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            Abstract
The accumulation of senescent cells is a major cause of age-related inflammation and predisposes to a variety of age-related diseases1. However, little is known about the molecular basis underlying this accumulation and its potential as a target to ameliorate the ageing process. Here we show that senescent cells heterogeneously express the immune checkpoint protein programmed death-ligand 1 (PD-L1) and that PD-L1+ senescent cells accumulate with age in vivo. PD-L1− cells are sensitive to T cell surveillance, whereas PD-L1+ cells are resistant, even in the presence of senescence-associated secretory phenotypes (SASP). Single-cell analysis of p16+ cells in vivo revealed that PD-L1 expression correlated with higher levels of SASP. Consistent with this, administration of programmed cell death protein 1 (PD-1) antibody to naturally ageing mice or a mouse model with normal livers or induced nonalcoholic steatohepatitis reduces the total number of p16+ cells in vivo as well as the PD-L1+ population in an activated CD8+ T cell-dependent manner, ameliorating various ageing-related phenotypes. These results suggest that the heterogeneous expression of PD-L1 has an important role in the accumulation of senescent cells and inflammation associated with ageing, and the elimination of PD-L1+ senescent cells by immune checkpoint blockade may be a promising strategy for anti-ageing therapy.
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                    Fig. 1: Heterogeneous expression of PD-L1 in senescent cells is at least in part owing to impaired proteasomal activity.[image: ]


Fig. 2: PD-L1 positive senescent cells are resistant to activated CD8+ T cells.[image: ]


Fig. 3: Inflammation-related phenotypes of PD-L1+p16high cells.[image: ]


Fig. 4: Anti-PD-1 administration ameliorates age- and senescence-associated dysfunction in vivo.[image: ]
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              The scRNA-seq data described in this article are available at Gene Expression Omnibus (GEO) under accessions GSE132042 and GSE155182. The bulk RNA-seq data are available under accessions GSE198396 and GSE198397. All other data needed to evaluate the conclusions in the paper are presented in the paper and/or the supplementary information.
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Extended data figures and tables

Extended Data Fig. 1 Heterogeneous PD-L1 expression levels in senescent cells.
a, The population of cells expressing the indicating immune checkpoint proteins in quiescent (Quie) or nutlin3a-induced senescent (n-Sen) HCA2 cells. Gating strategy was shown in the left lower panels. The representative scatterplots were shown in the lower right panels. b, Expression of SASP factors in Tom- and Tom+CD45- cells sorted from 6 months old male p16-Tom mice was analyzed by qPCR (n = 3 for each group). c, Gating strategy for the experiments shown in Fig. 1c. d, The ratio of PD-L1+ cells in Tom- cells determined by FACS in young (2-month-old, n=7) and old (24- to 26-month-old, n=4) p16-Tom mice. Data are presented as means ± SEM of independent experiments. Unpaired t-test (b and d) was performed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. The precise p-values were described in Methods.


Extended Data Fig. 2 Regulation of PD-L1 expression by p130-E2F axis.
a, Immunoblotting of lysates from quiescent (Quie), replicative senescent (r-Sen), nutlin3a senescent (n-Sen), d-Sen, and proliferative (Prolifer) HCA2 cells using the indicated antibodies. b, qPCR analysis of PD-L1 and CDC20 expression in sorted G1, S, and G2/M HCA2 cells. The results are shown as relative fold changes. c, Immunoblotting of lysates from HCA2 cells expressing mock, p130, and Flag-E2F97 using the indicated antibodies. d, qPCR analysis of PD-L1 and CDC20 expression in HCA2 cells as in c. e, Immunoblotting of lysates from proliferative and d-Sen HCA2 cells expressing doxycycline (Doxy)-inducible 3xFlag-E7 in the presence or absence of Doxy (1 μg/ml) using the indicated antibodies. The duration of senescence induction by doxorubicin were shown (Day 3 or Day 12). f, A volcano plot of differentially expressed genes (DEGs) between PD-L1+ and PD-L1− d-Sen HCA2 cells. Blue dots indicate the DEGs identified by FDR < 0.05. A red arrow indicates Cd274 (PD-L1). g, TF candidates enriched on promoter regions of PD-L1 positively correlated genes (R2 > 0.95) in RNA-seq results as in f. The threshold of normalized enrichment score was greater than 3. The transcriptional regulatory network was showed in the right panel. (Pink circle: targeted correlated gene; Blue circle: untargeted correlated gene; Green circle: TF candidate; Red box: E2F1 and CD274) h, Immunoblotting of lysates from sorted PD-L1− and PD-L1+ d-Sen HCA2 cells using the indicated antibodies. i, Gating strategy for the experiments shown in Fig. 1e. Relative quantified values of PD-L1 was labeled. Data are presented as means ± SEM of three independent experiments. All immunoblotting results were repeated independently for three times. One-way ANOVA with post-hoc Tukey HSD test (b) and Dunnett’s test (d). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The precise p-values were described in Methods.


