Supplementary Materials for 
A Single Cell Transcriptomic Atlas of CD8+ Cytokine-Induced Killer Cells from Metastatic Colorectal Cancer Patients
Cell-type annotation
[bookmark: OLE_LINK3]Approximately 6000-10,000 cells per patient was sequenced (QEH234, n= 9705, QEH235, n= 8696, QEH236, n= 6512, QEH238, n= 8599, QEH238, n= 10098) and then pooled together for analysis totalling 43,047 cells, with a median of 2,268 genes detected per cell (Supp. Fig. S2b). A low-quality cell subtype was identified by low total UMI and genes detected, as well as high ribosomal gene percentages, and was removed prior to downstream analysis, after which the dataset was reprocessed and reclustered. CIK cell subtypes were manually annotated by checking canonical marker genes and differentially expressed genes (DEGs). The subtypes (G0, G1, and G3) shared CD4 expression, while G5, G6, and G10 were distinguished by expression of CD8A, validating CD4+ and CD8+ lineages, respectively (Supp. Fig. S2c, Fig.1 c, d). The γ9δ2T cell clusters (G12 and G15) were distinguished from αβ T cells by TRDV2/TRGV9 expression Notably, G12 exhibited an effector-like proliferative state, with GNLY, NCAM1, KLRD1, KLRC1, NKG7, MKI67 and UBE2C among its top 100 DEGs, whereas G15 displayed an effector/ exhausted phenotype, with NKG7, GZMB, GNLY, NCAM1, NCR3, PRF1, IFNG, as well as TOX among 100 DEGs (Supp Table S1). A small population of NK cells was detected within CIK cell subtypes by the previously defined gene signature detailed below. This analysis also verified four subtypes (G2, G7, G13, and G14) as actively cycling across all CIK populations (Supp. Fig. S3a). 

Gene signatures used for functional module scoring
We used the AddModuleScore function in Seurat to determine the scores for functional modules. For each cell, the mean expression of the genes within each signature was assessed using log-normalized data, and this value was adjusted by subtracting the combined expression of randomly selected control gene sets. Gene lists for the functional modules used in this study are as follows. A previously defined human NK cells signature including IL18RAP, CD160, CD244, CHST12, CST7, GNLY, IL2RB, KLRC1, KLRC3, KLRD1, KLRF1, PRF1, and XCL2 (Supp. Fig. S3b) (1) was used to characterise NK cells. A gene signature comprising 24 proliferation-associated genes, including ZWINT, E2F1, FEN1, FOXM1, H2AFZ, HMGB, MCM2, MCM3, MCM4, MCM5, MCM6, MKI67, MYBL2, PCNA, PLK1, CCND1, AURKA, BUB1, TOP2A, TYMS, DEK, CCNB1, CCNE1, (Supp. Fig. S3a) (2) was used to discriminate a proliferating subtype from whole CIK populations. The NK-like T cell signature (NCR1, KLRF1, CCL3, KLRB1, CX3CR1, FCGR3A, SPON2, S1PR5, FGFBP2, MYBL1, TBX21, PLAC8, PLEK, GNLY, PRF1, GZMB) was derived from the NK-like T CD8+ cluster identified in non-small cell lung cancer (Supp. Fig. S9c) (3).The gene signature (HAVCR2, CXCL13, PDCD1, LAYN, TOX, LAG3) was used to characterise Tex (Supp. Fig. S9a) (Supp. Fig. S9b)(4) and ( KLRG1, CX3CR1, FCGR3A, PRF1, GZMH, TBX21, EOMES, S1PR1, S1PR5) for Temra phenotype(5). Violin plots were generated using VlnPlot categorised by cell subtype annotation.

Gene set enrichment analysis 
Gene set enrichment analysis (GSEA) was performed on genes ranked by log2 fold-change (C1 vs. C0, Seurat Wilcoxon test) using fgsea against Hallmark gene sets (MSigDB, category H), restricted to curated immune and metabolic pathways. Pathways with adjusted p < 0.05 were considered significant. Top enriched pathways per subtype are shown as dot plots (color = NES, size = −log10 adjusted p).

