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            Abstract
Astrocytes are glial cells that are abundant in the central nervous system (CNS) and that have important homeostatic and disease-promoting functions1. However, little is known about the homeostatic anti-inflammatory activities of astrocytes and their regulation. Here, using high-throughput flow cytometry screening, single-cell RNA sequencing and CRISPR–Cas9-based cell-specific in vivo genetic perturbations in mice, we identify a subset of astrocytes that expresses the lysosomal protein LAMP12 and the death receptor ligand TRAIL3. LAMP1+TRAIL+ astrocytes limit inflammation in the CNS by inducing T cell apoptosis through TRAIL–DR5 signalling. In homeostatic conditions, the expression of TRAIL in astrocytes is driven by interferon-γ (IFNγ) produced by meningeal natural killer (NK) cells, in which IFNγ expression is modulated by the gut microbiome. TRAIL expression in astrocytes is repressed by molecules produced by T cells and microglia in the context of inflammation. Altogether, we show that LAMP1+TRAIL+ astrocytes limit CNS inflammation by inducing T cell apoptosis, and that this astrocyte subset is maintained by meningeal IFNγ+ NK cells that are licensed by the microbiome.
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                    Fig. 1: Profiling astrocyte surface markers in EAE.[image: ]


Fig. 2: LAMP1+ astrocytes limit CNS inflammation and express TRAIL.[image: ]


Fig. 3: TRAIL+ astrocytes limit EAE development.[image: ]


Fig. 4: IFNγ induces TRAIL expression in astrocytes.[image: ]


Fig. 5: Meningeal IFNγ+ NK cells promote homeostatic astrocyte TRAIL expression.[image: ]


Fig. 6: The microbiome modulates LAMP1+TRAIL+ astrocytes through meningeal IFNγ+ NK cells.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Profiling of astrocyte surface markers.
a, Sample FACS gating strategy. b, Histogram depicting the expression of surface markers in astrocytes.


Extended Data Fig. 2 Analysis of differentially expressed astrocyte surface markers.
a, EAE in Aldh1l1creERT2tdTomato mice. n = 6 naive, n = 7 peak, n = 7 recovery mice. b, Sorting schematic for tdTomato+ astrocytes. c, MFI of LAMP1 expression from screening. n = 6 naive, n = 7 peak, n = 7 recovery mice. Unpaired two-tailed t-test. Data are mean ± s.e.m.
Source data


Extended Data Fig. 3 Analysis of LAMP1+ astrocytes.
a, Immunostaining of brain and spinal cord of mice transduced with Gfap-driven Cas9-2A-EGFP lentivirus. Representative images from n = 5 mice analysed. b, Percentage of GFP+GFAP+ cells by FACS. n = 5 mice. c, Quantification of astrocyte LAMP1 knockdown in astrocytes and microglia by FACS. n = 4 mice (sgScramble astrocyte); n = 5 mice otherwise. Unpaired two-tailed t-test. d, Gating strategy of CD4+ T cells from CNS. e, Analysis of splenic T cells from sgScramble- or sgLamp1-transduced mice. n = 5 mice sgLamp1 active-caspase 3; n = 6 mice otherwise. Unpaired two-tailed t-test. f, Analysis of CNS cells isolated from sgScramble- or sgLamp1-transduced mice. n = 6 per group. Unpaired two-tailed t-test. g, Analysis of CD11b+ cell apoptosis in sgScramble- or sgLamp1-transduced mice. n = 6 per group. Unpaired two-tailed t-test. h, Example gating used to sort LAMP1+ astrocytes from Aldh1l1creERT2tdTomato mice for scRNA-seq. i, Violin plots of genes, UMIs and cell-type markers for cells analysed by scRNA-seq from naive and EAE mice 17 days after induction. Astrocyte markers include Aqp4, Aldh1l1, Gfap, S100b, Aldoc, Slc1a3, Slc1a2 and Mfge8. j, Principal components used and gene expression scatterplots of LAMP1+ astrocytes isolated from Aldh1l1creERT2tdTomato mice. k, TRAIL expression on astrocytes from sgScramble- and sgLamp1-transduced mice 28 days after EAE induction. n = 5 sgScramble, n = 4 sgLamp1 mice. Unpaired two-tailed t-test. Data are mean ± s.e.m.
Source data


