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efficacy in treating CRC remains limited, with only a small 
subset of patients with mismatch repair deficiency or high 
levels of microsatellite instability experiencing positive out-
comes from immune checkpoint inhibitor (ICI) [2–5]. To 
address this challenge, it is crucial to gain a deeper under-
standing of the complex interactions between different cells 

Introduction

Colorectal cancer (CRC) is a prevalent and lethal type of 
cancer, ranking as the third most common malignancy and 
the second leading cause of cancer-related death worldwide 
[1]. Despite the recent advancements in immunotherapy, its 
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Abstract
This study aims to uncover the heterogeneity of endothelial cells (ECs) in colorectal cancer (CRC) and their crucial role 
in angiogenesis, with a special focus on tip cells. Using single-cell RNA sequencing to profile ECs, our data suggests that 
CRC ECs predominantly exhibit enhanced angiogenesis and decreased antigen presentation, a shift in phenotype largely 
steered by tip cells. We also observed that an increase in the density and proportion of tip cells correlates with CRC occur-
rence, progression, and poorer patient prognosis. Furthermore, we identified endothelial cell-specific molecule 1 (ESM1), 
specifically expressed in tip cells, sustains a VEGFA-KDR-ESM1 positive feedback loop, promoting angiogenesis and 
CRC proliferation and migration. We also found the enrichment of KDR in tip cells and spotlight a unique long-tail effect 
in VEGFA expression: while VEGFA is primarily expressed by epithelial cells, the highest level of VEGFA expression 
is found in individual myeloid cells. Moreover, we observed that effective PD-1 blockade immunotherapy significantly 
reduced tip cells, disrupting the VEGFA-KDR-ESM1 positive feedback loop in the process. Our investigation into the het-
erogeneity of ECs in CRC at a single-cell level offers important insights that may contribute to the development of more 
effective immunotherapies targeting tip cells in CRC.
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and molecules in the CRC tumor microenvironment (TME) 
and identify new targets for immunotherapy.

Endothelial cells (ECs), known for their remarkable 
plasticity [6–8], constitute a single layer - the endothelium 
- lining the inner surfaces of blood vascular and lymphatic 
vessels. The anatomical position within the vasculature 
classifies ECs in resting tissues into arterial ECs, venous 
ECs, capillary ECs, and lymphatic ECs [7]. A special-
ized subcategory of ECs, tip cells, are integral to vessel 
sprouting, playing a leading role in initiating and guiding 
the sprout formation [7, 9, 10]. Existing single-cell RNA 
sequencing (scRNA-seq) studies substantiate the pivotal 
function of these tip cells across a wide range of human and 
mouse tumors, underscoring the critical role of angiogen-
esis in facilitating tumor growth and metastasis [11–15]. Tip 
cells are identified by a unique gene expression profile, such 
as APLN, a known marker, and other genes such as ESM1, 
PGF, NID2, COL4A1, COL4A2, KDR, PLVAP, HSPG2, 
and INSR, which have recently been found enriched in 
tip cells through single-cell studies [9, 13–15]. However, 
despite many CRC single-cell studies involving ECs, there 
is still a lack of systematic investigation into the heterogene-
ity of ECs in CRC, particularly with respect to the tip cells 
enriched in tumor ECs.

Currently, anti-angiogenic therapy (AAT) primarily tar-
gets the vascular endothelial growth factor (VEGF) pathway 
[12, 16]. These therapies are indiscriminately employed to 
prune the vasculature in a variety of cancer types, includ-
ing CRC, but they often encounter insufficient efficacy and 
resistance [12, 14]. The distinct transcriptomic characteris-
tics and phenotypes of tumor ECs across various types of 
cancer remain unclear, which could potentially result in var-
ied responses to AAT. Additionally, the specific processes 
that tumor ECs employ to facilitate angiogenesis are yet 
to be fully comprehended. As such, it has become increas-
ingly vital to delve into the heterogeneity of tumor ECs and 

further examine the mechanisms through which they con-
tribute to angiogenesis in cancer research.

In this study, we utilized single-cell transcriptomic data 
to better understand how ECs influence CRC. Single-cell 
studies in lung and gastric cancers have revealed that, 
compared to normal ECs, tumor ECs display an enhanced 
angiogenesis yet a decreased antigen presentation [13, 
15]. Through the analysis of transcriptomic features of 
different tumor EC subsets, we found that it is the tip cell 
that primarily drives the phenotype changes in CRC ECs, 
enhancing angiogenesis and reducing antigen presenta-
tion. Consequently, we narrowed our investigative focus 
to this EC subset. Intriguingly, our findings suggest the 
existence of a VEGFA-KDR-ESM1 positive feedback loop 
where VEGFA positively modulates ESM1 expression in tip 
cells, which in turn enhances VEGFA-mediated signaling. 
We also observed that effective anti-PD-1 immunotherapy 
significantly reduces the population of tip cells within the 
CRC TME, effectively disrupting this feedback loop. Delv-
ing into the heterogeneity of ECs and elucidating the angio-
genesis-promoting mechanisms employed by tip cells could 
potentially pave the way for novel anti-angiogenic thera-
peutic targets and immunotherapy strategies.

Methods

Material

This study harnessed a comprehensive array of public datas-
ets, including one spatial transcriptomics (ST) dataset, three 
scRNA-seq datasets, and 10 bulk RNA-sequencing (bulk 
RNA-seq) datasets (Table  1). The bulk RNA-seq datasets 
incorporated high-throughput sequencing data derived from 
the TCGA-CRC as well as nine additional GEO microarray 
datasets (GSE20842, GSE20916, GSE39582, GSE41258, 
GSE44076, GSE68468, GSE83889, GSE87211, and 

Table 1  Sources of the ST, scRNA-seq, and bulk RNA-seq datasets
Deposited Data Platform Identifier
Human CRC ST dataset (Wu et al.) 10x Genomics http://www.cancerdiversity.asia/scCRLM
Human CRC scRNA-seq dataset 10x Genomics https://www.synapse.org/#!Synapse:syn26844071/
Human CRC scRNA-seq dataset 10x Genomics GEO: GSE178341
Human CRC scRNA-seq dataset 10x Genomics GEO: GSE205506
Human CRC bulk RNA-seq dataset Illumina Hiseq TCGA
Human CRC bulk RNA-seq dataset GPL4133 GEO: GSE20842
Human CRC bulk RNA-seq dataset GPL570 GEO: GSE20916
Human CRC bulk RNA-seq dataset GPL570 GEO: GSE39582
Human CRC bulk RNA-seq dataset GPL96 GEO: GSE41258
Human CRC bulk RNA-seq dataset GPL13667 GEO: GSE44076
Human CRC bulk RNA-seq dataset GPL96 GEO: GSE68468
Human CRC bulk RNA-seq dataset GPL10558 GEO: GSE83889
Human CRC bulk RNA-seq dataset GPL13497 GEO: GSE87211
Human CRC bulk RNA-seq dataset GPL10558 GEO: GSE106582
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GSE106582). Transcriptome data and relevant clinical 
information from TCGA-CRC were sourced from UCSC 
Xena (http://xena.ucsc.edu/). For the TCGA pan-cancer 
cohort, data were collated from the National Cancer Insti-
tute Cancer Research Data Commons (https://gdc.cancer.
gov/about-data/publications/pancanatlas) in conjunction 
with UCSC Xena (with cancer abbreviations represented 
in Table S1). The transcriptome data and associated clini-
cal details from the GEO datasets were directly accessed 
from the GEO database (https://www.ncbi.nlm.nih.gov/
geo/). The 5-cohorts used in this study consist of data 
from five CRC single-cell cohorts (CRC-SG1, CRC-SG2, 
KUL3, KUL5, and SMC) integrated in the study by Joanito 
et al. [17], with the data source detailed in Table 1, line 2. 
Human tissue specimens used in this study were obtained 
from Xijing Hospital with the approval of the Institutional 
Review Board and informed consent from the patients 
(Approval number: KY20212211-C-1).

