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Background: Liver metastasis is the leading cause of death in colorectal cancer (CRC) patients, and the 
precise mechanisms remain unclear. In this study, single-cell RNA sequencing (scRNA-seq) was used to 
analyze the cellular and molecular heterogeneity between CRC primary lesion and corresponding liver 
metastasis, and to clarify the characteristics of the tumor microenvironment (TME) in synchronous liver 
metastasis of CRC.
Methods: A case of microsatellite stable (MSS) sigmoid carcinoma with synchronous liver metastasis 
was selected, and tissues from the primary tumor and the liver metastasis were collected for scRNA-seq. 
The EdgeR package software was used to identify the differentially expressed genes between cells. Gene 
Set Enrichment Analysis (GSEA) was performed and the clusterProfiler R package was used for Gene 
Ontology (GO) enrichment analysis. The SCENIC and CellphoneDB packages were used to reconstruct the 
transcriptional regulatory networks and to analyze the intercellular interaction network, respectively.
Results: Compared to the primary tumor, the proportion of myeloid cells in the metastatic tumor was 
significantly increased, while B cells and plasma cells were decreased. In the metastatic tumor, the myeloid-
derived suppressor cell (MDSC) characteristic gene, mannose receptor C-type 1 (MRC1) and tumor 
associated macrophage 2 (TAM2)-related gene, were highly expressed. Furthermore, angiogenesis, oxidative 
phosphorylation, and endothelial mesenchymal transition (EMT) of myeloid cells were also significantly 
enhanced. There were less myeloid cells in primary tumors, and these were mainly monocytes and TAM1; 
while the number of TAM2 was significantly upregulated in the metastatic samples. In liver metastasis, the T 
cell population was exhausted, and this was accompanied by a significant increase in the number of CD4+ T 
cells and a decrease in the number of CD8+ T cells. Furthermore, some immune checkpoint molecules were 
highly expressed. Interactions between myeloid cells and other cell populations appeared to be strong.
Conclusions: The TME of CRC liver metastasis is significantly immunosuppressed. Interactions 
between myeloid cells and other cell populations in the TME contribute to the establishment of a pro-
metastatic niche that promotes colonization and growth of CRC cells in the liver. TAMs may be a potential 
immunotherapeutic target for MSS CRC.
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Introduction

Colorectal cancer (CRC) is one of the most common 
malignant tumors worldwide. According to the 2020 report 
of the International Agency for Research on Cancer (IARC), 
the morbidity and mortality associated with CRC ranks 
third and second among all cancers, respectively (1). In 
China, CRC is the second most common malignancy, with 
560,000 new cases and 290,000 deaths reported in 2020, 
and the disease burden continues to increase dramatically. 
Early-stage CRC can achieve a better outcome through 
radical surgery, but the prognosis of metastatic CRC 
(mCRC) is poor due to the lack of effective treatment, with 
a 5-year survival rate of less than 10%. Liver is the most 
common distant metastatic organ of CRC. The probability 
of synchronous liver metastasis in CRC is about 20–25%, 
and the proportion of liver metastasis in the whole course 
of the disease is as high as 40–50%. Of all patients who died 
from CRC, 49% had liver-predominant lesions, and 83% 
had liver involvement (2). Therefore, liver metastasis is the 
leading cause of death in CRC patients.

Malignant cells in tumors interact with immune cells 
and non-immune cells to form a complex cellular network 
known as the tumor microenvironment (TME) (3). To date, 
the mechanisms of liver metastasis in CRC remain unclear. 
In addition, factors related to cancer cells themselves, 
alteration in the TME may also play an important role, 
including tumor-related inflammatory responses and micro-
angiogenesis. The ability to establish secondary tumors 
in liver depends on the interaction of tumor cells with the 
specific microenvironmental factors in the liver. These 
microenvironmental factors play a bidirectional role in 
inhibiting or promoting metastasis and growth (4). CRC 
metastasis begins when tumor cells shed from the primary 
site and enter the circulation, with the liver being the first 
filter for circulating tumor cells (5,6). The majority of 
tumor cells are arrested by the pro-inflammatory response 
induced by liver sinusoidal endothelial cells (LSECs), 
Kupffer cells (KCs), and lymphocytes in the hepatic 
sinusoid (7), However, a few survivor cells can infiltrate 
through specialized endothelial barriers into the liver 
parenchyma. Hepatocytes are an important source of pro-
inflammatory signals during metastasis and cooperate with 