Extended Data Fig. 4 Analysis of TRAIL+ astrocytes.
a, Quantification of TRAIL knockdown using FACS in astrocytes and microglia. n = 5 mice per group. Unpaired two-tailed t-test. b, Analysis of CNS cell numbers in sgScramble- or sgTnfsf10-transduced mice. n = 6 mice per group. Unpaired two-tailed t-test. c, Control analyses of splenic T cells from knockdown mice. n = 6 mice per group. Unpaired two-tailed t-test. d, Analysis of CD11b+ cell apoptosis in sgScramble- or sgTnfsf10-transduced mice. n = 6 mice per group. Unpaired two-tailed t-test. e, Cytokine production and recall response of splenic T cells isolated from knockdown mice. n = 6 mice per group. n = 8 sgScramble CPM, n = 5 sgScramble IL-17 mice. Unpaired two-tailed t-test. f, Sorting schematic of LAMP1+TRAIL+ astrocytes from Aldh1l1creERT2tdTomato mice for scRNA-seq. g, Principal components used in scRNA-seq analysis of LAMP1+TRAIL+ astrocytes isolated from Aldh1l1creERT2tdTomato mice from naive and EAE mice at 17 days after induction. h, Violin plots of genes, UMIs and cell-type markers for cells analysed. Astrocyte markers include Aqp4, Aldh1l1, Gfap, S100b, Aldoc, Slc1a3, Slc1a2 and Mfge8. Data are mean ± s.e.m.
Source data


Extended Data Fig. 5 IFNγ–TRAIL signalling in other datasets.
a, b, Identification of an IFNγ–TRAIL signalling network in a population of mouse astrocytes (cluster 6) previously analysed during the course of EAE in a previous study16. c, Comparison of the relative abundance of homeostatic vs pathogenic glia over the course of EAE. Compared to a pathogenic astrocyte population, astrocytes regulated by IFNγ and characterized by TRAIL are de-enriched during EAE. d, e, Identification of an IFNγ–TRAIL signalling network in a patient with MS or control astrocytes previously analysed by scRNA-seq during MS in a previous study16. n = 25 mice. n = 48 humans. f, Analysis by Drop-seq of tdTomato+ astrocytes isolated by flow cytometry. Data shown as mean ± s.e.m.


Extended Data Fig. 6 IFNγ signalling in LAMP1+TRAIL+ astrocytes.
a, STAT1 phosphorylation determined by flow cytometry in mouse astrocytes in culture treated with IFNγ or vehicle. n = 4 per condition. Unpaired two-tailed t-test. Experiment repeated three times. b, Analysis of Tnfsf10 expression in primary microglia and neurons in response to IFNγ. n = 8 for neuron IFNγ-treated, n = 5 neuron veh, n = 6 otherwise. Unpaired two-tailed t-test, data log-normalized for neuron Tnfsf10. c, Analysis of other apoptosis-promoting molecules expressed by astrocytes. n = 14 Fasl vehicle; n = 13 Gzmb vehicle; n = 12 Prf1 vehicle.; n = 7 Fasl IFNγ; n = 7 Prf1 IFNγ; n = 3 Gzmb IFNγ; n = 3 for Tnfsf10. Unpaired two-tailed t-test. Tnfsf10 data ln-transformed. Note the consistent axis scale. d, Analysis of Tnfsf10 expression by qPCR in astrocytes isolated from mice null for the indicated genes 29 days after EAE induction. n = 5 Ctrl, n = 3 Csf2rbf/f-Aldh1l1creERT2, n = 6 Tnfrsf1a−/−;Tnfrsf1b−/−mice. Unpaired two-tailed t-test (Tnfrsf1a−/−;Tnfrsf1b−/−) and Mann–Whitney test (Csf2rbf/f-Aldh1l1creERT2). e, EAE in Ifngr1+/+ (n = 12 mice) or Ifngr1−/− (n = 10 mice). Two-way repeated measures ANOVA. f, Flow cytometry analysis of T cells in the CNS of Ifngr1+/+ or Ifngr1−/− mice. n = 5 mice per group. Unpaired two-tailed t-test. g, Caspase-3 activation in CD4+ T cells isolated from the CNS of Ifngr1+/+ or Ifngr1−/− mice. n = 6 per group. Unpaired two-tailed t-test. Data are mean ± s.e.m.
Source data


