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            Abstract
Interferon-γ (IFN-γ) primes macrophages for enhanced microbial killing and inflammatory activation by Toll-like receptors (TLRs), but little is known about the regulation of cell metabolism or mRNA translation during this priming. We found that IFN-γ regulated the metabolism and mRNA translation of human macrophages by targeting the kinases mTORC1 and MNK, both of which converge on the selective regulator of translation initiation eIF4E. Physiological downregulation of mTORC1 by IFN-γ was associated with autophagy and translational suppression of repressors of inflammation such as HES1. Genome-wide ribosome profiling in TLR2-stimulated macrophages showed that IFN-γ selectively modulated the macrophage translatome to promote inflammation, further reprogram metabolic pathways and modulate protein synthesis. These results show that IFN-γ–mediated metabolic reprogramming and translational regulation are key components of classical inflammatory macrophage activation.
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                    Figure 1: IFN-γ suppresses HES1 translation.


Figure 2: IFN-γ inhibits TLR2-induced activation of the MAPK-MNK-eIF4E axis.


Figure 3: IFN-γ suppresses mTORC1 activation and downstream functions.


Figure 4: IDO-mediated tryptophan depletion suppresses mTOR lysosomal localization and HES1 expression.


Figure 5: IFN-γ inhibits PI3K-Akt-TSC1/2 signaling and M-CSFR expression.


Figure 6: Genome-wide ribosome-profiling analysis of IFN-γ–mediated translational regulation in macrophages.


Figure 7: Selective translational inhibition of mRNAs involved in metabolic processes and protein synthesis by IFN-γ.


Figure 8: IFN-γ downregulates miRNAs that target translationally upregulated genes.
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Integrated supplementary information

Supplementary Figure 1 IFN-γ–mediated HES1 downregulation is independent of accelerated protein decay.
(a) qPCR analysis of HES1 mRNA (upper panel) and HEY1 mRNA (lower panel) in control and IFN-γ–primed macrophages stimulated with LPS (10 ng/ml) or Pam3CSK4 (10 ng/ml) for 3 h; results were normalized relative to the levels of GAPDH mRNA. (b) Cumulative data from 23 independent donors of relative expression of HES1 mRNA in control and IFN-γ–primed macrophages stimulated with Pam3CSK4 (10 ng/ml) for 4 h. HES1 mRNA expression in IFN-γ−primed macrophages relative to control macrophages (set at 1) for each individual donor is depicted, and error bars represent s.e.m. P > 0.05 by two-tailed paired Student’s t-test. (c) IFN-γ does not accelerate HES1 protein degradation. Immunoblot analysis of HES1 in control and IFN-γ–primed macrophages stimulated with Pam3CSK4 (10 ng/ml) for 4 h. Cells were treated with cycloheximide (CHX, 20 μg/ml) to stop new protein synthesis, and HES1 protein degradation was followed over a time course as indicated; p38α served as a loading control. (d) Inhibition of proteasomes does not reverse the suppressive effect of IFN-γ on HES1 protein expression. Immunoblot analysis of HES1 (upper panel) in control and IFN-γ–primed macrophages stimulated with Pam3CSK4 (10 ng/ml) for 3 h and then treated with proteasome inhibitor MG132 (10 μM) for a 2-h time course; p38α served as a loading control. Immunoblot analysis of I-κBα (lower panel) in the same experiment confirmed the efficacy of proteasome inhibition. (e) Inhibition of lysosomal function does not reverse the suppressive effect of IFN-γ on HES1 protein expression. Immunoblot analysis of HES1 and LC3A in control and IFN-γ–primed macrophages pretreated with Bafilomycin A1 (BafA1, 100 nM) for 30 min and then stimulated with Pam3CSK4 (10 ng/ml) for 4 h; p38α served as a loading control. Increased LC3A expression confirmed the efficacy of lysosome inhibition.