Single-cell sequencing data processing

Data from three single-cell datasets, which were initially 
quality-controlled by the original data authors, were inde-
pendently analyzed for this study. We normalized the 
expression of all cells using the “LogNormalize” function 
with a scale factor of 10,000. From this, we selected the top 
2,000 highly variable genes based on their mean and dis-
persion, and regressed percent mitochondrial content during 
the scaling of these genes using the “var.to.regress” option. 
We zero-centered and scaled each gene to unit variance 
before principal component analysis (PCA) to minimize 
potential batch effects. This was followed by a dimension-
ality reduction process using PCA to generate results. Pre-
liminary clustering and annotation were accomplished using 
the “FindClusters” function with 50 principal components 
and a resolution of 0.8. Further, we visualized cell cluster-
ing using the UMAP method for nonlinear dimensionality 
reduction. We then conducted a second round of clustering 
to delve deeper into the subpopulations of ECs. After this, 
certain EC subsets were filtered out. These included the pro-
liferative EC subset (MKI67), doublet subsets such as Dou-
blets-B (CD79A), Doublets-Myeloid (LYZ), and Doublets-T 
(CD3D), as well as other low-quality clusters (the details of 
which can be found in the accompanying code). It’s impor-
tant to note that in the 5-cohorts, ribosome-related genes 
were previously filtered out by the original authors during 
preprocessing. As a result, we didn’t identify any immature 
EC subsets characterized by the enrichment of ribosome-
related genes post-clustering in the 5-cohorts.

Differential gene expression analysis

To identify marker genes for each cluster or subset, we made 
use of the “FindAllMarkers” or “FindMarkers” functions 
provided by Seurat. Genes were considered as differentially 
expressed genes (DEGs) if they met the following criteria: 
log2 (fold-change of average expression) > 0.25, pct.1 (per-
centage of expressed cells) > 0.25, and P-value < 0.01. We 
subsequently used these identified DEGs for enrichment 
analysis.

Enrichment analysis

For the enrichment analysis of DEGs, we utilized Metascape 
(http://metascape.org/), a user-friendly portal designed for 
comprehensive gene annotation and analysis [18]. Addition-
ally, we used LinkedOmics (http://www.linkedomics.org/) 
[19], a publicly accessible portal for multiomics data analy-
sis, for performing Gene Set Enrichment Analysis (GSEA) 
on the ESM1 expression profiles in TCGA-CRC data (GO 
BP).

Analysis of cell to cell communication

To investigate the interactions between EC subsets and 
other major cell types, we utilized the Python-based soft-
ware CellphoneDB [20]. Putative ligands and receptors 
were determined based on their expression on each cell. To 
accurately determine the extent of cell interactions, we per-
formed a random sampling of 500 cells per population from 
the EC subsets and major cell types in GSE178341 dataset.

Defining phenotype scores

To characterize the differences between various EC subsets, 
we obtained phenotype scores using the “AddModuleScore” 
function in the “Seurat” package. These scores were calcu-
lated based on the average expression of genes related to a 
particular phenotype.

Angiogenesis score [21] were utilized to assess the 
angiogenesis characteristics of different major cell types. 
Additionally, MHC-I and MHC-II scores were used to char-
acterize the antigen presentation capabilities of different EC 
subsets (Table S2).

Spatial transcriptomic analysis

The spatial transcriptomic data derived from the CRC 
sample was standardized by employing the “SCTransform” 
function within the “Seurat” package. We subsequently 
implemented dimensionality reduction and clustering strat-
egies using the “RunPCA” and “RunUMAP” functions 
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Cell culture

Human CRC cell lines HCT-8 and HCT-116 were obtained 
from Procell (Guangzhou, China) and are maintain in our 
lab. CRC cells were cultured in DMEM medium (Gibco, 
Thermo Fisher Scientific, Cambridge, MA, USA) supple-
mented with 10% fetal bovine serum (Oricell; Guangzhou, 
China), 100 µg/ml of streptomycin, and 100 U/ml of peni-
cillin in the medium (HyClone; Logan, Utah, USA). The 
cells were incubated in a humidified incubator at 37℃ with 
5% CO2 to provide optimal growth conditions. The cells 
were treated with different concentrations of recombinant 
ESM1 (Sinobiological, Beijing, China, 0-1000ng/ml) and 
subsequent in vitro experiments were conducted.

Total RNA extraction and qRT-PCR

Trizol reagent (Invitrogen, Waltham, MA, United States) 
was utilized for the isolation and extraction of total RNA 
from tissue samples and cell lines. The obtained RNA was 
subjected to reverse transcription using the PrimeScript RT 
Reagent Kit (TaKaRa, Tokyo, Japan) to generate cDNA. 
Subsequently, qRT-PCR was performed using the SYBR 
Premix Ex Taq II Kit (TaKaRa, Tokyo, Japan) to assess 
the expression levels of VEGFA and KDR. GAPDH was 
employed as an internal standard. The relative mRNA 
expression was calculated using the 2−△△Ct method. The 
primer sequences are provided below. VEGFA forward: 5’- ​
A​T​C​A​G​T​T​C​G​A​G​G​A​A​A​G​G​G​A​A​A​G​G-3’; reverse: 5’-​A​A​
A​C​A​A​A​T​G​C​T​T​T​C​T​C​C​G​C​T​C​T​G − 3’; KDR forward: 5′-​
G​G​C​C​C​A​A​T​A​A​T​C​A​G​A​G​T​G​G​C​A-3′; reverse: 5′- ​C​C​A​G​
T​G​T​C​A​T​T​T​C​C​G​A​T​C​A​C​T​T​T-3′; GAPDH forward: 5′-​G​A​
C​A​G​T​C​A​G​C​C​G​C​A​T​C​T​T​C​T-3′; reverse: 5′-​G​C​G​C​C​C​A​A​T​
A​C​G​A​C​C​A​A​A​T​C-3′.