Extended Data Fig. 7 Effects of astrocyte-specific knockdown of IFNγ signalling.
a, Knockdown analyses by FACS of mice transduced with sgScramble, sgIfngr1, sgIfngr2 and sgStat1. n = 5 mice per group. n = 4 sgScramble STAT1 mice. Unpaired two-tailed t-test. b, Control analyses of microglial expression following astrocyte knockdown. n = 5 sgIfngr2, n = 5 sgStat1, n = 6 mice otherwise. Unpaired two-tailed t-test. c, Analysis of Cxcl10 expression in astrocytes isolated from Ifngr1+/+, Ifngr1−/− or sgIfngr1 mice 29 days after EAE induction. n = 11 Ifngr1+/+, n = 6 Ifngr1−/−, n = 5 sgIfngr1. Unpaired two-tailed t-test. d, Analysis of astrocyte chemokine and T cell chemokine receptor expression from knockdown mice 29 days after EAE induction. n = 4 sgStat1, n = 4 sgIfngr2 Ccl20, n = 5 mice otherwise. Unpaired two-tailed t-test per condition. Data are mean ± s.e.m.
Source data


Extended Data Fig. 8 Microglia monocyte, and peripheral T cell responses to astrocyte perturbation.
a–d, Bulk RNA-seq analyses of microglia (CD11b+CD45+Ly6Clow) isolated by flow cytometry from mice transduced with the indicated astrocyte-targeting CRISPR–Cas9 lentivirus 24 days after EAE induction. Heat map of differentially expressed genes, GSEA analysis, Qiagen IPA and volcano plot shown per group. n = 4 mice per group, n = 3 mice for sgTnfsf10. e, Control analyses of CNS-recruited pro-inflammatory monocytes. n = 6 sgScramble, sgIfngr1; n = 5 mice otherwise. One-way ANOVA, Sidak post-hoc test. f, Control analyses of splenic T cells. n = 6 sgScramble, sgIfngr1; n = 5 sgIfngr1 CD4+, n = 5 mice otherwise. One-way ANOVA, Dunnett post-hoc test. g, Analysis of active-caspase 3 expression in CD11b+ cells. n = 6 sgScramble, sgIfngr1; n = 5 mice otherwise. One-way ANOVA, Dunnett post-hoc test. h, Cytokine production and recall response of splenic T cells isolated from knockdown mice. n = 6 per group. n = 5 sgScramble IL-17, n = 8 sgScramble, sgIfngr1, sgStat1 CPM mice. One-way ANOVA, Dunnett post-hoc test. Data are mean ± s.e.m.
Source data