Extended Data Fig. 3 Heterogeneous expression of PD-L1 and inflammatory transcriptome in senescent cells.
a, SA-β-Gal staining of Quie, n-Sen, and d-Sen MPFs. The representative images were shown in the right panels. Scale bar: 500 μm b, Immunoblotting of lysates from MPFs as in a using the indicated antibodies. c, The representative histograms of the results shown in Fig. 2b (right panels). Gating strategy of in vitro T cell killing assay was shown in the left panels. d, The category-gene-net plot of DEGs between n-Sen and Quie MPFs involving in GO results as in Fig. 2d. e, GSEA of RNA-seq result between n-Sen and Quie MPFs. All GSEA terms were identified by p.adj < 0.05, which was adjusted by B-H method. f, Immunoblotting of lysates from the doxy-inducible 3xFlag-IκBα(S32/36A) expressing n-Sen MPFs using the indicated antibodies with or without 1 μg/ml doxy treatments for 2 days. g, qPCR analysis of SASP factors expression in n-Sen MPFs with or without doxy-inducible IκBα(S32/36A). h, The representative histogram of the results shown in Fig. 2e. Data are presented as means ± SEM of three independent experiments. All immunoblotting results were repeated independently for three times. One-way ANOVA with Tukey HSD test was performed. ****P < 0.0001. The precise p-values were described in Methods.


Extended Data Fig. 4 Heterogeneous expression of PD-L1 in senescent cells reduces cytotoxicity of T cells.
a, qPCR analysis of ERVs expression in Tom- and Tom+ CD45- cells sorted from 6 months old male p16-Tom mice. b, The representative histogram of the results shown in Fig. 2g. c, Cytotoxicity of the sorted PD-L1+ and PD-L1− n-Sen MPFs (Target cells) was evaluated by incubating with mouse activated CD8+ T cells (Effector cells) from OT-1 mice for 18 hrs. During the co-culture, ovalbumin (OVA) was added with 1 μg/ml to trigger the antigen specific response. The representative histograms were shown in the right panels. d, Immunoblotting of lysates from the mock, PD-L1 overexpression (OE) MPFs using the indicated antibodies. e, The representative histogram of the results shown in Fig. 2h. f, Cytotoxicity of the n-Sen MPFs expressing mock or PD-L1 with 10 μg/ml isotype IgG or αPD-1 treatments during the incubation with CD8+ T cells from OT-1 mice. The representative histograms were shown in the right panels. Data are presented as means ± SEM of three independent experiments. All immunoblotting results were repeated independently for three times. Unpaired t-test (a) and Two-way ANOVA with Sidak’s test were performed (c and f). **P < 0.01, ***P < 0.001, ****P < 0.0001. The precise p-values were described in Methods.


Extended Data Fig. 5 The inflammation-related phenotypes in PD-L1+ p16high cells in vivo.
a, UMAP visualization of tdTomato positive (Tom+) population (upper panels) and Cd274 (PD-L1) expression levels (lower panels) in the indicating scRNA-seq datasets and cell types. The NASH samples were prepared from a 7-month-old p16-Tom mouse with feeding CDA-HFD for 6 months. The kidney sample was from a 5.5-month-old p16-Tom mouse. b, Violin plots for the expression levels of Cd274 (PD-L1) in Tom+ and Tom- cells of the indicating cell types. The red dotted lines represent the cut-off threshold for determining PD-L1+ and PD-L1− cells. c-e, Volcano plots of DEGs between PD-L1+ and PD-L1− Tom+ cells in the indicated samples. The DEGs were identified by an FDR < 0.05 and a Log2FC > 0.15. Red dots represent significant DEGs. f-h, The enriched GO terms in upregulated DEGs of Tom+PD-L1+ cells compared with Tom+PD-L1− cells in the indicating samples.


Extended Data Fig. 6 Immune checkpoint blockade treatment promotes the CD8+ T cell-dependent immune clearance of senescent cells in vivo.
a, FACS analysis of splenic CD8+ T cells of αPD-1 and/or αCD8 treated mice as in Fig. 4a. Gating strategy and representative scatterplots were shown in the right panels. (IgG+IgG: n = 6, αPD-1+IgG: n = 6, IgG+αCD8: n = 7, αPD-1+αCD8: n = 5) b, The representative images of immunofluorescent staining shown in Fig. 4a with the indicating treatments in lung, liver, and kidney. (Blue: DAPI; Red: PD-L1; Yellow: tdTomato; Green: CD3) Scale bar: 500 μm c, The proportion of PD-L1+Tom+ cells (upper panels) and PD-L1−Tom+ cells (lower panels) from immunofluorescent staining sections of lung, liver, kidney with the indicating treatments. Fold changes (FC) between IgG and αPD-1 groups without αCD8 treatment were shown on figures. (IgG+IgG: n = 7, αPD-1+IgG: n = 7, IgG+αCD8: n = 6, αPD-1+αCD8: n = 5) Data are presented as means ± SEM of three or more independent experiments. Two-way ANOVA with Sidak’s test was performed (a and c). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The precise p-values were described in Methods.


