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            Abstract
Systemic lupus erythematosus (SLE) is an incurable autoimmune disease characterized by autoantibody deposition in tissues such as kidney, skin and lungs. Notably, up to 75% of patients with SLE experience neuropsychiatric symptoms that range from anxiety, depression and cognitive impairment to seizures and, in rare cases, psychosisâ€”collectively this is referred to as central nervous system (CNS) lupus1,2,3,4. In some cases, certain autoantibodies, such as anti-NMDAR or anti-phospholipid antibodies5,6, promote CNS lupus. However, in most patients, the mechanisms that underlie these symptoms are unknown. CNS lupus typically presents at lupus diagnosis or within the first year, suggesting that early factors contributing to peripheral autoimmunity may promote CNS lupus symptoms. Here we report behavioural phenotypes and synapse loss in lupus-prone mice that are prevented by blocking type I interferon (IFN) signalling. Furthermore, we show that type I IFN stimulates microglia to become reactive and engulf neuronal and synaptic material in lupus-prone mice. These findings and our observation of increased type I IFN signalling in post-mortem hippocampal brain sections from patients with SLE may instruct the evaluation of ongoing clinical trials of anifrolumab7, a type I IFN-receptor antagonist. Moreover, identification of IFN-driven microglia-dependent synapse loss, along with microglia transcriptome data, connects CNS lupus with other CNS diseases and provides an explanation for the neurological symptoms observed in some patients with SLE.
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                    Figure 1: Behavioural phenotypes and reactive microglia in 564Igi mice.


Figure 2: IFNAR signalling regulates microglia activation state.


Figure 3: Genetic and functional changes in 564Igi microglia are IFNAR-dependent.


Figure 4: IFNAR-dependent synapse loss in 564Igi mice.
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Extended data figures and tables

Extended Data Figure 1 Behavioural phenotyping of 564Igi mice.
a, b, 564Igi mice exhibit anxiety-like behaviours. nâ€‰=â€‰10 mice per group, *Pâ€‰<â€‰0.05, unpaired t-test. c, Impaired cognitive performance of 564Igi mice. nâ€‰=â€‰10 mice per group, **Pâ€‰=â€‰0.007, two-way ANOVA with Sidakâ€™s test. d, 564Igi mice exhibit impaired spatial learning in a water T maze. nâ€‰=â€‰10 mice per group, Pâ€‰=â€‰0.0001, comparison of nonlinear fits test. e, Increased social dominance/aggression was observed in 564Igi mice. nâ€‰=â€‰10 mice per group, *Pâ€‰=â€‰0.04, paired t-test. f, Impaired social interaction in 564Igi mice. nâ€‰=â€‰10 mice per group, ****Pâ€‰<â€‰0.0001, two-way ANOVA with Sidakâ€™s test. g, Increased prepulse inhibition in 564Igi mice. nâ€‰=â€‰10 mice per group, *Pâ€‰=â€‰0.03, ****Pâ€‰<â€‰0.0001, two-way ANOVA with Sidakâ€™s test. h, 564Igi mice have normal levels of activity and motor function in the open field test. nâ€‰=â€‰10 mice per group; Pâ€‰>â€‰0.05 (not significant), one-way ANOVA with Tukeyâ€™s test. i, Rotarod performance demonstrates normal motor coordination. nâ€‰=â€‰10 mice per group; Pâ€‰>â€‰0.05 (not significant), two-way ANOVA with Sidakâ€™s test. j, Marble-burying behaviour is normal in 564Igi mice. nâ€‰=â€‰10 mice per group; Pâ€‰>â€‰0.05 (not significant), unpaired t-test. k, l, Mice do not exhibit depression-like phenotypes. nâ€‰=â€‰10 mice per group; Pâ€‰>â€‰0.05 (not significant), unpaired t-test. Data are meanâ€‰Â±â€‰s.e.m. (aâ€“l).


