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            Abstract
Frailty is an intermediate status of the human aging process, associated with decompensated homeostasis and death. The immune phenotype of frailty and its underlying cellular and molecular processes remain poorly understood. We profiled 114,467 immune cells from cord blood, young adults and healthy and frail old adults using single-cell RNA and TCR sequencing. Here we show an age-dependent accumulation of transcriptome heterogeneity and variability in immune cells. Characteristic transcription factors were identified in given cell types of specific age groups. Trajectory analysis revealed cells from non-frail and frail old adults often fall into distinct paths. Numerous TCR clonotypes were shared among T-cell subtypes in old adults, indicating differential pluripotency and resilience capabilities of aged T cells. A frailty-specific monocyte subset was identified with exclusively high expression of long noncoding RNAs NEAT1 and MALAT1. Our study discovers human frailty-specific immune cell characteristics based on the comprehensive dimensions in the immune landscape of aging and frailty.
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                    Fig. 1: Delineation of major mononuclear cell types and T-cell subtypes in cord blood and peripheral blood from young, old and frail donors.[image: ]


Fig. 2: Characterization of TCR landscape and dynamics of T-cell subtypes and age groups.[image: ]


Fig. 3: Transcriptomic characterization of the defined cell types across age groups.[image: ]


Fig. 4: Age-group/cell-type-specific expression regulatory programs.[image: ]


Fig. 5: Trajectories of immune aging of naÃ¯ve T, CD4+ TCM and B cells.[image: ]


Fig. 6: Characterization of NK cells in cord blood and PBMCs from young, old and frail individuals.[image: ]


Fig. 7: Identification of frailty-specific monocytes.[image: ]
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Extended data

Extended Data Fig. 1 Summary of samples, scRNA-Seq data quality assessment, selected marker gene expression, cell surface protein expression, productive TCR detection projected on single cells, Cord blood-specific gene expression and cell type composition by individual sample.
(A) Schematic of single-cell transcriptome, TCR and cell surface protein profiling of mononuclear cells (MCs) from cord blood and peripheral blood of Young, Old and Frail donors. (B) Summary of chronological age and grouping of samples. (C) Violin plots and boxplots of number of unique genes (left) and percentage of mitochondria genes (right) detected by scRNA-Seq data in each sample. The horizontal dashed lines in the left panel mark 200 and 3,000, respectively. The horizontal dashed line in the right panel marks 10%. Mt: mitochondria. The number of retained cells per sample is shown in Fig. 1a. (D) PCA visualization of scRNA-Seq data split by age groups. The PCA plots showed no obvious age group bias nor batch effect in scRNA-Seq data. (E) Projection of expression levels of selected marker genes on UMAP visualization. (F) Expression levels of cell surface proteins projected onto the same UMAP visualization as Fig. 1b. (G) Productive TCR detection projected onto UMAP. (H) Violin plots of IFIT2, IFIT3, PRDX2 and SOX4 expression in cord blood samples across all cell types (x-axis). Refer to Fig. 1b for cell type numbering. IFIT2 and IFIT3 are adult-specific genes, and PRDX2 and SOX4 are fetus-specific genes. (I) Scatter plots of T cell, B cell, NK cell and monocyte proportion in each donor. The blue lines were fitted by linear model excluding the Cord blood samples. Shaded areas around the fitted lines indicate the confidence intervals. Pearsonâ€™s correlations for the fitted samples are shown. Stack plot of proportion of cell types across each donor. From left to right, the order of the donors is the same as c. Refer to Fig. 1b for cell type numbering.


Extended Data Fig. 2 Cell surface protein expression and TCR detection of T cells.
(A) Expression levels of selected marker genes projected onto the same UMAP visualization as Fig. 1f. (B) Detection levels of cell surface proteins projected onto the same UMAP visualization as Fig. 1f. (C) Boxplots of cell surface protein CCR7 and CD45RA (left), and CD4 and CD8 (right) expression in distinct T cell subtypes. *: Pâ€‰<â€‰0.05 (Wilcoxon Rank Sum test, two-sided). The exact cell number per cell type is summarized in Supplementary Table 4. (D) Detection of productive TCR sequences by age groups projected onto UMAP visualization. Cluster 1-6 refers to NaÃ¯ve T, CD4 Tcm, CD8 Tcm, CD8+ Tem, Treg and Exhausted T cells, respectively. (E) T cell subtype-shared TCR clonotypes projected onto UMAP visualization and split by individual sample. Only shared clonotypes with >100 copies are shown.


