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            Abstract
In addition to maintaining immune tolerance, FOXP3+ regulatory T (Treg) cells perform specialized functions in tissue homeostasis and remodelling1,2. However, the characteristics and functions of brain Treg cells are not well understood because there is a low number of Treg cells in the brain under normal conditions. Here we show that there is massive accumulation of Treg cells in the mouse brain after ischaemic stroke, and this potentiates neurological recovery during the chronic phase of ischaemic brain injury. Although brain Treg cells are similar to Treg cells in other tissues such as visceral adipose tissue and muscle3,4,5, they are apparently distinct and express unique genes related to the nervous system including Htr7, which encodes the serotonin receptor 5-HT7. The amplification of brain Treg cells is dependent on interleukin (IL)-2, IL-33, serotonin and T cell receptor recognition, and infiltration into the brain is driven by the chemokines CCL1 and CCL20. Brain Treg cells suppress neurotoxic astrogliosis by producing amphiregulin, a low-affinity epidermal growth factor receptor (EGFR) ligand. Stroke is a leading cause of neurological disability, and there are currently few effective recovery methods other than rehabilitation during the chronic phase. Our findings suggest that Treg cells and their products may provide therapeutic opportunities for neuronal protection against stroke and neuroinflammatory diseases.
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                    Fig. 1: Treg accumulation in the brain after ischaemic brain injury.[image: ]


Fig. 2: Characterization of brain Treg cells.[image: ]


Fig. 3: Treg cells infiltrate and expand via a chemokine- and cytokine-dependent mechanism.[image: ]


Fig. 4: AREG produced by Treg cells regulates astrogliosis by suppressing the IL-6â€“STAT3 signalling pathway.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 T cell accumulation in the brain after ischaemic brain injury.
a, 3,3â€²-diaminobenzidine (DAB) staining for CD3+ cells in ischaemically injured brains at the indicated time points after stroke onset. Data are representative of two independent experiments. b, CD4+ cell numbers in the injured brain at the indicated time points after stroke onset as determined by flow cytometric analysis (nÂ =Â 4 for day 0, nÂ =Â 3 for day 3, nÂ =Â 3 for day 6, nÂ =Â 3 for day 11, nÂ =Â 5 for day 14, nÂ =Â 4 for day 21, nÂ =Â 5 for day 60). Data are representative of two independent experiments. c, Immunohistochemical staining for MAP2, CD3 and FOXP3 in ischaemically injured brains (purple square, ischaemic border region; blue square, ischaemic core region) on day 14 after stroke onset. Yellow arrows indicate FOXP3+ cells in the MAP2+ region. Data are representative of three independent experiments. d, FTY720 (1Â mgÂ kgâˆ’1) was administered to mice daily on daysÂ 6â€“13 after stroke onset. Flow cytometric analysis of the numbers of GR-1+, F4/80+, CD3+, CD19+, CD4+, CD8+, IFNÎ³+, IL-17+ and FOXP3+ on dayÂ 14 (nÂ =Â 4 control mice, nÂ =Â 5 FTY treatment mice). Data are representative of two independent experiments. PÂ values were determined by two-tailed Studentâ€™s t-test (CD3+, CD19+) or two-way ANOVA with Bonferroniâ€™s multiple comparisons test (IFNÎ³+, IL-17+ and FOXP3+). e, Flow cytometric analysis of FOXP3+ cells in ischaemic brains from DEREG or wild-type littermates after administration of diphtheria toxin (DT) (12.5 Î¼gÂ kgâˆ’1) or PBS on daysÂ 6, 7, 9 and 11 after stroke onset. Representative dot plots of CD4+ T cells on dayÂ 14 are shown. Data are representative of two independent experiments, and shown as the meanÂ Â±Â s.e.m.

