
 

Figure S1. Quality control and preprocessing of scRNA-seq samples.  (A) UMAP plot displaying 22 cell clusters identified in 

single-cell RNA sequencing (scRNA-seq) data based on SNN graph clustering (resolution = 0.8). (B) UMAP visualization of single 

cells colored by clinical tumor stages (stage I, stage II, and stage III), showing no obvious batch effects across stages. (C) UMAP 

plot of single cells categorized by individual patients (BYB, FFC, GGY, GY, JXJ, LY, LYD, and LYG). (D) Stacked bar plot 

showing the cell-type proportions of nine major cell types across different patient samples. (E) Dot plot showing the expression 



levels and proportion of positive cells for key canonical marker genes across the nine major cell types. Dot size represents the 

percentage of expressing cells, and color intensity corresponds to average expression level. (F) Feature plots depicting the cell-

type-specific spatial expression patterns of representative canonical marker genes (CD79A, MKI67, PECAM1, EPCAM, LUM, 

TPSAB1, CD68, MZB1, and CD3D) on UMAP embeddings. 

 

 



Figure S2. Characterisation of Fibroblast subpopulations. (A) Stacked bar plot showing the proportions of nine fibroblast 

subpopulations (C1_MMP1_CAF to C9_SFRP2_CAF) across different clinical tumor stages (stage I, stage II, and stage III). (B) 

Stacked bar plot illustrating the cell-type distribution of the nine fibroblast subpopulations across individual patient samples (BYB, 

FFC, GGY, GY, JXJ, LY, LYD, and LYG). (C) Jitter plot showing the differentially expressed genes for each fibroblast 

subpopulation, with red and blue dots indicating significantly up-regulated (sigUp) and down-regulated (sigDown) genes, 

respectively, and top characteristic marker genes labeled. (D) Box plots showing the gene signature scores for canonical CAF 

subtypes (apCAF, iCAF, myCAF, and vCAF) across the nine fibroblast subpopulations. Differences among clusters were evaluated 

using the Kruskal-Wallis test (P < 0.0001). 



 

 

Figure S3. GO enrichment analysis of significantly upregulated marker genes in each fibroblast subtype. 



 

 

Figure S4. The evolutionary trajectories and transcriptional regulatory analysisof fibroblast subtypes. (A) Box plot with 

jittered points showing the distribution of developmental pseudotime scores across distinct fibroblast subpopulations 

(C1_MMP1_CAF to C9_SFRP2_CAF/C4_SDK1_CAF). (B) Monocle 2 pseudotime trajectory analysis of fibroblast 

subpopulations projected on UMAP space, with cells colored by pseudotime state progression from early (dark blue) to late (yellow). 



(C) Ridge plot (top) displaying the density distribution of fibroblast subpopulations along the pseudotime trajectory, and heatmap 

(bottom) illustrating dynamic gene expression changes along pseudotime, clustered into distinct kinetic modules, alongside 

representative Gene Ontology (GO) biological process terms for gene cluster 1 (inset). (D) Scatter plots depicting the dynamic 

expression kinetics of key marker genes (GDF15, MMP1, POSTN, and SDK1) across pseudotime progression, with points colored 

by fibroblast subpopulation types. 

 



 

Figure S5. The correlation between MMP1+ CAF and Immature ECs. (A–F) Scatter plots depicting the positive Pearson 

correlation between MMP1+CAF infiltration scores and Immature EC scores across public datasets, including the TCGA cohort 

(A), GSE13861 (B), GSE14210 (C), GSE15459 (D), GSE26942 (E), and GSE51105 (F). Linear regression lines are shown with 

95% confidence intervals (gray shading). Pearson correlation coefficients (r) and P values are indicated above each plot. (G, I) 

Spatial transcriptomic mapping displaying the spatial co-localization patterns of cell subpopulations across two representative 

tissue sections (Section 1 in G, Section 2 in I). (H, J) Spatial expression profiles of GDF15 and TGFBR2 across spatial 

transcriptomic spots corresponding to Section 1 (H) and Section 2 (J). Color intensity corresponds to gene expression levels, 

ranging from blue (low) to red (high). 



 

 

Figure S6. Transcription Factors with high activity in immatured ECs.  (A) Violin plots with overlaid individual cell data 

points showing the regulon activity scores of representative transcription factors (RFX1, SP3, ZNF253, and HIVEP3) across EC 

subtypes (Arteries, Cycling, Immature, Lymphatic, and Veins).  (B) Scatter plots depicting the Pearson correlation between 

TGFBR2 expression and the mRNA expression levels of RFX1, SP3, ZNF253, and HIVEP3. Correlation coefficients (R) and P 



values are indicated above each panel. (C) Bar plots showing the relative mRNA expression levels of RFX1, SP3, ZNF253, and 

HIVEP3 across different treatment groups (PBS, recombinant GDF15, GDF15 combined with Ponsegromab, and Ponsegromab 

alone). Data are shown as mean ± SD (n = 3 independent biological replicates); ns, not significant, *P < 0.01, ***P < 0.001, 

****P < 0.0001. 

 

 



Figure S7. Cell-cell communication between MMP1+ CAFs and Epithelial. (A, B) Circle plots showing the total number of 

ligand-receptor interactions (A) and interaction weights/strengths (B) among C1_MMP1_CAF and epithelial cell clusters (Epi_1 

to Epi_15). Edge thickness is proportional to the number or strength of interactions. (C) Circle plot highlighting the inferred cellular 

crosstalk network specifically mediated by the Collagen signaling pathway between C1_MMP1_CAF and various epithelial cell 

clusters. (D) Hierarchical plot depicting the outgoing and incoming signaling flows of Collagen signaling from sender cells (Source: 

C1_MMP1_CAF or epithelial clusters) to receiver cells (Target). (E) Dot plot showing the specific ligand-receptor pairs involved 

in the cell-cell communication from C1_MMP1_CAF to the Epi_10 subpopulation. Dot size reflects the P value (P< 0.01), and 

color intensity represents communication probability (Commun. Prob.). 



 

 

Figure S8. Supplementary analytical information on the annotation of Myeloid subpopulations. (A) UMAP plot displaying 

major myeloid lineage cell types, including Macrophages, Monocytes, Neutrophils, pDC, cDC2, cDC3, and Doublet. (B) Dot plot 

showing expression patterns of canonical cell-type marker genes across the annotated myeloid cell subpopulations. Dot size 

indicates the percentage of expressing cells, and color intensity represents average expression level. (C) Heatmap illustrating the 



scaled expression levels (Z-score) of top marker genes across five identified macrophage clusters (C1_IL4I1_Macro, 

C2_IGLC2_Macro, C3_FOLR2_Macro, C4_JUNB_Macro, and C5_MKI67_Macro). (D, E) Stacked bar plots depicting the 

relative proportions of the five macrophage clusters across clinical tumor stages (stage I, stage II, and stage III in D) and individual 

patient samples (BYB, FFC, GGY, GY, JXJ, LY, LYD, and LYG in E). (F) Scatter plots showing Pearson correlation analyses 

between MMP1+CAF infiltration levels and the signatures of distinct macrophage subpopulations in the TCGA cohort. Pearson 

correlation coefficients (r) and P values are provided above each plot. 

 

Supplementary Table 1. Clinical information of patients in house corhort 

 

 

Supplementary Table 2. Signature of fibroblast clusters 



 



 



 

 

Supplementary Table 3. List of oligonucleotide primers for qRT-PCR. 

 


