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            Abstract
Innate immune memory is a vital mechanism of myeloid cell plasticity that occurs in response to environmental stimuli and alters subsequent immune responses. Two types of immunological imprinting can be distinguished—training and tolerance. These are epigenetically mediated and enhance or suppress subsequent inflammation, respectively. Whether immune memory occurs in tissue-resident macrophages in vivo and how it may affect pathology remains largely unknown. Here we demonstrate that peripherally applied inflammatory stimuli induce acute immune training and tolerance in the brain and lead to differential epigenetic reprogramming of brain-resident macrophages (microglia) that persists for at least six months. Strikingly, in a mouse model of Alzheimer’s pathology, immune training exacerbates cerebral β-amyloidosis and immune tolerance alleviates it; similarly, peripheral immune stimulation modifies pathological features after stroke. Our results identify immune memory in the brain as an important modifier of neuropathology.
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                    Fig. 1: Peripheral immune stimulation evokes immune memory in microglia.[image: ]


Fig. 2: Cerebral β-amyloidosis is altered after peripheral immune stimulation.[image: ]


Fig. 3: Stroke pathology is altered after peripheral immune stimulation.[image: ]


Fig. 4: Microglial gene expression and function 6 months after immune stimulation.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Acute responses to LPS injections.
a, Weight changes after injection of LPS (wild-type mice: n = 11, 11, 11, 11, 4 from left to right for PBS, n = 9, 9, 9, 8, 7 for 1 × LPS, n = 10, 10, 10, 10, 7 for 4 × LPS; APP animals: n = 14, 14, 14, 14, 7 for PBS, n = 8, 8, 8, 5, 5 for 1 × LPS; n = 10, 10, 10, 10, 10 for 4 × LPS; Cre mice: n = 5, 5, 4). b, c, Morphological changes in microglia (n = 6, 6, 6, 6, 6 mice). Scale bar, 50 µm. d, Numbers of microglia and activated (GFAP+) astrocytes (microglia: n = 6, 7, 8, 6, 6 mice, astrocytes: n = 6, 8, 9, 7, 5 mice). e, Blood and brain levels of LPS after daily injections with 500 µg per kg bodyweight (n = 4, 3, 3, 3, 3 animals). f, Assessment of iron entry from the blood (detected by Prussian blue staining) shows positive staining in an aged (>25 months) APP transgenic mouse, but not after repeated intraperitoneal LPS injections (n = 3 mice analysed). g, In heterozygous mice expressing red fluorescent protein (RFP) under the type 2 CC chemokine receptor (Ccr2) promoter, no entry of CCR2-expressing blood monocytes was detected after repeated LPS injection (staining for RFP; insert shows RFP-positive monocytes in the choroid plexus; n = 3 mice analysed). Scale bar, 100 µm. Data are means ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 for one-way ANOVA with Tukey correction.

                          Source data
                        


Extended Data Fig. 2 Cytokine response after acute LPS injections.
a, Additional cytokines (Fig. 1) analysed in the serum (top) and brain (bottom) 3 h after each daily intraperitoneal LPS injection on four consecutive days in 3-month-old mice (control mice received PBS injections; n = 16, 11, 12, 9, 9, 7, 7 and 5, 13, 4, 6, 9, 4, 5 mice for groups from left to right). b, c, Cytokine response in the blood only in wild-type (b, n = 6, 7, 8, 5, 5, 3, 3 mice) or APP23 mice (c, n = 10, 3, 3, 3, 4, 3, 3 mice). d, e, Cytokine response in the brain only in wild-type (d, n = 6, 7, 8, 5, 5, 3, 3 mice) or APP23 mice (e, n = 10, 4, 4, 4, 4, 4, 4 mice). Data are means ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 for independent-samples median test with correction for multiple comparisons.

                          Source data
                        


Extended Data Fig. 3 APP levels and processing, neuritic dystrophy and astrocyte activation in 9-month-old APP23 animals.
a, b, Micrograph of fluorescent staining for amyloid plaque (Methoxy-X04; green) and amyloid precursor protein (APP; red) (a) shows neuritic dystrophy surrounding the amyloid deposit, which is unchanged by LPS treatments (b; n = 5, 5, 5 animals). c, Overall Pearson’s correlation of plaque size with neuritic dystrophy (APP area; n = 49, 39, 42 plaques for PBS, 1 × LPS, 4 × LPS groups). d, Western blotting analysis (for gel source data, see Supplementary Fig. 1) of brain homogenates for APP and C-terminal fragment-β (CTFβ; n = 7, 4, 7 mice), and soluble APPβ ELISA (n = 6, 6, 6 mice). e, Micrograph of activated astrocytes (glial fibrillar acidic protein: GFAP) surrounding an amyloid plaque (Congo red) and quantification of the number of plaque-associated GFAP-positive astrocytes (n = 6, 6, 5 mice). Scale bar, 10 µm (a), 20 µm (e). Data are means ± s.e.m. *P < 0.05 for one-way ANOVA with Tukey correction.