Extended Data Figure 2 No significant cellular infiltration or microglia proliferation in 564Igi mice and comparison with MRL-lpr mice.
a, Representative images of haematoxylin and eosin staining show no evidence of cellular infiltration or gross anatomical abnormalities in 564Igi mice. Scale bar, 100â€‰Î¼m. b, Immunohistochemistry analysis shows no infiltration of B cells or T cells in the frontal cortex (top) or hippocampus (bottom). Scale bar, 20â€‰Î¼m. c, Representative staining in spleen for T cells (CD3), B cells (B220) and all bone-marrow-derived cells (CD45) shows antibody specificity despite lack of signal in the brain. Scale bar, 20â€‰Î¼m. d, Representative images of Iba1 and CD68 staining show the common microglia activation state scores observed in adult mouse tissue. Microglia, which fell into the category of 3 or higher, were pooled to form the reactive microglia population. Scale bar, 20â€‰Î¼m. c, Microglia density for cortex, hippocampus and cerebellum revealed similar microglia density in wild-type, 564Igi and NZB/NZW mice. d, MRL-lpr mice exhibit increased reactive microglia at 8 weeks, similar to NZB/NZW mice. nâ€‰=â€‰3 mice per group, ***Pâ€‰=â€‰0.0002, unpaired t-test. Scale bar, 20â€‰Î¼m. Data are meanâ€‰Â±â€‰s.e.m. (e, f).


Extended Data Figure 3 Ifnb is not expressed and anti-IFNAR treatment is effective in both 564Igi and NZB/NZW mice.
a, qPCR for expression of Ifnb in the spleen showed similar expression levels in wild-type, 564Igi and NZB/NZW mice. nâ€‰=â€‰3 mice per group, Pâ€‰>â€‰0.05, ANOVA. b, qPCR for expression of Ifnb in the hippocampus showed similar expression levels in wild-type, 564Igi and NZB/NZW mice. nâ€‰=â€‰3 mice per group, Pâ€‰>â€‰0.05, ANOVA. c, qPCR for expression of Ifi44 in the spleen showed a significant increase in expression in 564Igi and NZB/NZW mice compared to wild-type mice that was reduced with anti-IFNAR treatment. nâ€‰=â€‰3 mice per group, *Pâ€‰<â€‰0.049, **Pâ€‰=â€‰0.002, two-way ANOVA with Sidakâ€™s test. d, qPCR for expression of Oas1 in the spleen showed a significant increase in expression in 564Igi and NZB/W mice compared to wild-type mice that was reduced with anti-IFNAR treatment. nâ€‰=â€‰3 mice per group, *Pâ€‰=â€‰0.03, ****Pâ€‰<â€‰0.0001, two-way ANOVA with Tukeyâ€™s test. e, qPCR for expression of Ifi44 in the hippocampus showed a significant increase in expression in 564Igi and NZB/NZW mice compared to wild-type mice that was reduced with anti-IFNAR treatment. nâ€‰=â€‰3 mice per group, *Pâ€‰<â€‰0.04, **Pâ€‰=â€‰0.001, two-way ANOVA with Tukeyâ€™s test. f, qPCR for expression of Oas1 in the hippocampus showed a significant increase in expression in 564Igi and NZB/NZW mice compared to wild-type mice that was reduced with anti-IFNAR treatment. nâ€‰=â€‰3 mice per group, *Pâ€‰=â€‰0.04, **Pâ€‰=â€‰0.001, two-way ANOVA with Tukeyâ€™s test. g, qPCR for expression of Ifna in the spleen in 564Igi and NZB/NZW miceâ€‰Â±â€‰anti-IFNAR treatment. nâ€‰=â€‰3 mice per group, **Pâ€‰<â€‰0.01, two-way ANOVA with Tukeyâ€™s test. h, Flow cytometry analysis of autoreactive B cell frequencies (percentage of B220+ cells) showed significant decreases after anti-IFNAR treatment. nâ€‰=â€‰4 mice per group, **Pâ€‰<â€‰0.01, two-way ANOVA with Tukeyâ€™s test. i, qPCR for expression of Ifna in the hippocampus in 564Igi and NZB/NZW miceâ€‰Â±â€‰anti-IFNAR treatment. nâ€‰=â€‰3 mice per group, Pâ€‰>â€‰0.05, two-way ANOVA with Tukeyâ€™s test. j, Representative image from a Mx1-CreTdtomato reporter mouse immunostained against the neuronal marker NeuN (red), showing clusters of neurons and that are positive for Mx1 (pseudocoloured green). Scale bar, 50â€‰Î¼m. Data are meanâ€‰Â±â€‰s.e.m. (aâ€“i).


