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            Abstract
The skin serves as a physical barrier and an immunological interface that protects the body from the external environment1,2,3. Aberrant activation of immune cells can induce common skin autoimmune diseases such as vitiligo, which are often characterized by bilateral symmetric lesions in certain anatomic regions of the body4,5,6. Understanding what orchestrates the activities of cutaneous immune cells at an organ level is necessary for the treatment of autoimmune diseases. Here we identify subsets of dermal fibroblasts that are responsible for driving patterned autoimmune activity, by using a robust mouse model of vitiligo that is based on the activation of endogenous auto-reactive CD8+ T cells that target epidermal melanocytes. Using a combination of single-cell analysis of skin samples from patients with vitiligo, cell-type-specific genetic knockouts and engraftment experiments, we find that among multiple interferon-Î³ (IFNÎ³)-responsive cell types in vitiligo-affected skin, dermal fibroblasts are uniquely required to recruit and activate CD8+ cytotoxic T cells through secreted chemokines. Anatomically distinct human dermal fibroblasts exhibit intrinsic differences in the expression of chemokines in response to IFNÎ³. In mouse models of vitiligo, regional IFNÎ³-resistant fibroblasts determine the autoimmune pattern of depigmentation in the skin. Our study identifies anatomically distinct fibroblasts with permissive or repressive IFNÎ³ responses as the key determinant of body-level patterns of lesions in vitiligo, and highlights mesenchymal subpopulations as therapeutic targets for treating autoimmune diseases.
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                    Fig. 1: scRNA-seq analysis reveals distinct IFNÎ³-responsive cell types in the skin of patients with vitiligo.[image: ]


Fig. 2: Paracrine IFNÎ³ signalling mediated by skin stromal cells drives CD8+ T cell cytotoxicity.[image: ]


Fig. 3: IFNÎ³-responsive dermal fibroblasts are uniquely required to orchestrate autoimmune CD8+ T cells through secreted chemokines.[image: ]


Fig. 4: Anatomically distinct fibroblast subsets with differential IFNÎ³ responses determine organ-level skin autoimmune patterns.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Comprehensive analysis of different cell populations from patients with vitiligo and healthy donors.
a, Representative images of the skin of patients with vitiligo showing characteristic bilateral symmetric lesion patterns in different body regions. b, Experimental workflow and representative FACS profiles to obtain single cells from human skin biopsies for single cell RNA-seq. c, Clinical information for all donors with the number of cells sequenced in single-cell analysis. d, t-SNE visualization of all collected cells showing eight main cell types with distinct clusters. e, Heat map analysis of differentially expressed genes in each cell type. fâ€“h, violin plot (f), feature plot (g), and dot plot (h) analysis of signature genes for each cell type. i, Volcano plot and GO analysis of genes enriched in melanocytes from the M1 cluster compared to M2 cluster. j, T-SNE projection of T cells from patients with vitiligo and healthy donors. k, Volcano plot showing genes differentially expressed (>2-fold, t test p < 0.01) in each T cell sub-cluster. l, m, Representative immunofluorescent images (l) and quantification (m) of T cell subtype markers GZMA, ZNF683, CD40LG, and FOXP3 in T cells (CD3+) in the skin of patients with vitiligo. n, GO categories of genes enriched in each cell type from the skin of patients in the progressive state compared to healthy donor skin. o, Heat map analysis of 20 IFNÎ³ response genes in eight cell types from the skin of patients in the progressive state and healthy donor skin. p, Violin plot showing the expression of IFNG in T cell subtypes. q, Violin plots showing IFNGR1 and IFNGR2 expression in different skin cell types. r, Representative immunofluorescent staining images, quantification (left and middle), and regression analysis (right) between density of CD8+ T cell and pSTAT1+ cell in the skin of patients with vitiligo. s, Representative immunofluorescent staining images of pSTAT1 signal in each cell type in the skin of patients with vitiligo. Scale bars, 50 Âµm (l, r, s). For exact p values, see Source Data. For statistics, p summary and sample sizes, seeÂ Methods.