Western blot (WB) assay

The cells were lysed using radioimmunoprecipitation assay 
(RIPA) buffer (Beyotime Biotechnology, Shanghai, China) 
supplemented with protease and phosphatase inhibitors 
from Millipore (Temecula, CA, USA) on ice. After centrif-
ugation at 12,000 g for 15 min, the concentration of total 
proteins in the lysates was determined using a BCA Pro-
tein Assay Kit (Pierce, Rockford, IL, USA). Equal amounts 
of proteins were separated by 10% SDS-PAGE and trans-
ferred onto nitrocellulose membranes (Millipore, Temecula, 
CA, USA). The membranes were blocked with 5% non-fat 
milk at 37℃ for one hour and then incubated with primary 
antibodies overnight at 4 °C. Subsequently, the membranes 
were incubated with HRP-labeled secondary antibodies 
against mouse IgG or rabbit IgG (Abcam, Cambridge, MA, 
USA, 1:5000) for one hour at 37℃. The following primary 

respectively, where we applied 15 principal components 
with a resolution of 0.8. After consolidating similar clus-
ters, we identified normal, stromal, and tumor regions in the 
CRC sample.

CIBERSORTx

Cell composition deconvolution was conducted utilizing 
CIBERSORTx [22]. Our initial step was to generate a sig-
nature gene expression matrix using the CRC scRNA-seq 
dataset (GSE178341). We extracted raw count matrix data 
and cell type classifications from a subset of the Seurat 
object, which incorporated 500 samples each from various 
blood vascular EC subsets, including artery ECs, capil-
lary ECs, immature ECs, tip cells, and vein ECs. This raw 
count matrix was introduced into CIBERSORTx and subse-
quently normalized. The signature matrix, was established 
with CIBERSORTx, utilizing all genes to create the signa-
ture gene expression matrix. In the final step, we evaluated 
the proportions of different blood vascular EC cells in each 
CRC sample using CIBERSORTx, based on the bulk RNA-
seq data (GSE39582). To correct for cross-platform varia-
tion in the deconvolution of the GSE39582 RNA-seq data, 
we performed batch correction using S-mode.

Immunofluorescence staining

Two paired CRC specimens were secured within 30  min 
post-tumor resection and preserved in paraformaldehyde for 
48 h. Standard procedures were employed for dehydration 
and paraffin embedding. The specimens were treated with 3% 
H2O2 for 25 min to quench endogenous peroxidase activity. 
To block nonspecific binding, the tissue sections were pre-
incubated with 10% normal goat serum for 30 min. Subse-
quently, they were incubated overnight at 4 °C with primary 
antibodies in a humidified chamber. The primary antibod-
ies included rabbit anti-human PECAM1 (CD31) (AbCam, 
Cat#ab76533, 1:200), rabbit anti-human ESM1 (AbCam, 
Cat#ab103590, 1:2000), rabbit anti-human KDR (VEGFR2) 
(Thermo Scientific, Cat#MA5-15157, 1:1000), rabbit anti-
human VEGFA (AbCam, Cat#ab52917, 1:200), mouse anti-
human pan-CK (Novus, Cat#NBP2-33200AF647, 1:200), 
and mouse anti-human CD68 (Proteintech, Cat#66231-
2-Ig, 1:5000). Following thorough washing, the sections 
were mounted with an anti-fade reagent and covered with 
coverslips. Fluorescence images were captured using a 
NIKON ECLIPSE C1 microscope and further analysis was 
performed using CaseViewer software.
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the R package “survminer”. We presented the results as a 
heatmap, including log-rank p value, hazard ratio (HR) with 
95% confidence interval (95%CI).

Statistical analysis

R (version 4.2.2), GraphPad Prism (version 9), and Python 
(version 3.7) were used for statistical analysis. We employed 
the paired t-test for comparisons involving paired samples, 
while the Mann-Whitney U test was utilized for assessing 
differences between two groups in all other instances. The 
Spearman and Pearson methods were used for correlation 
tests. For survival analysis, we employed univariate Cox 
and Log-Rank methods, p value < 0.05 was considered sta-
tistically significant.

Results

Enhanced angiogenesis and reduced antigen 
presentation in CRC ECs

To characterize the transcriptomic heterogeneity of the vas-
cular system and other cell types in human CRC tissues, we 
examined two large CRC single-cell datasets (GSE178341 
and 5-cohorts). These datasets include 289 samples and 
a total of 743,173 cells, with 19,874 identified as ECs 
(Fig.  1a). We annotated major clusters based on defining 
marker genes and identified various cell types, including T 
cells (CD3D, CD7), B cells (CD79A, MS4A1), plasma cells 
(MZB1, JCHAIN), mast cells (TPSB2, TPSAB1, CPA3), 
myeloid cells (LYZ, CD68), ECs (PECAM1, VWF), epithe-
lial cells (KRT8, EPCAM), and fibroblasts (COL1A1, DCN) 
(Fig. 1a and b, Table S3).

In order to investigate the alterations in gene expres-
sion and functionality of ECs during CRC tumorigenesis, 
we subsequently compared the DEGs between tumor ECs 
and adjacent normal ECs in both GSE178341 and 5-cohorts. 
Notably, the top 10 DEGs from each cohort showed signifi-
cant overlap, highlighting the potential key markers in CRC 
EC transformation. For instance, genes associated with 
extracellular matrix (ECM) remodeling, such as COL4A1, 
COL4A2, COL15A1, MMP2, and SPARC, were markedly 
upregulated in tumor ECs (Fig. 1c, Table S4). Conversely, 
genes such as FABP5, CD36, and LIFR were more prevalent 
in adjacent normal ECs.

To understand the functional implications of the observed 
gene expression changes, we carried out an enrichment 
analysis of the overlapping DEGs from both cohorts using 
Metascape (Fig. 1d). This analysis disclosed that the most 
significant functional change corresponding to the downreg-
ulated DEGs (n = 37) was linked to “antigen processing and 

antibodies were applied to exam the proteins expression: 
anti-VEGFA (#ab46154, abcam, Cambridge, MA, USA, 1: 
1000) and anti-β-tublin (#2148S, Cell Signaling Technol-
ogy, Beverly, MA, USA, 1:1000). The protein bands were 
visualized using an enhanced chemiluminescence detection 
system (Bio-Rad, CA, USA) and quantified using ImageJ 
software.

CCK-8 assay

In each well of a 96-well plate, 1 × 103 cells in 100 µl of 
medium were seeded. At 0, 24, 48, 72, and 96 h, the origi-
nal medium was replaced with a mixture of CCK-8 solution 
(TransDetect Cell Counting Kit, Transgene, Beijing, China) 
and fresh medium (without FBS) in a 1:9 ratio. The cells 
were then incubated at 37 °C for 3 hours. The absorbance 
of each well was measured at 450 nm using a microplate 
reader (Bio-Rad, CA, USA) to determine cell viability or 
proliferation.