Pseudobulk GSVA signature scoring of expanded clones
For each patient, the ten most expanded TCR clonotypes were identified, and cells belonging to each clone were aggregated into a single pseudobulk sample per clone (AggregateExpression), yielding one pseudobulk profile per patient–clone combination. Pseudobulk counts were normalized prior to signature scoring. Four predefined gene signatures were used: Cytotoxicity (GZMA, GZMB, GZMK, NKG7, GNLY, PRF1, IFNG, CST7), Exhaustion (HAVCR2, CXCL13, PDCD1, LAYN, TOX, LAG3, TNFRSF9, TIGIT, CTLA4) (4), and Memory (TCF7, IL7R, CCR7, LTB, LEF1, KLF2)(6). Given that no consensus CD8+ Tc2 signature was available, we derived a Tc2-like composite gene set using canonical markers identified in the dot plot (Supplementary Fig.S4) together with additional differentially expressed genes from Tc2-like CD8+ subtypes (PTGDR2, TIGIT, GATA3, IL4, IL13, RUNX2, TNFRSF18, TNFRSF4, GZMB) (Supp. Table S2). Gene Set Variation Analysis (GSVA) (v. 2.4.9) was performed on the normalized pseudobulk expression matrix to derive a per-signature enrichment score for each patient–clone pseudobulk sample. Each clone was additionally annotated with its dominant single-cell transcriptional state (NK-like: C3/C5/C7/C9; Proliferating: C4/C6/C8; Other: C0/C1/C2), defined as the state comprising the largest fraction of that clone's cells.

Pseudotime-associated regulon activity analysis. 
Regulon activity scores generated using pySCENIC were integrated with the Monocle3 trajectory by matching cells between the regulon activity matrix and the trajectory object. Cells with valid pseudotime values were ordered according to inferred pseudotime, with C4 and C6 excluded from the trajectory-focused analysis. For each subtype, regulons were ranked according to the difference between their mean activity within the subtypes and their mean activity across all other cells. The top five subtype-specific regulons were selected for visualisation in a heatmap across pseudotime-ordered cells. Regulon activity scores were row-scaled to z-scores for visualisation

Supplementary Figures
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Supplementary Fig. S1. Immunophenotypic characterisation of CIK cells during ex vivo expansion. (a) Representative flow cytometric gating strategy for identification of NK-like (CD3+CD56+) CIK cells derived from peripheral blood mononuclear cells (PBMCs) at baseline (day 0) and day 14 of CIK cell culture. Day 0 vs Day 14 plots show enrichment of the NK-like CIK cell population. (b) Flow cytometric quantification of CD4+ and CD8+ T-cell subsets within the NK-like CIK and CD3+CD56- compartments across the indicated time points. (c) Dynamics of NK-like CIK frequency during culture across all five samples (QEH234–238) (d) Frequency of CD8+ T cells within total CD3+CD56− populations. (e) Frequency of CD8+ cells within the NK-like CIK subset. Data are pooled from n = 5 mCRC donors. *p < 0.05 (paired t-test).
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Supplementary Fig. S2. Optimal clustering and functional annotation of CIK cells by scRNA-seq. (a) Clustree plot showing sc3 stability across clustering resolutions (k=0.1–1.4), with mean sc3 stability as a function of granularity. (b) Violin plot shows distribution of genes detected (nFeature_RNA) across samples. (c) UMAP visualization of CIK cells, with subtypes identified by unsupervised hierarchical clustering at optimal resolution 0.8. (d) UMAP visualization of samples (QEH234-238) after Harmony integration, showing batch-corrected embedding. (e) UMAP embedding of Harmony-integrated data, split by patient sample.
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[bookmark: OLE_LINK1]Supplementary Fig. S3. Proliferation and NK-cell signature scores across CIK cell subtypes. Violin plots showing (a) proliferation-associated gene signature scores and (b) human NK-cell signature scores across CIK cell subtypes. Violin plots show single-cell distributions, with boxplots indicating the median and dots representing sample-level mean values (n = 5). Statistical significance was assessed at the sample level using one-way ANOVA followed by Tukey’s multiple comparisons test; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Supplementary Fig. S4. UMAP feature plots of key CD8+ T cell marker genes on CD8+ CIK cells. (a) Proportional changes of CD8+ CIK cell subtypes across patients (b) UMAP feature plots showing the expression of selected CD8+ T cell canonical genes. Genes were grouped to represent major functional programs, including memory-associated markers (IL7R, CCR7, AQP3, CD27, TCF7), Tc1-associated markers (IFNG, TNF, TBX21), Tc2-associated markers (IL4, IL5, IL13, GATA3), cell-cycle/proliferation markers (MKI67, TYMS, TOP2A, ASPM), and cytotoxicity markers (GZMA, GZMB, PRF1). Each panel shows normalized expression projected onto the UMAP embedding, with higher expression indicated by red and lower expression by dark blue.
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Supplementary Fig. S5. Dot plot of marker gene programs across conventional CD8+ CIK cell clusters (C0–C2). Dot size represents the percentage of cells expressing each indicated gene, colour represents scaled average expression relative to the full CD8+CIK dataset (C0–C10). Scaling was performed prior to subsetting to C0–C2, allowing direct, quantitatively comparable expression values across clusters.


