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            Abstract
Prolonged exposure to microbial products such as lipopolysaccharide can induce a form of innate immune memory that blunts subsequent responses to unrelated pathogens, known as lipopolysaccharide tolerance. Sepsis is a dysregulated systemic immune response to disseminated infection that has a high mortality rate. In some patients, sepsis results in a period of immunosuppression (known as â€˜immunoparalysisâ€™)1 characterized by reduced inflammatory cytokine output2, increased secondary infection3 and an increased risk of organ failure and mortality4. Lipopolysaccharide tolerance recapitulates several key features of sepsis-associated immunosuppression5. Although various epigenetic changes have previously been observed in tolerized macrophages6,7,8, the molecular basis of tolerance, immunoparalysis and other forms of innate immune memory has remained unclear. Here we perform a screen for tolerance-associated microRNAs and identify miR-221 and miR-222 as regulators of the functional reprogramming of macrophages during lipopolysaccharide tolerization. Prolonged stimulation with lipopolysaccharide in mice leads to increased expression of miR-221 and mir-222, both of which regulate brahma-related gene 1 (Brg1, also known as Smarca4). This increased expression causes the transcriptional silencing of a subset of inflammatory genes that depend on chromatin remodelling mediated by SWI/SNF (switch/sucrose non-fermentable) and STAT (signal transducer and activator of transcription), which in turn promotes tolerance. In patients with sepsis, increased expression of miR-221 and miR-222 correlates with immunoparalysis and increased organ damage. Our results show that specific microRNAs can regulate macrophage tolerization and may serve as biomarkers of immunoparalysis and poor prognosis in patients with sepsis.
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                    Fig. 1: miR-222 is upregulated in tolerized BMDMs and suppresses inflammatory gene expression.[image: ]


Fig. 2: miR-222 suppresses BRG1- and STAT-dependent inflammatory gene expression.[image: ]


Fig. 3: miR-221 and miR-222 protect against inflammatory septic shock but increase susceptibility to live infection in mice.[image: ]


Fig. 4: miR-222 correlates with immunosuppression and severe sepsis in patients.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 In vitro modelling of tolerance and miR-222 induction upon prolonged LPS stimulation.
a, Schematic of experiments performed in b. b, Expression of LPS-response genes in control BMDMs that have undergone the given treatments. Four major expression patterns of LPS-response genes in response to tolerization were noted (nâ€‰=â€‰5 biologically independent samples). c, Schematic of experiments performed in d. d, Cytokine productionâ€”measured by ELISAâ€”by BMDMs re-stimulated with LPS overnight after pre-treatment with LPS for the given periods of time. Time points chosen for miRNA microarray analysis have bars shaded in grey (nâ€‰=â€‰3 biologically independent samples). e, Schematic of strategy for experiments performed in Fig.Â 1. f, Comparison of microarray (x axis) and qPCR (y axis) measurements of LPS-induced upregulation of miRNAs. A linear regression showing the correlation between the two methods is plotted (nâ€‰=â€‰16 miRNAs tested). g, qPCR verification of LPS-induced change in expression of nine miRNAs (nâ€‰=â€‰3 biologically independent samples). h, Expression of miR-222 after stimulation of BMDMs by anti-inflammatory and tolerance-inducing factors for the given lengths of time (nâ€‰=â€‰5 biologically independent samples; Dex, dexamethasone). i, Expression of miR-222 in response to LPS alone, or LPS after pre-treatment of BMDMs with IFNÎ³ (nâ€‰=â€‰4 biologically independent samples). For all bar and line graphs, meanâ€‰Â±â€‰s.e.m. is plotted. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, determined by two-sided Studentâ€™s t-test for paired values.


Extended Data Fig. 2 Differential regulation of miR-222 and miR-221 and association of miR-222 with in vitro tolerance.
aâ€“c, Expression of miR-221 and miR-222 in response to LPS stimulation of BMDMs (a, nâ€‰=â€‰4 biologically independent samples), peritoneal macrophages (b, nâ€‰=â€‰3 biologically independent samples for miR-222 and nâ€‰=â€‰4 biologically independent samples for miR-221) or monocytes isolated from the bone marrow (c, nâ€‰=â€‰3 biologically independent samples), as determined by qPCR. d, LPS-induced miR-221 and miR-222 expression in BMDMs with or without IFNÎ³ pre-treatment, as determined by qPCR (nâ€‰=â€‰2 biologically independent samples). e, Schematic of experiments performed in f, g and Fig.Â 1c. f, g, LPS-induced gene expression at the mRNA (f) or primary transcript (g) level after miR-222 mimic transfection (nâ€‰=â€‰5 biologically independent samples). For all bar and line graphs, meanâ€‰Â±â€‰s.e.m. is plotted. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, determined by two-sided Studentâ€™s t-test for paired values.


