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            Abstract
Declining tissue nicotinamide adenine dinucleotide (NAD) levels are linked to ageing and its associated diseases. However, the mechanism for this decline is unclear. Here, we show that pro-inflammatory M1-like macrophages, but not naive or M2 macrophages, accumulate in metabolic tissues, including visceral white adipose tissue and liver, during ageing and acute responses to inflammation. These M1-like macrophages express high levels of the NAD-consuming enzyme CD38 and have enhanced CD38-dependent NADase activity, thereby reducing tissue NAD levels. We also find that senescent cells progressively accumulate in visceral white adipose tissue and liver during ageing and that inflammatory cytokines secreted by senescent cells (the senescence-associated secretory phenotype, SASP) induce macrophages to proliferate and express CD38. These results uncover a new causal link among resident tissue macrophages, cellular senescence and tissue NAD decline during ageing and offer novel therapeutic opportunities to maintain NAD levels during ageing.
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                    Fig. 1: M1 macrophages are characterized by increased NADase activity.[image: ]


Fig. 2: The NAM-salvage pathway controls NAD levels to regulate macrophage activation and polarization.[image: ]


Fig. 3: High NADase activity in M1 macrophages is CD38 dependent.[image: ]


Fig. 4: NAD decline during ageing is associated with increased CD38+ tissue-resident macrophages in eWAT.[image: ]


Fig. 5: Cytokines secreted by senescent cells promote macrophage CD38 expression and proliferation.[image: ]


Fig. 6: CD38+ Kupffer cells accumulate in the livers of ageing mice.[image: ]


Fig. 7: Acute and chronic LPS treatment causes a CD38-dependent decrease in tissue NAD levels.[image: ]


Fig. 8: Proposed model for how ageing-related inflammation enhances NAD degradation.[image: ]
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Extended data

Extended Data Fig. 1 CD38 expression in human M1 macrophages and analysis of the de novo NAD pathway in BMDMs.
a, mRNA levels of CD38 in human peripheral blood monocytes (PBMC)-derived macrophages treated with recombinant human IL-4 (M2) or LPS (M1) for 18â€‰hours. Representative data from one of three patient samples. (nâ€‰=â€‰4 independent biological experiments) b, Immunofluorescence of human PBMC derived macrophages stimulated as described above using an anti-human CD38 antibody (Green) and nuclei with DAPI (Blue). Scale bars represents 10Î¼m. Analyzed in PBMCs derived from one patient. c, NADase activity in human PBMC-derived macrophages treated with recombinant human IL-4 (M2) or LPS (M1) for 18â€‰hours. Shown is the mean of two separate experiments from different donors with 2 replicates each. d, Schematic of the de novo NAD synthesis pathway. e, mRNA levels of de novo NAD synthesis pathway enzymes. f, Quantification of tryptophan metabolites measured by LC-MS in M0, M2 and M1 mouse BMDMs activated for 24â€‰hours. ND=not detected. Data shows the mean Â± SEM n=3 independent experiments except in A and B. Statistical significance indicated as *P<0.05, **P<0.01, and ***P<0.001; two-sided Studentâ€™s t-test.
Source data


Extended Data Fig. 2 Analysis of the role of the NAM-salvage pathway and sirtuins in macrophage activation and polarization.
a, NAD levels quantified by LC-MS in M0, M1 and M2 BMDMs pre-treated or not with 50â€‰nM FK866 and NR for 6â€‰hours prior to stimulation with LPS for an additional 6â€‰hours or IL-4 for 16â€‰hours. b, mRNA levels of M2 genes in BMDMs pre-treated or not with FK866 and NR for 6â€‰hours prior to stimulation with IL-4 for 16â€‰hours. All statistical comparisons are relative to M2 + FK866. c, mRNA levels of M1 genes in BMDMs pre-treated or not with FK866 and NR for 6â€‰hours prior to stimulation with LPS for 6â€‰hours. All statistical comparisons are relative to M1 + FK866. d, Western analysis of Nampt Fl/Fl CreER and Nampt Fl/Fl BMDMs treated with 1â€‰ug/ml tamoxifen. e, mRNA levels of M2 genes in Nampt Fl/Fl CreER and Nampt Fl/Fl BMDMs treated with IL-4 for 16â€‰hours. f, mRNA levels of M1 genes in Nampt Fl/Fl CreER and Nampt Fl/Fl BMDMs treated with LPS for 6â€‰hours. g, mRNA levels of M2 genes in WT BMDMs pretreated with the indicated concentration of the sirtuin inhibitors Ex527 and AGK2 for 30â€‰minutes prior to stimulation with IL-4 for 16â€‰hours. All statistical comparisons are relative to M2. h, mRNA levels of M1 genes in WT BMDMs pretreated with the indicated concentration of the sirtuin inhibitors Ex527 and AGK2 for 30â€‰minutes prior to stimulation with LPS for 6â€‰hours. All statistical comparisons are relative to M1. Data show the mean Â± SEM. (n=3 independent experiments). Statistical significance defined as *P<0.05, **P<0.01, and ***P<0.001; two-sided Studentâ€™s t-test.
Source data