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Extended Data Fig. 2 Characterization of the melanomaâ€“Treg-induced vitiligo mouse model.
a, Schematic diagram of the melanoma/Treg-induced vitiligo mouse model. First the dorsal skin in the right flank of 8â€“9-week old C57 mice was inoculated with B16F10 melanoma cells (Day 0), then CD4 depletion antibodies were injected on Days 4 and 10. The tumour was surgically removed on Day 12 to prevent interference of subsequent analysis. b, Representative hair coat images of control and vitiligo induced mice at Day 300 after the vitiligo induction procedure. At 4 weeks after induction, dorsal skin hair follicles close to the B16F10 tumour cell injection and surgical removal sites started to show depigmentation as a result of wounding-induced new hair growth. Then the depigmented hair follicles expanded and eventually rendered the whole dorsal hair coat depigmented at ~Day 300. c, Representative tail skin images of mice at Day 0, 45, 60, 90, 120, 240, 360, 480, 720 post melanoma/Treg-induced vitiligo induction procedure. Melanocytes in mouse dorsal skin are located in hair follicles but not in the epidermis; only in mouse tail skin are melanocytes located in both the hair follicle and epidermis similar to human skin. Skin epidermis depigmentation is the defining feature of vitiligo pathology. Therefore, we only used mouse tail skin for vitiligo analysis. In tail skin, the depigmentation was initially patchy and then progressed to eventually cover the entire epidermal surface, which did not recover even more than a year later. d, Representative whole-mount immunofluorescent staining and density plot images of DCT+ melanocytes and CD8+ T cells in mouse tail skin epidermis at Day 0, 19, 26, 33 after the vitiligo induction procedure. Prior to vitiligo induction, very few if any CD8+ T cells could be detected in epidermis. Starting from Day 19 after the vitiligo induction procedure, CD8+ T cells infiltration and small regions of melanocyte loss could be observed. Note, melanocytes loss only occurred in regions where CD8+ T cells locally aggregated into clusters; as the CD8+ T cells clusters continuously expanded so did the regions of melanocyte loss correspondingly. e, FACS quantifications of CD45+CD3+CD8+ T cells and CD117+ melanocyte in mice with or without vitiligo induction confirmed the loss of melanocytes and enrichment of CD8+ T cells after vitiligo induction. f, Representative whole-mount immunofluorescent staining images and quantifications of DCT+ melanocytes and CD8+ T cells in mouse tail skin epidermis with combined or individual B16F10 inoculation and CD4 depletion antibody treatment, showing the melanoma/Treg-induced vitiligo model requires both B16F10 inoculation and CD4 depletion antibody injection. g, Schematic diagram, representative whole-mount immunofluorescent staining images and quantification of DCT+ melanocytes and CD8+ T cells in the skin epidermis of melanoma/Treg-induced vitiligo model with or without CD8 depletion antibody treatment, showing CD8+ T cells are responsible for melanocyte loss in the melanoma/Treg-induced vitiligo mouse model. h, i, Representative whole-mount images (h) and FACS profiles (i) with corresponding quantification of the percentage of CD8+ T cells that express CD3 or CD11c in mouse epidermis, showing majority of the CD8+ cells are CD3+ T cells, but not CD11c+ dendritic cells. j, Representative whole-mount immunofluorescent staining images and density plot images of CD8+ T cells and DCT+ melanocytes in tail skin epidermis at Day 19, 26, 33 after vitiligo induction procedure. Note the continuously expanding CD8+ T cell clusters in skin epidermis. k, Representative whole-mount immunofluorescent staining images and quantifications of Ki67+, CD3+ T cells, and DCT+ melanocytes in tail skin epidermis at Day 33 after vitiligo induction procedure. Enlarged image on the left represents border of lesion skin, the right one represents lesion region. Quantification showed the proliferation rates of CD8+ T cells at the border versus inside the clusters are equivalent; and percentage of Ki67+ cells in melanocytes, T cells and keratinocytes showed majority of the proliferating cells in skin epidermis are keratinocytes. These data indicated that the continuous expansion of CD8+ T cell clusters mainly results from skin-infiltrated CD8+ T cells being actively recruited into the border regions. Scale bars, 500 Âµm (c, d, f, g, j), 100 Âµm (h, k). For exact p values, see Source Data. For statistics, p summary and sample sizes, seeÂ Methods.