In vitro migration and invasion assays

The in vitro migration and invasion abilities of cells were 
assessed using 24-well Transwells (8 μm pore size, Corn-
ing, Inc., NY, USA). A total of 4 × 104 cells in 200 µl fresh 
medium (without FBS) were seeded in the top chamber. 
For the invasion assay, each top chamber was coated with 
200  mg/ml Matrigel (Corning, Inc., NY, USA), followed 
by plating 8 × 104 cells in the chamber. The lower chamber 
contained a 20% concentration of FBS. After 36 h, the inva-
sive cells on the lower layer of the chamber were fixed with 
4% paraformaldehyde for 30  min, stained by crystal vio-
let (Beyotime Biotechnology, Shanghai, China) for another 
30 min, and then counted. The migration experimental assay 
was conducted without Matrigel, following the same steps 
as the invasion assay.

Prognosis analysis

We performed an overall survival analysis in the GSE39582 
CRC cohorts using the “survival” package, based on the 
capillary ECs and tip cells proportions computed by CIBER-
SORTx. To assess the prognostic role of CA4 and ESM1 
expression across various cancer types, we utilized univari-
ate Cox regression and the Kaplan-Meier model. We ana-
lyzed four types of prognosis data, including overall survival 
(OS), disease-specific survival (DSS), disease-free interval 
(DFI), and progression-free interval (PFI). In the univari-
ate Cox regression analysis, we used continuous expression 
data of CA4 and ESM1. Furthermore, we performed Kaplan-
Meier curve analysis using bivariate expression levels, with 
the cutoff determined by the “surv-cutpoint” function of 
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our study, we classified the 13 EC clusters in GSE178341 
into 7 EC subsets, based on characteristic genes (Fig. 2a). 
These subsets encompass five blood vascular EC subsets: 
artery ECs (GJA5, FBLN5), capillary ECs (CA4, CD36, and 
BTNL9), immature ECs (enriched with ribosome-related 
genes), tip cells (ESM1, PGF, and NID2), and vein ECs 
(ACKR1, SELP). Additionally, we classified lymphatic ECs 
(LYVE1, CCL21, and PROX1) and mural cells, which dis-
play features of both pericytes (RGS5) and vascular smooth 
muscle cells (ACTA2) (Fig. 2a-c). Mural cells were broadly 
defined as ECs in this study. To aid fellow researchers in 
identifying these EC subsets within CRC, we compiled a 
summary table of representative genes primarily referenc-
ing the top 10 DEGs in GSE178341 and 5-cohorts (Fig. 2c 
and Table S5).

presentation of exogenous peptide antigen via MHC class 
II” (Fig. 1e), indicating a decrease in antigen presentation 
in CRC ECs. On the other hand, for the upregulated DEGs 
(n = 1488), the term “VEGFA-VEGFR2 signaling pathway” 
emerged as the most significant (Fig.  1f), suggesting an 
increase in angiogenic activity within the CRC ECs. Collec-
tively, these findings indicate that during the course of CRC 
tumorigenesis, ECs exhibit a dual adaptation characterized 
by enhanced angiogenesis and reduced antigen presentation.

Heterogeneity of CRC ECs and diminished antigen 
presentation in tip cells

Single-cell analysis has offered unprecedented insights 
into the phenotypic transformations of ECs in CRC, espe-
cially when viewed through the lens of EC heterogeneity. In 

Fig. 1  Decreased antigen presentation and enhanced angiogenesis in 
CRC ECs. (a) UMAP plots of major cell types in GSE178341 (n=100) 
and 5-cohorts (n=189). (b). Dot plots of marker genes for each major 
cell type in GSE178341. (c). Differential expressed genes (DEGs) 
between normal ECs and tumor ECs in GSE178341 and 5-cohorts. Top 
10 significant genes are displayed. The criteria for screening DEGs 

are depicted within the dotted lines. (d). Venn plots of downregulated 
(left) and upregulated (right) DEGs in CRC ECs in GSE178341 and 
5-cohorts. (e). Enrichment analysis of 37 common downregulated 
DEGs in CRC ECs by metascape. Top 10 terms are displayed. (f). 
Enrichment analysis of 1,488 common upregulated DEGs in CRC by 
metascape. Top 10 terms are displayed
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proportions of artery and vein ECs remained comparatively 
stable.

Some EC subtypes are considered semi-professional anti-
gen presenting cells (APCs) as they express genes involved 
in antigen capture, processing and presentation [25, 26]. 
To probe the cause behind the weakened antigen presen-
tation in tumor ECs, we further compared the expression 
of MHC-I (HLA-A, HLA-B, HLA-C, HLA-E, HLA-F, and 
HLA-G) and MHC-II (HLA-D) genes across different EC 

We differentiated ECs into microvascular (composed of 
capillary ECs, immature ECs, and tip cells) and large vessel 
ECs (comprising artery and vein ECs) using RGCC [23], a 
microvascular marker, and FBLN2 [24], a large vessel EC 
marker, respectively (Fig. 2d-e). Interestingly, we observed 
a pronounced increase in the proportion of tip cells, accom-
panied by a significant decline in capillary ECs in tumor 
ECs when compared to normal ECs (Fig. 2b). However, the 

Fig. 2  Heterogeneity of CRC ECs and diminished antigen presentation 
in tip cells. (a) Log ratio of average fraction per EC clusters in tumor 
to normal tissue (top). Mann-Whitney U test, **: p < 0.01, ***: p < 
0.001. Dot plot showing the scaled average expression and the percent-
age of expression of marker genes per EC cluster (bottom). (b) UMAP 
plots of 6,785 ECs colored by EC subset (left) and tissue type (center) 
in GSE178341 dataset. Bar charts show the proportion of EC subsets 
in different tissues (right). (c) The table to exhibit the representative 
genes of EC subsets. (Representative genes are mainly referred from 
the intersection of the top 10 genes of each subgroup, see Table S2 for 

details). (d) UMAP plot to show the distribution of RGCC expression 
(a microvascular EC marker) across ECs. The inset violin plot in the 
top right corner presents the expression level of RGCC across different 
blood vascular ECs. (e) UMAP plot to show the distribution of FBLN2 
expression (a large vessel EC marker) across ECs. The inset violin plot 
in the top right corner presents the expression level of FBLN2 across 
different blood vascular ECs. (f) Dot plot to show the expression of 
MHC-I and MHC-II genes across different blood vascular ECs. (g-h). 
The violin plot to show the MHC-I score (g) and MHC-II score (h) 
across different blood vascular EC subsets
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Tip cells are associated with CRC tumorigenesis, 
progression, and poor prognosis

