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            Abstract
Caspase-dependent apoptosis accounts for approximately 90% of homeostatic cell turnover in the body1, and regulates inflammation, cell proliferation, and tissue regeneration2,3,4. How apoptotic cells mediate such diverse effects is not fully understood. Here we profiled the apoptotic metabolite secretome and determined its effects on the tissue neighbourhood. We show that apoptotic lymphocytes and macrophages release specific metabolites, while retaining their membrane integrity. A subset of these metabolites is also shared across different primary cells and cell lines after the induction of apoptosis by different stimuli. Mechanistically, the apoptotic metabolite secretome is not simply due to passive emptying of cellular contents and instead is a regulated process. Caspase-mediated opening of pannexin 1 channels at the plasma membrane facilitated the release of a select subset of metabolites. In addition, certain metabolic pathways continued to remain active during apoptosis, with the release of only select metabolites from a given pathway. Functionally, the apoptotic metabolite secretome induced specific gene programs in healthy neighbouring cells, including suppression of inflammation, cell proliferation, and wound healing. Furthermore, a cocktail of apoptotic metabolites reduced disease severity in mouse models of inflammatory arthritis and lung-graft rejection. These data advance the concept that apoptotic cells are not inert cells waiting for removal, but instead release metabolites as ‘good-bye’ signals to actively modulate outcomes in tissues.
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                    Fig. 1: Conserved metabolite secretome from apoptotic cells.


Fig. 2: Activation of PANX1 and continued metabolic activity of dying cells orchestrates metabolite release.


Fig. 3: Metabolites from apoptotic cells influence gene programs in live cells.


Fig. 4: PANX1-dependent metabolite release during apoptosis modulates phagocyte gene expression in vivo and can alleviate inflammation.



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Non-canonical glutamine transamination sustains efferocytosis by coupling redox buffering to oxidative phosphorylation
                                        
                                    

                                    
                                        Article
                                        
                                         14 October 2021
                                    

                                

                                Johanna Merlin, Stoyan Ivanov, … Laurent Yvan-Charvet

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Endogenous oxidized phospholipids reprogram cellular metabolism and boost hyperinflammation
                                        
                                    

                                    
                                        Article
                                        
                                         25 November 2019
                                    

                                

                                Marco Di Gioia, Roberto Spreafico, … Ivan Zanoni

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        A comprehensive guide to studying inflammasome activation and cell death
                                        
                                    

                                    
                                        Article
                                        
                                         07 September 2020
                                    

                                

                                Rebecca E. Tweedell, R. K. Subbarao Malireddi & Thirumala-Devi Kanneganti

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              RNA-seq data have been submitted to the Gene Expression Omnibus (GEO) under accession number GSE131906. Source Data for Figs. 1–4 and Extended Data Figs. 1–10 are provided with the paper. Other data that support the findings of this study are available from the corresponding author upon request.
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Extended data figures and tables

Extended Data Fig. 1 Metabolite release from apoptotic Jurkat cells.
a, Jurkat cells were induced to undergo apoptosis by UV irradiation. Staining with 7AAD and annexin V (AV) was used to determine the percentage of live (AV−7AAD−), apoptotic (AV+7AAD−) or necrotic (AV+7AAD+) cells after 4 h. b, Quantitative analysis of apoptosis (top) and secondary necrosis (bottom) (n = 4). Data are mean ± s.d. ****P < 0.0001, unpaired two-tailed Student’s t-test. c, d, Volcano plot (c) and heat map (d) from untargeted metabolomics of supernatants from Jurkat T cells, representing statistically enriched or reduced (P < 0.05, two-sided Welch’s two-sample t-test) metabolites in the apoptotic supernatants relative to live supernatants. Data are representative of four biological replicates.

                          Source data
                        


Extended Data Fig. 2 Reciprocal metabolite changes between apoptotic supernatant and pellet.
a, Heat map produced from untargeted metabolomics of Jurkat T cell pellets, representing statistically enriched or reduced (P < 0.05, two-sided Welch’s two-sample t-test) metabolites in the apoptotic pellet relative to the live cell pellet (n = 4 biologically independent samples). b, Bi-directional plot representing the 85 metabolites that were statistically enriched in the apoptotic supernatant and simultaneously reduced in the apoptotic cell pellet relative to live cell conditions (P < 0.05, two-sided Welch’s two-sample t-test). Metabolites were grouped by metabolic pathways (n = 4 biologically independent samples). c–f, Mass spectrometry was used to determine the relative amount of spermidine (c), inosine (d), UDP-glucose (e) and AMP (f) in supernatants and cell pellets from Jurkat T cells in live and apoptotic conditions (n = 4 biologically independent samples). *P = 0.014, ****P < 0.0001, unpaired two-tailed Student’s t-test. Data are mean ± s.d.