Extended Data Fig. 9 Control analyses of in vitro apoptosis and anti-NK1.1 antibody depletion.
a, Active caspase-3 and TUNEL FACS analysis in CD4+ T cells co-cultured with astrocytes pre-treated with vehicle or IFNγ. n = 3 for active-caspase 3, n = 2 for TUNEL vehicle, n = 4 for TUNEL IFNγ. Unpaired two-tailed t-test. b, Active caspase-3 expression in CD4+ T cells co-cultured with astrocytes transfected with the indicated siRNA. n = 4 per condition. Unpaired two-tailed t-test. c, Left, DR5 expression in cultured IFNγ+, IFNγ+IL-17+ and IFNγ-IL-17− CD4+ T cells activated in vitro. n = 3 per group. One-way ANOVA, Dunnett post-hoc test. Right, active-caspase 3 expression in DR5+ or DR5− CD4+ T cells co-cultured with IFNγ-pre-treated astrocytes. n = 3 per group. Unpaired two-tailed t-test. d, Negative control images of IFNγ immunostaining using Ifng−/− mice. Repeated twice. e, Fluorescent in situ hybridization (FISH) of Gfap co-stained with anti-GFAP antibody. Repeated three times. f, FISH of Tnfsf10 and Ifng in naive or EAE mouse spinal cord co-stained with anti-GFAP antibody. n = 8 images (naive), n = 6 images (EAE). Unpaired two-tailed t-test. Repeated three times. g, FISH of Ifng, Tnfsf10, and Klrb1c in naive or EAE mouse spinal cord. Green arrowhead, NK cell; red arrowhead, astrocyte. Repeated twice. h, Control analyses for anti-NK1.1 antibody depletion experiment. n = 4 per group. Unpaired two-tailed t-test. i, Quantification of splenic NKp46+ cells during α-NK1.1 antibody depletion experiment. n = 4 per group. Unpaired two-tailed t-test. j, Quantification of NK1.1+CD200R- NK cells in the spleen during α-NK1.1 antibody depletion experiment. n = 4 per group. Unpaired two-tailed t-test. Data are mean ± s.e.m.
Source data


Extended Data Fig. 10 Control analyses of microbial regulation of NK cells and astrocytes.
a, Quantification of astrocytes from SPF (n = 3) or GF (n = 5) mice. Unpaired two-tailed t-test. b, Quantification of CD4+ T cells in SPF and GF mice. Splenic T cells: n = 4 per group; lamina propria T cells: n = 3 per group. Unpaired two-tailed t-test. c, IFNγ+ NK cells in spleen and lamina propria of SPF and GF mice. n = 5 per group (spleen), n = 6 per group (lamina propria). Unpaired two-tailed t-test. d, Sorting schematic (left) and splenic cell numbers (right) from donors and recipients in NK cell adoptive transfer experiments. Quantification left-to-right: glow cytometry quantification of splenic IFNγ+ NK cells from donor mice. n = 5 GF, n = 8 SPF WT, n = 7 SPF Ifng−/− mice. Total number of NK cells from donor mice. n = 6 GF, n = 8 mice otherwise. Unpaired two-tailed t-test. Total number of NK cells in recipient spleens: n = 4 mice per group. One-way ANOVA, Tukey’s post-hoc test. e, Analysis by qPCR of 16S rRNA abundance as a function of two-week antibiotic treatment (ABX) and ABX treatment followed by faecal microbiota transplant (FMT) in IfngEYFP mice. n = 6 mice per group. Unpaired two-tailed t-test. f, Gating schematic for the meninges of IfngEYFP mice. g, FACS plots of IFNγ expression during three-week antibiotic depletion of commensal bacteria (ABX) or two-week ABX followed by 1-week reconstitution by faecal microbiota transplant (FMT) using IfngEYFP reporter mice. h, Analysis of NK cells in the spleen and lamina propria as a function of ABX and ABX + FMT treatment using IfngEYFP reporter mice. n = 6 mice for total NK cells ABX and ABX + FMT, n = 10 mice for vehicle meninges condition, n = 5 mice otherwise. Unpaired two-tailed t-test. i, Gating schematic of NK cell sorting from the spleen of CAGKaede mice. j, Analysis by qPCR of bacterial 16S rRNA abundance as a function of ABX and ABX + FMT in CAGKaede mice. n = 9 mice per group. Unpaired two-tailed t-test. Data are mean ± s.e.m.
Source data
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