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Background: CAFs - heterogeneity in function and distribution

Matrix CAFs - mCAFs

MMP11, POSTN, CTHRC1, LRRC15,
FAP

Tumor-like CAFs - tCAFs

CD73/NT5E, CD10/MME, FAP

Vessel-associated CAFs - vCAFs

CD146/MCAM, SMA/ACTA2,
NOTCH3, COL18A1

Dividing CAFs - dCAF

Cell division, Ki-67/MKI67

COL11A1, PDPN, MMP14,
COL1A1, VIM, SMA/ACTA2,
S100A4, Dcn, Lum/LUM, Vcean,
Col14a1, Fbin1, Fbin2, Smoc, Lox,
LoxlI1, Cxcl14, COL6A3, FN1,
COL3A1, SPON2, COL5A1,
PDGFRA, INHBA

PDPN, NDRG1, GPR77, Sic2a1,
TSPANS

NOTCHS3, COL18A1, Nr2f2, VEGF

TUBA1B

Inflammatory CAFs - iCAFs

=

IL6, IL1, CD34, PLA2G2A, DPP4, CFD,
C3, Pi16

Interferon response CAFs — ifnCAFs

CXCL9, CXCL10, CXCL11, IDO/IDO1

Reticular-like CAFs - rCAFs

CCL19, CCL21

Antigen-presenting CAFs - apCAFs

HLA-DR, HLA-DQ, CD74

116, 111, CXCL12, CXCL14,
SMA/ACTA2, CXLC1, HGF, CXCL2,
PDGFRA, FAP, VIM, IGF1, CXCL13,

ALDH1A1, CCL19, CCL21, IL8, CCL2,
C4b, PTGSDS, S100A4, DES

SLC14A1, NRG1, BMP5, STC1,
Cxcl9, Cxcl10, Cxcl11, IL32

CFD, CXCL14, MMP14, ADH1B,
CXCL12, IL6, NOTCH3, PDGFA,
VCAM1, CXCL13, CCL5

IGFBP3, CXCL12, RBP1, HLA-
DPB1, COLEC11, TMEM56, CCL2

Cords et al, Classifying cancer-associated fibroblasts—The good, the bad, and the target. Cancer Cell. 2024.
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® Building a spatial high-res multi-omics atlas of HCC reveals DLL4-NOTCH3-driven capillary-mCAF axis sculpts fibrotic, immune-excluded tumors.
® Integrating pan-cancer sCRNA-seq & spatial data shows mCAF collagen polarization drives ICB resistance.
® NOTCH3 inhibition reduces fibrosis, boosts T cell infiltration, and synergizes with anti-PD-1, offering a translable HCC therapy.



«{ Single-cell spatial transcriptomic profiles reveal coordinated cellular topography in HCC
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(B) Representative immunofluorescence
image of a tissue microarray core,
showing Tumor (T), Boundary (B), and
Normal (N) regions overlaid all
transcripts of CTNNB1, MK167, TP53
and CD34 to each Field of View (FOV),
in which invasive boundary has been
outlined. (C) UMAP visualization of all
cells in CosMx1000 data, colored by
annotated cell lineages, including
Malignant cells, Hepatocytes,
Cholangiocytes, Myeloid cells, Stellate
cells, Endothelial cells and B/Plasma
cells. (D) Dot plot showing the
expression of canonical marker genes
across major lineages. (E) Gene
expression profiles of canonical marker
genes across major cell types from
CosMx1000 cohort. (F) Gene expression
correlation matrix between cell types
from CosMx1000 cohort.



4€osMx SMI precisely matches HE, IF, and spatial transcriptomics
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(G) Relative proportions of major cell types across all tissue cores. (H) Comparison of cell type proportions among Tumor, Boundary, and Normal regions. The
x-coordinate represents each lineage, consistent with the x-axis in (I). (I) Comparison of cell type components among different spatial transcriptomics profiling
slides (Slide 1, 2: CosMx1000; Slide 3: CosMx6000). (J) Representative spatial maps of cell types overlaid with H&E and immunofluorescence (IF) staining

from selected tissue cores, illustrating the spatial organization of the tumor microenvironment.
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(G) Heatmap of normalized cell type component enrichment in each identified spatial niche. (H) Representative spatial image plot of identified
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<z Cancer associated fibroblasts exhibit functional and spatial heterogeneity
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(A) Identification of five distinct CAF
subpopulations in spatial data:
mCAFs, iCAFs, antigen-presenting
CAFs (aCAFs), vascular CAFs
(vCAFs) and pericytes. (B) Proportion
of different CAF subtypes across
Normal, Boundary, and Tumoral
regions. (C) Spatial distribution of
mCAF and iCAF markers across
Normal, Boundary, and Tumor regions
overlaid in IF image, where mCAF
associated marker genes are labeled in
yellow, 1ICAF associated marker genes
are labeled in Cyan, and invasive
boundary was outlined in White. (D)
Gene Ontology (GO) enrichment
analysis highlighting functional
pathways in mCAFs. (E) GO
enrichment analysis highlighting
functional pathways in iCAFs. (F)
Kaplan-Meier survival curves
showing the prognostic significance of
mCAF and iCAF proportion. High
mCAF infiltration is associated with
worse overall survival (OS) and
progression-free survival (PFS).
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expression of marker genes between
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patients using the GeoMx Immune-
Oncology Protein Panel. A total of 95
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(PCA) reveals a clear segregation of
proteomic profiles between Tumor and
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oz mMCAF polarization correlates with ICB response
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(A) UMAP plot showing the clustering of different CAF subtypes in pan-cancer scRNA-seq data under ICB treatment. (B) Dot plot representing the average
expression levels of select marker genes for each CAF subtype. (C) Stacked bar plots showing the distribution of CAF subtypes across various cancer types. (D)
Box plots showing the proportion of each CAF subtype in non-responders (NR) and responders (R) under ICB treatment. (E) Kaplan-Meier survival curves
showing the association between mCAF proportion and clinical outcomes (OS) in TCGA-LIHC data. (F) Venn diagram showing the overlap of mCAF
differentially expressed genes (DEGs) from scRNA-seq and two spatial transcriptomic datasets (CosMx1000 and CosMx6000). The intersection (n=60) is
constrained by the CosMx1000 panel size (~1000 genes) but represents 48% (60/125) of the total mCAF DEGs identified in this dataset. NOTCH3 consistently
identified as a robust marker of mCAFs.