                          Source data
                        


Extended Data Fig. 3 Conserved metabolite release during apoptosis.
a, Mass spectrometry was used to measure the concentration of the five metabolites that were released across all conditions and platforms tested, in live or apoptotic supernatants per million Jurkat T cells or isolated primary thymocytes (back-calculated from total cells used in experimental set-up) (n = 3). Metabolites are grouped by metabolic pathways. Data are mean ± s.d. *P = 0.014, **P = 0.0014, ***P = 0.0002, ****P < 0.0001, unpaired two-tailed Student’s t-test. b, The concentration of ATP released in the supernatant across the different apoptotic Jurkat cells was determined by luciferase assay (n = 4). Data are mean ± s.e.m. ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test. c, Table outlining the different cell types, apoptotic stimuli, techniques and metabolites screened for untargeted (more than 3,000 features or compounds) and targeted (116 metabolites) metabolomics, including ATP, spermidine, glycerol-3-phosphate and creatine.

                          Source data
                        


Extended Data Fig. 4 PANX1 activation and inhibition during cell death.
a, Top, representative histograms of TO-PRO-3 dye uptake in thymocytes across the different conditions. Bottom, PANX1 activation in live and apoptotic thymocytes from wild-type (Panx1+/+) and PANX1-knockout (Panx1−/−) mice as assessed via flow cytometry by measuring the mean fluorescent intensity of TO-PRO-3 dye uptake (n = 3 biological replicates). Data are mean ± s.e.m. ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test. b, Top, representative histograms of TO-PRO-3 dye uptake in Jurkat cells, across the different conditions described. Bottom, PANX1 activation as assessed by flow cytometry of the uptake of TO-PRO-3 dye in apoptotic wild-type Jurkat cells, Jurkat cells expressing mutant PANX1-DN, and Jurkat cells treated with PANX1 inhibitor spironolactone (50 μM) or trovafloxacin (25 μM) (n = 4 biological replicates). Data are mean ± s.e.m. ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test.

                          Source data
                        


Extended Data Fig. 5 PANX1 inhibition does not influence apoptotic cell death.
a, Control (Panx1+/+) or Panx1−/− thymocytes were treated with anti-Fas antibody (5 μg ml−1) for 1.5 h. Cells were stained with 7AAD and annexin V to determine the percentage of live, apoptotic or necrotic cells, as in Extended Data Fig. 1a. b, Quantification of apoptosis (top) and secondary necrosis (bottom) of control and PANX1-knockout thymocytes (n = 3). Data are mean ± s.e.m. ***P = 0.0004, ordinary one-way ANOVA with Turkey’s multiple comparison test. c, d, Quantification of apoptosis (c) and secondary necrosis (d) from Jurkat cells before metabolomics analysis (n = 4). Data are mean ± s.e.m. ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test. e, Cells were stained with 7AAD and annexin V to determine the percentage of live, apoptotic or necrotic cells.

                          Source data
                        


Extended Data Fig. 6 PANX1-dependent metabolite release during apoptosis.
a, Mass spectrometry was used to determine the relative amounts of AMP, GMP, UDP-glucose and FBP in supernatants from Jurkat T cells across different conditions (n = 4). Data are mean ± s.e.m. ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test. b, Jurkat cells were induced to undergo apoptosis by treatment with anti-Fas antibody (250 ng ml−1). Mass spectrometry was used to measure the absolute concentration per million cells of AMP (top), UDP-glucose (middle) and FBP (F-1,6-BP) (bottom) in the supernatants of Jurkat T cells across different conditions (back-calculated from total cells used in experimental set-up) (n = 3). Data are mean ± s.e.m. *P = 0.031, **P = 0.0013, ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test. c, Mass spectrometry was used to determine the concentrations of AMP, GMP, UDP-glucose and FBP per million cells (back-calculated from total cells used in experimental set-up) in the supernatant from isolated primary thymocytes across different conditions (n = 3). Data are mean ± s.e.m. ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test. d, e, Relative concentrations of inosine (d) and choline (e) in live, apoptotic or apoptotic supernatants in which PANX1 was inhibited were determined by mass spectrometry (n = 4). Data are mean ± s.e.m. ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test.

                          Source data
                        


Extended Data Fig. 7 Conserved PANX1 secretome.
a, Top, three-way Venn diagram comparing PANX1-dependent metabolites released from apoptotic cells across different conditions tested. Bottom, table showing the relative peak intensity (untargeted metabolomics) or absolute concentrations (targeted metabolomics) in the supernatant of the indicated cell treatments and knockout mice. N.D., not determined.