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Extended Data Fig. 3 The melanomaâ€“Treg-induced vitiligo mouse model recapitulates hallmarks of human vitiligo.
a, UMAP projection of skin immune cells from patients with vitiligo and healthy donors. We identified 5 major clusters in immune cells, including two adaptive immune cell clusters (CD4+ T cell and CD8+ T cell) and three innate immune cell clusters (Langerhans cell, macrophage, dendritic cell 1/2). Other immune cells of very low abundance in human skin, such as mast cells and Î³Î´ T cells, could also be observed in our single-cell RNA-seq data, but owing to their limited number these cell types were not analysed individually. bâ€“e, Heat map (b), dot plot (c), violin plot (d) and feature plot (e) analysis of signature genes in each immune cell subtype. f, Quantification and comparison of five immune cell types between progressive-state patients with vitiligo and healthy donors by scRNA-seq analysis. g, Representative FACS profiles analysing immune cell types in mice vitiligo skin, including epidermal TCRÎ³Î´high and TCRÎ³Î´low Î³Î´ T cell present in mouse. h, i, Quantification and comparison of immune cell types between vitiligo (at Day 33) and control mice. Data in f-g showed the predominantly enriched immune cell type is CD8+ T cell in both patients with vitiligo and the melanoma/Treg-induced vitiligo mouse model, whereas the other immune cell types did not show significant difference. j, Representative whole-mount immunofluorescent staining images of CD4+ T cells in WT skin, and Tregs in Foxp3Cre;Ai14 skin, indicating at Day 33 of vitiligo analysis, the CD4+ T cell population have recovered from systematical CD4+ T cell depletion. k, Heat map analysis of cytotoxicity-related genes expressed in skin CD8+ T cells of patients with vitiligo and vitiligo-induced mice, indicating that in molecular level, this melanoma/Treg-induced vitiligo mouse model elicits endogenous auto-reactive CD8+ cytotoxic T cells similar to human vitiligo. Ctl: control, Vit: vitiligo. Scale bars, 200 Âµm (k). For exact p values, see Source Data. For statistics, p summary and sample sizes, seeÂ Methods.
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Extended Data Fig. 4 Analysis of wild-type and Ifngr1 KO mice with three different vitiligo induction methods.
aâ€“j, Analysis of WT and Ifngr1 KO mice with melanoma/Treg-induced vitiligo model. a, Schematic diagram. b, Representative tail skin images of WT and Ifngr1 KO mice at Day 60 after vitiligo induction. c, d, Representative whole-mount images (c) and quantification (d) of tail skin epidermal melanocytes and CD8+ T cells at Day 33 after vitiligo induction. e, f, Representative FACS profile of CD117+ melanocytes and CD3+CD8+ T cells (e), and quantification of CD117+ melanocytes (f) in the tail skin epidermis at Day 33 after vitiligo induction. g, Whole-mount views of scales in tail skin epidermis (dotted line) in control and vitiligo mice. This is the unit area we used to quantify melanocyte or CD8+ T cell density in wholemount analysis throughout this paper. h. Scatter plots and correlation analysis of melanocyte number versus CD8+ T cell number in each scale of WT and Ifngr1 KO tail skin at Day 33 after vitiligo induction. i, Representative whole-mount images of DCT+ melanocytes in tail skin epidermis of WT and Ifngr1 KO mice at 4 months after vitiligo induction. j, QPCR analysis of GZMA, GZMB, PRF1, and CCL5 expression in skin CD8+ T cells isolated from WT and Ifngr1 KO mice at Day 33 after vitiligo induction. kâ€“p, Analysis