





Supplementary information
Spatioâˆ’temporal analysis of lung by MRI
The animation shows lung of WT chimeric in normal condition.The images were taken by MRI at day 0. (AVI 524 kb)


Spatioâˆ’temporal analysis of BLM induced inflammation by MRI
The animation shows inflamed area (red) in lung of WT chimeric. The images were taken by MRI after 4 days BLM administration. (AVI 607 kb)


Spatioâˆ’temporal analysis of BLM induced inflammation by MRI
The animation shows inflamed area (red) in lung of C/ebpbâ€“/â€“ chimeric mice. The images were taken by MRI after 4 days BLM administration. (AVI 628 kb)


Spatioâˆ’temporal analysis of BLM induced fibrosis by MRI 
The animation shows fibrotic area (blue) in lung of WT chimeric mice. The images were taken by MRI after 14 days BLM administration. (AVI 605 kb)


Spatioâˆ’temporal analysis of BLM induced fibrosis by MRI
The animation shows fibrotic area (blue) in lung of C/ebpbâ€“/â€“ chimeric mice. The images were taken by MRI after 14 days BLM administration. (AVI 556 kb)


Threeâˆ’dimensional tomographic imaging of SatM in BM by STEM 
SatM was sorted from BM, and the Image was taken by STEM. (AVI 1028 kb)


Threeâˆ’dimensional tomographic imaging of SMP in BM by STEM
SMP was sorted from BM, and the Image was taken by STEM. (AVI 8061 kb)
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An immunological cell type inducing liver fibrosis
In this study, Shizuo Akira and colleagues identify a previously unknown monocyteâ€“granulocyte hybrid cell type as being critical to the development of bleomycin-induced pulmonary fibrosis in mice, the most commonly used experimental study model of human lung fibrosis. The cells, termed segregated-nucleus-containing atypical monocytes (SatMs), are differentiated from committed progenitor cells under the control of the transcription factor C/EBPÎ². The authors speculate that SatMs, and other reported 'disorder-specific monocyte/macrophage subtypes' corresponding to certain diseases, might be investigated as highly specific therapeutic targets.
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