lymphocytes and myeloid cells to establish a pro-metastatic 
niche (8). The recruitment and activation of stromal cells 
further contribute to the pro-metastatic niche and promote 
angiogenesis, providing an adequate blood supply for 
metastasis. Tumor growth-promoting factors secreted by 
neighboring hepatocytes, hepatic stem cells, and tumor-
associated macrophages (TAMs) drive micro-metastasis to 
macro-metastasis (9,10).

Hepatic macrophages can be induced to kill tumor cells 
in the early stages of CRC liver metastasis, and can also be 
induced to generate tumor-promoting functions necessary 
for macro-metastasis (11,12), through the macrophage 
polarization system including the “classically activation” M1 
phenotype and the “alternately activation” M2 phenotype (13). 
M1-TAMs induce inflammatory responses to generate reactive 
oxygen and nitrogen radicals, which can change cells and 
the surrounding microenvironment, thereby promoting 
tumor progression. M2-TAMs suppress tumor immune 
responses and destroy the immune barrier by secreting 
immunosuppressive cytokines, resulting in the imbalance 
of defense mechanisms. In addition, M2-TAMs secrete 
growth factors, including transforming growth factor 
(TGF) and vascular endothelial growth factor (VEGF), 
to promote tumor proliferation and extracellular matrix 
(ECM) remodeling. Furthermore, M2-TAMs can induce 
the recruitment and activation of fibroblasts, pericytes and 
endothelial cells to drive angiogenesis within metastasis (9). 
This complex and diverse mechanism not only promotes 
tumor colonization in “soil”, but also changes the local “soil” 
microenvironment to make it suitable for “seed” growth.

Over the past decade, the TME has been a hot area of 
tumor biology research and is considered a new target for 
cancer therapy. Immune checkpoint blockade therapy has 
achieved major breakthroughs in many malignancies, and 
programmed cell death protein 1 (PD-1) inhibitors have 
become the standard therapy in microsatellite instability-
high (MSI-H) CRC. However, proficient mismatch 
repair (pMMR)/non-MSI-H CRC does not benefit from 
immune checkpoint inhibitor (ICIs) alone (14), rather, 
ICIs combined with anti-angiogenic agents have shown 
potential to reverse a subset of pMMR/non-MSI-H mCRC 
that is unresponsive to ICIs (15). Tumor heterogeneity 
may lead to different responses in patients undergoing the 
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same treatment. CRC is one of the less immune-infiltrating 
cancers, which may account for the poor response to anti-
PD-1 therapy. Generally, the heterogeneity of tumor cells is 
more emphasized than other components in the TME (16). 
In fact, there is also heterogeneity in stromal cells, including 
tumor-infiltrating immune cells (17). Liver metastasis of 
CRC is a complex biological process involving multiple 
factors and steps, and its mechanisms remain to be fully 
elucidated. Tumor-stroma interactions in the TME can 
promote cancer invasion and metastasis through chemokine 
signaling. The TME contains many host cells that may 
suppress or promote the aggressiveness of cancers. Several 
host-derived myeloid cells are present in the TME and 
their recruitment is controlled by chemokine signaling (18). 
Recently, in addition to immunotherapeutic strategies 
targeting PD-1/PD-1 ligand (PD-L1) or cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4), TAMs and 
cancer-associated fibroblasts (CAFs) have also been found to 
be therapeutic targets (19,20). Blocking the recruitment of 
TAMs or depleting the population of TAMs, and inducing 
macrophage polarization from the immunosuppressive M2 
to the pro-inflammatory and cytotoxic M1 may be viable 
therapeutic strategies.

