SUPPLEMENTARY FIGURE LEGEND
Supplementary Figure 1. Transcriptional profiling reveals distinct tumor microenvironment states with divergent cell fate trajectories. A. Heatmap of immune-related gene signatures derived from RNA-seq of newly diagnosed FL (n= 86), stratified by TME status (TMEhot vs. TMEcold). B. Prevalence of GCB signatures in TMEhot and TMEcold FL subgroups. C-E. Mass cytometry analysis showing the relative abundance of the indicated cell types across FL grades (FL1-2 n=62, FL3A n=14, FL3B n=14). F. Heatmap of immune-related gene signatures derived from RNA-seq of newly diagnosed DLBCL (n= 304), stratified by TME status (TMEhot vs. TMEcold). G. Prevalence of GCB signatures in TMEhot and TMEcold DLBCL subgroups.

Supplementary Figure 2. Divergent TME states reflect memory b cell-like and dark zone-like programs with distinct genetic and clinical features. A. Oncoplot of genetic alterations in newly diagnosed FL (n=113), stratified by TME status (TMEhot vs. TMEcold). B. Forest plot showing the enrichment of genetic alterations identified in (A). C. Kaplan-Meier curves of overall-survival in FL patients with TMEhot (red) vs. TMEcold (blue); patients with intermediate TME signatures are shown in gray and annotated as normal lymph node (NL)-like. D. Oncoplot of genetic alterations in newly diagnosed DLBCL patients (n=267), stratified by TME status (TMEhot vs. TMEcold). E. Forest plot showing the enrichment of genetic alterations identified in (D). F-G. Prevalence of DLBclass and LymphGen molecular subtypes (F) and EcoTyper-defined states (G), across TME categories relative to their expected random distribution. The number of cases per category is shown. H-I. Kaplan-Meier curves of event-free survival and overall-survival in DLBCL patients stratified by TME status (TMEhot, red; TMEcold, blue) (H) or including cases with intermediate NL-like signature (I).

Supplementary Figure 3. Integrative single-cell mapping of clonal lineages and cell-fate trajectories in FL. A. Uniform Manifold Approximation and Projection (UMAP) plot of single cells from patients with FL (FL1-3A n=21, FL3B n=11) and DLBCL (GCB n=8, ABC n=3, Unclassified n=2) tumors, alongside tonsil tissues from healthy donors (n=4). Clusters are color-coded and annotated by Leiden clustering (left) and cell subtype (right). B. Bubble plot showing the expression of lineage-defining marker genes across Leiden clusters. C.  Bar plot summarizing the proportions of benign (blue) and malignant B cells identified by VDJ clonality (green) or copy number variation (CNV; red), as well as immune cells (yellow), across samples shown in (A). D-H. UMAP projections of malignant B cells from FL1-2 (D), FL3B (E), GCB DLBCL (F), ABC DLBCL (G) and unclassified DLBCL (H). Clusters are color-coded and annotated by subtype. I. UMAP showing CellRank-inferred fate probabilities of initial and terminal states in FL1-2. Cells are colored by their most probable macrostates; intermediate cells are shown in gray. J. UMAP depicting probabilities of reaching terminal fates in FL1-2. Cells are colored by their most probable terminal state, with transitioning state outlined in yellow. K. Gene expression dynamics along pseudotime, with trends weighted by CellRank fate probabilities. L. Heatmap of inferred CNV profiles comparing tumor FL1-2 cells (top) with normal germinal center B cells (GCBs; bottom). Genes ordered by chromosomal positions; amplifications are shown in red and deletions in blue. M. Proportion of immunoglobulin isotypes in malignant B cells from FL1-2 (red) and FL3B (green). Statistical differences were assessed using a proportion test. N-O. UMAP showing CellRank-inferred fate probabilities of initial and terminal states in FL3Ba (N) and FL3Bb (O). Cells are colored by their most probable macrostates; intermediate cells are shown in gray. P-Q. UMAP depicting probabilities of reaching terminal fates in FL3Ba (P) and FL3Bb (Q). Cells are colored by their most probable terminal state, with MBC I and LZ I terminal states outlined in yellow. R-S. Smoothed expression dynamics of the top 50 genes most strongly correlated with MBC I (R) and LZ I (S) fate probabilities, ordered by peak expression along pseudotime. T-U. Heatmaps of inferred CNV profiles comparing tumor cells from FL3Ba (T) and FL3Bb (U) (top) with normal GCB cells (bottom). Genes ordered by chromosomal positions; amplifications are shown in red and deletions in blue.