Extended Data Fig. 3 Tnf is a direct target of miR-222, but suppression of Tnf does not account for miR-222-mediated transcriptional silencing of late LPS-response genes.
a, Sequence and prediction scores of an miR-222-binding site in the Tnf UTR. b, Activity of a luciferase reporter construct in which the luciferase coding sequence is followed by either the complete Tnf UTR, or a UTR in which the predicted miR-222-binding site has been mutated to the sequence shown in a (nâ€‰=â€‰6 independent experiments). c, CRISPRâ€“Cas9 targeting strategy to delete predicted binding sites. CDS, coding sequence. d, Clones of RAW cells were screened for successful deletion of the miR-222-binding site by PCR across the targeted region of the UTR, using genomic DNA from the given clonal line as a template. Screening for Tnf UTR deletion is shown. Experiment was repeated twice with similar results. e, Successful deletion of the miR-222-binding site in RAW cell clones was confirmed by sequencing genomic DNA of the given cell line. miR-222-binding site in the Tnf UTR is highlighted in yellow. f, LPS-induced Tnf expression in control and CRISPRâ€“Cas9-targeted RAW cells (nâ€‰=â€‰4 independent experiments). g, Average effect of miR-222 mimic transfection on LPS-induced Tnf mRNA levels in either control mouse embryonic fibroblasts or mouse embryonic fibroblasts that have undergone CRISPR targeting and clonal selection for deletion of the miR-222-binding site. Average of the effects from the three clonal lines (nâ€‰=â€‰3 independent experiments) is shown. h, Wild-type BMDMs were transfected with a control or miR-222 mimic oligonucleotide. Twenty-four hours later, cells were pre-treated with an isotype control (IgG) or TNF-neutralizing (anti-TNF) antibody for two hours, and stimulated with 10Â ng mlâˆ’1 LPS. Expression of the given genes was measured by qPCR (nâ€‰=â€‰4 biologically independent samples). i, Efficacy of TNF neutralization was confirmed by treating cells with IgG or anti-TNF as above, followed by stimulation with 100Â ng mlâˆ’1 recombinant mouse TNF (nâ€‰=â€‰3 biologically independent samples). Gene upregulation was not detected (ND) in two out of three samples treated with anti-TNF. For all bar graphs, meanâ€‰Â±â€‰s.e.m. is plotted. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, determined by two-sided Studentâ€™s t-test for paired values.


Extended Data Fig. 4 Evidence of miR-222 targeting of Brg1.
a, Example of gating used to exclude dead cells from flow cytometry analyses in c, g and Extended Data Fig.Â 6i. b, Example of gating used to distinguish cells with high versus low levels of IÎºBÎ±, as analysed in c. c, Effect of miRNA overexpression (by viral transduction) on LPS-induced IÎºBÎ± degradation in immortalized BMDMs, measured by flow cytometry (nâ€‰=â€‰4 independent experiments). d, Sequence and prediction scores of an miR-222-binding site in the Brg1 UTR. e, miR-222 and Brg1 mRNA levels in LPS-stimulated BMDMs (nâ€‰=â€‰3 biologically independent samples). f, Brg1 mRNA levels in resting BMDMs 24Â h after transfection (nâ€‰=â€‰4 biologically independent samples). g, Effect of miRNA overexpression or antagonization (by viral transduction) on BRG1 levels in immortalized BMDMs, observed by flow cytometry. Representative of four independent experiments with similar results, quantified in h. h, Flow cytometry analysis of BRG1 protein levels in transduced immortalized BMDMs (nâ€‰=â€‰4 independent experiments). i, Activity of a luciferase reporter construct in which the luciferase coding sequence is followed by either the complete Brg1 UTR, or a UTR in which the predicted miR-222-binding site has been mutated to the sequence shown in d (nâ€‰=â€‰3 independent experiments). j, Quantification of the average effect of miR-222 mimic transfection on Brg1-dependent and Brg1-independent LPS-response genes (nâ€‰=â€‰3 biologically independent samples). Two-sided Studentâ€™s t-test for heteroscedastic values used to compare ratios (ratio of miR-222 overexpression to control) at peak LPS-induced expression times for Brg1-dependent versus Brg1-independent genes. k, l, ChIP for histone H3 acetylation (k) or histone H4 acetylation (l) after LPS stimulation of immortalized BMDMs transduced with overexpression constructs (k and l tested in same nâ€‰=â€‰3 independent experiments). m, Successful deletion of the miR-222-binding site in the Brg1 UTR in RAW cell clones was confirmed by sequencing genomic DNA of the given cell line. miR-222-binding site is highlighted in yellow. n, Effect of miR-222 overexpression (by oligonucleotide transfection) on LPS-induced gene expression in either a RAW cell line in which the Brg1â€“miR-222 binding site was deleted by CRISPR targeting (as shown in Extended Data Fig.Â 3c) or a cell line in which the binding site was not targeted for deletion (nâ€‰=â€‰5 independent experiments). For all bar graphs, meanâ€‰Â±â€‰s.e.m. is plotted. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, determined by two-sided Studentâ€™s t-test for paired values.