Recognizing the potential value of tip cells in the clinical 
diagnosis and treatment of CRC, our subsequent research 
aimed to identify the most specific biomarkers of tip cells 
and explore their correlation with CRC tumorigenesis, pro-
gression, and prognosis. By comparing the differential genes 
between capillary ECs and tip cells, we confirmed that tip 
cell markers, such as ESM1 and PGF, along with capillary 
EC markers like CD4 and CD36, exhibit a high degree of 
specificity (Fig. 3a, Fig. S2a, and Table S6). Notably, ESM1 
expression is almost exclusive to tip cells (Fig. 3b-c, Fig. 
S2b-c), leading us to consider ESM1 as the most representa-
tive marker of tip cells.

subsets. The expression of MHC-I genes was found to be 
highest in capillary ECs, while MHC-II genes were notably 
expressed in both capillary and vein ECs (Fig. 2f). Notably, 
the expression of both MHC-I and MHC-II genes was sig-
nificantly reduced in tip cells (Fig. 2f). Further, the MHC-I 
and MHC-II scoring results showed the reduced antigen 
presentation feature of tip cells in ECs (Fig. 2g-h), indicat-
ing that tip cells may be the crucial EC subset contributing 
to the attenuated antigen presentation in tumor ECs. These 
findings were affirmed in the 5-cohorts (Figure S1a-g).

In summary, tip cells, which are enriched in tumor ECs, 
appear to be the key cell type contributing to the impaired 
antigen presentation in tumor ECs.

Fig. 3  Tip cells are associated with CRC tumorigenesis, progression, 
and poor prognosis. (a). Volcano plot to illustrate differential genes 
between capillary ECs and tip cells in GSE178341 dataset. (b). Dot plot 
to display the expression of ESM1 across different major cell types and 
EC subsets. (c). UMAP visualization shows the expression of ESM1 
in all cells and ECs. (d). Heatmap to show the expression difference 
of tip cell markers (ESM1 and PGF) and capillary markers (CA4 and 
CD36) between NC and CRC in nine bulk RNA-seq cohorts. The color 
gradient of each tile signifies changes in the marker expression level, 
where red represents an increase in CRC, blue represents a decrease, 
and the depth of the color reflects the statistical significance. NC, 
normal colorectum or adjacent colorectum. (e). Line graph to depict 

the proportion change of tip cells and capillary ECs across different 
stages in the GSE39582 dataset, as evaluated by the CIBERSORTx 
algorithm. (f). Kaplan-Meier analysis of the overall survival curve in 
GSE39582 CRC patients with a high or low capillary ECs proportion 
(based on the 50% cut-off). Log-rank test. (g). Kaplan-Meier analysis 
of the overall survival curve in GSE39582 CRC patients with a high or 
low Tip cells proportion (based on the 50% cut-off). Log-rank test. (h). 
Summary of the prognostic role of the expression of CA4 and ESM1 in 
TCGA pan-cancer. Numbers represent the count of cancers associated 
with CA4 or ESM1 expression regarding prognosis (see Figure S3 for 
details). Two-sample proportion test for ESM1
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GFs (e.g., PGF, PDGFA, PDGFB, ANGPT2, and APLN) 
and GFRs such as KDR, FLT1 (VEGFR1), and APLNR 
are most highly expressed in tip cells, indicating a pro-
angiogenic phenotype of tip cells in CRC. In addition, the 
VEGFC-VEGFR3 pair, closely related to lymphangiogen-
esis [12], demonstrated distinct distribution: VEGFC was 
primarily observed in artery ECs, while FLT4 (VEGFR3) 
was prevalent in lymphatic ECs (Fig. 4a).

VEGF-A, ubiquitously expressed in virtually all malig-
nant tumors, is widely recognized as the principal factor 
propelling tumor angiogenesis [27]. The in vivo angiogenic 
response to VEGFA is predominantly orchestrated through 
the activation of VEGFR2 [28]. Notably, our single-cell 
results indicated that VEGFA expression was the highest in 
myeloid cells, followed by epithelial cells (Fig. 4a-b, Fig. 
S4a-b, and Table S3). Moreover, the highest angiogenesis 
score was identified in myeloid cells (Fig. 4c and Fig. S4c), 
suggesting their pivotal role in fostering angiogenesis. We 
found that VEGFA expression is significantly higher in 
tumor myeloid cells compared to normal myeloid cells, 
and epithelial cells express more VEGFA than normal epi-
thelial cells (Fig.  4d and Fig. S4d). Similarly, tumor ECs 
express significantly more KDR expression than normal 
ECs (Fig. 4e), indicating elevated VEGFA and KDR expres-
sion levels in the TME. Although KDR expression in ECs 
is strongly positively correlated with VEGFA from both 
myeloid cells (r = 0.45, p < 0.001) (Fig.  4f) and epithelial 
cells (r = 0.54, p < 0.001) (Fig. 4g), the correlation is higher 
with VEGFA from epithelial cells. This suggests that, given 
their greater abundance, epithelial cells are the primary cell 
type expressing VEGFA.

To further investigate the relationship between the spatial 
distribution of tip cells and angiogenesis, we used spatial 
transcriptomics data to analyze the distribution of ECs in 
CRC tissues. We classified 3,138 spots into three regions 
- normal, stromal, and tumor regions, based on their tran-
scriptomic expression and Hematoxylin and Eosin (HE) 
tissue data (Fig. 4h). Our findings revealed that the propor-
tion of spots showing KDR expression (expression > 0) was 
significantly higher in PECAM + ESM1 + spots (tip cells) 
compared to PECAM + ESM1- spots (other ECs) (40/93 vs. 
102/756, p = 4.60e-15) (Fig.  4i). A dot plot illustrated the 
concentration of myeloid/macrophage cells, endothelial/
tip cells, and most VEGF/VEGFRs in the stromal region 
(Fig.  4j). Interestingly, VEGFA expression was signifi-
cantly higher in areas rich in epithelial cells, possibly due 
to dilution of VEGFA derived from myeloid cells in stromal 
spots by other cell types. In conclusion, the spatial tran-
scriptomics data highlighted the enrichment of KDR in tip 
cells and emphasized the long-tail effect of VEGFA: While 
VEGFA expression was highest in individual myeloid cells, 

Compared to normal colorectum (NC), ESM1 and PGF 
expression levels are significantly higher in CRC across 
nine bulk RNA-seq datasets (Fig.  3d), while the expres-
sion of CD4 and CD36 notably decreased, indicating an 
increased density of tip cells and decreased density of 
capillaries during tumorigenesis. In a pan-cancer analysis 
from TCGA, tumor tissues also showed elevated expres-
sion of tip cell markers (Fig. S2d) and decreased capillary 
markers (Fig. S2e) compared to normal tissues. Addition-
ally, using the CIBERSORTx method based on single-cell 
data (GSE178341), we calculated the proportion of differ-
ent blood vascular EC subsets in each CRC sample from 
a bulk RNA-seq dataset (GSE39582). The results showed 
an increase in the proportion of tip cells and a decrease in 
capillary ECs as the cancer stage progressed (Fig. 3e). This 
finding was supported by analyses of both markers and 
CIBERSORTx for TNM staging (Fig. S3a-b), suggesting an 
increase in tip cell density and a decline in capillary density 
as the tumor progresses.