Tumors are complex ecosystems. In the past, due to 
the lack of accurate and complete understanding of the 
TME, it was impossible to translate precise and effective 
treatment strategies into clinical practice (21-23). Due 
to the low-resolution landscape, traditional bulk RNA 
sequencing could not specifically represent the changes 
in cell populations in the TME (24,25). Single-cell RNA 
sequencing (scRNA-seq) is a technique for transcriptome 
analysis at the single-cell level, enabling a comprehensive 
and detailed characterization of cellular diversity and 
heterogeneous phenotypes (17,26). In addition, since most 
studies compared the phenotypic differences between CRC 
primary tumor and liver metastasis in different patients, 
differences in individual genetic characteristics meant that 
it was not possible to accurately reflect the transition of 
the TME from primary tumor to metastasis. In this study, 
scRNA-seq was performed on the primary tumor and the 
metastatic liver tumor from the same patient to identify 
the altered characteristics of the TME in synchronous liver 
metastasis of CRC, and to reveal its molecular regulatory 
mechanisms. This data will provide a theoretical basis for 
immunotherapy in patients with mCRC. We present the 
following article in accordance with the MDAR reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-5270/rc).

Methods

Sample collection

Primary colon cancer and liver metastatic samples 
were obtained from a 71-year-old male patient. He was 
diagnosed with sigmoid colon cancer with simultaneous 
liver metastasis in March 2021, and underwent laparoscopic 
radical sigmoidectomy combined with liver tumor resection 
on March 12, 2021. The malignancy was confirmed by 
pathology. The samples used in this study were from 
tumors removed during surgery. The study was conducted 
in accordance with the Declaration of Helsinki (as revised 
in 2013). This study was approved by the Ethics Committee 
of The Third Affiliated Hospital of Soochow University 
(No. 2022-science-158). The ethics committee approved 
this study to be exempt from the informed consent process.

ScRNA-seq

Cell capture was performed using the Single Cell 5' 
Library and Gel Bead Kit and the Chromium Single Cell 
A Chip Kit (10x Genomics, CA USA), according to the 
manufacturer's protocol. Captured cells were lysed and 
the released RNA was barcoded by reverse transcription 
in individual Gel Bead in Emulsions (GEMs). The 
complementary DNA (cDNA) was generated, amplified, 
and quality assessed. Subsequently, the scRNA-seq library 
was constructed, as previously described (27,28). Finally, 
the library was sequenced using an Illumina Novaseq6000 
sequencer. The sequencing depth was at least 100,000 reads 
per cell, using a pair-end 150 bp (PE150) reading strategy.

ScRNA-seq data processing

ScRNA-seq fastq.gz files obtained from 10x Genomics were 
aligned and quantified using the hg38 human reference genome 
and CellRanger software. The filtered data were import into 
the R software by Read10x function packaged in R package 
Seurat (Version 3.2.3). The DoubletFinder package pipeline 
was used to remove doublets. For further quality control, cells 
with less than 8000 unique molecular identifier (UMI) count, 
less than 75% mitochondrial gene count, and less than 45% 
ribosomal gene count were used for further analysis.

ScRNA-seq integration, dimension reduction, and 
unsupervised clustering

The workflow in Seurat was followed to process single-cell 
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data for dimension reduction and unsupervised clustering. 
Briefly, the FindVariableFeatures and NormalizeData 
functions were applied for selecting high-variable genes and 
Log2 (TPM+1) normalization. Subsequently, to remove 
batch effect between samples, the IntegrateData function 
was used to integrate data. The integrated data matrix was 
used to perform principal component analysis (PCA) and 
uniform manifold approximation and projection (UMAP) 
dimension reduction. The top 40 principal components 
(PCs) were used for downstream analysis using the 
Elbowplot function of Seurat. Major clusters were identified 
by FindClusters function (resolution =0.5). Each cluster was 
categorized into a known biological cell type according to 
previously identified cell markers.

