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            Abstract
The ability to slow or reverse biological ageing would have major implications for mitigating disease risk and maintaining vitality1. Although an increasing number of interventions show promise for rejuvenation2, their effectiveness on disparate cell types across the body and the molecular pathways susceptible to rejuvenation remain largely unexplored. Here we performed single-cell RNA sequencing on 20 organs to reveal cell-type-specific responses to young and aged blood in heterochronic parabiosis. Adipose mesenchymal stromal cells, haematopoietic stem cells and hepatocytes are among those cell types that are especially responsive. On the pathway level, young blood invokes new gene sets in addition to reversing established ageing patterns, with the global rescue of genes encoding electron transport chain subunits pinpointing a prominent role of mitochondrial function in parabiosis-mediated rejuvenation. We observed an almost universal loss of gene expression with age that is largely mimicked by parabiosis: aged blood reduces global gene expression, and young blood restores it in select cell types. Together, these data lay the groundwork for a systemic understanding of the interplay between blood-borne factors and cellular integrity.
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                    Fig. 1: Cell-type-specific DGE.[image: ]


Fig. 2: Young blood reverses mitochondrial and global gene expression loss.[image: ]


Fig. 3: Structured responses to parabiosis.[image: ]


Fig. 4: Coordinated, organism-wide cellular responses to ageing and parabiosis.[image: ]
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                Code availability

              
              Code used for downstream analyses of the raw count matrices is available at GitHub:https://github.com/rpalovics/parabiosis/releases/tag/0.1.0 (https://doi.org/10.5281/zenodo.5762659).

            

Data availability

              
              The dataset can be explored interactively at https://ccb-web.cs.uni-saarland.de/parabiosis/. Gene counts and metadata are available on Figshare: https://figshare.com/projects/Molecular_hallmarks_of_heterochronic_parabiosis_at_single_cell_resolution/127628. Raw sequencing data are available in the Gene Expression Omnibus under accession code GSE132042 and via the following public AWS S3 bucket: https://registry.opendata.aws/tabula-muris-senis/. The versions of the noted databases used are available at the following URLs: STRING database, https://version-11-0.string-db.org/; MitoCarta 3.0, https://www.broadinstitute.org/files/shared/metabolism/mitocarta/mouse.mitocarta3.0.html; GENCODE vM19, https://www.gencodegenes.org/mouse/release_M19.html.
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Extended data figures and tables

Extended Data Fig. 1 Outline of data analyses and tissue specific data overview.
a, Outline of computational analyses. Single-cell count data are processed per tissue, see Methods ‘Quality control’-’Cell type annotation’. Differential gene expression is then conducted per cell type and comparison (AGE, ACC, REJ) within each tissue, see Methods ‘Differential gene expression’. All of the next panels present data after quality control. b, Number of cells per tissue and replicate. Replicates are colored by their condition. c, Number of replicates per tissue. Replicates are colored by their condition. d, Total number of cells per tissue. e, Fraction of cells within each condition per tissue. f-i, For each experimental condition within each tissue: total read counts (f), the percent of reads mapped to ribosomal genes (g), mitochondrial genes (h), and ERCC spike-ins (i) plotted against the mean number of genes expressed. j, Average LISI scores of mouse replicates calculated over the batch corrected tissue specific UMAP embeddings plotted against the mean LISI scores of tissue specific UMAP embeddings calculated from neighborhood graphs without batch correction. k, Mean entropy batch mixing of mouse replicates calculated over the tissue specific batch-corrected neighborhood graph plotted against the mean entropy batch mixing calculated from neighborhood graphs without batch correction. l, Result of saturation analyses shown per condition (Y, A, IY, HY, IA, HA). Downsampling was carried out per condition within each tissue separately. Results indicate the number of detected genes as the function of the downsampled total counts.