Extended Data Fig. 5 Comparison of miR-221 and miR-222, and effects of miR-221 and miR-222 deletion on the transcriptional response to LPS.
a, Alignment of the mature miR-221 and miR-222 sequences. The miRNA seed sequence is highlighted in yellow. b, Venn diagram displaying overlap between MicroCosm target predictions for mmu-miR-221 and mmu-miR-222. c, Alignment and computational scores of miR-221 sequence with predicted Brg1 UTR target site. Alignment of miR-222 sequence with the site is also shown. d, Brg1 expression in BMDMs transfected with the given oligonucleotide (nâ€‰=â€‰3 biologically independent samples). e, LPS-induced cytokine production in BMDMs transfected with given miRNA mimics, as measured by ELISA (nâ€‰=â€‰5 biologically independent samples). f, Schematic of the miR-221 and miR-222 locus after targeting with a construct designed to generate both complete and conditional mir-221Â mir-222 knockout mice. g, Schematic of the miR-221 and miR-222 locus after breeding targeted mice (f) with EIIa-Cre mice, which results in complete deletion of miR-221 and miR-222. h, miRNA expression in BMDMs from littermates with a wild-type or mir-221Â mir-222 knockout allele (nâ€‰=â€‰5 biologically independent samples). i, LPS-induced gene expression in naive or tolerized peritoneal macrophages isolated from wild-type or mir-221Â mir-222 knockout littermates (nâ€‰=â€‰7 biologically independent samples). j, Heat map comparing the effect of Brg1 and Brm knockdown15 and mir-222 knockout on gene expression. Colours represent values of the given ratios; red indicates increased expression, white indicates no change and blue indicates decreased expression. k, Heat map of LPS-induced gene expression in wild-type and mir-221Â mir-222 knockout macrophages. For all bar graphs, meanâ€‰Â±â€‰s.e.m. is plotted. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, determined by two-sided Studentâ€™s t-test for paired (d, e) or heteroscedastic (i) values.


Extended Data Fig. 6 Gene Ontology and ChIPâ€“seq analysis shows that genes affected by mir-221Â mir-222 knockout have differential gene functions and transcription-factor binding at promoters.
aâ€“f, Enriched GO terms (aâ€“c) and transcription-factor binding at promoters (dâ€“f) of genes that are expressed at higher (twofold or higher) or lower (0.5-fold or lower) levels in mir-221 mir-222 knockout macrophages after no stimulation (a, d, nâ€‰=â€‰647 genes higher, 565 genes lower), LPS stimulation (b, e, nâ€‰=â€‰143 genes higher, 121 genes lower) or LPS tolerization followed by re-stimulation (c, f, nâ€‰=â€‰123 genes higher,48 genes lower). PANTHER was used to identify GO terms. The top four terms for each category are shown; GO terms that are unique to either higher- or lower-expression gene subsets are highlighted. g, h, IRF and NF-ÎºB subunit occupancy at gene promoters; gene subsets analysed are described in Fig.Â 2h. For transcription factor analyses, previously published ChIPâ€“seq data were used20,21,22,23,24,25. i, RNA levels of genes in wild-type or mir-221Â mir-222 knockout peritoneal macrophages, quantified by a single RNA sequencing experiment. j, qPCR for gene expression in wild-type BMDMs after Amaxa-based nucleofection of given overexpression construct (nâ€‰=â€‰3 biologically independent samples). For all bar graphs, centre value represents the mean and errors bars (if applicable) represent s.e.m.