Single-cell TCR-seq data processing

ScRNA-seq fastq.gz TCR files obtained from 10x Genomics 
were aligned and quantified using the hg38 human vdj 
reference genome and CellRanger software. The filtered csv 
files generated from CellRanger were matched with paired 
scRNAseq data for further analysis.

Differential gene expression analysis

Differentially expressed genes between myeloid cells were 
selected using the edgeR package (version 3.28.1). The 
CalcNormFactors function was used to normalize raw 
count data according to the trimmed mean of M-values 
(TMM) algorithm, and the estimateDisp function was 
used to estimate the dispersion of gene expression values. 
Differentially expressed genes were selected and visualized 
using the ggplot2 and ggrepel packages.

Gene set enrichment analysis

Gene set enrichment analysis was performed using Gene 
Set Enrichment Analysis (GSEA) software (version 4.1.0), 
and the gene sets were derived from MSigDB gene sets. 
The differences in pathway activities scored per cell 
between clusters were calculated with wilcox.test.

Gene Ontology enrichment analysis

The differentially expressed genes identified using the 
edgeR package were selected for Gene Ontology (GO) 
analysis by clusterProfiler R package (29) (Version 3.14.3). 
The Barplot function was used for visualization.

SCENIC analysis

SCENIC (version 1.2.4) was used to analyze activation 
regulons in each subset, taking raw count matrix as input. 
In brief, Gene Network Inference with Ensemble of 
trees 3 (GENIE3) calculated the co-expression networks 
and RcisTarget (version 1.6.0) identified the regulons. 
Subsequently, each cell was scored for regulon activity 
by AUCell (version 1.13.3). The differentially activated 
regulons which target TAM2 associated signature genes in 
each subset were identified using the Wilcox test.

Trajectory analysis of myeloid cells

The Monocle R package (version 2.14.0) that introduced 
pseudo-time was used to construct single-cell trajectories. 
Genes that were expressed in more than 10 cells were 
filtered out.

Calculation of copy number variations

The infercnv R package (version 1.2.1) was used for copy 
number variation (CNV) assessment based on scRNA-
seq raw counts. The hidden Markov model was chosen 
to predict CNV states. Gene location data were achieved 
using AnnoProbe (version 1.13.3). CNV-based hierarchical 
clustering was used to classify subclones of specific subtypes.

Results

Clinical information

The patient was a 71-year-old male, admitted with lower 
abdominal pain for 1 month. In March 2021, the following 
tumor markers were detected: carcinoembryonic antigen 
(CEA) 75.52 ng/mL and cancer antigen (CA) 19-9  
63.56 U/mL. Computed tomography (CT) scan suggested 
the possibility of metastasis in S8 of the liver, and the 
patient was subsequently diagnosed with sigmoid colon 
cancer by colonoscopy. On March 12, 2021, the patient 
underwent laparoscopic radical sigmoidectomy and liver 
tumor resection under general anesthesia. Postoperative 
pathology showed sigmoid colon ulcerative adenocarcinoma 
that was moderately-poorly differentiated, 3 cm × 2.5 cm  
in size, infiltration into the subserosa, vessels, and 
nerves (+), resection margin (−), mesenteric lymph node 
metastasis (0/10), and liver S8 adenocarcinoma metastasis 
with necrosis. Gene sequencing revealed a total of 7 
somatic variants, 5 of which had clear or potential clinical 
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significance, including: 1. KRAS p.G13D (c.38G>A, 
p.Gly13Asp 43.04%); 2. APC  c.730-1G>A; 3. APC 
p.M1383fs; 4. SMAD4 p.Y301*; and 5. TP53 p.R282W. The 
tumor mutational burden (TMB) was 4.99 mutations/Mb 
and the microsatellite instability detection was microsatellite 
stable (MSS). No pathogenic germline variants were 
detected. Postoperative CT scan on April 6, 2021 showed 
no metastasis. The patient received 8 cycles of Capecitabine 
plus Oxaliplatin (CAPEOX) adjuvant chemotherapy from 
April 8 to September 29, 2021, with regular follow-up. 
CT scan on April 14, 2022 showed that the range of low-
density shadows in the liver operation area was larger than 
before (September 2021), which may be active lesions, 
and multiple lung metastases occurred. The patient was 
diagnosed with sigmoid colon cancer postoperatively, with 
multiple liver and lung metastases. The disease-free survival 
(DFS) was 13 months. The patient has been receiving first-
line palliative treatment with Bevacizumab combined with 
Irinotecan + Capecitabine since April 21, 2022, and is still 
under treatment. The colonoscopy, pathology and imaging 
examinations are shown in Figure 1.