Supplementary Figure 4. Integrative single-cell mapping of clonal lineages and cell-fate trajectories in DLBCL. A. Uniform Manifold Approximation and Projection (UMAP) plot showing CellRank-inferred fate probabilities of initial and terminal states in GCB DLBCL. Cells are colored by their most probable macrostates; intermediate cells are shown in gray. B. UMAP depicting probabilities of reaching terminal fates in GCB DLBCL. Cells are colored by their most probable terminal state, with the DZ II state outlined in yellow. C. UMAP showing CellRank-inferred fate probabilities of initial and terminal states in ABC DLBCL. Cells are colored by their most probable macrostates; intermediate cells are shown in gray. D. UMAP depicting probabilities of reaching terminal fates in ABC DLBCL. Cells are colored by their most probable terminal state, with the preMBC III state outlined in yellow. E. Heatmaps of inferred CNV profiles comparing tumor cells from GCB (left) and ABC DLBCL (right) (top) with germinal center B cells (GCBs; bottom). Genes ordered by chromosomal positions; amplifications are shown in red and deletions in blue. F. UMAP showing CellRank-inferred fate probabilities of initial and terminal states in unclassified (UNCL) DLBCL. Cells are colored by their most probable macrostates; intermediate cells are shown in gray. G. UMAP depicting probabilities of reaching terminal fates in UNCL DLBCL. Cells are colored by their most probable terminal state, with MBC state outlined in yellow. H. Smoothed expression dynamics of the top 40 genes most strongly correlated with MBC fate probability, ordered by peak expression along pseudotime. I. Heatmap of inferred CNV profiles comparing tumor cells from UNCL DLBCL (top) with normal GCB cells (bottom). Genes ordered by chromosomal positions; amplifications are shown in red and deletions in blue.

Supplementary Figure 5. Single-cell profiling reveals pervasive immune dysregulation and altered antigen presentation in the lymphoma TME. A. Bubble plot showing the expression of lineage-defining marker genes across immune cell clusters. B. Uniform Manifold Approximation and Projection (UMAP) plot of immune cells from patients with FL (FL1-3A n=21, FL3B n=11) and DLBCL (GCB n=8, ABC n=3, Unclassified n=2), alongside normal lymph node tissues from healthy donors (n=4). Clusters are color-coded and annotated by disease subtype. C. Relative abundance of immune cell populations in FL3B subgroups (FL3Ba and FL3Bb; top) and in ABC and unclassified (UNCL) DLBCL (bottom), relative to lymph nodes from healthy donors. D. Bubble plot showing differentially expressed genes (DEG) between Treg and NK cell clusters in FL and DLBCL tumors compared to normal immune cells from healthy donors. Genes associated with immune response and exhaustion are annotated; circle color represents average expression, and size indicates statistical significance. E. Gene set enrichment analysis (GSEA) of DEG (FC >2, FDR <0.05 in 20% cells) in immune cell clusters from FL and DLBCL relative to normal immune cells from healthy donors. F-H. Dot plot of selected ligand/receptor interactions between T cell clusters and malignant B cells in FL1-2 (F), FL3Ba and FL3Bb (G), GCB, ABCL and Unclassified DLBCL (H). Interaction probability is indicated by color intensity; absence of interaction is represented by the absence of dot. 

Supplementary Figure 6. Spatial immune profiling reveals divergent immune architectures and functional T cell states across FL and DLBCL subtypes. A. Schematic model depicting cell type annotation based on protein marker expression in CODEX imaging of FL1-3A (n=20), FL3B (n=9), and DLBCL (GCB n=7; ABC n=6). B. Distribution of indicated cell subsets across 43 representative tissue microarray (TMA) cores. C. Representative cell-type maps of FL (grades 1-2 and 3B) and DLBCL (GCB and ABC subtypes). D-O. CODEX-based quantification of the relative abundance of indicated cell populations across FL1-3A, FL3B and DLBCL (GCB and ABC subtypes). Statistical significance was assessed using the Kruskal-Wallis test followed by Dunn's multiple-comparison test with Benjamini-Hochberg correction. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Supplementary Figure 7. Distinct GC B cell composition distinguishes FL from DLBCL. A-D. CODEX-based quantification of the relative abundance of indicated B cell populations across FL1-3A, FL3B and DLBCL (GCB and ABC subtypes). E-G. Quantification of the relative abundance of the indicated B cell populations (E-F) and immune cell populations (G) in TMEhot vs. TMEcold states. Statistical significance was assessed using the Kruskal-Wallis test followed by Dunn's multiple-comparison test with Benjamini-Hochberg correction. *, P < 0.05; **, P < 0.01; ***, P < 0.001. H. Kaplan-Meier curves of event-free survival (EFS) in FL and DLBCL patients stratified by the abundance of normal (Bcl2-) B cells, M1 and M2 macrophages. I. Bar plot depicting EFS24 achievement vs. failure according to the proportion of CD8+ naïve-like T cells (CD8+FOXP3-TCF1-CD45RO-) infiltrating lymphoma tissue.

