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            Abstract
Extracellular deposition of amyloid-Î² as neuritic plaques and intracellular accumulation of hyperphosphorylated, aggregated tau as neurofibrillary tangles are two of the characteristic hallmarks of Alzheimerâ€™s disease1,2. The regional progression of brain atrophy in Alzheimerâ€™s disease highly correlates with tau accumulation but not amyloid deposition3,4,5, and the mechanisms of tau-mediated neurodegeneration remain elusive. Innate immune responses represent a common pathway for the initiation and progression of some neurodegenerative diseases. So far, little is known about the extent or role of the adaptive immune response and its interaction with the innate immune response in the presence of amyloid-Î² or tau pathology6. Here we systematically compared the immunological milieux in the brain of mice with amyloid deposition or tau aggregation and neurodegeneration. We found that mice with tauopathy but not those with amyloid deposition developed a unique innate and adaptive immune response and that depletion of microglia or T cells blocked tau-mediated neurodegeneration. Numbers of T cells, especially those of cytotoxic T cells, were markedly increased in areas with tau pathology in mice with tauopathy and in the Alzheimerâ€™s disease brain. T cell numbers correlated with the extent of neuronal loss, and the cells dynamically transformed their cellular characteristics from activated to exhausted states along with unique TCR clonal expansion. Inhibition of interferon-Î³ and PDCD1 signalling both significantly ameliorated brain atrophy. Our results thus reveal a tauopathy- and neurodegeneration-related immune hub involving activated microglia and T cell responses, which could serve as therapeutic targets for preventing neurodegeneration in Alzheimerâ€™s disease and primary tauopathies.
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                    Fig. 1: Immune scRNA-seq reveals increased proportion of T cells in the context of tau-mediated neurodegeneration.[image: ]


Fig. 2: T cell numbers are strongly elevated in the brain parenchyma of humans and mice with tauopathy and neuronal loss.[image: ]


Fig. 3: T cells dynamically shift from activated to exhausted states with unique TCR clonal expansion in tauopathy.[image: ]


Fig. 4: Microglia depletion prevents T cell infiltration in tauopathy.[image: ]


Fig. 5: Depletion of T cells ameliorates inflammation, tauopathy and brain atrophy, and improves behaviour.[image: ]
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                Data availability

              
              Immune scRNA-seq sample information, information for samples from patients with Alzheimerâ€™s disease, and immune cell numbers in each cluster in the brain are available in theÂ Supplementary Information. All source data, including sequencing reads and single-cell expression matrices, are available from the Gene Expression Omnibus under accession code GSE221856.
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Extended data figures and tables