Extended Data Fig. 2 Cell type specific data overview.
All panels present data after quality control. a, Number of cells per cell type and replicate. Replicates are colored by their condition. b, Number of replicates per cell type. Replicates are colored by their condition. c, Total number of cells per cell type. d, Fraction of cells within each condition per cell type. e-h, For each experimental condition within each cell type, total read counts (e), the percent of reads mapped to ribosomal genes (f), mitochondrial genes (g), and ERCC spike-ins (h) plotted against the mean number of genes expressed.


Extended Data Fig. 3 Validation of differential gene expression analysis.
a, Number of DEGs plotted against the total number of cells within the control and treatment groups. Each dot represents a DGE comparison of a cell type. b-d, Cumulative distributions of the calculated effect size (b), -log10(adj. p-value) (c) and log2 fold change values (d). Distributions are shown separately for ACC, REJ and AGE DGE. Vertical lines indicate the cutoffs applied throughout the study. e, Summary of ACC DGE results. Each cell type that has at least 50 cells in IY and HY is studied in the context of ACC and hence shown. From top to bottom: control and treatment sample sizes indicated separately for AGE and ACC, the number of genes differentially expressed in AGE and ACC, overlaps between AGE and ACC. Overlaps are normalized by the number of DEGs in the union of ACC and AGE DEGs. f, Summary of REJ DGE results. Each cell type that has at least 50 cells in IA and HA is studied in the context of REJ and hence shown. From top to bottom: control and treatment sample sizes indicated separately for AGE and REJ, the number of genes differentially expressed in AGE and REJ, overlaps between AGE and REJ. Overlaps are normalized by the number of DEGs in the union of REJ and AGE DEGs. g, Percent of DEGs that change in the same direction with AGE and ACC are plotted against the total number of DEGs within AGE and ACC for each comparison. Percentages are based on the union of DEGs as defined in (e) h, Percent of DEGs that change in the opposite direction with AGE and REJ are plotted against the total number of DEGs within AGE and REJ for each comparison. Percentages are based on the union of DEGs as defined in (f). i, Fraction of DEGs changing in the same direction with AGE and ACC plotted against the fraction of DEGs changing in the opposite direction with AGE and ACC. Each dot represents a cell type of the study. Colored area indicates where more DEGs change in the same direction than in the opposite direction. j, Fraction of DEGs changing in the same direction with AGE and REJ plotted against the fraction of DEGs changing in the opposite direction with AGE and REJ. Each dot represents a cell type of the study. Colored area indicates where more DEGs change in the opposite direction than in the same direction.


Extended Data Fig. 4 Validation of differential gene expression analysis.
a, Violin plots showing the number of differentially expressed genes as the function of the number of replicates per comparison. The number of replicates are defined as the minimum number of replicates within the control and treatment groups. Results are shown separately for TMS (left) and parabiosis (right). b, Comparison of differential gene expression results with and without subsampling in case of each cell type specific comparison. Spearman correlation values indicate (dis)similarities between: p-values derived from the original and subsampled data (left), effect sizes calculated from the original and subsampled data (middle), and effect sizes calculated on the original data and p-values derived from the subsampled datasets. c, Number of DEGs identified at different p-value and effect size cutoffs per comparison in AGE (left), ACC (middle), and REJ (right).


Extended Data Fig. 5 Differential gene expression results.
a, Top list of the 50 most frequent DEGs identified for ACC and REJ. Results are shown separately for up and downregulation. Columns with darker bars indicate top lists where only changes consistent with AGE are shown. These include genes changing in the same direction with ACC and AGE, as well as genes changing in the opposite direction with REJ and AGE. b, DGE results for marrow HSCs for ACC (left) and for REJ (right). from top to bottom: volcano plots (top) show top DEGs. Comparisons of log2-fold changes (middle) show changes with parabiosis on the x-axis and with normal ageing on the y-axis. DEGs with adj. p-value < 0.05, eff. size > 0.6 are shown. Areas where ACC and AGE change in the same direction as well as where REJ and AGE change in the opposite direction are highlighted. Top pathways (GO Biological Process) with highest ‘Combined scores’ defined as in Enrichr50 are shown at the bottom. c, Most enriched pathways (GO Biological Process) among the 100 most frequent DEGs shared across multiple cell types. Results shown for ACC and ACC-AGE same direction (top), and REJ and REJ-AGE opposite direction (bottom). Combined scores are defined as in Enrichr50. d, Gene expression violin plots for liver hepatocytes, GAT MSCs and marrow HSCs of select genes encoding proteins of the electron transport chain. Significance values show the adj. p-values of the Wilcoxon–Mann–Whitney test (two-sided) based differential gene expression, see Methods: ‘Differential gene expression’.