                          Source data
                        


Extended Data Fig. 4 Cytokine levels in 9-month-old animals.
a, Cytokine measurements in brain homogenates of 9-month-old wild-type (n = 8, 8, 7 mice) and APP23 mice (n = 14, 10, 10 mice) treated i.p. with 1 × LPS or 4 × LPS at 3 months of age. b, Cytokine measurements in the serum of 9-month-old wild-type (WT; n = 14, 9, 13 mice) and APP23 mice (APP; n = 18, 12, 14 mice) after i.p. stimulation with 1 × LPS or 4 × LPS at 3 months of age. c, Cytokine measurements in the serum of wild-type mice stimulated i.p. with 1 × LPS or 4 × LPS at 3 months of age and re-stimulated with an additional LPS injection (500 µg kg–1) at 9 months of age (n = 10, 7, 10 animals). Data are means ± s.e.m. *P < 0.05, **P < 0.01 for two-way ANOVA with Tukey correction. In b a significant main effect for genotype is indicated by bars spanning all conditions of the same genotype.

                          Source data
                        


Extended Data Fig. 5 Cytokine levels after brain ischaemia and in blood of 4-month-old mice.
Three-month-old animals were injected i.p. with 1 × LPS or 4 × LPS and incubated for 4 weeks before receiving a stroke. a, Cytokine measurements in brain homogenates 24 h after stroke (n = 5, 7, 5, 5 animals). b, Cytokine measurements in the serum (n = 6, 6, 6 animals). Data are means ± s.e.m. ***P < 0.001 for one-way ANOVA with Tukey correction.

                          Source data
                        


Extended Data Fig. 6 Microglial sorting strategy.
Microglia were sorted as CD11bhigh and CD45low cells (population P4) from 9-month-old APP23 mice or wild-type littermates following i.p. injections of 1 × LPS or 4 × LPS at 3 months of age.


Extended Data Fig. 7 Analysis of microglial enhancers.
Microglial enhancers were analysed in 9-month-old wild-type and APP23 (APP) mice treated intraperitoneally with 1 × LPS or 4 × LPS at 3 months of age. a, Exemplary UCSC browser images of genomic region around the Hif1a gene (normalized to input and library dimension). b, Numbers of regions with differentially regulated H3K4me1 levels. c, Heatmaps of H3K4me1 regions (centred on H3K27ac peaks). d, Pairwise correlations between the two replicates of H3K4me1 read densities in differentially regulated regions. e–g, Analyses of H3K27ac levels analogous to b–d for H3K4me1. n = 2 replicates (8–10 mice per replicate); differential enhancers showed a cumulative Poisson P < 0.0001.


Extended Data Fig. 8 Transcription factor motif analysis of active enhancer regions.
Motif analysis was performed for selected conditions to identify transcription factors involved in the differential activation of enhancers (using putative enhancer regions present in both replicates within 500 bp around enhancer peaks). a, For all active enhancers, motif analysis was performed using the union H3K27ac peak file and standard background (random genomic sequence). b, Pairwise comparisons between conditions, using the first condition’s H3K27ac peak file as input and the second condition’s peak file as background. As motif enrichment was often relatively low, the analysis was focused on transcription factor (families), whose motifs occurred at least twice in ‘known’ (black) and ‘de novo’ motifs (blue). Motifs are identified by HOMER software using hypergeometric testing (no adjustment for multiple comparisons was made).


Extended Data Fig. 9 Peripherally applied cytokines induce immune memory in the brain.
a, Experimental design. b, Cytokine responses in the brain, four weeks after peripheral cytokine application (n = 17, 5, 5, 21, 8, 8, 15 mice from left to right). Note that TNF dose-dependently enhances (low dose) or decreases (high dose) certain cytokines. Similar to high dose TNF, certain cytokines are also reduced by peripheral application of IL-10 four weeks earlier. c, Cytokine responses in the periphery are unaffected (n = 8, 21, 9, 5,10 mice). Data are means ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 for one-way ANOVA with Tukey correction.
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