                          Source Data
                        


Extended Data Fig. 2 The effect of T cells on reactive astrocytes and neurogenesis.
a, Immunohistochemical staining for GFAP in injured brains and GFAP+ areas in the ischaemic brains at the indicated time points after stroke onset. Representative photos are shown (nÂ =Â 3 for day 0 and 3, nÂ =Â 4 for day 6, nÂ =Â 5 for days 9, 11 and 14). Data are representative of aÂ single experiment. b, Immunohistochemical staining for GFAP in ischaemic brains from wild-type mice injected on days 6 and 10 after stroke onset with FTY720 (1Â mgÂ kgâˆ’1) or anti-CD4 antibody (15Â mgÂ kgâˆ’1). GFAP+ areas in the ischaemic brains were determined at dayÂ 14 after stroke onset. Representative photos are shown (nÂ =Â 5 control mice, nÂ =Â 7 FTY-treated mice, nÂ =Â 6 anti-CD4 antibody-treated mice). Data are representative of two independent experiments. c, GFAP+ areas on dayÂ 14 after stroke in ischaemic brains from DEREG or wild-type littermates after administration of diphtheria toxinÂ (DT) or PBS on days 7, 9, and 12 after stroke onset (nÂ =Â 4 PBS-treated wildÂ type, nÂ =Â 3 DT-treated wild type, nÂ =Â 5 PBS-treated DEREG, nÂ =Â 6 DT-treated DEREG). Data are representative of aÂ single experiments. d, Flow cytometric analysis of the frequency of Treg cells among CD4+ T cells and GFAP+ areas in ischaemic brains from DEREG or wild-type littermates and neurological score after intraventricular (i.c.v.) administration of diphtheria toxin (125Â ngÂ kgâˆ’1) or PBS on days 8, 10 and 12, and analysis at dayÂ 14 after stroke onset (nÂ =Â 6 DT-treated wildÂ type, nÂ =Â 5 DT-treated DEREG mice). Data are representative of two independent experiments. e, Immunohistochemical staining for TUNEL, NeuN and GFAP in the ischaemically injured brains from DEREG or wild-type littermates were measured on dayÂ 14. White squares indicate parts of motor cortex regions and were magnified in Fig.Â 1g. f, Astrocytes were isolated from the day-14 post-ischaemic brains of six DEREG (+DT) or six wild-type (+DT) littermates, and the relative expression levels of neurotoxic markers were evaluated by qPCR. Data are obtained from a pooled sample from six mice, and representative of two independent experiments. g, Heat map of the microarray analysis of the axon growth permissive molecules and A2 markers in the brains of diphtheria-toxin-treated DEREG or wild-type littermates on dayÂ 14 after MCAO or a sham operation. Data are obtained from aÂ single experiment. h, Treg cells (1Â Ã—Â 106) from spleens and lymph nodes from intact mice were transferred into Cd3eâˆ’/âˆ’ mice on day 5 after stroke onset. Immunohistochemical staining for FOXP3 and MAP2 in the ischaemic brains (ischaemic border region and ischaemic core region) at dayÂ 14 after stroke onset. Data are representative of two independent experiments. i, Treg cells (1Â Ã—Â 106) from spleens and lymph nodes from intact mice were transferred into Treg cell-sufficient wild-type mice on day 5 after stroke onset. The GFAP+ areas (nÂ =Â 10 PBS-treated mice, nÂ =Â 9 Treg cell-transferred mice) and the number of FOXP3+ cells (nÂ =Â 6 PBS-treated mice, nÂ =Â 5 Treg cell-transferred mice) in the ischaemic brains were measured. GFAP data were pooled from two independent experiments. Other data are representative of two independent experiments. PÂ values were determined by two-tailed Studentâ€™s t-test (d, i) or one-way ANOVA (b, c). Data are meanÂ Â±Â s.e.m.

                          Source Data
                        


Extended Data Fig. 3 Characterization of brain Treg cells.
a, Flow cytometric analysis of CD44 and CD62L activation markers (left) and numbers of CD4+ cells (right) from day-14 post-ischaemic brains of wild-type or Rag2âˆ’/âˆ’ OTII transgenic mice (nÂ =Â 4). Data are representative of two independent experiments, and shown as meanÂ Â±Â s.e.m. b, Flow cytometric analysis of TCR vÎ² repertoires of Treg cells in brains from ischaemic mice and lymph nodes from intact mice. Data were obtained from a single experiment. c, Two-dimensional plot showing the frequency of the top ten TCRÎ± and TCRÎ² CDR3 sequences expressed by Treg cells in day-14 post-ischaemic brains from 42 mice and spleens from 3 intact mice. Data were obtained from a single experiment. d, TCRÎ± and TCRÎ² CDR3 sequences for individual cells (TCRÎ±; mouse #1: nÂ =Â 14, mouse #3: nÂ =Â 10, mouse #4: nÂ =Â 35, TCRÎ²; mouse #4: nÂ =Â 65). Data were obtained from a single experiment.