Next, we explored the relationship between tip cells and 
CRC prognosis. The results based on the CIBERSORTx 
approach showed that a high proportion of capillary ECs 
was associated with a better prognosis (log-rank, p = 0.027) 
(Fig.  3f), while a high proportion of tip cells correlated 
with a worse prognosis (log-rank, p = 7.1e-04) (Fig.  3g). 
This observation is also applicable in a pan-cancer context, 
where we analyzed the relationship between CA4 and ESM1 
expression and the prognosis of 32 types of cancer within 
TCGA. CA4 demonstrated a protective effect in 8 cancer 
types and a risk effect in 1 type, whereas ESM1 displayed 
a protective effect in 3 cancer types and a risk effect in 11 
types (p = 1.4e-04, two-sample proportion test) (Fig.  3h, 
and Fig. S3c-d). These results suggest that, in comparison 
to capillary ECs, which exhibit protective characteristics in 
CRC patients, tip cells display significantly malignant traits.

In conclusion, tip cells are associated with the initiation, 
progression, and poor prognosis of CRC.

The relationship between tip cells and angiogenesis

Tip cells are integral to angiogenesis, as they spearhead new 
vessel growth by sensing gradients of angiogenic signals 
such as VEGFA and guiding the direction of the new sprout 
[12, 16]. To understand the relationship between tip cells 
and angiogenesis in CRC more deeply, we examined the 
expression of growth factors (GFs) such as VEGFA, VEGFB, 
VEGFC, PGF, PDGFA, PDGFB, ANGPT2, and APLN [16], 
and growth factor receptors (GFRs) including FLT1, KDR, 
FLT4, and APLNR across various major cell types and EC 
subsets. We found that most of these GFs and their receptors 
are enriched in ECs (Fig. 4a and Fig. S4a). Notably, com-
pared with other blood vascular ECs, the majority of these 
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Fig. 4  The relationship between tip cells and angiogenesis. (a). Dot 
plots showing the expression of growth factors and growth factor 
receptors in different major cell types (left) and EC subsets (right) in 
GSE178341. (b). UMAP plot displaying the expression of VEGFA 
and KDR in GSE178341. (c). Violin plot displaying the expression 
of angiogenesis signature of different major cells in GSE178341. (d). 
Bar graphs comparing the expression difference of VEGFA between 
tumor and adjacent normal tissue in myeloid cells (left) and epithelial 
cells (right). Each point represents the mean expression of VEGFA in 
myeloid or epithelial cells within the respective sample. (e). Bar graph 
comparing the expression of VEGFA between tumor ECs and normal 
tissue ECs. (f). Spearman correlation analysis of VEGFA expression in 
myeloid cells and KDR expression in ECs. Blue dots represent adja-
cent normal tissue samples, while red dots represent CRC samples. (g). 

Spearman correlation analysis between VEGFA expression in myeloid 
cells and KDR expression in ECs. (h). Spatial plots of H&E staining 
(column 1), tissue regions (column 2), ECs (PECAM1) (column 3), tip 
cells (ESM1) (column 4), and KDR expression (column 5) in a CRC 
sample. (i). Comparison of the proportion of KDR positive expression 
(exp>0) between PECAM1+ESM1+ and PECAM1+ESM1- spatial 
plots. (j). Dot plots display the expression of regional marker genes, 
cell type marker genes, and the expression of VEGFR and VEGF-
related genes in different tissue regions. (k). Diagram of the long-tail 
effect of VEGFA expression in CRC. (l). Immunofluorescence stain-
ing of human CRC tissue. VEGFA (red), macrophages (CD68, green), 
cytokeratin-positive tumor cells (pan-CK, pink), DAPI (blue), Bar, 
100  μm. (m). Immunofluorescence staining of human CRC tissue. 
VEGFA (red), ECs (CD31, green), DAPI (blue), Bar, 100 μm
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CellphoneDB analysis. We discovered that tip cells had a 
higher number of interactions with other cell types when 
compared to other blood vascular ECs (Fig. 6a). Looking 
specifically at VEGFA-related cellular communication, we 
observed strong interactions between VEGFA in myeloid and 
epithelial cells and NRP1/2 in tip cells (Fig. 6b). NRP1/2 act 
as co-receptors for VEGFA and have been shown to promote 
angiogenesis by strengthening the binding of VEGFA and 
VEGFR [29–31]. Additionally, NRP2 has been reported to 
be critical for VEGFC-VEGFR3-induced lymphatic sprout-
ing [32]. Our single-cell analysis further highlighted that 
NRP1/2 expression was enriched in tip cells, and that NRP2 
expression was highest in lymphatic ECs (Fig. 6c). Results 
from TCGA-CRC also confirmed a strong positive corre-
lation between NRP1 (Spearman r = 0.83, p < 0.001) and 
NRP2 (Spearman r = 0.67, p < 0.001) with KDR (Fig. 6d). 
Taken together, these findings suggest that the NRP1/2 
enriched in tip cells assists in activating the VEGFA-KDR 
signaling pathway (Fig. 6e).

Effective PD-1 blockade treatment significantly 
reduces tip cells in CRC

In this study, we leveraged the GSE205506 dataset [33], 
which includes information on the response to PD-1 block-
ade, enabling us to investigate the impact of ICI therapy on 
ECs within the CRC TME (Fig. 7a). From a total of 324,030 
cells, we identified 18,151 ECs (Fig. 7b, Fig. S5a and Table 
S3).

We found that, in comparison to the treatment naïve 
(-ICI) group (n = 10) and the ICI treated non-pathological 
complete response (+ ICI/non-pCR) group (n = 4), the ECs 
in the ICI treated pathological complete response (+ ICI/
pCR) group (n = 13) showed a significant decrease in ESM1 
expression (Fig.  7c-d), as well as other tip cell markers 
(Fig. 7i). This suggests that an effective PD-1 blockade con-
siderably reduces the number of tip cells within the TME.

When analyzing the DEGs between the -ICI and + ICI/
pCR groups, we found that the + ICI/pCR group displayed 
an increase in “MHC class II protein complex” within 
the ECs, and a decrease in “VEGFA-VEGFR2 signaling” 
(Fig. 7e-g and Table S7). This implies that effective immune 
therapy enhances antigen presentation in ECs, while reduc-
ing the traits of angiogenesis. Supporting this observation, 
the + ICI/pCR group exhibited increased expression of 
MHC-I and MHC-II genes (Fig. 7h) and decreased expres-
sion of GFs and GFRs (Fig. 7i and Fig. S5b), compared to 
the -ICI group and the + ICI/non-pCR group.