of WT and Ifngr1 KO mice with Pmel transgenic spontaneous vitiligo mouse model. k, Schematic diagram. lâ€“m, Representative tail skin images (l, P70) and whole-mount immunofluorescent staining images (m, P42) of Pmel;WT and Pmel; Ifngr1 KO mice. n, o, Representative FACS profiles (n) and quantification (o) of CD117+ melanocytes and CD45+CD3+CD8+ T cells in tail skin epidermis of WT, Ifngr1 KO, Pmel;WT and Pmel;Ifngr1 KO mice at P42. p, Scatter plots and correlation analysis of melanocyte number versus CD8+ T cell number in each scale in Pmel;WT and Pmel;Ifngr1 KO tail skin at P42. qâ€“x, Analysis of WT and Ifngr1 KO mice with adoptive T cell transfer-based vitiligo mouse model. q, Schematic diagram. r, Quantification of CD117+ melanocytes and CD45+CD3+CD8+ T cells in tail skin epidermis of WT mice after Î³ irradiation, with or without WT Pmel T cell transfer or AVV-hPMEL intraperitoneal injection. These data indicate sub-lethal irradiation alone, irradiation with hPMEL-AAV alone, or irradiation with Pmel CD8+ T cell transfer alone did not result in melanocyte loss or CD8+ T cell infiltration in WT tail skin epidermis. s, Representative immunofluorescent staining images and FACS quantification of epidermal melanocyte of mice post Î³-irradiation 26 days with controls, indicating after 5 Gy Î³ irradiation leads to ~2-fold increase of melanocyte number in tail skin epidermis compared to untreated mice. t, Representative FACS profiles and quantification of CD3+CD8+VB13+ Pmel T cells in spleen or skin of WT and Ifngr1 KO mice at Day 26 with or without adoptive transfer-based vitiligo model induction. These data showed although both WT and Ifngr1 KO host mice contained the same number of transferred WT TCR VB13+ Pmel T cells in the spleen, only WT host mice exhibit robust VB13+ Pmel T cell infiltration in skin, whereas the Ifngr1 KO host mice did not. uâ€“v, Representative tail skin images (u, Day 60) and whole-mount immunofluorescent images (v, Day 26) of WT and Ifngr1 KO mice post vitiligo model-induction. Scale bars, 500 Âµm. w, Representative FACS profiles and quantification of epidermal CD117+ melanocytes in WT and Ifngr1 KO mice at Day 26 post vitiligo model-induction. x, Scatter plots and correlation analysis of melanocyte number versus CD8+ T cell number in each scale in WT and Ifngr1 KO mice at Day 26 post vitiligo model-induction. Scale bars, 500 Âµm (b, c, g, i, l, m, s, u, v). For exact p values, see Source Data. For statistics, p summary and sample sizes, seeÂ Methods.
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Extended Data Fig. 5 IFNÎ³-responsive skin stromal cells are required for vitiligo progression.
aâ€“c, Analysis of six main immune cell types in tail skin of WT and Ifngr1 KO mice with different vitiligo induction methods. a, Day 33 after melanoma/Treg-induced vitiligo model induction. b, P42 of Pmel;WT and Pmel;Ifngr1 KO mice. c, Day 26 after adoptive transfer-based vitiligo model-induction. d, Timeline of the graft and vitiligo induction assay. Representative whole-mount immunofluorescent staining images of grafted WT tail skin epidermis on WT host at Day 0 and Day 21 with or without vitiligo induction were showed. These data indicate tail skin did not spontaneously develop vitiligo after the graft procedure alone; only after vitiligo induction in the host mice did the grafted skin develop vitiligo as indicated by melanocyte loss and large amounts of CD8+ T cells infiltration. e, f, Lineage tracing experiment of CD8+ T cells: e, Schematic diagram WT tail skin graft on CD4Cre;mTmG host and