[image: ]

Supplementary Fig. S6. Pathway enrichment analysis distinguishing C0 and C1.Hallmark gene set enrichment analysis (GSEA) showing pathways significantly enriched in C1 (left) and C0 (right), ranked by normalized enrichment score (NES). Dot size reflects −log10 (FDR); colour reflects NES.
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Supplementary Fig. S7.  Cell-cycle distribution and marker expression in cycling CD8+ CIK cell clusters. (a) Bar graph showing proportion of cells assigned to G1, S, and G2/M phases across cytotoxic clusters based on Seurat cell-cycle scoring using the updated 2019 reference gene sets. (b) Dot plot showing the expression of selected identity and functional marker genes in cycling-enriched clusters C4, C6, and C8. Dot size indicates the percentage of cells expressing each gene, and dot colour reflects scaled average expression within each cluster.
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Supplementary Fig. S8. Dot plot of marker gene programs across NK-like CD8+ CIK cell clusters (C3, C5, C7, C9). Dot size represents the percentage of cells expressing each indicated gene, colour represents scaled average expression relative to the full CD8+ CIK dataset (C0–C9). Scaling was performed prior to subsetting to C3, C5, C7, and C9, allowing direct, quantitatively comparable expression values across clusters.
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Supplementary Fig. S9. Validation of CD8+ CIK-cell subtype identity using externally derived gene signatures. (a) Temra (terminally differentiated effector-memory) signature score across CD8+ CIK-cell clusters, calculated using the gene set derived from Zhang et al.’s clonally resolved CD8⁺ T-cell states in colorectal cancer (5). (b) Exhaustion signature score calculated using the gene set derived from Rigopoulos et al. (4). (c) NK-like signature score across CD8+ CIK-cell subtypes, calculated using the gene set derived from the TNK-like CD8+ subtype identified by Leader et al. in non-small cell lung cancer (3). Violin plots show single-cell distributions, with boxplots indicating the median and white points representing donor-level mean values (n = 5). Statistical significance was assessed at the donor level using a linear mixed-effects model with cluster as a fixed effect and donor as a random effect, followed by Tukey-adjusted pairwise comparisons. * P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
[image: ]Supplementary Fig. S10. Transcriptional signature of expanded CD8+CIK subtype clones across patients.(a) State composition of the top 10 expanded clonotypes in each patient, showing the fraction of cells within each clone classified as NK-like (blue; C3, C5, C7, C9), Proliferating (red; C4, C6, C8), or Others (grey; C0, C1, C2) (Cl:clone). (b) Pseudobulk GSVA signature scores (Cytotoxicity, Exhaustion, Memory, Proliferation, TC2) calculated across all top 10 expanded clonotypes per patient. Point size represents clone size (number of cells); point shape indicates the dominant transcriptional state of each clone. Colours indicate patient sample, consistent with panel legend. 
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Supplementary Fig. S11. Individual gene expression dynamics along pseudotime in CD8+ CIK subtypes. Normalized expression of selected (a) cytotoxicity-associated genes (GNLY, PRF1, GZMB, GZMH, GZMK, IFNG, NKG7) and (b) exhaustion-associated genes (CTLA4, TOX, HAVCR2, TIGIT, LAG3, LAYN) plotted individually across pseudotime. Each dot represents a single cell, coloured by Seurat subtype identity, and the black line shows the smoothed expression trend across pseudotime.
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