In addition, we observed a notable decrease in the expres-
sion of KDR in ECs (Fig. 7j) and VEGFA in epithelial cells 
(Fig. S5c) in the + ICI/pCR group, implying that effective 

epithelial cells constituted the majority of VEGFA-express-
ing cells (Fig. 4k).

Immunofluorescence results demonstrated a significant 
accumulation of VEGFA protein in regions positive for the 
EC marker (CD31), as compared to regions positive for 
epithelial cell marker (pan-CK) and macrophage marker 
(CD68) (Fig. 4l and m). This suggests that VEGFA protein 
may be efficiently recruited to its target cells, namely ECs, 
thereby promoting angiogenesis.

ESM1 maintains VEGFA-KDR-ESM1 positive feedback 
loop and promotes CRC proliferation and migration

Next, we sought to confirm ESM1’s role in perpetuating the 
VEGFA-KDR-ESM1 positive feedback loop in CRC. GSEA 
of ESM1 in TCGA-CRC, conducted using LinkedOmics, 
affirmed ESM1’s involvement in the angiogenesis pathway 
(Fig.  5a). By analyzing 60 pairs of CRC tissues and cor-
responding para-cancer tissues, we noted higher expression 
levels of ESM1, KDR, and VEGFA in CRC tissues (Fig. 5b). 
ESM1 correlated significantly with both VEGFA (r = 0.6585, 
p < 0.001) and KDR (r = 0.8649, p < 0.001) in these patients 
(Fig. 5c). A parallel strong correlation between ESM1 with 
KDR (r = 0.51, p < 0.001) and VEGFA (r = 0.4, p < 0.001) 
was observed in TCGA-CRC (Fig.  5d). Immunofluores-
cence results further revealed heightened expression and 
spatial colocalization of ESM1 and KDR in CRC (Fig. 5e).

Subsequently, we conducted in vitro experiments to 
evaluate the impact of ESM1 on VEGFA expression in 
CRC cells. Recombinant ESM1 protein was added to the 
culture medium at varying concentrations for this purpose. 
As the concentration of ESM1 protein increased, both qRT-
PCR and WB analysis showed a corresponding increase in 
VEGFA expression within CRC cells (Fig. 5f and g). The 
above evidence collectively supports that ESM1 maintains 
the VEGFA-KDR-ESM1 positive feedback loop in CRC.

Further in vitro experiments were conducted to explore 
the effects of ESM1 on CRC cell proliferation and migration. 
Specifically, as the concentration of ESM1 increased, there 
was a corresponding rise in the proliferative and migratory 
capabilities of CRC cells (Fig. 5h and i). These results sug-
gest that ESM1 can stimulate the expression of VEGFA in 
CRC cells, possibly thereby promoting the proliferative and 
migratory properties of CRC cells.

Intercellular communication unveils NRP1/2 
assisting VEGFA in activating KDR in tip cells

In this section, our aim was to uncover potential mecha-
nisms for intercellular communication involving VEGFA 
and angiogenesis promotion within the CRC TME. To 
do this, we utilized GSE178341 dataset and conducted a 
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Fig. 5  ESM1 promotes VEGFA-KDR-ESM1 positive feedback loop 
and enhances CRC proliferation and migration. (a). Significantly 
enriched Gene Ontology Biological Process (GO BP) terms in genes 
coexpressed with ESM1 in the TCGA-CRC cohort. FDR denotes the 
false discovery rate. (b). qRT-PCR analysis to show ESM1, VEGFA, 
and KDR expression levels in 60 pairs of human CRC tissues and 
paired NC tissue (Paired t test). (c). Correlation analysis between the 
expression of ESM1 and VEGFA, as well as between the expression 
of ESM1 and KDR in 59 CRC patients (Pearson test). An outlier was 
identified and excluded from the initial set of 60 samples. (d). Cor-
relation analysis between the expression of ESM1 and VEGFA, as 
well as between the expression of ESM1 and KDR in the TCGA-CRC 
cohort (Pearson test, n=367). (e). Immunofluorescence staining of 
human CRC tissue and paired adjacent normal tissue. ESM1 (green), 

KDR (pink), CD31 (red), DAPI (blue). (f). qRT-PCR analysis to show 
VEGFA mRNA expression level in HCT-116 after manipulating differ-
ent concentrations of ESM1 protein. (g). WB analysis to show VEGFA 
protein expression level in HCT-116 after manipulating different con-
centrations of ESM1 protein. (h). CCK-8 assay to illustrate the altera-
tion of CRC cells’ proliferative capacity after manipulating different 
concentrations of ESM1 protein. The optical density (OD) was mea-
sured daily for 5 days. The bar graph in the lower part displays the 
statistical results for day five shown in the upper part. (i). Transwell 
analysis to illustrates the migrative and invasive capability of CRC 
cells after manipulating different concentrations of ESM1 protein. The 
bar graph in the lower part displays the statistical differences depicted 
in the upper part. All data are shown as the mean ± SD. *: p < 0.05, 
**: p < 0.01, ***: p < 0.001
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substantially increase in the CRC TME, replacing the eco-
logical niche originally occupied by capillary ECs in normal 
tissue (Fig. 8a).

Our research highlights the potential clinical translational 
value of tip cells as biomarkers. Through various method-
ologies and multiple datasets, we have confirmed that the 
number and proportion of tip cells increase with the onset 
and progression of CRC, correlating with poorer progno-
ses. This contrasts significantly with capillary ECs. These 
findings are also validated across pan-cancer studies. We 
speculate that this might be related to the diminished anti-
gen presentation and increased angiogenic traits of tip cells 
within CRC. Tip cells, characterized by these traits, shift 
the overall microvascular EC profile from the anti-tumor 
properties of capillary ECs towards a pro-tumor phenotype. 
Furthermore, we observe that effective immunotherapy 
can significantly reduce tip cells, indicating the potential 
of tip cells as a marker for assessing the effectiveness of 
immunotherapy and anti-angiogenic therapy. In summary, 
these findings suggest that tip cells and their markers, such 
as ESM1, could serve as critical malignancy indicators in 

immune therapy disrupts the positive feedback loop of 
VEGFA-KDR-ESM1 within the CRC TME.