representative immunofluorescent staining images of CD8+ T cells in the grafted skin epidermis after vitiligo induction; f, FACS analysis and quantification of spleen cells from CD4Cre;Ai6 mouse to determine GFP labelling efficiency in CD8+ T cells. Cells were pre-gated on CD45+ live singlets, indicating that the infiltrated CD8+ T cells were derived from the host mice rather than the grafted skin. These data indicate the graft infiltrated CD8+ T cells were derived from the host mice rather than the grafted skin. g, Quantification of melanocytes and CD8+ T cells number in grafted skin without vitiligo model induction in host mice. Donor skin pairs grafted onto the same host mouse are linked by lines. h, Representative immunofluorescent staining of the junction region between grafted C57 tail skin and host dorsal skin of a membrane-Tomato (mT) transgenic mouse. After full-thickness C57 tail skin was grafted onto membrane-tdTomato (mT)-expressing host mice (Rosa-mT), in which all host cells are genetically labelled as mT+, host derived dermal cells indeed invaded into the grafted skin dermis. But neither K14+ keratinocytes nor DCT+ melanocytes migrated from the host to grafted skin. i, Representative immunofluorescent staining image of pSTAT1 signal in immune cell (CD45+), smooth muscle cell (a-SMA+), Langerhans cells (Langerin+) of grafted Ifngr1 KO tail skin on WT host after vitiligo induction on a host mouse. Enlarged image on the right represents Langerin+ cells in the epidermis. Scale bars, 50 Âµm (d, e, h, i). For exact p values, see Source Data. For statistics, p summary and sample sizes, seeÂ Methods.
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Extended Data Fig. 6 IFNÎ³-responsive skin fibroblasts are required for driving vitiligo pathogenesis.
a, Schematic diagram and representative FACS profiles of skin cells isolation. Detailed gating strategies are described in method section. QPCR analyses of cell-type-specific signature genes in FACS-isolated populations include KRT14 for keratinocytes, DCT for melanocytes, CD45 for immune cells, PDGFRA for fibroblasts, and CD31 for endothelial cells respectively. QPCR validation of IFNGR1 knockout used FACS-purified endothelial cells, keratinocytes, immune cells, melanocytes, fibroblasts and CD8+ T cells from TekCre;IFNGR1fl/fl, K14Cre;IFNGR1fl/fl, Csf1rCre;IFNGR1fl/fl, TyrCreER;IFNGR1fl/fl, CD4Cre;IFNGR1fl/fl, and PdgfraCreER;IFNGR1fl/fl mice, all with WT mice as controls. b, Representative whole-mount immunofluorescent staining images of melanocytes and CD8+ T cells in control and six cell-type-specific conditional knockout lines at Day 33 after vitiligo induction. c, Quantification of skin CD8+ T cells in WT and six cell-type-specific knockout lines at Day 33 after vitiligo induction procedure based on wholemount staining. d, e, Representative FACS profiles (d) and quantification (e) of CD117+ epidermal melanocytes and CD3+CD8+ T cells in control and six cell-type-specific conditional knockout lines post vitiligo induction. f, Schematic diagram of melanoma/Treg-induced vitiligo procedure and representative tail skin images (Day 60) of WT and PdgfraCreER;IFNGR1fl/fl cKO mice after vitiligo induction. Vit. induc.: Vitiligo induction. Scale bars, 500 Âµm (b, f). For exact p values, see Source Data. For statistics, p summary and sample sizes, seeÂ Methods.
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Extended Data Fig. 7 IFNÎ³-responsive fibroblasts are both necessary and sufficient to mediate local recruitment of CD8+ T cells through secreted chemokines.