                          Source Data
                        


Extended Data Fig. 4 5-HT7 is expressed on brain Treg cells and required for the function of brain Treg cells.
a, Scatter plot of Treg signature genes (brain Treg versus spleen Treg cells). b, Heat map of the microarray analysis of Treg cells from the brain, VAT, injured muscle, colon, pancreas and spleen. c, KEGG pathway analysis of Treg versus Tconv cells, and brain Treg versus spleen Treg cells. d, Heat map of nervous-system-related genes of Treg cells in the brain, VAT, injured muscle, colon (RORC+ and RORCâˆ’), lymph nodes and spleen. e, Scatter plot of nervous-system-related genes (brain Treg versus spleen Treg cells). f, Expression levels of Htr7 in the day-14 post-ischaemic or sham brains of diphtheria-toxin-treated DEREG or wild-type littermates, and brain T cells from wild-type ischaemic mice or spleen T cells from wild-type untreated mice. The gene expression levels were determined by microarray signals. Data were obtained from a single experiment of microarray, and confirmed by qPCR experiments. gâ€“i, Treg cells (5Â Ã—Â 105) from spleens and lymph nodes from intact mice were transduced by CRIPSRâ€“Cas9 (Htr7 gRNA or control gRNA) and transferred into Cd3eâˆ’/âˆ’ mice on day 5 after stroke onset. Flow cytometric analysis of 5-HT7 (g), the number of Treg cells (h) in the ischaemic brains of Cd3eâˆ’/âˆ’ mice, and neurological scores (i) on dayÂ 14 after stroke onset (nÂ =Â 4 for control, nÂ =Â 5 for 5-HT7 knockout (KO)). Data are representative of two independent experiments. j, Flow cytometric analysis of 5-HT7 in the ischaemic brains of wild-type mice on day 14 after stroke onset. Data are representative of three independent experiments. k, The relative expression levels of Htr7 in the ischaemic brains at dayÂ 14 after stroke onset were evaluated by qPCR. Brain Treg cells were pooled from 6 mice, other data were nÂ =Â 5 per group. Data are representative of two independent experiments and shown as meanÂ Â±Â s.e.m. P values were determined by two-tailed Studentâ€™s t-test.

                          Source Data
                        


Extended Data Fig. 5 Brain Treg cells proliferate in both lymph nodes and brains.
a, Flow cytometric analysis of CD4+ T cells in cervical lymph nodes and brain from Treg-cell-transferred Rag2âˆ’/âˆ’ mice. Treg cells (2Â Ã—Â 105 cells) from the cervical lymph nodes and spleens of ischaemic or sham-treated mice were transferred into Rag2âˆ’/âˆ’ mice on day 5 after stroke onset. The absolute numbers of CD4+ T cells in the brains of Rag2âˆ’/âˆ’ mice were measured on day 14 after stroke onset (nÂ =Â 6). Data were pooled from two independent experiments. b, Kinetics of percentages of Ki67+ Treg cells from brains and cervical lymph nodes of ischaemic mice at the indicated time points as determined by flow cytometric analysis of CD4+ T cells (nÂ =Â 2 for days 0, 6, 11, 14 and 21; nÂ =Â 3 for days 3 and 17). Data are representative of two independent experiments. c, Flow cytometric analysis of the frequency of Treg cells among CD4+ T cells from the cervical lymph nodes of sham-treated and ischaemic mice on dayÂ 14 after stroke onset. The frequency of Treg cells of CD4+ T cells was determined (nÂ =Â 6 sham-treated mice, nÂ =Â 12 ischaemic mice) Data were pooled from two independent experiments. d, The relative expression levels of Il2 in ischaemic brains at the indicated time points after stroke onset were evaluated by qPCR (nÂ =Â 6 day 0, nÂ =Â 3 others). Data are representative of two independent experiments. e, Flow cytometric analysis of IL-2+ cells from day 14 post-ischaemic brains and cervical lymph nodes gated as indicated. Data are representative of two independent experiments. f, Wild-type mice were injected with control IgG or anti-IL-2 antibody on days 8, 10 and 12 after stroke onset. Neurological scores were measured on dayÂ 14 (nÂ =Â 8). Data are representative of two independent experiments and shown as meanÂ Â±Â s.e.m. PÂ values determined by two-tailed Studentâ€™s t-test.

