Supplementary Figures
[bookmark: _Hlk183113408]Supplementary Figure 1. Quality Control and Dimensionality Reduction of Single-Cell RNA Sequencing Data (A) Violin plots display the distribution of nFeature_RNA, nCount_RNA, and percent.mt across different samples, reflecting the gene expression characteristics of each cell and the percentage of mitochondrial genes. (B) Scatter plots illustrate the correlation between percent.mt and nCount_RNA (left panel shows negative correlation, right panel shows positive correlation), with different samples marked in distinct colors. (C) Scatter plots depict the distribution of highly variable genes (in red) versus non-highly variable genes (in black), based on their relationship between mean expression and standard deviation. (D) A scatter plot based on Harmony dimensionality reduction shows the contribution of different genes, with the plot displaying the first few principal Harmony components. (E) A scatter plot from PCA analysis, showing the projection of gene expression from different samples onto the two principal components (PC1 and PC2). (F) A scatter plot from Harmony integration analysis, displaying the distribution of different samples across two Harmony components (Harmony_1 and Harmony_2), revealing differences between samples. (G) An Elbow plot for selecting the optimal number of Harmony components, showing the trend of explained variance changes with different numbers of components to help determine a reasonable dimensionality reduction quantity. 
Supplementary Figure 2. Comprehensive Analysis of Gene Pathway and Protein-Protein Interactions in the Study Model (A) Gene pathway analysis was conducted using the Metascape database. (B) Protein interaction network analysis was performed on genes in the gene set using Cytoscape software.
Supplementary Figure 3. GO Analysis and PPI Network of 380 Genes (A) The upper bar chart displays the results of the significantly enriched GO biological processes, with the x-axis representing -log10(p-values) and the y-axis listing the enriched GO terms. The lower network graph illustrates the interrelationships among these GO terms, with colors distinguishing different functional categories. (B) The gene-gene interaction network graph depicts the genes that are significantly associated with each other in the analysis and their interactions within the functional network.
Supplementary Figure 4. Analysis of factor levels between high and low-risk groups (A) Expression levels of different chemokine genes in HRisk and LRisk groups. The y-axis represents expression levels, and the x-axis lists chemokine genes, with significant differences between HRisk and LRisk groups indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) Expression levels of immunosuppressive factors in HRisk and LRisk groups. Results of significance testing are similarly marked with asterisks, with the y-axis representing gene expression levels and the x-axis listing immunosuppressive factor gene names. (C) Gene expression of immunostimulatory factors in the two groups, comparing differences between HRisk and LRisk groups. Significant differences are again indicated by asterisks, with the y-axis representing expression levels and the x-axis listing immunostimulatory factor gene names. (D) Violin plot of MHC (Major Histocompatibility Complex) gene expression levels in HRisk and LRisk groups. The y-axis indicates gene expression levels, and the x-axis lists MHC genes, with significance testing results similarly marked with asterisks. (E) Violin plot of different receptor gene expression levels in HRisk and LRisk groups, with the y-axis representing gene expression levels and the x-axis listing receptor gene names, and group differences in significance indicated by asterisks.
Supplementary Figure 5. Tumor immune dysfunction and exclusion analysis (A) Bar chart showing the distribution of Dysfunction status in HRisk and LRisk groups. LsCore is 61% in the HRisk group and 40% in the LRisk group. The difference between groups is significant (p < 0.001). (B) Bar chart displaying the distribution of Responder status in HRisk and LRisk groups. True status is 49% in the HRisk group and 38% in the LRisk group. The difference is significant (p < 0.001).
Supplementary Figure 6. Association of risk scores with various clinical characteristics and their prognostic predictive value analysis (A) and (B) Forest plots showing the hazard ratios (HR) for the impact of age, T, N, and risk score on prognosis in univariate and multivariate Cox regression analyses. The risk score shows significant predictive efficacy in both analyses (p < 0.001). (C) and (D) Violin plots showing differences in risk scores between N (lymph node status) and survival status (Alive and Dead). N status and survival status are significantly associated with risk scores. (E) The violin plot (F) illustrates the relationship between age (≤ 60 years and>60 years), T stage (tumor size grading), and risk score. Age and T-stage did not show a significant correlation with risk score.