Extended Data Fig. 8 Transcriptional and metabolic changes during apoptosis.
a, Re-analyses of RNA-seq data from apoptotic cells14 demonstrating that the SRM mRNA levels are increased or retained during apoptosis. b, After induction of apoptosis (n = 4), SRM mRNA expression was assessed over time relative to live controls (n = 5). Data are mean ± s.e.m. **P = 0.007, two-way ANOVA. c, Incorporation of 13C-labelled arginine into the polyamine pathway intermediate spermidine and release from Jurkat cells after apoptosis, and its partial reduction by the pan-caspase inhibitor zVAD (n = 3). Data are mean ± s.d. **P = 0.0088, unpaired two-tailed Student’s t-test.

                          Source data
                        


Extended Data Fig. 9 Transcriptional changes on surrounding phagocytes induced by PANX1-dependent metabolite release during apoptosis.
a, Principal component (PC) analysis on the RNA-seq data as a quality control statistic (n = 4 biological replicates). b, Experimental procedure is described in Fig. 3d. qPCR was used to assess gene expression changes in Ptgs2 (top), Sgk1 (middle) and Slc14a1 (bottom) in phagocytes after treatment with supernatants from Jurkat cells or Jurkat cells expressing DN-PANX1 (n = 7). Data are mean ± s.e.m. Live-AC **P = 0.0074 (live–AC Sgk1), **P = 0.0031 (AC–AC Sgk1), ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test. c, Experimental procedure is as described in Fig. 3d, except before treatment of LR73 cells with supernatant, the supernatant was filtered through a 3-kDa filter to remove large molecules. qPCR was used to assess gene expression changes in Sgk1 (top) and Slc14a1 (bottom) in phagocytes after treatment with supernatants under specified conditions (n = 3). Data are mean ± s.e.m. ***P = 0.0001, ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test.

                          Source data
                        


Extended Data Fig. 10 Analysis of thymic cell death in vivo and effects of supernatants during arthritis.
a, Analysis of thymic populations used for experimental data in Fig. 4a. After thymus isolation, the CD11b−CD11c− population that contained thymocytes was used for mRNA isolation to test the efficiency of deletion of the Panx1 allele. qPCR analysis of Panx1 mRNA in control mice (Panx1fl/flCd4-cre−/−) (n = 6) or mice in which PANX1 has been knocked out in thymocytes (Panx1fl/flCd4-cre+/−) (n = 7). CD11b+CD11c+ myeloid cells obtained from the thymus of Panx1fl/flCd4-cre+/− mice were analysed for Panx1 expression to demonstrate that PANX1 was not deleted. PANX1 deletion was deleted only from thymocytes and not the myeloid cells that do not express CD4. Data are mean ± s.d. **P = 0.0015, unpaired two-tailed Student’s t-test. b, Representative flow cytometric plots showing the extent of apoptosis induced by dexamethasone in control and Panx1fl/fl CD4-Cre+ mice. After thymus isolation, cells were stained with 7AAD and annexin V to determine the percentage of live, apoptotic or necrotic cells, as in Extended Data Fig. 1a. c, Quantitative analysis of apoptosis (left) and secondary necrosis (right) of CD11b−CD11c− thymic populations from Panx1fl/fl CD4-Cre− (PBS n = 4, Dex n = 10) or Panx1fl/fl CD4-Cre+ (PBS n = 3, Dex n = 9) mice treated with PBS or dexamethasone. Data are mean ± s.e.m. ****P < 0.0001, ordinary one-way ANOVA with Turkey’s multiple comparison test. d, Representative flow cytometry plots demonstrating the purity of CD11b+CD11c+ population after magnetic separation from the different mice and treatment conditions. e, Comparison of the CD11b+CD11c+ cells isolated under different conditions (cre−/−: PBS n = 4, Dex n = 7; cre+/−: PBS n = 3, Dex n = 6). Data are mean ± s.e.m. P > 0.05 (n.s.), ordinary one-way ANOVA with Turkey’s multiple comparison test. f, Apoptotic supernatants alleviate arthritic disease induced by serum from KBx/N mice. C57BL/6J mice were injected with serum from K/BxN mice to induce arthritis. Live (n = 4) or apoptotic (n = 5) supernatant was given for five days after arthritis induction. Paw swelling was measured using a calliper and reported as the percentage change compared with day 0. Data are mean ± s.e.m. *P = 0.0131, two-way ANOVA.

                          Source data
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