Supplementary Figure 1. Single-cell sequencing analysis revealed the global regulatory effects of histidine metabolism on the tumor immune microenvironment.
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(A) Bubble plot showing marker gene expression across 41 cell clusters. (B) Bubble plot displaying expression of histidine metabolism-related genes in various cell types. (C) t-SNE plots of marker genes and their expression in high vs. low histidine metabolism groups for various cell types: hepatocytes (ALB, HNF4A), macrophages (CD68, LYZ), T cells (CD3E, NKG7), B cells (CD79A), endothelial cells (Pecam1), and fibroblasts (ACTA2). (D) Network diagram and corresponding heatmap of cell–cell communication in the high histidine metabolism group, including key pathways and signaling intensities. (E) Network diagram and heatmap for the low histidine metabolism group. 

Supplementary Figure 2. High histidine metabolism promotes metabolic reprogramming in hepatocellular carcinoma cells.
[image: ]
(A) t-SNE plot showing 18 cell clusters obtained through dimensionality reduction of hepatocytes. (B) Quantitative analysis of OCR using Seahorse Analytics to assess the impact of histidine on mitochondrial respiration. (C) Measurement of extracellular acidification rate (ECAR). (D) t-SNE and violin plots showing downregulated metabolic pathways in hepatocytes within the high histidine metabolism group. (E) Heatmap (XCELL) from TCGA analysis of histidine metabolism’s effect on immune cell infiltration in HCC. Error bars represent the SD from five or three independent experiments; **P < 0.01, ***P < 0.001.

Supplementary Figure 3. High histidine metabolism promotes metabolic reprogramming in fibroblasts.
[image: ]
(A) UMAP plot showing the dimensionality reduction clustering of fibroblasts into 8 cell clusters. (B)Bubble plot displaying the expression of marker genes across the 8 fibroblast clusters. (C) Annotation based on marker genes classifying fibroblasts into 3 subgroups: my-ACTA2+CAFs (myofibroblast-like CAFs), mat-POSTN+CAFs (matrix-producing CAFs), and pro-C7+CAFs (pro-inflammatory CAFs). (D) Classification of fibroblasts into two groups based on histidine metabolism levels: high histidine metabolism group (left) and low histidine metabolism group (right). (E) UMAP plot of marker genes and their expression within histidine metabolism level-based groups. (F-H) GSVA analysis of the enrichment of immune response pathways in high and low histidine metabolism groups. (I, J) GSEA analysis of the correlation between histidine metabolism and KEGG, GO metabolic pathways.

Supplementary Figure 4. High histidine metabolism suppresses the antitumor function of macrophages.
[image: ]
(A) Bubble plot displaying the expression of marker genes across 16 macrophage clusters. (B) Bubble plot showing the expression of histidine metabolism-related genes in the different subgroups of macrophages. (C) t-SNE plots of macrophage subpopulation marker genes and their expression in high vs. low histidine metabolism groups. Includes IFN-ISG15⁺ (ISG15), HSP-HSP⁺ (HSPA1A, HSPE1), LA-APO⁺ (APOA2, APOC), Angio-VCAN⁺ (VCAN), RTM-MARCO⁺ (MARCO), and Inflam-AREG⁺ (MMP12) macrophages.

Supplementary Figure 5. high histidine metabolism suppresses the antitumor function of T cells.
[image: ]
(A) UMAP plot showing the clustering of NK_T cell population into NK cell and T cell groups through dimensionality reduction. (B) Bubble plot displaying the expression of marker genes across 12 T cell clusters. (C) Bubble plot showing the expression of histidine metabolism-related genes in different T cell subgroups. (D) t-SNE plots of T-cell subpopulation marker genes and their expression in high vs. low histidine metabolism groups: Tem-GZMA⁺ (GZMA, GZMK), Tn-CCR7⁺ (CCR7), HSP-T-HSP⁺ (FGFBP2), Treg-Ctla4⁺ (CTLA4, FOXP3), Trm-CD69⁺ (CD69, KLRD1). (E) Network diagram of T-cell subpopulations. (F) Representative flow cytometry pseudocolor plots of lymphocyte differentiation under different histidine concentrations.
(G, H) Histograms showing functional changes in lymphocytes under varying histidine concentrations.


Supplementary Figure 6. high histidine metabolism suppresses the antitumor function of NK cells.
[image: ]
(A) UMAP plot showing the clustering of NK cells into 12 cell clusters through dimensionality reduction. (B) UMAP plot dividing NK cells into two groups based on histidine metabolism levels: high histidine metabolism group (left) and low histidine metabolism group (right). (C) GSVA analysis of the enrichment of various pathways in NK cells within high and low histidine metabolism groups.

Supplementary Figure 7. Flow cytometric analysis of immune cell infiltration in mouse subcutaneous tumors.
[image: ]
(A) Macrophage M1 polarization (left) and M2 polarization (right). (B, C) Expression of TNFα, IFNγ, I-A/I-B, and H2Kb in macrophages. (D) Differentiation of CD4+ T cells and CD8+ T cells. (E) Infiltration and function of CD3+CD4+ T cells (upper) and CD3+CD8+ T cells (lower). Error bars represent the SD from five independent experiments, ns, not significant, ***P < 0.001.
Supplementary Figure 8. Flow cytometric analysis of immune cell infiltration in mouse subcutaneous tumors.
[image: ]
(A) Mouse body weight. (B) Mouse liver weight. Error bars represent the SD obtained from three independent experiments; ***P < 0.001. (C) Representative HE staining images of mouse liver orthotopic tumor sections. Scale bars = 100 μm. (D) Representative Ki67 immunohistochemical staining images of mouse liver orthotopic tumor sections. Scale bars = 100 μm. Ten fields per specimen (n=30). Error bars show the mean ± SD, ns, not significant. (E, F) Quantification of immunofluorescence staining in mouse liver orthotopic tumor sections. Ten fields per specimen (n=3). Error bars show the mean ± SD, ***P < 0.001.
Supplementary Figure 9. Construction of a prognostic model for hepatocellular carcinoma based on high histidine metabolism.
[image: ]
(A)Forest plot displaying all histidine metabolism-related genes and the survival of liver cancer patients. (B)TCGA data analysis of AOC1 gene expression and its association with tumor status, pathological T stage, pathological stage, and histological grade in liver cancer patients. (C) Correlation of histidine metabolism-related genes expression with infiltration of various immune cell types in TCGA data. (D) mRNA level analysis of siRNA interference efficiency. (E) Protein level analysis of siRNA interference efficiency. (F) Quantification of OCR analysis via Seahorse Analytic to assess the impact of BUD23 and AOC1 expression on mitochondrial respiration.
(G) Measurement of extracellular acidification rate (ECAR). (H)Scatter plot relating overall survival (in years) to risk scores. (I) Kaplan-Meier curves comparing survival outcomes between high- and low-risk groups. (J) ROC curve with an AUC of 0.83, indicating strong predictive power of the prognostic model. (K) Predictions for 3-year and 5-year survival. AUC values of 0.838 and 0.841, respectively, demonstrate high discriminatory accuracy. Error bars represent the SD obtained from three independent experiments; **P < 0.01, ***P < 0.001.
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