                          Source Data
                        


Extended Data Fig. 6 Brain Treg cells proliferate in response to IL-33.
a, The relative expression levels of Il33 in the ischaemic brains at the indicated time points after stroke onset were evaluated by qPCR (nÂ =Â 6 day 0, nÂ =Â 3 others). Immunohistochemical staining for IL-33 in the brains of Il33âˆ’/âˆ’, wild-type sham or wild-type ischaemic mice on dayÂ 14 after stroke onset. Data are representative of two independent experiments. b, Flow cytometric analysis of ST2 in the ischaemic brains of wild-type, Il33âˆ’/âˆ’, or Il1rl1âˆ’/âˆ’ mice on day 14 after stroke onset. The frequency of ST2+ cells of Treg cells was determined (nÂ =Â 3). Data are representative of two independent experiments. c, Flow cytometric analysis of the frequency of Treg cells among CD4+ T cells from the ischaemic mice administrated with anti-ST2 antibody on days 7, 10 and 12, and analysed on dayÂ 14 after stroke onset. The frequency of Treg cells of CD4+ T cells was determined (nÂ =Â 5 control IgG-treated mice, nÂ =Â 4 ST2 antibody-treated mice). Data are representative of a single experiment. d, Flow cytometric analysis of the frequency of ST2+ cells among brain cells from the ischaemic mice on dayÂ 14 after stroke onset. (nÂ =Â 4). Data are representative of two independent experiments. e, Treg cells (1Â Ã—Â 106) from spleens and lymph nodes from wild-type or Il1rl1âˆ’/âˆ’ mice were transferred into Rag2âˆ’/âˆ’ mice on dayÂ 5 after stroke onset. The representative plots of CD4+ cells from the indicated tissues in the ischaemic brains on day 14. Data are representative of two independent experiments and shown as meanÂ Â±Â s.e.m. PÂ values determined by two-tailed Studentâ€™s t-test.

                          Source Data
                        


Extended Data Fig. 7 Expression of chemokine receptors on CD4+ T cells.
a, TH1 (IFNÎ³+), IFNÎ³âˆ’FOXP3âˆ’ and Treg (FOXP3+) cells were isolated from the day-14 post-ischaemic brains of 8 mice and the relative expression levels of the indicated chemokine receptors on CD4+ T cells were evaluated by qPCR. Data were obtained from pooled samples of eight mice, and representative of two independent experiments. b, Oligodendrocytes, astrocytes and microglia were isolated from ischaemic brains at the indicated time points after stroke onset and the relative expression of Ccl1 and Ccl20 was evaluated by qPCR (nÂ =Â 3 sham and day-14 mice, nÂ =Â 2 day 3 and 7 mice). Data are representative of two independent experiments. c, Representative plots of flow cytometric analysis of CD4+ cells and the absolute number of Treg cells from the brains of wild-type or Ccr6âˆ’/âˆ’ mice in Fig.Â 3h at day 14 after stroke onset (nÂ =Â 6 wild-type mice, nÂ =Â 4 Ccr6âˆ’/âˆ’ mice). Data are representative of two independent experiments. d, Representative plots of flow cytometric analysis of CD4+ cells and the absolute number of Treg cells from day-14 post-ischaemic mice injected intraventricularly with CCL1 or CCL20 proteins on days 6 and 9 post-stroke-onset in Fig.Â 3i (nÂ =Â 6 PBS-treated mice, nÂ =Â 5 CCL1-treated mice, nÂ =Â 6 CCL20-treated mice). Data are representative of two independent experiments. P values determined by two-tailed Studentâ€™s t-test. Data are meanÂ Â±Â s.e.m.

                          Source Data
                        


Extended Data Fig. 8 AREG expressed homogeneously on day 14 after stroke onset.
a, Flow cytometric analysis of AREG expression levels in Treg cells in the infarct core region and the glial scar region from ischaemic brains on day 14 after stroke (nÂ =Â pool of 3 miceÂ Ã—Â 5). Data are representative of two independent experiments. b, The relative mRNA expression levels (relative to Hprt1 mRNA) of tissue Treg cell signature genes from brain Treg cells on days 3 and 14 after stroke onset and spleen Treg cells were evaluated by qPCR. Data are representative of two independent experiments. c, Flow cytometric analysis of AREG, ST2 and 5-HT7 expression levels in Treg cells from ischaemic brains on days 3 and 14 after stroke onset. Data are representative of two independent experiments and shown as meanÂ Â±Â s.e.m. P values determined by two-tailed Studentâ€™s t-test.

