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            Abstract
Immune dysfunction is commonly associated with several neurological and mental disorders. Although the mechanisms by which peripheral immunity may influence neuronal function are largely unknown, recent findings implicate meningeal immunity influencing behaviour, such as spatial learning and memory1. Here we show that meningeal immunity is also critical for social behaviour; mice deficient in adaptive immunity exhibit social deficits and hyper-connectivity of fronto-cortical brain regions. Associations between rodent transcriptomes from brain and cellular transcriptomes in response to T-cell-derived cytokines suggest a strong interaction between social behaviour and interferon-γ (IFN-γ)-driven responses. Concordantly, we demonstrate that inhibitory neurons respond to IFN-γ and increase GABAergic (γ-aminobutyric-acid) currents in projection neurons, suggesting that IFN-γ is a molecular link between meningeal immunity and neural circuits recruited for social behaviour. Meta-analysis of the transcriptomes of a range of organisms reveals that rodents, fish, and flies elevate IFN-γ/JAK-STAT-dependent gene signatures in a social context, suggesting that the IFN-γ signalling pathway could mediate a co-evolutionary link between social/aggregation behaviour and an efficient anti-pathogen response. This study implicates adaptive immune dysfunction, in particular IFN-γ, in disorders characterized by social dysfunction and suggests a co-evolutionary link between social behaviour and an anti-pathogen immune response driven by IFN-γ signalling.
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                    Figure 1: Meningeal T-cell compartment is necessary for supporting neuronal connectivity and social behaviour.[image: ]


Figure 2: IFN-γ supports proper neural connectivity and social behaviour.[image: ]


Figure 3: Over-representation of IFN-γ transcriptional signature genes in social behaviour-associated brain transcriptomes of rat, mouse, zebrafish, and Drosophila.[image: ]
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Extended data figures and tables

Extended Data Figure 1 SCID mice have no observable anxiety, motor, or olfactory deficits.
a, The three-chamber sociability assay was used to test social behaviour. b, Neither wild-type nor SCID mice had a side bias in the habituation phase (empty cups) of the three-chamber assay (n = 6; repeated at least three times). c, There was no effect of genotype on distance travelled in the three-chamber assay during the habituation phase (n = 6; repeated at least three times). d, Both wild-type and SCID mice had an olfactory preference to urine, suggesting normal olfactory behaviour (n = 8 mice per group; ANOVA for urine preference F1,28 = 31.01; P < 0.0001; ***P < 0.001, **P < 0.01, Sidak’s post hoc test; single experiment). e, Percentage time spent in the open arms of plus-maze (n = 22 mice per group; pooled two independent experiments). f, Number of entries into the open arms of the plus-maze (n = 22 mice per group; pooled two independent experiments). g, Total arm entries of plus-maze (n = 22 mice per group; pooled two independent experiments). h, Percentage time spent in the centre of the open field (n = 22 mice per group; pooled two independent experiments). i, Total ambulatory distance in the open field (n = 22 mice per group; pooled two independent experiments). j, Latency to fall off the accelerating rotarod (n = 8 mice per group; single experiment). k, SCID mice spent less time investigating each other than wild-type mice spent investigating each other when placed into a novel social environment (n = 5 mice per group; repeated-measures ANOVA for genotype F1,21 = 5.708 *P < 0.05; single experiment). l, Repopulated SCID mice have similar numbers (m) and percentages (n) of meningeal T cells as wild-type mice (n = 4–5 mice per group; repeated at least three times). Cells were gated on singlets, live, CD45+, and TCR.


Extended Data Figure 2 Neuroanatomical structures analysed by rsfMRI.
a, Regions of interests (ROIs) were generated using The Mouse Brain by Paxinos and Franklin as a reference. Representative slices were extracted from ref. 32. Abbreviations are as follows: FrA, frontal association cortex; PrL, prelimbic cortex; OrbC, orbital cortex; OB, olfactory bulb; MC, motor cortex; SocC, somatosensory cortex; Ins, insula; PirF, piriform cortex; CpU, caudate putamen; Acb, accumbens; ACC, anterior cingulate cortex; dHip, dorsal hippocampus; T, thalamus; Amyg, amygdala; EntC, entorhinal cortex; Hyp, hypothalamus; VisC, visual cortex; SupC, superior colliculus; PAG, periductal grey; DpMe, deep mesencephalic nucleus; vHip, ventral hippocampus; SNR, substantia nigra; VTA, ventral tegmental area; CB, cerebellum; BS, brain stem. b, Connectivity of local PFC/insular nodes. Correlation thresholds were applied to visualize the strength of the connection. Connections that pass a high threshold are shown in red; connections that pass a lower threshold are shown in dashed grey. SCID mice have aberrant hyper-connectivity in the PFC (n = 8–9 mice per group; P < 0.05, Jennrich test; two pooled independent experiments). c, c-fos+ cells in the hippocampus (n = 9–10 mice per group; single experiment).