Extended Data Fig. 1 ApoE4 exacerbates tau-mediated neurodegeneration.
(a) Representative image of 9.5-month A/PE4 mouse brain sections stained with an anti-amyloid-AÎ²Â (AÎ²) antibody and X-34. Scale barâ€‰=â€‰500â€‰Î¼m. (b) Representative images of 6 and 9.5-month TE4 mouse brain sections stained with AT8 antibody. Scale barâ€‰=â€‰500â€‰Î¼m. (c) Quantification of brain regional volumes of 9.5-month mice normalized to 6-month in b. TE4-6 months: nâ€‰=â€‰7, TE4-9.5 months: nâ€‰=â€‰13. ***pâ€‰<â€‰0.0001 for hippocampus (Hip) vs. cortex dorsal to the hippocampus (Ctx); amygdala (Amyg) vs. Ctx and entorhinal/piriform cortex (Ent) vs. Ctx. One-way ANOVA with Tukeyâ€™s post hoc test. (d) Quantification of the area covered by AT8 of 9.5-month TE4 mouse brain sections in b. TE4-6 months: nâ€‰=â€‰7, TE4-9.5months: nâ€‰=â€‰13. ***pâ€‰<â€‰0.0001 for Hip vs. Ctx; Amyg vs. Ctx and Ent vs. Ctx. One-way ANOVA with Tukeyâ€™s post hoc test. (e) Representative images of 6-month TE4, 9.5-month E4, and 9.5-month TE4 mouse brain sections stained with NeuN. Scale barâ€‰=â€‰50â€‰Î¼m. (f) Thickness of granule cell layer of the DG in 9.5-month E3, TE3, E4, TE4 mice. (E3: nâ€‰=â€‰5, TE3: nâ€‰=â€‰6, E4: nâ€‰=â€‰15 and TE4: nâ€‰=â€‰13). *pâ€‰=â€‰0.0130 for TE3 vs. TE4. Two-way ANOVA with Tukeyâ€™s post hoc test. (g) Correlation between DG neuronal layer thickness and hippocampal volume. nâ€‰=â€‰39 biologically independent animals from f. Pearson correlation analysis. R2â€‰=â€‰0.8335, pâ€‰<â€‰0.0001. (h, i) Representative images of 9.5-month E4 and TE4 mouse brain sections stained with MBP. Scale barâ€‰=â€‰500â€‰Î¼m in h. Scale barâ€‰=â€‰100â€‰Î¼m in i. (j-l) Volumes of hippocampus, entorhinal/piriform cortex and posterior lateral ventricle in 9.5-month E3, TE3, E4, TE4 mice. (E3: nâ€‰=â€‰5, TE3: nâ€‰=â€‰6, E4: nâ€‰=â€‰15 and TE4â€‰=â€‰13). pâ€‰=â€‰0.0505 for TE3 vs. TE4 in comparing the volume of the hippocampus, *pâ€‰=â€‰0.0207 for TE3 vs. TE4 in comparing the volume of the posterior lateral ventricle. Two-way ANOVA with Tukeyâ€™s post hoc test. (mâ€”o) Volumes of hippocampus, entorhinal/ piriform cortex and posterior lateral ventricle in 9.5-month TE3, TE4, A/PE4, 5xE4 male and female mice. (TE3-M: nâ€‰=â€‰6, TE3-F: nâ€‰=â€‰11, TE4-M: nâ€‰=â€‰13, TE4-F: nâ€‰=â€‰17, A/PE4-M: nâ€‰=â€‰7, A/PE4-F: nâ€‰=â€‰6, 5xE4-M: nâ€‰=â€‰6, 5xE4-F: nâ€‰=â€‰7). **pâ€‰=â€‰0.0087 for TE4 male vs. female entorhinal/piriform cortex volume. Two-way ANOVA with Tukeyâ€™s post hoc test. Data are mean Â± s.e.m.


Extended Data Fig. 2 Immune cell composition in brain parenchyma and meninges.
(a) FACS sorting of CD45Total and /or CD45high cells from brain parenchyma and meninges from A/PE4 mice for single cell immune RNA-seq. (b) Analysis of the CD4 and CD8 positive T cells present in the brain of E4 and TE4 mice by flow cytometry. (E4: nâ€‰=â€‰8, TE4: nâ€‰=â€‰14) Data are mean Â± s.e.m., ***pâ€‰<â€‰0.0001, Unpaired two-tailed Studentâ€™s t test. (c) Representative cell type specific makers in brain parenchyma (CD45Total) clusters. (d) CD45high immune cells from parenchyma assigned into 12 cell types as visualized by UMAP plot. (e) Representative cell type specific makers in meninges (CD45Total).


Extended Data Fig. 3 T cell infiltration in the brain parenchyma with significant tauopathy.
(a) Representative flow cytometry gating plot of splenic lymphocytes. (b) Quantification of the proportion of indicated lymphocytes and their subsets among 9.5-month E4, A/PE4, and TE4 mice. (E4: nâ€‰=â€‰4, A/PE4: nâ€‰=â€‰4, TE4: nâ€‰=â€‰8). pâ€‰=â€‰0.648, 0.492, 0.992 for E4 vs. A/PE4; E4 vs. TE4; A/PE4 vs. TE4 in T cells; pâ€‰=â€‰0.614, 0.518, 0.089 for E4 vs. A/PE4; E4 vs. TE4; A/PE4 vs. TE4 in CD4+ T cells; pâ€‰=â€‰0.665, 0.719, 0.196 for E4 vs. A/PE4; E4 vs. TE4; A/PE4 vs. TE4 in CD8+ T cells. Two-way ANOVA with Tukeyâ€™s post hoc test. pâ€‰=â€‰0.629, 0.472, 0.095 for E4 vs. A/PE4; E4 vs. TE4; A/PE4 vs. TE4 in Treg. One-way ANOVA with Tukeyâ€™s post hoc test. (c) Quantification of CD3+ T cell number per DG area with 0.3â€‰mm2 in 9.5 month E3, TE3, E4, TE4 mice. (E3: nâ€‰=â€‰5, TE3: nâ€‰=â€‰6, E4: nâ€‰=â€‰15 and TE4: nâ€‰=â€‰13). Two-way ANOVA with Tukeyâ€™s post hoc test. pâ€‰=â€‰0.1342 for TE3 vs. TE4. (d) Representative images of 9.5-month old E4, TE4, A/PE4 and 5xE4 mouse brain sections stained with CD3, Iba1, AÎ² and X-34. Scale barâ€‰=â€‰20â€‰Î¼m. Images are representative of results from nâ€‰=â€‰4 in E4, A/PE4 and TE4 respectively. (e) TEM image demonstrating presence of a cell with T cell like features in brain parenchyma of 9.5 month of TE4 mouse. Scale barâ€‰=â€‰2â€‰Î¼m. Images are representative of results from nâ€‰=â€‰3 in TE4 mice.