Extended Data Fig. 6 Analyses of genes associated with the 5 OXPHOS complexes.
a, Log2-fold changes with AGE, ACC and REJ of genes associated with the 5 OXPHOS complexes. Changes with adj. p-val.<0.05 and eff. size>0.6 are shown. Each column corresponds to one complex and the three separate colors distinguish between AGE, ACC and REJ. b, Spearman correlation of gene expression values with age in case of genes associated with the 5 OXPHOS complexes in the Tabula Muris Senis bulk dataset. Data has been analyzed as in2. Correlation values with adj. p-value < 0.05 are shown. c, Log2-fold changes with ACC and REJ of genes associated with the 5 OXPHOS complexes in the bulk parabiosis dataset.


Extended Data Fig. 7 Analysis of transcriptional noise.
a–c, Mean number of genes expressed within each cell type, x and y axes indicate Y and A (a), IY and HY (b) and IA and HA (c), each dot represents a cell type. d–f, Cell-cell variability within each cell type in Y and A (d), IY and HY (e) and IA and HA (f), each dot represents a cell type. g–i, Overdispersion within each cell type in Y and A (g), IY and HY (h) and IA and HA (i), each dot represents a cell type.


Extended Data Fig. 8 Pathway analysis.
a, Top 10 most differently affected pathways over all ACC tissues and cell types (top, largest difference at the top) and top 10 most differently affected pathways over all AGE (bottom, largest difference at the bottom) tissues and cell types. b, Same as for a, comparing REJ and AGE pathways. c, Heatmap showing the top 30 most strongly affected pathways in AGE, ACC and REJ in hematopoietic stem cells (HSCs) of the marrow. Pathways related to mitochondria are highlighted in green on the left. Each entry of the heatmap shows the significance level and the number of genes associated with the pathway. d, Same as for c, showing the top 30 most strongly affected pathways for beta cells of the pancreas.


Extended Data Fig. 9 Ageing and rejuvenation similarity analysis.
a–c, AGE (a), ACC (b), and REJ (c) DGE based cosine similarity matrices of the cell types studied, see Methods section ‘Ageing and rejuvenation similarity analysis’. All matrices are clustered with complete link hierarchical clustering. d, Force-directed network visualization of the STRING links between DEGs common to MSCs from GAT, MAT, SCAT, bladder, limb muscle, and diaphragm. e, Force-directed network visualization of the STRING links between DEGs common to MSCs (GAT and MAT), hepatocytes, basal and epidermal cells (skin), and HSCs and macrophages (marrow). All links with >0.9 STRING confidence score (scale from 0-1) are queried and shown. f, g Most enriched pathways (GO Biological Process) among the nodes of the networks shown in (d, e), combined scores are defined as in Enrichr50.





Supplementary information
Supplementary Fig. 1
Statistics related to quality control, batch correction and cell type annotation for the data used after quality control throughout the study. Results shown separately, for each tissue analysed.


Supplementary Fig. 2
AGE, ACC and REJ DGE results shown for each cell type separately. Blank plots indicate insufficient data (that is, fewer than 50 cells per control or treatment group of the specific comparison).


Supplementary Fig. 3
Heatmaps showing the top 30 most strongly affected pathways in AGE, ACC and REJ for each tissue and cell type. Pathways related to mitochondria are highlighted in green. Heatmaps show the significance level and the number of genes associated with the corresponding pathway.
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