aâ€“c, Analysis of WT and PdgfraCreER;IFNGR1fl/fl cKO mice with Pmel transgenic spontaneous vitiligo mouse model. a, Schematic diagram and representative tail skin images (P70) and representative wholemount images (P42) of Pmel;WT and Pmel;PdgfraCreER;IFNGR1fl/fl cKO mice. b, Scatter plots and correlation analysis of melanocyte number versus CD8+ T cell number in each scale from Pmel;WT and Pmel;PdgfraCreER;IFNGR1fl/fl cKO mice at P42. c, Representative FACS profiles and quantification of tail skin epidermal CD117+ melanocytes and CD3+CD8+ T cells in WT, PdgfraCreER;IFNGR1fl/fl cKO, Pmel;WT and Pmel;PdgfraCreER;IFNGR1fl/fl cKO mice at P42. dâ€“g, Analysis of WT and PdgfraCreER;IFNGR1fl/fl cKO mice with adoptive transfer-based vitiligo model. d, Representative FACS profiles and quantification of CD3+CD8+VB13+ Pmel T cells in spleen or tail skin of WT and PdgfraCreER;IFNGR1fl/fl cKO mice at Day 26 with or without adoptive transfer-based vitiligo model induction. e, Schematic diagram and representative tail skin images (Day 60) and representative wholemount immunofluorescent staining images (Day 26) of WT and PdgfraCreER;IFNGR1fl/fl cKO mice after vitiligo induction. f, Scatter plots and correlation analysis of melanocyte number versus CD8+ T cell number in each scale WT and PdgfraCreER;IFNGR1fl/fl cKO mice at Day 26 after vitiligo induction. g, Representative FACS profiles and quantification of tail epidermal CD117+ melanocytes, and quantification of tail epidermal CD117+ melanocytes and CD3+CD8+ T cells of WT and PdgfraCreER; IFNGR1fl/fl cKO mice at Day 26. h, Section immunofluorescent analysis of intradermally injected RFP-labelled fibroblast. Note injected RFP+ fibroblasts located in lower dermis. i, Quantification of T cell transwell migration assay showing T cells migration ratio using control medium without fibroblast, corresponding to Fig. 3d. j, Analysis of human and mouse vitiligo fibroblasts up regulated genes. Left, heat map showing differential expressed genes in tail skin fibroblasts from WT control, WT vitiligo-induced, and Ifngr1 KO vitiligo-induced mice. Middle, volcano plot of differentially expressed genes in human fibroblasts from progressive-state patients with vitiligo compared with healthy donors. Red dots denote genes >1.5 fold upregulated (t test p < 0.01) in fibroblasts from progressive-state patients with vitiligo. Right, heat map analysis of the 28 common upregulated secreted factors in fibroblasts from patients with vitiligo and mice. k, Quantification of migration ratio from the T cell transwell migration assay with various chemokines. l, Representative immunofluorescent staining images of CXCL9 and CXCL10 signal with T cells (CD3+) in the skin of patients with vitiligo. m, n, Representative immunofluorescent staining images of CXCL9 (m) and CXCL10 (n) signals in melanocytes (DCT+), fibroblasts (PDGFRA+), endothelial cells (CD31+), smooth muscle cells (a-SMA+), keratinocytes (K14+), mononuclear phagocytes (CD11c+), Langerhans cells (Langerin+), and T cells (CD3+) in the skin of patients with vitiligo. Scale bars, 500 Âµm (a, e, l), 50 Âµm (h), 100 Âµm (m, n). For exact p values, see Source Data. For statistics, p summary and sample sizes, seeÂ Methods.
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Extended Data Fig. 8 Fibroblasts directly affect CD8+ T cells through the CXCL9/CXCL10â€“CXCR3 axis in vitiligo.
a, Schematic diagram of the experimental procedure of lentivirus-infected cell type analysis. FACS profiles and quantification showing majority of lentivirus-infected cell population in the skin is fibroblast. b, QPCR analysis validated high knockdown efficiency of shRNAs targeting CXCL9/CXCL10 in vitro. c, Top, experimental design of in vivo knockdown efficiency detection in different dermal cell types. Bottom, qPCR analysis in FACS-isolated virus-infected (RFP+) fibroblasts, endothelial cells, and immune cells, indicating CXCL9 and CXCL10 expression were specifically silenced in virus-infected fibroblasts, not in other cell types. d, Representative whole-mount images showing dermis and overlying epidermis with injection of indicated shRNA-expressing lentivirus. Box-whisker plots of epidermal melanocyte number in each scale of mice tail skin injected with the indicated shRNAs. e, FACS quantification of immune cell types in tail skin of WT and PdgfraCreER;IFNGR1fl/fl cKO mice with three different vitiligo induction methods. f, Feature plot showing CXCR3 expression pattern and quantification of CXCR3 in all cell clusters from patients with vitiligo and healthy donors. g, Representative FACS profiles and quantification of CXCR3+ cells composition in vitiligo-induced mice (at Day 33). Scale bars, 500 Î¼m (d). For exact p values, see Source Data. For statistics, p summary and sample sizes, seeÂ Methods.