Extended Data Fig. 3 Heightended NADase activity in M1 macrophages is CD38 dependent and PARP1 independent.
a, Flow cytometry results comparing CD38 surface staining in naive (M0) WT and Cd38 KO BMDMs or BMDMs treated with IL-4 (M2) and LPS (M1) for 16â€‰hours. b-c, NADase activity measured with non-cell permeable ÎµNAD in intact M0, M2, and M1 WT and Cd38 KO BMDMs activated for 16â€‰hours relative to cell number (B) and protein content (C). d, mRNA levels of Cd157 in M0 and M1 WT and Cd38 KO BMDMs treated for 16â€‰hours. e, LC-MS quantification of NR in M0 and M1 WT and Cd38 KO BMDMs treated for 16â€‰hours. f, mRNA levels of anti-oxidant genes in WT and Cd38 KO BMDMs treated with IL-4 (M2) and LPS (M1) for the indicated intervals. g, Western analysis of PARP activity (PARylation) and DNA damage (Î³H2AX) in WT and Cd38 KO BMDMs treated with IL-4 (M2) and LPS (M1) for the indicated intervals compared to WT MO macrophage treated with 1â€‰mM H2O2 for 10â€‰minutes. h, Western analysis of PARP activity (PARylation) and DNA damage (Î³H2AX) in WT and Cd38 KO BMDMs treated with IL-4 (M2) and LPS (M1) for 8â€‰hours prior to treatment with 1â€‰mM H2O2 for 10â€‰minutes. Data show the mean Â± SEM. (n= at least 3 independent experiments). Statistical significance indicated as *P<0.05, **P<0.01, and ***P<0.001; two-sided Studentâ€™s t-test. Unless noted with a bar, statistical comparisons are relative to the appropriate MO WT or Cd38 KO sample of the same genotype.
Source data


Extended Data Fig. 4 CD38+ resident macrophages accumulate in ageing adipose tissue.
a, LC-MS quantification of NAD in eWAT from WT young male mice (6 month) n=7 mice/group, Cd38 KO young male mice (3 month) n=5 mice/group, WT old male mice (25 month) n=10 mice/group, and Cd38 KO old male mice (26 month) n=5 mice/group. NAD concentrations are shown as pmol/mg of tissue. (same WT data from Fig. 4a). b, mRNA levels of Il-1Î± and IL-10 in eWAT from 6 and 25 month-old WT male mice. (WT young male mice (6 month) n=7 mice/group, WT old male mice (25 month) n=9 mice/group) c, Western analysis of adipose tissue from young (3 Month) and old (19 month) WT male mice to detect PARP activity (PARylation) and DNA damage (Î³H2AX). Each lane represents one mouse (young n=4 mice/group, old n=4 mice/group). d, mRNA levels of Cd38 in visceral adipose tissue, the stromal vascular fraction, and adipocyte fraction from young (3 month) and old (19 month) WT male mice. (young n=4 mice/group, old n=4 mice/group). e, Flow cytometry gating strategy to identify CD45+ immune cells from the stromal vascular fraction of eWAT. Cells were first gated on forward scatter (FSCA) vs side scatter (SSCA) to discard cell debris and dead or dying cells. Next FSCH (height) vs FSCA (Area) was used to select single cells. Single cells were then gated for auto-fluorescent using the Empty(E) BV421 vs BV711 channels (not used as antibody fluorophores) to discard cells that showed auto-fluorescence in these channels. Then CD45+ cells were selected and analyzed for CD38 and macrophage markers. Flow cytometry gating strategy to identify resident and non-resident macrophages from the stromal vascular fraction of eWAT, showing representative flow plots and histograms for the indicated ages of mice. f, Flow cytometry quantification of CD38- (low) resident macrophages, CD38- non-resident macrophages, and CD38+ (high) non-macrophage immune cells from eWAT of WT male mice for the ages shown. (2 months n=6 mice/group, 6 months n=5 mice/group, 12 months n=5 mice/group, 18 months n=5 mice/group, 25+ months n=7 mice/group) For in vivo experiments, data from individual mice are shown. Statistical significance indicated as *P<0.05, **P<0.01, and ***P<0.001; two-sided Studentâ€™s t-test.
Source data