Supplementary Figure 8. Cell-cell interaction analysis reveals subtype-specific immune architectures in FL and DLBCL. A. Schematic overview of spatial co-occurrence analysis used to quantify cell-cell proximity relationships. B-C. Quantification of B cell proximity to CD4+ memory T cells (Tm) (B) and CD4+ regulatory T cells (Tregs) (C) within a radial distance of 10-250 m in FL1-2, FL3B, GCB and ABC DLBCL. D. Distance-resolved co-occurrence analysis of B cells and macrophages (10-500 µm) across lymphoma subtypes. E-H. Representative multiplexed CODEX images of selected markers and corresponding quantitative co-occurrence analyses, illustrating subtype-specific spatial interactions between B cells and indicated immune cell populations. Statistical significance was assessed using the Kruskal-Wallis test followed by Dunn's multiple-comparison test with Benjamini-Hochberg correction. *, P < 0.05; **, P < 0.01.

Supplementary Figure 9. Spatially resolved cellular communities define Tumor Microenvironment States. A. Heatmap of normalized mean protein marker expression across 27 spatially defined cellular communities. B. Distribution of cell subtypes across the 27 identified cellular communities. C. Heatmap of normalized mean protein marker expression of T cell subsets within cellular communities containing at least 1,000 CD4+ and 500 CD8+ T cells (n=19). D. Representative community maps from FL1-3A, pseudo-colored as indicated; scale bar 100 m. E. Representative tonsil tissue with corresponding community maps, pseudo-colored as indicated; scale bar 100 m. F-G. Quantification of the indicated follicular (F) and perifollicular (G) cellular communities across FL1-3A, FL3B, DLBCL (GCB and ABC subtypes) and tonsil samples. H-I. Representative community maps from FL3B (H) and GCB DLBCL (I), pseudo-colored as indicated; scale bar 100 m. J. Quantification of the indicated extrafollicular cellular communities across FL1-3A, FL3B, DLBCL (GCB and ABC subtypes) and tonsil samples. K. Representative community maps from ABC DLBCL, pseudo-colored as indicated, scale bar 100 m. L-M. Kaplan-Meier curves of EFS (L) and OS (M) in FL and DLBCL patients stratified by the indicated cellular communities.

Supplementary Figure 10. Malignant B-cell differentiation states shape the lymphoma microenvironment in vivo. A. Experimental schema and lymphomagenesis timeline for panels (B) to (N). B. Representative flow cytometry (FC) plots and quantification of plasma cells (PCs) and memory B cells (MBCs) in lymphoma-bearing mice and controls with intact or deleted IRF4 from (A). C. Bar graphs showing B-cell VDJ clonality in IRF4-deficient vs wild-type (WT) mice. D. Comparison of malignant B-cell subset composition between IRF4-deficient and WT mice. E. Bubble plot showing gene set enrichment analysis (GSEA) of malignant B-cell clusters in IRF4-deficient vs WT mice. Circle color indicates average expression level; circle size reflects statistical significance. F-G. Representative FC plots (F) and quantification (G) of indicated immune cell populations in IRF4-deficient vs WT mice from (A). H. Bubble plot showing the proportion of immune clusters expressing marker genes (circle size) and their average expression levels (circle color). I. Ligand-receptor interaction analysis between immune clusters and malignant MBCs; dot color indicates interaction probability, and absence of dot indicates no detectable interaction. L. Cell-cell interaction strength (top) and number (bottom) between immune clusters and malignant dark zone (DZ) cells in IRF4-deficient (red) and WT (blue) mice. M. Ligand-receptor interaction analysis between immune clusters and malignant DZ cells; dot color indicates interaction probability, and absence of dot indicates no detectable interaction. N. Inferred incoming (left) and outgoing (right) signaling activity of selected pathways across immune clusters and malignant DZ cells in IRF4-deficient (right) and WT (left) mice. Statistical significance was assessed using the Kruskal-Wallis test followed by Dunn's multiple-comparison test with Benjamini-Hochberg correction. *, P < 0.05; **, P < 0.05.

Supplementary Figure 11. Schematic model of TME evolution. Conceptual model illustrating tumor microenvironment (TME) evolution based on the germinal center B cell-of-origin. Memory B cells (MBC)-like states are associated with the development of an immune-enriched, exhausted microenvironment (TMEhot), whereas dark zone (DZ)-like B cell states preferentially give rise to an immune-depleted microenvironment (TMEcold).