Extended Data Figure 3 Acute reduction of meningeal T cells with anti-VLA4.
a, Anti-VLA4 depletes meningeal T cells. Meninges were dissected and single-cell suspensions were immunostained. T cells were gated on live, single, CD45+, TCR+ events and counted by flow cytometry. b, Acute injection of anti-VLA4 reduced the amount of TCR+ T cells in the meninges (n = 4 mice per group; *P < 0.01; repeated at least twice).


Extended Data Figure 4 Circos plot showing the connectivity of Th1 response and social aggregation.
Labels are shown for the data sets analysed and presented in Fig. 1h.


Extended Data Figure 5 T cells in the meninges produce IFN-γ and IFN-γ-deficient mice have normal levels of anxiety and motor behaviour.
a, A substantial percentage of meningeal T cells produce IFN-γ. Cells were gated for live, singlets, CD45+, and TCR+. Ifng-/- mice were used to gate for IFN-γ staining. b, Percentage time spent in open arms of the plus-maze (n = 20 mice per group; pooled two independent experiments). c, Entries into the open arms of plus-maze (n = 20 mice per group; pooled two independent experiments). d, Total entries into all arms of the plus-maze (n = 20 mice per group; pooled two independent experiments). e, Percentage time spent in the centre of the open field (n = 20 mice per group; pooled two independent experiments). f, Total ambulatory distance in the open field (n = 20 mice per group; pooled two independent experiments). g, Latency to fall off the accelerating rotarod (n = 8 mice per group; single experiment).


Extended Data Figure 6 IFN-γ signalling is necessary for normal social behaviour.
a, Repopulating SCID mice with wild-type lymphocytes rescued a social preference; repopulating with Ifng-/- lymphocytes did not rescue a social preference; ANOVA for social behaviour F1,14 = 11.99; P = 0.0038 (**P < 0.01; n = 8 mice per group; single experiment). b, Connectivity of local PFC/insular nodes. Correlation thresholds were applied to visualize the strength of the connection. Connections that pass a high threshold are shown in red; connections that pass a lower threshold are shown in dashed grey. Ifng-/- mice have more connections than wild-type mice (Jennerich test; P = 0.0006). These connections were reduced by IFN-γ (Jennerich test; P = 0.02; pooled two independent experiments). c, Ifngr1-/- mice have social deficits (n = 6 mice per group; ANOVA for interaction P = 0.01; **P < 0.01 Sidak’s post hoc test) that were not rescued by injecting IFN-γ into the CSF (d; n = 5–6 mice per group; ANOVA for interaction P = 0.01; **P < 0.01 Sidak’s post hoc test; single experiment). e, Il4-/- mice spend more time than wild-type mice investigating a novel mouse; ANOVA for genotype F1,32 = 5.397; P = 0.0267 (*P < 0.05 Sidak’s post hoc test; n = 16–18 mice per group; pooled three independent experiments).


Extended Data Figure 7 Gating strategy for neurons and microglia.
Brain homogenates were stained and analysed by flow cytometry. Cells were gated on nucleated, singlets, and live. Neurons were then gated on NeuN-positive and microglia on CD11B-positive cells.


Extended Data Figure 8 IFN-γ signalling in microglia is not necessary for normal social function.
Mice deficient for STAT1 in microglia have normal social preference (n = 9 mice per group; ANOVA for Cre F1,16 = 1.809 and sociability F1,16 = 30.10; P < 0.0001; **P < 0.01; ***P < 0.001 Sidak’s post hoc test; pooled two independent experiments).


Extended Data Figure 9 Deleting IFNGR1 by AAV transduction.
Mice were injected with AVVs expressing Cre and GFP under a synapsin promoter. a, GFP fluorescence in the PFC. Atlas image adapted from 2015 Allen Institute for Brain Science, Allen Brain Atlas. Available from: http://www.brain-map.org. b, GFP fluorescence is only observed in NeuN+ neurons, not Iba+ microglia (top, 20×; bottom 63× objective).


Extended Data Figure 10 IFN-γ increased the number of c-fos+ cells in layer I of the PFC.
a, IFN-γ was injected into the CSF (into the cisterna magna) 2 h before killing and processing brains for immunohistochemistry. Slices were stained for c-fos. Atlas image adapted from 2015 Allen Institute for Brain Science, Allen Brain Atlas. Available from: http://www.brain-map.org. b, Total c-fos+ cells in layer I of the PFC (n = 3 mice per group; *P < 0.05; single experiment). Holding current pre and post IFN-γ application on acute slices from the PFC (c) and somatosensory cortex (d; n = 6 neurons from three mice). c, Vgatcre::Ifngr1fl/fl mice. IFN-γ increased tonic inhibition in Cre− mice (n = 6–7 cells from four mice per group; **P < 0.01 Sidak’s post hoc test).
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