Extended Data Fig. 7 mir-221 mir-222 knockout mice have an altered LPS response and knockout macrophages exhibit enhanced Salmonella uptake and clearance in vitro.
a, Schematic of experiments performed in b, c. b, Survival of naive or tolerized mice injected with high doses of LPS. c, Wild-type or mir-222 knockout littermates were tolerized to LPS before lethal LPS injection. The change in body temperature after final LPS injection was monitored for 24Â h. d, Schematic of experiments performed in e. e, Survival of naive or tolerized mice injected with LPS and d-galactosamine. f, BMDMs from wild-type or mir-221Â mir-222 knockout mice were spin-infected with a GFP-expressing strain of S. Typhimurium. Fluorescence was analysed by microscopy 60Â min after infection. Representative of two independent experiments with similar results. g, BMDMs from wild-type or mir-221Â mir-222 knockout mice were spin-infected with a GFP-expressing strain of S. Typhimurium. Fluorescence was analysed by flow cytometry 30 min post-infection. Representative of three independent experiments with similar results. h, Average fluorescence of infected BMDMs after early (left) or late (right) time points after infection (nâ€‰=â€‰4 biologically independent wild-type samples, 3 biologically independent knockout samples). i, Survival of S. Typhimurium after in vitro infection of BMDMs, determined by comparing CFUs after lysis of BMDMs at early and late time points of infection (nâ€‰=â€‰5 biologically independent wild-type samples, 4 biologically independent knockout samples). For all bar and line graphs, meanâ€‰Â±â€‰s.e.m. is plotted. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, determined by two-sided Studentâ€™s t-test for heteroscedastic values.


Extended Data Fig. 8 miR-221 and miR-222 are upregulated in human cells and patients with sepsis.
a, b, LPS-induced miRNA expression in undifferentiated (a) or phorbol 12-myristate 13-acetate-differentiated (b) human U937 cells (nâ€‰=â€‰3 independent experiments). c, Patient characteristics for data shown in Fig.Â 4a. APACHE, acute physiology and chronic health evaluation; SAPS, simplified acute physiology score. Categorical variables are given as n (percentage in parentheses) and continuous variables as median (interquartile range in parentheses). d, e, Baseline characteristics of patients with decompensated liver disease in the absence or presence of multiple organ failure syndrome (according to the EASL CLIF-C criteria for acute-on-chronic liver failure). Data in d correspond to peripheral blood mononuclear cell analyses (Fig.Â 4bâ€“d). Median with interquartiles or frequencies and percentages are shown. P values from Mannâ€“Whitney U test or Fisherâ€™s exact test as appropriate (two-sided). *, comparing any infection to no infection; **, 4 out of 30 (13%) and 1 out of 10 (10%) patients were lost to follow-up within 30 days. Data in e correspond to monocyte analyses (Fig.Â 4f). Median with interquartiles or frequencies and percentages are shown. P values from Mannâ€“Whitney U test or Fisherâ€™s exact test as appropriate (two-sided). *, comparing any infection to no infection; **, 1 out of 10 (10%) patients was lost to follow-up within 30 days. f, Correlation between miR-221 and miR-222 levels in patients characterized in d (nâ€‰=â€‰30 patients). Bivariate nonparametric correlation analysis (Spearmanâ€™s rho) was used to identify correlations between variables and P values. gâ€“j, Linear correlation of miR-222 expression and C-reactive protein (g), white blood cell count (h), creatinine levels (i) or model for end-stage liver disease score (j) in samples from the patient cohort described in d (nâ€‰=â€‰30 patients). Bivariate nonparametric correlation analysis (Spearmanâ€™s rho) was used to identify correlations between variables and P values. For line graphs, meanâ€‰Â±â€‰s.e.m. is plotted.


Extended Data Fig. 9 Model of the effect of miR-222 on LPS-induced macrophage tolerance.
a, Before an acute LPS stimulation, chromatin at BRG1-dependent gene promoters prevents binding of remodelling-dependent transcription factors and RNA polymerase. b, After an acute LPS stimulation, transcription factors such as STAT1 and STAT2 are recruited to gene promoters and stabilize BRG1 binding. c, d, BRG1 activity leads to chromatin remodelling (c), which enables recruitment of additional transcription factors, such as NF-ÎºB, to the unwound DNA (d). This enables polymerase recruitment and licensing, which leads to gene transcription. e, After an initial LPS response, chromatin is â€˜resetâ€™ to an inhibitory state by negative regulators of chromatin accessibility. f, Upon LPS re-stimulation, transcription factors must again be recruited to gene promoters. However, miR-222 limits the level of BRG1. g, Lack of available BRG1 prevents chromatin remodelling at many gene promoters, and prevents downstream transcription factor recruitment. This prevents gene transcription from occurring in most cells.
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