Extended Data Figure 4 Bone marrow chimaera approach reveals a direct role of IFNAR signalling in the brain.
a, Bone marrow extracted from wild-type (CD45.1) or 564Igi mice was administered to wild-type or Ifnar1âˆ’/âˆ’ mice after lethal irradiation. Head shielding was added to protect the CNS during lethal irradiation. Mice were analysed six weeks after bone marrow transplant. b, A similar percentage of chimaerism was achieved for both Ifnar1âˆ’/âˆ’ and wild-type mice. nâ€‰=â€‰4 mice per group, Pâ€‰=â€‰0.9670 (not significant), unpaired t-test. c, qPCR for expression of Ifna in purified microglia revealed similar expression levels in wild-type and Ifnar1âˆ’/âˆ’ recipients of wild-type or 564Igi bone marrow. nâ€‰=â€‰3 mice per group, Pâ€‰>â€‰0.05, two-way ANOVA with Sidakâ€™s test. d, qPCR for expression of Ifnb in purified microglia revealed significant upregulation in wild-type recipients of 564Igi bone marrow relative to Ifnar1âˆ’/âˆ’ recipients. nâ€‰=â€‰3 mice per group, ***Pâ€‰=â€‰0.0003, two-way ANOVA with Sidakâ€™s test. Data are meanâ€‰Â±â€‰s.e.m. (bâ€“d).


Extended Data Figure 5 Hippocampal brain sections from patients with SLE show increased MXA signal.
a, Relevant clinical data for the patient brain sections analysed by immunohistochemistry for MXA. Cases highlighted in yellow showed higher MXA levels than controls. b, Representative images for the cases that showed increased MXA signal. Scale bars, 100â€‰Î¼m. c, Antibody specificity validation: staining with an isotype control antibody (top) or only the secondary antibody (bottom) showed no signal. d, RNAscope in situ hybridization for the neuronal marker, ENO2. Quantification showed no significant differences between control and SLE cases. Data are meanâ€‰Â±â€‰s.e.m. nâ€‰=â€‰3 cases per group, Pâ€‰>â€‰0.05, unpaired t-test.


Extended Data Figure 6 Sorting of microglia for RNA-seq analysis.
a, Macrophages were sorted on the basis of CD45high expression. b, Similar macrophage frequencies were observed in wild-type and 564Igi brain suspensions. nâ€‰=â€‰4 mice per group, Pâ€‰>â€‰0.05 (not significant), unpaired t-test. c, Validation of microglia purity by post-sort flow cytometry revealed surface expression of two additional microglial markers, CD39 and CX3CR1, in >99% of sorted cells. d, RNA-seq analysis showed elevated expression of 20 out of 25 microglia-specific genes in sorted microglia relative to sorted meningeal macrophages. Data are meanâ€‰Â±â€‰s.e.m. (b, d).