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Extended Data Fig. 9 Anatomically distinct dermal fibroblasts have intrinsic differences in the IFNÎ³ response.
a, Heat map of upregulated genes in human dermal fibroblasts from different anatomical regions after IFNÎ³ treatment (> 2-fold, t test p < 0.01). b, HOX expression pattern (based on RNA-seq results) in human dermal fibroblasts from eight different anatomic regions with or without IFNÎ³ treatment during in vitro culture. c, QPCR analysis of HOXB8, HOXC8, HOXB13, and HOXD11 in human dermal fibroblasts from eight anatomic regions. d, JAK1, JAK2, IFNGR1, and STAT1 expression pattern (based on RNA-seq results) in human dermal fibroblasts from eight different anatomic regions with or without IFNÎ³ treatment. e, QPCR analysis of TNFSF10, IL6, and CTSH in human dermal fibroblasts from eight anatomically distinct regions after IFNÎ³ treatment. f, Left, representative whole-mount images and quantification of hair follicle density in the dorsal and paw dorsal skin of mice at P21. Right, representative section image and quantification of skin thickness in the dorsal and paw dorsal skin of mice at P60. g, Representative immunofluorescent images, and quantification of hair follicle located melanocytes in ventral and paw ventral skin of control mice and vitiligo mice (at Day 300). h, FACS analysis and quantification of skin CD3+CD8+ T cells and CD117+ melanocytes from paw dorsal, paw ventral, dorsal, and ventral regions at Day 300 after vitiligo induction. i, Schematic diagram of fibroblast isolation and qPCR analysis of CXCL9 and CXCL10 in fibroblasts from four distinct regions of long-term vitiligo mice. j, Quantification of migration ratio using medium without fibroblast, corresponding to Fig. 4g. k, Relationship between melanocyte number and infiltrated CD8+ T cell number in each scale after vitiligo induction based on quantification data in Extended Data Fig. 4h. Scale bars, 100 Âµm (f), 50 Î¼m (g). For exact p values, see Source Data. For statistics, p summary and sample sizes, seeÂ Methods.
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Extended Data Fig. 10 Mathematical modelling reveals that fibroblasts direct collective CD8+ T cell local activity.
a, The mathematic model developed to predict local CD8+ T cell recruitment and clonal expansion behaviour. The model is a 3D square lattice with two layers. The upper epidermal layer contains T cells and melanocytes. The lower dermal layer contains fibroblasts with different chemotactic abilities. The CD8+ T cell population in skin is considered to be a decentralized system. Each CD8+ T cell is equipped with the means of sensing a change in density. Over time, the behaviour of each cell changes according to its state and the states of its neighbouring cells and the surrounding signals. The collective pattern can be globally modulated by changing the parameters governing local cell-cell interactions. Once the T cell surrounding a melanocyte exceeds a threshold number, melanocyte death and IFNÎ³ secretion occur. The IFNÎ³ signal induce neighbouring fibroblast chemotactic effect to recruit nearby CD8+ T cells, reaching the local CD8+ T cell density threshold for adjacent melanocyte cytotoxicity and IFNÎ³ secretion. This positive feedback loop between CD8+ T cells and fibroblasts could ensure T cell clonal expansion and vitiligo progression. b, The mathematic model predicts the expansion process of a single T cell clone. Five representative time points from T0 to T80 show the initial T cell cluster state and the subsequent T cell expansion process over 80 time units. In model 1 with normal chemotactic fibroblasts, full spectrum of T cell cluster formation and expansion patterns observed in WT vitiligo mouse model were reproduced (first row, fibroblasts with normal chemotactic effect, also shown in Supplementary VideosÂ 1, 2). In model 2, in which the fibroblasts were incapable of chemotaxis, we obtained patterns observed in PdgfraCreER;IFNGR1fl/fl cKO mice. In this model, although T cells could still randomly aggregate in the epidermis, they failed to propagate this effect and recruit more T cells to the initial site (second row, fibroblasts with no chemotactic effect, also shown in Supplementary VideosÂ 3, 4). In model 3, in which the chemotactic effect of fibroblasts was turned down to 