Extended Data Fig. 5 Senescent cell burden is causally linked to increased macrophage CD38 expression.
a, mRNA levels of Il-1Î±, Cxcl1, and IL-10 in eWAT from 6 month-old WT male mice i.p. injected with Doxo or PBS. (PBS n=8 mice/group, Doxo n=7 mice/group) b, Quantification of CD38-low resident macrophages, and CD38-low non-resident macrophages from eWAT of 6 month-old WT male mice injected with Doxo or PBS. (PBS n=8 mice/group, Doxo n=8 mice/group). c, CD38 mRNA levels in WT and Cd38 KO BMDMs co-cultured (10:1) with non-senescent control mouse dermal fibroblasts (CTRL-MDF) or irradiated senescent MDF (Sen(IR)-MDF) for 24â€‰hours. (n=4 independent biological experiments per condition) d, mRNA levels of Cd38 in WT BMDMs treated with the indicated DAMPs for 16â€‰hours. (n=3 independent biological experiments per condition) e, mRNA levels of inflammatory genes in CTRL-MDF and Sen(IR)-MDF. (n=4 independent biological experiments per condition) f, mRNA levels of Cd38 in BMDMs treated with the indicated concentrations (ng/ml) of recombinant mouse cytokines for 24â€‰hours. (n=3 independent biological experiments per condition) g, Heatmap of significantly upregulated proteins identified by mass spectrometry in conditioned media from CTRL-MDF and Sen(IR)-MDF. (n=4â€“6 independent biological experiments per condition). For in vivo experiments, data from individual mice are shown. Data show the mean Â± SEM. (n= at least 3 independent experiments). Statistical significance indicated as *P<0.05, **P<0.01, and ***P<0.001; two-sided Studentâ€™s t-test.
Source data


Extended Data Fig. 6 Single-cell RNA sequencing analysis of inflammatory, NAD consuming, and biosynthetic genes in ageing hepatocytes and liver endothelial cells.
a, Dot-plot and heatmap of the indicated genes in liver hepatocytes based on age. Logarithmic axes, base-10. b, Dot-plot and heatmap of the indicated genes in liver endothelial cells based on age. Logarithmic axes, base-10.


Extended Data Fig. 7 LPS promotes tissue NAD decline via CD38.
a, Representative gating for the splenic leukocyte populations quantified in Fig. 7c, d and Extended Data Fig. 7a. Left six panels show gating for identification of B cells and different myeloid cells, as indicated, as well as gating for CD38-positive cells in all populations. Right six panels show gating for T cell subsets, as indicated. Red arrows indicate sequential gating, pointing from parent plots towards child plots. b, Quantification of immune cell populations and CD38+ immune cells in the spleen of 3 month-old WT male mice i.p. injected with PBS or LPS for 4 weeks, and analyzed by flow cytometry. (PBS n=10 mice/group, LPS n=9 mice/group) c, Western analysis of CD38, CD157, CD68, and NAMPT in eWAT of 3 month-old WT male mice injected with PBS or LPS for 4 weeks and Image J quantification of CD38 protein levels relative to NAMPT. Each lane represents one mouse (PBS n=4 mice/group, LPS n=5 mice/group) d, mRNA levels of NAD consuming enzymes in eWAT from 3 month-old WT male mice injected with PBS or LPS for 4 weeks. (PBS n=4 mice/group, LPS n=5 mice/group) e, mRNA levels of the indicated genes in whole eWAT from 4 month-old WT and Cd38 KO male mice injected with PBS or LPS for 12â€‰hours. (n=10 mice/group) f, Western analysis of eWAT from 4 month-old WT and Cd38 KO male mice injected with PBS or LPS for 12â€‰hours (n=3 mice/group). g, LC-MS quantification of NAD-related metabolites in eWAT from 4 month-old WT and Cd38 KO male mice IP injected with PBS or LPS for 12â€‰hours. (n=10 mice/group) h, LC-MS quantification of NAD-related metabolites in liver from 4 month-old WT and Cd38 KO male mice IP injected with PBS or LPS for 12â€‰hours. (n=10 mice/group) Data from individual mice are shown for in vivo experiments. Data show the mean Â± SEM. Statistical significance indicated as *P<0.05, **P<0.01, and ***P<0.001; two-sided Studentâ€™s t-test except for 7â€‰g and 7â€‰h one-tailed t-test was used.
Source data
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