Extended Data Fig. 4 Characterization of T cell populations within the parenchyma and meninges of mice with amyloid or tau pathology.
(a) Heatmap showing identified marker genes in each of the categorized cell types in Total T cells, CD4+ and CD8+ T cells. (b) Total T cells from brain parenchyma and meninges with TCR assigned into 13 cell types as visualized by UMAP plot. (c) TRAV and TRBV enrichment in CD8+ and CD4+ T cells in TE4 and A/PE4 mice. (d) Representative TCR-TRBV projection in E4, A/PE4 and TE4 mice.


Extended Data Fig. 5 Expression of cytokines, chemokines, growth factors and soluble receptors in brain lysates.
Quantification of cytokines, chemokines, growth factors and soluble receptors in brain lysates in 9.5 month old E4, TE4, and TEKO mice. (E4: nâ€‰=â€‰10, TE4: nâ€‰=â€‰10 and TEKO: nâ€‰=â€‰10). One-way ANOVA with Tukeyâ€™s post hoc test. With Q=0.1% identify outlier function, nâ€‰=â€‰1 E4 and nâ€‰=â€‰1 TEKO samples for IFN-Î³ measurements were removed; nâ€‰=â€‰1 E4 sample for IL-1Î² measurements was removed. ***pâ€‰=â€‰0.0001, ***pâ€‰<â€‰0.0001, ***pâ€‰<â€‰0.0001, ***pâ€‰<â€‰0.0001, pâ€‰=â€‰0.1261, ***pâ€‰<â€‰0.0001, **pâ€‰=â€‰0.0038, ***pâ€‰=â€‰0.0005, ***pâ€‰<â€‰0.0001, *pâ€‰=â€‰0.0144, **pâ€‰=â€‰0.0022, ***pâ€‰<â€‰0.0001, *pâ€‰=â€‰0.0126, ***pâ€‰=â€‰0.0002, ***pâ€‰=â€‰0.0001, **pâ€‰=â€‰0.0074, **pâ€‰=â€‰0.0059, *pâ€‰=â€‰0.0434, ***pâ€‰<â€‰0.0001, **pâ€‰=â€‰0.007, *pâ€‰=â€‰0.038, ***pâ€‰<â€‰0.0001 for E4 vs. TE4 following the panel order. pâ€‰=â€‰0.2757, ***pâ€‰<â€‰0.0001, ***pâ€‰<â€‰0.0001, ***pâ€‰<â€‰0.0001, *pâ€‰=â€‰0.489, ***pâ€‰<â€‰0.0001, pâ€‰=â€‰0.2539, pâ€‰=â€‰0.9952, **pâ€‰=â€‰0.0011, pâ€‰=â€‰0.053, nâ€‰=â€‰0.625, ***pâ€‰<â€‰0.0001, nâ€‰=â€‰0.7867, pâ€‰=â€‰0.1013, pâ€‰=â€‰0.087, pâ€‰=â€‰0.9905, pâ€‰=â€‰0.1107, pâ€‰=â€‰0.7159, pâ€‰=â€‰0.9193, pâ€‰=â€‰0.8426, pâ€‰=â€‰0.83, **pâ€‰=â€‰0.0076 for TE4 vs. TEKO following the panel order. Data are mean Â± s.e.m.; One-way ANOVA with Tukeyâ€™s post hoc test.