Supplementary Figure 2 IFN-γ suppresses translation of the established MNK-eIF4E targets I-κBα and IRF8.
(a) Schematic representation of the MAPK-MNK and mTORC1 signaling pathways that target eIF4E to promote translation. (b) Real-time PCR analysis of NFKBIA (I-κBα) mRNA (left panel) in control and IFN-γ–primed macrophages. Immunoblot analysis of I-κBα (right panel) in nuclear extracts of control or IFN-γ–primed macrophages; TBP served as a loading control. IFN-γ–mediated suppression of I-κBα protein expression reflects suppression of upstream MNK-eIF4E signaling. (c) Immunoblot analysis of I-κBα in macrophages pretreated for 30 min with DMSO or increasing concentrations of the MNK inhibitor CGP57380 (5 μM, 10 μM, 20 μM) and then stimulated with Pam3CSK4 (10 ng/ml) for 4 h; p38α served as a loading control. (d) Polysome-shift analysis of IRF8 mRNA. (e) Immunoblot and qPCR confirmation of efficacy of siRNA-mediated knockdown of MNK expression in primary human macrophages. (f) qPCR analysis of HES1 mRNA in human primary macrophages transfected with scrambled control siRNA or MKNK1- and MKNK2-specific siRNA for 72 h and then stimulated or not stimulated with Pam3CSK4 (10 ng/ml). (g) Immunoblot analysis of phosphorylated (p-) p38, p-Erk, p-Akt in control and IFN-γ–primed macrophages pretreated with okadaic acid (OA) (40 nm) for 30 min before stimulation with Pam3CSK4 for 0–30 min; p38α served as a loading control.


Supplementary Figure 3 Rapamycin promotes inflammatory cytokine production in human macrophages and minimally affects HES1 mRNA expression.
(a) Immunoblot analysis of phosphorylated (p-) 4E-BP1 in human primary monocyte–derived dendritic cells (hMo-DCs) treated with IFN-γ for 24 h before stimulation with Pam3CSK4 (10 ng/ml) or LPS (10 ng/ml) for 1 h. p38α served as a loading control. (b) Cytometric Bead Array (CBA) analysis of TNF, IL-6 and IL-10 in culture supernatants of human primary macrophages pretreated with vehicle control DMSO or rapamycin (500 nM) for 30 min and then stimulated with Pam3CSK4 for 6 h. (c) Real-time PCR analysis of HES1 mRNA in human primary macrophages pretreated for 30 min with vehicle control DMSO (labeled as 0) or increasing concentrations of mTORC1 inhibitor rapamycin (0.5 µM, 1 µM), and then stimulated with Pam3CSK4 (10 ng/ml) for 4 h. (d) Schematic representation of binary signals required for mTORC1 activation. Two upstream signals lead to activation of mTORC1: amino acid pathway and growth factors/inflammatory stimuli pathway. (e,f) Heat maps (log10 scale) of intracellular (e) and extracellular (f) tryptophan and its downstream catabolites in the IDO-mediated degradation pathway. Panels e and f show triplicate determinants from a representative experiment.


Supplementary Figure 4 Baseline mTORC1 activity in macrophages is dependent on serum and M-CSF.
(a) Immunoblot analysis of phosphorylated (p-) 4E-BP1 in macrophages cultured for 24 h with 5 ng or 20 ng M-CSF and with 2.5% or 10% serum (FBS); p38α served as a loading control. (b) Inhibition of M-CSFR signaling using imatinib decreases basal p-4E-BP phosphorylation. Immunoblot analysis of phosphorylated (p-) 4E-BP1 in macrophages treated with vehicle control DMSO (labeled as 0) or imatinib (300 nM) for 0–6 h; p38α served as a loading control. (c) MTT assay of cultures of control or IFN-γ–primed macrophages. Data from eight independent blood donors is shown. (d) Immunoblot analysis of HES1 in human primary macrophages pretreated with vehicle control DMSO or Myc inhibitor 10058-F4 (60 µM) for 30 min and then stimulated with Pam3CSK4 (10 ng/ml) for 0–4 h; p38α served as a loading control. (e) Immunoblot analysis of HES1 and phosphorylated (p-) 4E-BP1 (upper panel) in macrophages transfected with scrambled control small interfering RNA (siRNA) or Myc-specific siRNA for 24 h and then stimulated or not stimulated with Pam3CSK4 (10 ng/ml) for 4 h; 4E-BP1 and p38α served as loading controls. Immunoblot analysis of c-Myc (lower panel) in nuclear and cytosol extracts of macrophages confirmed the efficacy of siRNA-mediated knockdown; TBP and Akt served as loading controls.