Discussion

The purpose of this research is to provide an in-depth char-
acterization of the heterogeneity of ECs in CRC and to elu-
cidate the mechanisms by which ECs promote angiogenesis. 
The insights gained from this study are as follows:

Our study demonstrates that the phenotypic shift in 
tumor ECs is primarily governed by tip cells. Capillaries, 
acting as microvessels and displaying enhanced transcrip-
tional plasticity [23], are known to express genes associated 
with antigen processing and presentation, thereby bolster-
ing immune responses [9]. Recent advancements in single-
cell research have unveiled a trend within tumor ECs where 
antigen presentation diminishes while angiogenesis inten-
sifies, compared to their normal counterparts [9, 23, 26]. 
In our study, we find this trait to be chiefly driven by tip 
cells, which display a significant reduction in antigen pre-
sentation and enhanced angiogenesis. Moreover, tip cells 

Fig. 6  Intercellular communication unveils NRP1/2 Assisting VEGFA 
in activating KDR in tip cells. (a). Heatmap generated by CellphoneDB 
showing the potential ligand-receptor interactions between blood vas-
cular EC subsets and other major cell types in CRC (GSE178341). 
Numbers indicate the number of potential ligand-receptor pairs. (b). 
Dot plots of VEGFA-related cellular interactions between blood vas-

cular EC subsets and myeloid cells and epithelial cells. (c). Dot plots 
to show average expression of NRP1 and NRP2 across different major 
cell types and EC subsets. (d). Correlation analysis of KDR with NRP1 
and NRP2 expression in TCGA-CRC (Spearman test, n=367). (e). 
Schematic diagram of NRP1/2 assisting VEGFA in activating KDR in 
tip cells
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are recognized for their role in angiogenesis, the specific 
mechanisms driving this process remain unclear [6, 16]. 
We discovered that most GFs and their receptors (GFRs), 
including KDR, are enriched in tip cells. This suggests that 

CRC, guiding the diagnosis, disease assessment, and prog-
nostic treatment of CRC.

Our study also reveals the potential mechanisms by 
which tip cells promote angiogenesis. Although tip cells 

Fig. 7  Effective PD-1 blockade treatment significantly reduces tip cells 
in CRC. (a). Schematic diagram of tissue samples before and after 
immunotherapy. (b). UMAP plot of 18,151 ECs colored by sample 
types in GSE205506. (c). UMAP plot of ESM1 expression in ECs. 
(d). Average ESM1 expression in ECs among patient groups. Each 
point represents the mean ESM1 expression in the ECs of that sample. 
Mean ± SD, Mann-Whitney U test. (e). Volcano plot of DEGs between 
ECs in the -ICI group and +ICI/pCR group. (f). Enrichment analysis 
of the 269 upregulated DEGs in the -ICI group by Metascape. Top 5 

terms are displayed. (g). Enrichment analysis of the 938 upregulated 
DEGs in the +ICI/pCR group by Metascape. Top 5 terms are dis-
played. (h). Dot plot comparing the expression of MHC-I and MHC-II 
genes among patient groups. (i). Dot plot comparing the expression of 
tip marker, growth factors, and growth factor receptor-related genes 
among patient groups. (j). Average KDR expression in ECs among 
patient groups. Each point represents the mean KDR expression in the 
ECs of that sample. Mean ± SD, Mann-Whitney U test
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blockade therapies can still be limited by factors such as 
resistance [11, 39]. Our research raises the prospect of fine-
tuning these approaches. Through scRNA-seq analysis, 
we identified novel tumor EC targets that may potentially 
enhance the efficacy of immunotherapies. Specifically, our 
findings propose that strategies aimed at modulating ESM1 
expression or selectively eliminating ESM1 + tip cells could 
be beneficial. Moreover, our observations indicate that 
effective anti-PD-1 therapy can decrease the number of tip 
cells within the CRC TME, disrupting the VEGFA-KDR-
ESM1 feedback loop - an important mechanism through 
which immunotherapy could potentially exert its effects. 
Supporting this notion, recent preclinical studies have 
shown that anti-VEGF treatment can enhance the effective-
ness of anti-PD-L1 therapy, promoting an increased infil-
tration of cytotoxic T lymphocytes and subsequent tumor 
cell destruction [40]. Other research has demonstrated that 
a dual anti-angiogenesis approach, employing dual-spec-
ificity anti-VEGF/Ang2 antibodies, can amplify the effect 
of anti-PD-L1 therapy in various models [41]. Therefore, 
future investigations could explore the potential of innova-
tive combinations of AAT and immunotherapy to potentially 
further enhance remission rates in cancer patients.

In conclusion, our study highlights the pivotal role of tip 
cells in driving the angiogenesis enhancement and decreased 
antigen presentation observed in tumor ECs. We found 
ESM1, a molecule uniquely expressed in tip cells, to facili-
tate a self-enhancing loop with VEGFA, thereby stimulating 

tip cells represent a key cellular subset driving angiogenesis 
within CRC. Importantly, our research identifies ESM1 as 
not just a marker gene for tip cells, but as a crucial mol-
ecule that drives angiogenesis. Recent studies in cervical 
squamous cell carcinoma and ovarian cancer have demon-
strated that ESM1 can enhance VEGFA expression [34, 35], 
and correspondingly, VEGFA has been reported to increase 
ESM1 expression via VEGFR2 activation [36, 37]. Our 
results echo these findings, suggesting a positive feedback 
loop where VEGFA upregulates ESM1 expression in tip 
cells, which in turn enhancing VEGFA-mediated signaling 
in CRC (Fig. 8b). Additionally, through intercellular com-
munication analysis, we unveil NRP1/2 assisting VEGFA in 
activating KDR in tip cells. These findings support that the 
VEGFA-KDR-ESM1 feedback loop may be a key pathway 
by which tip cells stimulate angiogenesis. Interestingly, we 
also observe a long-tail effect in VEGFA expression; VEGFA 
is primarily expressed by epithelial cells, but the highest 
level of VEGFA expression is found in individual myeloid 
cells.

This study offers insights into potential new strategies 
for immunotherapy that are specifically oriented towards 
ECs. Currently, approved AATs primarily focus on block-
ing essential pro-angiogenic targets such as VEGF [12, 16, 
38]. Bevacizumab, a monoclonal antibody that neutralizes 
VEGFA, has demonstrated effectiveness in the treatment of 
metastatic CRC, thereby improving patient outcomes [27, 
28]. Despite these advances, the performance of VEGF 

Fig. 8  Changes of microvascular ECs in CRC TME. (a). During the 
occurrence and progression of CRC, the proportion of tip cells in ECs 
increases, while the proportion of capillary ECs decreases. This sug-
gests that in the tumor microenvironment, tip cells with high expres-
sion of ESM1, PGF, and NID2 occupy the microvascular niche that 
belonged to capillary ECs with high expression of CA4, CD36, and 
BTNL9 in normal tissue. (b). Tip cells, characterized by diminished 

antigen presentation and enhanced angiogenesis, shift the overall 
microvascular EC profile from the anti-tumor traits of capillary ECs 
to a pro-tumor phenotype. Furthermore, high ESM1 expression in 
tip cells potentially sustains the VEGFA-KDR-ESM1 feedback loop 
through interactions with VEGFA from myeloid and epithelial cells, 
promoting angiogenesis and CRC progression
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