Extended Data Figure 7 RNA-seq and Gene Ontology analysis.
a, Multidimensional scaling analysis shows clustering of samples by treatment group. Dim, dimension; FC, fold change. b, Smear plot showing significant changes in gene expression (red) in 564Igi versus wild-type mice. CPM, counts per million reads. c, Gene Ontology analysis using GOseq identified enriched pathways in microglia derived from 564Igi relative to wild-type mice. qâ€‰<â€‰0.05 for all pathways, size of the square is relative to q value. d, Distribution of genes classified as IFNAR-dependent or -independent. e, Microglia sensome genes that are significantly upregulated in 564Igi versus wild-type mice. Wild type versus 564Igi: all genes, qâ€‰<â€‰0.05; *564Igi versus 564Igiâ€‰+â€‰anti-IFNAR: qâ€‰<â€‰0.05, GLM likelihood ratio test. Data are meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 8 Interferon can enter via an intact bloodâ€“brain barrier and is sufficient to trigger engulfment of neuronal material by microglia.
a, Gating for tau-GFP+ microglia for engulfment analysis based on tau-GFPâˆ’ control mice (gate set to <0.5% in tau-GFPâˆ’ mice). b, The tau-GFP mean fluorescence intensity (MFI) for microglia was significantly higher in the frontal cortex of 564Igi relative to wild-type mice. nâ€‰=â€‰3 mice per group, ****Pâ€‰<â€‰0.0001, two-way ANOVA with Sidakâ€™s test. c, Intravenous injection of 10â€‰kDa FITCâ€“dextran tracer revealed no leakage of the dye from blood vessels (CD31+) in 564Igi mice up to 24 weeks of age. d, Staining for IgG revealed no increase in IgG deposition within the CNS in 564Igi mice compared to C57BL/6 controls, whereas MRL-lpr did show a notable increase. e, Colocalization of FITCâ€“dextran with CD31 (blood vessels) showed that similar colocalization was observed in 564Igi mice and controls, indicating that similar amounts of dye were contained within vessels in both groups. nâ€‰=â€‰3 mice per group, Pâ€‰>â€‰0.05, unpaired t-test. f, Quantification of MFI for IgG revealed no significant changes between 564Igi and C57BL/6 controls. MRL-lpr mice showed a significant increase compared to MRL-mpj controls. nâ€‰=â€‰3 mice per group, ****Pâ€‰<â€‰0.0001, one-way ANOVA with Tukeyâ€™s test. g, h, Flow cytometry analysis of tau-GFP mice injected with IFNÎ± (g) or IFNÎ² (h) demonstrated significant increases in tau-GFP+ frequencies compared to vehicle. nâ€‰=â€‰3 mice per group, *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, unpaired t-test. Data are meanâ€‰Â±â€‰s.e.m. (b, eâ€“h).


Extended Data Figure 9 Validation of microglia engulfment data.
a, Left, staining of Iba1 revealed inclusions within microglia cytoplasm (white arrows and inset) and lysosomes (white asterisk). Right, some inclusions contained structures consistent with synaptic vesicles (white arrows, right inset). b, Permeabilized microglia were stained in parallel with similar concentrations of Alexa-633 labelled mouse IgG1. Fluorescence was several logs lower than observed with SV2 staining. c, To verify internalization of SV2, staining was also done on non-permeabilized microglia. Very few (0.78%) microglia showed signal over the isotype control. No microglia could be detected in the SV2high gate used for analysis in Fig. 4. d, To further validate internalization of SV2, permeabilized microglia were slide-mounted by cytospin and imaged at 63Ã— by confocal. SV2 signal appeared colocalized with CD68 in many, but not all, microglia.


Extended Data Figure 10 Synapse loss, but not neuron or axon loss, is observed in the frontal cortex of 564Igi mice.
a, Staining for presynaptic (synaptophysin, red) and postsynaptic (homer, green) markers revealed structural synapses (colocalized markers, yellow). Scale bar, 25â€‰Î¼m. b, c, Significant decreases were seen in synaptophysin (b) and homer (c) puncta. nâ€‰=â€‰3 mice per group, *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, unpaired t-test. d, Reduced synapse density was also observed in 8-week-old MRL-lpr mice by immunohistochemistry. nâ€‰=â€‰3 mice per group, *Pâ€‰<â€‰0.05, unpaired t-test. e, Staining for the neuronal marker NeuN revealed similar neuronal density in the frontal cortex of 564Igi and wild-type mice. nâ€‰=â€‰3 mice per group, Pâ€‰=â€‰0.85 (not significant), unpaired t-test. f, Staining for the axonal marker neurofilament-H showed a slight but not significant decrease in 564Igi axon density. nâ€‰=â€‰3 mice per group, Pâ€‰>â€‰0.05 (not significant), unpaired t-test. Data are meanâ€‰Â±â€‰s.e.m. (bâ€“f).
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