Extended Data Fig. 6 Changes in microglia and T cells with Tau-meditated neurodegeneration require ApoE.
(a) MHCII, CD206, Iba1 and GFAP staining in 9.5-month TE4 mice. Scale barâ€‰=â€‰100â€‰Î¼m. Images are representative of results from nâ€‰=â€‰13 in TE4 mice. (b) Iba1, MHCII and AÎ² staining in 9.5 month E4, A/PE4, TE4 and TEKO mice in Cortex dorsal to Hippocampus, Hippocampus and Ent/Piri cortex. Scale barâ€‰=â€‰50â€‰Î¼m. (c) Quantification of the area covered by MHCII in Ctx, Hip and Ent in 9.5-month TE4 and TEKO mice. (TE4: nâ€‰=â€‰13 and TEKO: nâ€‰=â€‰15). ***pâ€‰<â€‰0.0001 for TE4-Hip vs. TEKO-Hip. One-way ANOVA with Tukeyâ€™s post hoc test. (d) Iba1, CD11c and AÎ² staining in 9.5-month E4, A/PE4, TE4 and TEKO mice in Prefrontal cortex, Hippocampus and Ent/Piri cortex. Scale barâ€‰=â€‰50â€‰Î¼m. (e) Quantification of the area covered by CD11c in Ctx, Hip and Ent in 9.5-month TE4 and TEKO mice. (TE4: nâ€‰=â€‰13 and TEKO: nâ€‰=â€‰15). ***pâ€‰<â€‰0.0001 for TE4-Hip vs. TEKO-Hip. One-way ANOVA with Tukeyâ€™s post hoc test. (f) Volume of hippocampus in 9.5-month TE4 and TEKO mice. (TE4: nâ€‰=â€‰13 and TEKO: nâ€‰=â€‰15). ***pâ€‰<â€‰0.0001. Unpaired two-tailed Studentâ€™s t test. (g) Quantification of numbers of CD3+ T cells in DG per 0.3â€‰mm2. (TE4: nâ€‰=â€‰13 and TEKO: nâ€‰=â€‰15). ***pâ€‰<â€‰0.0001. Data are mean Â± s.e.m.; Unpaired two-tailed Studentâ€™s t test.


Extended Data Fig. 7 IFN-Î³ in the T cell population and microglia can directly present antigen to CD8+ T cells in vitro.
(a) Ligand-receptor analysis in T cells and microglia. (b) IFN-Î³ expression in brain parenchyma (CD45Total) 12 cell types and T cells from brain parenchyma 15 clusters of T cells as visualized by UMAP plot. (c) The gating strategy for sorting naÃ¯ve OT-1 CD8+ T cells, dendritic cells (DCs), and microglia. (d) Representative flow cytometry plot to assess the proliferation of OT-1 T cells by cell tracer violet (CTV) dilution after 3 days of co-culture with APCs in the presence of OVA. (e) Representative flow cytometry plot showing dose dependent OVA antigen presentation by DCs, microglia, or microglia in the presence of IFNÎ³ assayed by OT-1 proliferation. (f) Percent of proliferating OT-1 T cells under the indicated conditions. Data are from one representative experiment. Two independent experiments were done showing similar results.


Extended Data Fig. 8 Blocking IFNÎ³ signaling reduces tau-mediated neurodegeneration and tau pathology.
(a) Representative images of 9.5-month TE3-IgG and TE3-Î±IFN-Î³ treated mouse brain sections stained with Sudan black. Scale barâ€‰=â€‰1â€‰mm. (bâ€“d) Volumes of hippocampus, entorhinal/piriform cortex and posterior lateral ventricle in 9.5-month TE3-IgG and TE3-Î±IFNÎ³ treated mice. (TE3-IgG: nâ€‰=â€‰12 and TE3-Î±IFNÎ³: nâ€‰=â€‰12). pâ€‰=â€‰0.0479, 0.0398, 0.265 for TE3-IgG vs. TE3-Î±IFNÎ³ in comparing the volumes of hippocampus, entorhinal/piriform cortex and posterior lateral ventricle, respectively. Unpaired two-tailed Studentâ€™s t test. (e) CD11c, CD8, Iba1 staining in 9.5-month TE3-IgG and TE3-Î±IFNÎ³ treated mice. Scale barâ€‰=â€‰50â€‰Î¼m. (f) Quantification of area covered by CD11c in 9.5-month TE3-IgG and TE3-Î±IFNÎ³ mice. (TE3-IgG: nâ€‰=â€‰12 and TE3-Î±IFNÎ³: nâ€‰=â€‰12). *pâ€‰=â€‰0.0344. Unpaired two-tailed Studentâ€™s t test. (g) Representative images of 9.5-month TE3-IgG and TE3-Î±IFNÎ³ treated mouse brain sections stained with AT8 antibody. Scale barâ€‰=â€‰250â€‰Î¼m. (h) p-Tau (AT8) covered area in 9.5-month TE3-IgG and TE3-Î±IFNÎ³ treated mice. (TE3-IgG: nâ€‰=â€‰12 and TE3-Î±IFNÎ³: nâ€‰=â€‰12). *pâ€‰=â€‰0.0122. Unpaired two-tailed Studentâ€™s t test. (i) Schematic representation of the timeline of PLX3397 treatment for microglia depletion. (j) Schematic representation of the timeline of anti-CD4 and anti-CD8 antibody treatment for T cell depletion.