Extended Data Fig. 7 Immune checkpoint blockade treatment alters senescent population and ageing phenotypes in vivo.
a, The representative images of immunofluorescent staining in liver with IgG and αPD-1 treatments as shown in Fig. 4a. (Blue: DAPI; Red: PD-L1; Yellow: tdTomato; Green: F4/80) Scale bar: 500 μm b, The quantified proportion of F4/80- in Tom+ cells from immunofluorescent staining sections of liver from mice with the indicating treatments. (IgG: n = 5, αPD-1: n = 6) c, The proportion of Tom+ cells in F4/80- (left panel) and F4/80+ cells (right panel) from immunofluorescent staining sections as in b. (IgG: n = 5, αPD-1: n = 6) d, The proportion of PD-L1+ cells in Tom+/F4/80- from immunofluorescent staining sections as in b. (IgG: n = 5, αPD-1: n = 6) e, The motor performance test of young (3-month-old) and old (17.5-month-old) wild type mice. The staying time was recorded from starting rotation of rotarod model to the mouse falling on the switch. (Young IgG: n = 6, Young αPD-1: n = 6, Old IgG: n = 7, Old αPD-1: n = 8) f, The grip strength test of mice as in e. (Young IgG: n = 6, Young αPD-1: n = 6, Old IgG: n = 7, Old αPD-1: n = 8) Data are presented as means ±SEM of three or more independent experiments. Unpaired two-sided t-test was performed (b, c, and d). Two-way ANOVA with Sidak’s test was performed (e and f). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The precise p-values were described in Methods.


Extended Data Fig. 8 αPD-1 or ABT263 treatments improve NASH pathologies.
a, The activation and infiltration of hepatic CD8+ T cells analyzed by FACS from wild type mice fed with normal diet (Normal) or L-amino acid diet with 60 kcal % fat, 0.1 % methionine, and no added choline (CDA-HFD) for 10 weeks combined with αPD-1 or ABT263 treatments as in Fig. 4e. Gating strategy was shown in the right panel. (Normal placebo: n = 6, Normal αPD-1: n = 6, Normal ABT263: n = 5, CDA-HFD placebo: n = 6, CDA-HFD αPD-1: n = 6, CDA-HFD ABT263: n = 6) b, The serum levels of AST, ALT, and LDH from the mice as in a. (Normal placebo: n = 6, Normal αPD-1: n = 6, Normal ABT263: n = 5, CDA-HFD placebo: n = 6, CDA-HFD αPD-1: n = 6, CDA-HFD ABT263: n = 6) c, The Sirius red staining of livers from the mice as in a. The representative images were shown in upper panels. The percentage of red area (collagen area) in each filed was quantified and described as the hepatic fibrogenesis. Scale bar: 100 μm (n = 6 for each group) d, Body weights and serum total cholesterol (T-CHO) from the mice as in a. (n = 6 for each group) Data are presented as means ± SEM of three or more independent experiments. Two-way ANOVA with Sidak’s test was performed. **P < 0.01, ****P < 0.0001. The precise p-values were described in Methods.


Extended Data Fig. 9 Treatments of αPD-1 and CSF1R inhibitor improve NASH pathologies.
a, Experimental schedule of the PLX3397 treatment on young (3-month-old, n = 5) and old (17.5-month-old, n = 5) wild type mice. The treatment of 40 mg/kgBW PLX3397 was administrated by oral-gavage twice per week in a total 3 weeks period. (All the male mice in each group were adapted in two independent cages.) b, The motor performance test of the indicated mice as in a. The staying time was recorded from starting rotation of rotarod model to the mouse falling on the switch. c, The grip strength test of mice as in a. d, The quantification of alveolar size of the indicated mice as in a. Representative images (H&E staining) were shown in the right panels. e, Experimental schedule of the αPD1 and PLX3397 treatment on wild type mice fed with normal diet or CDA-HFD. (n = 5 for each group) f, The serum levels of AST, ALT, and LDH from the mice as in e. g, Representative images (lower panels: H&E staining) and quantification of lipid drop area (upper panel) of livers from the indicated mice as in e. h, The Sirius red staining of livers from the mice as in e. The representative images were shown in lower panels. Scale bars, 100 μm. Data are presented as means ±SEM of independent experiments. Two-way ANOVA with Sidak’s test was performed. ****P < 0.0001. The precise p-values were described in Methods.
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