Capillary-mCAF crosstalks via the DLL4-NOTCH3 axis
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(G) CellChat ligand-receptor interaction analysis revealing significant cross talk of the NOTCH signaling pathway between capillaries and mCAFs in CosMx1000
data, primarily mediated by DLL4/NOTCH3, JAGI/NOTCH3, and DLL1/NOTCH3 interactions. (H) Expression levels of DLL1, DLL4, and JAGI across different cell
types, showing the sources of these ligands. (I) Schematic diagram for determining whether there is spatial proximity of mCAFs to each liver sinusoidal endothelial
cell (LSEC) within 50 spatial neighbors. The below one is Heatmap showing the expression levels of angiogenesis-related genes in LSECs with (Yes, red) or without
(No, blue) spatial proximity to mCAFs.
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(J) H&E staining and CosMx spatial images illustrated the spatial proximity between capillaries and mCAFs. The H&E image provides histopathological context at
the tissue level from an independent cohort, while the IF/ISH panels are representative images illustrating the spatial co-localization patterns of capillaries and mCAFs
identified from the CosMx spatial transcriptomic analysis. (K) Dot plot showing the spatial correlation between mCAF and capillary signatures for each ROI in
GeoMx spatial proteomic data. (L) CosMx data revealing the correlation between DLL4 and NOTCH3 expression for each FOV. (M) CosMx Spatial imaging data
illustrating capillaries-mCAF interactions mediated by different ligands and receptors. (N) UMAP visualization of pan-cancer endothelial subtypes under ICB
treatment. (O) Comparing DLL4 expression between ICB non-responders (NR) and responders (R) for capillaries.



YNOTCH3-driven collagen polarization promotes immune evasion
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(A) Schematic spatial imaging plot of iCAF-T cells interaction mediated by CCL19/CCL21-CCR7. (B) Schematic diagram for NOTCH3 knocking out (KO)
experiment on human hepatic stellate cell line LX-2 cells for bulk RNA-seq. (C) Up-regulated and down-regulated genes between NOTCH3-KO and sh-NC
LX-2 cell line. (D) Gene Ontology (GO) enrichment terms in NOTCH3-KO and sh-NC LX-2 cell line.
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(I) The stacked barplot of different myeloid cell subtypes across Normal, Boundary, and Tumor regions in CosMx1000 data. (J) Ranked differentially expressed
genes (DEGs) for macrophages between tumoral and boundary regions. (K) Scatter plot showing the correlation between mCAF and Mono/Mph proportions in the
CosMx 1000 dataset (left). Scatter plot showing the correlation between mCAF and Mono/Mph signature scores in GeoMx 570 dataset (right). (L) CellChat analysis
between iICAF/mCAF to Mph. (M) Spatial imaging plot showing the co-localization between mCAF and macrophages overlaid on the IF image, where mCAF
associated ligand genes are labeled in red, Mph related receptor genes are labeled in Cyan. (N) Mean counts of different cell types within spatial neighborhoods of
50 surrounding cells centered on Mph in Normal, Boundary, and Tumor regions.
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$pontaneous models show NOTCH inhibition sensitizes ICB therapy
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Summary

 Multi-omics integration of HCC spatial data and pan-cancer ICB single-cell data
systematically reveals a capillary-mCAF crosstalk network, proposing a new vessel-
stroma framework driving immune exclusion.

1 The DLL4-NOTCH3 signaling axis mediates mCAF polarization and matrix remodeling,
constructing a "fibrotic barrier to T cell exclusion" mechanism and elucidating the key
molecular basis of fibrosis-driven immune evasion.

1 Functional experiments confirm that NOTCH blockade reverses mCAF differentiation,
enhances T cell infiltration, and significantly improves ICB efficacy, establishing a
complete evidence chain from mechanism to intervention.

) Targeting the NOTCH3 vessel-stroma axis offers a promising new strategy with clinical
translation potential to overcome the immunotherapy bottleneck of "cold" HCC tumors.

Fansen Ji, Haochen Li, Q1 Wang, Xiaojuan Wang, Jiawei Zhang, Ying Xiao, Huan Li, et al. 2026. Spatial Multi-Omics Identifies
a NOTCH3-Mediated Capillary—mCAF Crosstalk Driving Immune Exclusion in Hepatocellular Carcinoma. iMeta 5: ¢70117.
https://doi.org/10.1002/imt2.70117
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