Extended Data Fig. 9 T cell depletion in tauopathy mice.
(a) Representative flow cytometry gating plot and quantification of CD4+, CD8+ T cells in brain parenchyma, meninges and blood in IgG control or Î±-CD4 and Î±-CD8 (Î±T) treated mice. (b) Bar plot showing the number of CD8+ T and CD4+ T cells in IgG and Î±T treated mice. (IgG: nâ€‰=â€‰2 and Î±T: nâ€‰=â€‰4). Data are mean Â± s.e.m. (c) Microglia from brain parenchyma of TE4-IgG and TE4-Î±T treated mice assigned into 3 categories as visualized by UMAP plot. (d) Bar plot showing the percentage of the 3 categories of microglia in TE4-IgG and TE4-Î±T mice. (e) Heat map showing representative functional genes specifically expressed in active microglia clusters in TE4-IgG and TE4-Î±T mice. (f) Quantification of nest-building behavior at 9.5 months age. (TE4-IgG: nâ€‰=â€‰15 and TE4-Î±T: nâ€‰=â€‰21). *pâ€‰=â€‰0.02 for IgG vs. Î±T. Fisherâ€™s exact test. (g) Quantification of total rearing at baseline levels of general exploratory behavior in 1â€‰h. (TE4-IgG: nâ€‰=â€‰10 and TE4-Î±T: nâ€‰=â€‰15). pâ€‰=â€‰0.4363 for TE4-IgG vs. TE4-Î±T. Unpaired two-tailed Studentâ€™s t test. (h) Quantification of total ambulations at baseline levels of locomotor activity levels in 1â€‰h. (TE4-IgG: nâ€‰=â€‰10 and TE4-Î±T: nâ€‰=â€‰15). pâ€‰=â€‰0.0709. Two-tailed Mann-Whitney test. (i) Schematic representation of fear conditioning behavioral paradigms. Schematics in i were created with BioRender.com.


Extended Data Fig. 10 Blocking PD-1 immune checkpoint increases Foxp3+CD4+ Tregs and reduces tau-mediated neurodegeneration.
(a) The gating strategy for sorting Foxp3+ CD4+ Treg, Pd1+ Foxp3+ CD4+ Treg, Klrg1+ effector CD8+ T cells, PD-1+ Tox1+ CD8+ exhausted T cells in the brain parenchyma. (bâ€“e) Quantification of T cell populations in the brain parenchyma of mice acutely treated with IgG control and Î±PD-1 antibodies. (TE4-IgG: nâ€‰=â€‰12 and TE4-Î±PD-1: nâ€‰=â€‰13 for b, d, e; TE4-IgG: nâ€‰=â€‰10 and TE4-Î±PD-1: nâ€‰=â€‰11 for c). *pâ€‰=â€‰0.041, **pâ€‰=â€‰0.0075, pâ€‰=â€‰0.52, pâ€‰=â€‰0.945 for Foxp3+CD4+ Treg, Pd1+ Foxp3+ CD4+ Treg, Klrg1+ effector CD8+ T cells, PD-1+ Tox1+ CD8+ exhausted T cells. Unpaired two-tailed Studentâ€™s t test. (f) Representative images of 9.5-month TE4-IgG and TE4-Î±PD-1 treated mouse brain sections stained with Sudan black. Scale barâ€‰=â€‰1â€‰mm. (g-h) Volumes of hippocampus, entorhinal/piriform cortex in 9.5-month TE4-IgG and TE4-Î±PD-1 treated mice. (TE4-IgG: nâ€‰=â€‰14 and TE4-Î±PD-1: nâ€‰=â€‰14). *pâ€‰=â€‰0.018 and 0.015 for TE4-IgG vs. TE4-Î±PD-1 in comparing the volumes of hippocampus, entorhinal/piriform cortex, respectively. Unpaired two-tailed Studentâ€™s t test. (i) Quantification of the area covered by AT8 in DG per slice in 9.5-month TE4-IgG vs. TE4-Î±PD-1 mice (TE4-IgG: nâ€‰=â€‰14 and TE4-Î±PD: nâ€‰=â€‰14). **pâ€‰=â€‰0.0009. Unpaired two-tailed Studentâ€™s t test.
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