1/2 of the normal value, random CD8+ T cell aggregates only recruited a limited number of T cells, resulting in slow T cell cluster expansion and melanocyte loss in one or two directions (third row, fibroblasts have 1/2 normal chemotactic effect, also shown in Supplementary VideosÂ 5, 6). c, The mathematic model predicts large-scale T cell clone expansion over the long term. Four representative time points from T0 to T450 show the initial state and the subsequent T cell cluster expansion process over 450 time units. CD8+ T cells in the normal chemotaxis model efficiently coordinate so as to achieve clonal expansion and melanocyte clearance. CD8+ T cells in the no chemotaxis model fail to undergo clonal expansion and melanocyte death is detected. CD8+ T cells in the weak chemotaxis model (migration ability decreases to 1/2) generate small T cell clones and expand slowly. d, The mathematic model predicts the T cell clone distribution pattern under regional variant fibroblasts with different levels of chemotactic effect to T cell. In this model, the fibroblasts marked in blue have a normal chemotactic effect, and those marked in green have a weak chemotactic effect. In this region, T cell chemotaxis (migration ability) decrease to 1/2 of normal value. Six representative time points from T0 to T600 show the initial state and subsequent T cell cluster expansion (also shown in Supplementary VideoÂ 7). The results show that the T cell clones are more likely to expand and generate white patches on the normal chemotactic region. Both white patches and T cell clone patterns are highly correlated with the regional fibroblast variants. e, f, QPCR analysis validated high knockdown efficiency (e) and the effect blocking IFNÎ³ downstream signal (f) in vitro for shRNAs targeting IFNGR1, JAK1, or STAT1. g, Representative epidermis whole-mount immunofluorescent staining images and density plot of shRNA-mediated knockdown assay, relative to the corresponding dermis in Fig. 4k. h, Box-whisker plots and correlation analysis of T cell number versus percentage of infected fibroblasts (upper panels), and melanocyte number versus percentage of infected fibroblasts (lower panels) in each scale of in vivo mosaic fibroblast knockdown experiment. i, Scatter plots of median of melanocyte number versus percentage of infected fibroblasts in each scale of in vivo mosaic fibroblast knockdown experiment. Scale bars, 500 Âµm(g). For exact p values, see Source Data. For statistics, p summary and sample sizes, seeÂ Methods.
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41586_2021_4221_MOESM3_ESM.mp4
Supplementary Video 1 Modelling with normal chemotaxis. The mathematical model predicts one T cell clone expansion under normal chemotaxis.
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Supplementary Video 2 Modelling with normal chemotaxis in large scale. The mathematical model predicts large-scale T cell clone expansion under normal chemotaxis.
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Supplementary Video 3 Modelling with no chemotaxis. The mathematical model predicts one T cell clone expansion under no chemotaxis.
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Supplementary Video 4 Modelling with no chemotaxis in larger scale. The mathematical model predicts large-scale T cell clone expansion under no chemotaxis.
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Supplementary Video 5 Modelling with weak chemotaxis. The mathematical model predicts one T cell clone expansion when chemotaxis decreases to half of the normal value.
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Supplementary Video 6 Modelling with weak chemotaxis in larger scale. The mathematical model predicts large-scale T cell clone expansion when chemotaxis decreases to half of the normal value.
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Supplementary Video 7 Modelling with regional variant chemotaxis. The mathematical model predicts the T cell clone distribution pattern under regional variant fibroblasts with different levels of chemotactic effect to T cell. In this model, the fibroblasts marked in blue have normal chemotactic effect, whereas those marked in green have weak chemotactic effect. In this region, T cell chemotaxis decreases to half of the normal value.
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