Supplementary Figure 5 Ribosome profiling replicates are highly reproducible.
(a) Schematic of the ribosome profiling experimental design. RNA-Seq, RNA sequencing. (b) Correlation plots from two independent ribosome-profiling experiments as described in a. The Pearson correlation value was calculated by GraphPrism. (c) Frequency distribution of the ratio of TE in control and IFN-γ–primed macrophages (left panel); ΔTE = log2(TEIFN-γ/TEcontrol). Number of genes identified as downregulated (blue) and upregulated (red) with different cutoffs (z-score = 1.5-fold and 2-fold) are shown in the table on the right. Data were generated from a merged data set of two biological replicates. (d) Ribosome-protected fragment (RPF) read density profiles for HES1 in control (yellow) and IFN-γ–primed (purple) macrophages. Ribosomal occupancy was diminished in coding exons, consistent with decreased protein observed by immunoblotting. However, ribosomal occupancy in exons corresponding to the 5ʹ UTR did not change, suggesting ribosome stalling in potential open reading frames upstream of the initiator AUG. This intact ribosomal occupancy in the 5ʹ UTR is consistent with the lesser polysome shift to monosomal fractions shown for HES1 mRNA in Fig. 1d.


Supplementary Figure 6 Genome-wide functional annotation reveals concordant pattern of canonical pathway enrichment in biological replicates.
(a) Ingenuity Pathway Analysis (IPA) of canonical pathways most significantly enriched in genes regulated by IFN-γ at the level of ribosome protected fragments (RPFs). We generated the heat map by comparing independent analyses of a combined data set (replicate 1 and replicate 2) and individual analysis of replicate 1 and replicate 2. Left panel shows activation z-score calculated by IPA; right panel shows significance by P value. (b) Heat map showing changes in RPF, RNA and TE of 35 tRNA genes. Data were generated from a merged data set from two biological replicates.


Supplementary Figure 7 Gene Ontology analysis reveals IFN-γ–mediated translational control of metabolic and immune-system genes.
(a,b) Pie charts showing functional classification of genes identified by Gene Ontology analysis of genes whose translation was suppressed (a) or increased (b) by IFN-γ. The analysis was done with the PANTHER classification system (www.pantherdb.org). Data shown in this figure were generated from a merged data set from two biological replicates.


Supplementary Figure 8 Enrichment of metabolic pathways in genes whose translational efficiency was upregulated or downregulated by IFN-γ.
(a) Ingenuity Pathway Analysis (IPA) of canonical pathways most significantly enriched in metabolic genes regulated by IFN-γ at the level of translation efficiency (TE) (corresponding to blue wedges in pie charts in Supplementary Fig. 7). We generated the heat map by comparing independent analyses of TE-upregulated and TE-downregulated metabolic gene sets. (b) Immunoblot analysis of phosphorylated (p-) eIF2α in control and IFN-γ–primed macrophages stimulated with Pam3CSK4 (10 ng/ml) for 0–4 h; total eIF2α and p38α served as loading controls. (c) Working model of selective regulation of translation by IFN-γ. IFN-γ inhibits TLR-induced activation of MAPK signaling pathways, resulting in diminished eIF4E phosphorylation and activity. IFN-γ also inhibits activation of the metabolic regulator mTORC1 through suppression of amino acid and growth factor pathways, resulting in decreased p-4E-BPs and eIF4E activity and altered translation. Metabolic and translational control are integrated, as metabolic changes affected translation and translational fine-tuning affected metabolism-related mRNAs.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1–8 and Supplementary Tables 3 and 4 (PDF 1020 kb)


Supplementary Table 1
Metabolic genes whose translation was increased or suppressed by IFN-γ Genes contained in blue wedge in pie chart in Supplementary Fig. 7a-b (XLSX 2411 kb)


Supplementary Table 2
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