                          Source Data
                        


Extended Data Fig. 9 Treg cells regulate astrogliosis by suppressing the IL-6â€“STAT3 signalling pathway.
a, DEREG or wild-type littermates were administered diphtheria toxin intraperitoneally on days 6, 9 and 12, and administered PBS or AREG protein intraventricularly on days 7, 9 and 12 after stroke onset. The GFAP+ areas and neurological scores were determined on day 14 (nÂ =Â 7 PBS-treated wildÂ type, nÂ =Â 9 AREG-treated wildÂ type, nÂ =Â 10 PBS-treated DEREG, nÂ =Â 8 AREG-treated DEREG). Data were pooled from two independent experiments. b, Ischaemic DEREG or wild-type littermates were administered diphtheria toxin intraperitoneally on days 6, 9 and 12 after stroke onset, and administered PBS or AREG protein (50Â Î¼gÂ kgâˆ’1) intraventricularly on days 7, 9 and 12 after stroke onset. TUNEL+ cells in the ischaemic brains were measured on day 14 (nÂ =Â 7 PBS-treated wild-type mice, nÂ =Â 7 PBS-treated DEREG mice, nÂ =Â 3 AREG-treated DEREG mice). Data were obtained from a single experiment. c, Ischaemic DEREG or wild-type littermates were administered diphtheria toxin intraperitoneally on day 0 after stroke onset, and administered PBS or AREG protein (50Â Î¼gÂ kgâˆ’1) intraventricularly on day 1 after stroke onset. Neurological score and infarct region were evaluated on day 3 (nÂ =Â 3 PBS-treated wild-type mice, nÂ =Â 5 others). Data were obtained from a single experiment. d, Heat map of the qPCR analysis of neurotoxic markers of astrocytes on day-14 post-ischaemic brains of Cd3eâˆ’/âˆ’ mice injected with PBS, wild-type Treg cells, or Aregâˆ’/âˆ’ Treg cells on day 5 after stroke onset (nÂ =Â 3). Data are representative of two independent experiments. e, KEGG pathway analysis of day-14 post-ischaemic brains of diphtheria-toxin-treated DEREG or wild-type littermates. Data were obtained from a single experiment. f, Microglia, CD45highCD11bhigh, CD45âˆ’ and astrocytes were isolated from the day-14 post-ischaemic brains of diphtheria-toxin-treated DEREG mice (nÂ =Â 4). The relative expression levels of Il6 were evaluated by qPCR (relative to Hprt1). Data were obtained from a single experiment. g, ELISA for IL-6 of serum from ischaemic DEREG or wild-type littermates (nÂ =Â 14 wild-type mice, nÂ =Â 13 DEREG mice), Cd3eâˆ’/âˆ’ (CD3KO) mice transferred with wild-type or Aregâˆ’/âˆ’ Treg cells (nÂ =Â 2 intact mice, nÂ =Â 6 PBS-treated mice, nÂ =Â 6 wild-type Treg-cell-transferred mice, nÂ =Â 5 Aregâˆ’/âˆ’ Treg-cell-transferred mice), and Rag2âˆ’/âˆ’ (Rag2KO) mice transferred with wild-type or Il1rl1âˆ’/âˆ’ Treg cells (nÂ =Â 3 PBS-treated mice, nÂ =Â 6 wild-type Treg-cell-transferred mice, nÂ =Â 6 Il1rl1âˆ’/âˆ’ Treg-cell-transferred mice). Data were pooled from two independent experiments. h, Relative Gfap and Stat3 mRNA expression levels (relative to Hprt1) in primary astrocytes stimulated with the indicated cytokines for 24Â h (nÂ =Â 3). Data are representative of two independent experiments. i, Microglia and astrocytes isolated from 12 adult mice were stimulated for 24Â h with brain lysates from control or ischaemic mice in the presence or absence of AREG. Relative Il6 mRNA expression levels (relative to Hprt1) were evaluated by qPCR (nÂ =Â 3). Data are representative of three independent experiments. j, GFAP+pSTAT3+ cells in ischaemic brains were measured on day 14 after stroke onset and representative photos are shown (nÂ =Â 8 PBS-treated wildÂ type, nÂ =Â 5 PBS-treated DEREG, nÂ =Â 6 AREG-treated DEREG). Data are representative of two independent experiments. k, Wild-type and Aregâˆ’/âˆ’ Treg cells were transferred into Cd3eâˆ’/âˆ’ mice on day 5 after stroke onset. Representative photographs of Fig. 4h of GFAP+pSTAT3+ cells in the day-14 post-ischaemic brains are shown. Data are representative of two independent experiments and shown as meanÂ Â±Â s.e.m. P values were determined by one-way ANOVA.

                          Source Data
                        


Extended Data Fig. 10 Brain slice and gating strategy of flow cytometric analysis.
a, For evaluation of ischaemic brain tissues, 1-mm-thick serial coronal slices from the brain were embedded in paraffin. The infarct area was detected by MAP2 staining of all slices (slices 1â€“6). The reactive astrocyte area (astrogliosis area) was detected by GFAP staining of slice 3 at the ischaemic core of the transient middle artery occlusion. b, Gating strategy of analysis of various brain cells. c, A scheme of regulation of brain damage by brain Treg cells.
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