Extended Data Fig. 3 Gene expression variance comparison across age groups and additional examples of age group specific genes visualized as violin plots.
(A) Summary of average gene expression overdispersion by cell type and age group. Higher value indicates genes in the corresponding cell type of an age group were expressed with a wider spectrum, and vice versa. Data are presented as meanÂ±SEM. *: Pâ€‰<â€‰0.05; **: Pâ€‰<â€‰0.01; ***: Pâ€‰<â€‰0.001 (One-way ordinary ANOVA). The exact cell number per cell type is summarized in Supplementary Table 4. (B) Violin plots of expression levels of additional age group specific genes in all cell types. From left to right, the order of cell types is the same as a. * denotes the expression of the appointed group is significantly (FDRâ€‰<â€‰0.05; Wilcoxon Rank Sum test, two-sided with Benjamini-Hochberg adjustment) different from the other three groups combined.


Extended Data Fig. 4 Age-group/cell-type specific expression regulatory programs in Cord blood and Young, and supportive data for Fig. 4.
a. Heatmap visualization of average AUC scores (regulon activities) for cells that are of specific regulon activity in at least one age-group/cell-type combination. The corresponding TFs for the regulons are shown on the right. â€˜extendedâ€™ indicates the motifs of the TFs are enriched in the Â±10â€‰kb regions around the TSSs of the corresponding target genes. b. UMAP visualization of expression levels and AUC scores of RELB in B cells and monocytes across the age groups. c. Density plot of the number of target genes in regulons. The vertical line marks 100 genes. Regulons with â‰¤100 genes are considered as non-ubiquitous targeting regulons by the corresponding TF, otherwise ubiquitous. d-e. Cord blood (d) and Young (e) group-specific regulons visualized as networks. Color and shape coding are the same as Fig. 4b, c. f-g. Boxplots of mean expression levels of target genes in Cord blood (f) and Young (g) group-specific regulons. Corresponding TFs are shown underneath each boxplot. # indicates the binding motifs of the TF are enriched in the Â±10â€‰kb regions around the TSSs of target genes, otherwise Â±500â€‰bp. * indicates the mean expression values in the appointed group is significantly different (FDRâ€‰<â€‰0.05; Wilcoxon Rank Sum test, two-sided with Benjamini-Hochberg adjustment) from the other three groups combined. h. Boxplots of MAFB and selected MAFB target genes expression in monocytes across the age groups. *: FDRâ€‰<â€‰0.05 (Wilcoxon Rank Sum test, two-sided with Benjamini-Hochberg adjustment). In f, g and h, the exact cell number per cell type is summarized in Supplementary Table 4.


Extended Data Fig. 5 Immune-ageing trajectory of CD8 Tem cells.
a-b. DDR (discriminative dimensionality reduction) tree visualization of CD8 Tem cell trajectory with pseudotime (a) and age group (b) information mapped on. c. Top: Heatmap visualization of expression levels of genes with correlated and anti-correlated expression profile to CD8 Tem cell immune-ageing pseudotime. Top: The x axis represents pseudotime ordering. Gene expression levels across the pseudotime are z-score transformed and smoothed. Bottom: Age group annotation of cells aligned along the pseudotime axis. The number of cells from each age group is labelled on the right.


Extended Data Fig. 6 Expression of selected NK cell specific genes projected onto UMAP visualization.
a. Expression levels of selected NK cell specific genes projected onto the same UMAP as Fig. 1b. NK 1 and 2 (cluster 5 and 8 in Fig. 1b) both exhibited high expression in NKG7, GNLY and GZMB. HLA-DRB1, HLA-DPA1 and HLA-DPB1 had higher expression towards the NK 1 side (cluster 5); CD69, NFKBIZ and FOS had higher expression on the NK 2 side (cluster 8).


Extended Data Fig. 7 Monocyte subtype characterization and gender-specific gene expression for Old and Frail age group across all cell types.
a. UMAP visualization of subtypes of monocytes by single-cell transcriptome profiles. The cells reanalyzed and shown here consists of the cells in cluster 4, 10 and 12 of the original clustering results (Fig. 1b). b. Expression levels of genes specific to different types of monocytes projected onto the same UMAP visualization as a. c. Variation of proportion of each identified monocyte subtype across age groups. See also Supplementary Table 4. d. Heatmap visualization of gender-specific gene expression for Old and Frail age group. Gender-specific genes were identified by comparing the whole-transcriptome profiles between matching number of female and male donors with similar frail index for each cell type. Only genes significantly differentially expressed (FDRâ€‰<â€‰0.05; Wilcoxon Rank Sum test with Benjamini-Hochberg adjustment) in at least 5 cell types are shown. Genes from chrX and chrY are highlighted with red and blue dots, respectively. The order of each cell type (column) is the same as Supplementary Fig. 3a.
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