Significant differences in the TME between the primary 
tumor and the liver metastasis of CRC

Whole tumor 5' single-cell transcriptome and paired single-
cell T-cell receptor (TCR) sequencing were performed on the 
collected primary and metastatic samples of the CRC. After 
quality control, batch correction, and dimension reduction 
and unsupervised clustering analysis, 15,438 cells were 
finally obtained. The cells were divided into 11 populations, 
including 4 epithelial cell subsets, 2 stromal cell subsets 
(fibroblasts and endothelial cells), and 5 immune cell subsets 
[myeloid cells, mast cells, T and natural killer (NK) cells, 
B cells, and plasma cells] (Figure 2A,2B). Each population 
was defined by known classical signature genes, such as 
epithelial cells (KRT8+), fibroblasts (α-SMA+), endothelial 
cells (CD31+), and immune cells (PTPRC+) (Figure 2B). 
Subsequently, comparing the proportions of each population 
in the primary and metastatic samples, it was found that in 
the immune cell population, the proportion of myeloid cells 
in the metastatic sample was significantly increased, while 
the proportion of B cells and plasma cells was significantly 
decreased. The proportion of the stromal cell population 
was also significantly reduced in the metastatic tumor. 
Only two smaller subsets of the epithelial cell population 
were significantly increased in metastasis (Figure 2C). Cells 
between different clusters are shown in Table 1.

Differences in epithelial cell function between primary and 
metastatic lesions

Epithelial cells were roughly divided into four subgroups 
(named epithelial cells 1–4). Epithelial cells 2 showed high 
expression of proliferation-related genes such as MKI67, 
indicating that they were in a highly proliferative state. 
Epithelial cells 3 were mainly found in metastasis (Figure 
3A,3B). CNV analysis was performed on all epithelial cells, 
and the results showed that epithelial cells 3 had a higher 
degree of CNV, which may represent a higher degree of 
malignancy, while epithelial cells 1 and 2 had a relatively 
low degree of copy number variation, which may suggest a 
transitional stage of malignant transformation (Figure 3C). 
Subsequently, functional enrichment analysis was performed 
on the four subgroups to compare functional differences 
between the different epithelial cells. The results showed 
that pathways related to cell cycle and metabolism were 
significantly enriched in epithelial cells 2, while KRAS 
and epithelial-mesenchymal transition (EMT) pathways 
were significantly enriched in epithelial cells 3 (Figure 
3D). Subsequently, the functional differences of epithelial 
cells 1 and 2 between primary and metastatic lesions were 
further analyzed, and it was found that the NOTCH 
signaling pathway of epithelial cells 1 and 2 was significantly 
upregulated in metastasis (Figure 3E,3F).

Myeloid-derived suppressor cells (MDSCs) are significantly 
enriched in liver metastasis of CRC

Single-cell sequencing results showed that the proportion 
of myeloid cells varied most significantly in the immune cell 
population. Therefore, we further analyzed the differences 
in myeloid cells between primary and metastatic samples. 
By comparing the expression of the MDSC characteristic 
gene mannose receptor C-type 1 (MRC1)/CD206 between 
the primary and metastatic lesions, it was found that MRC1 
was significantly upregulated in metastatic lesions, while 
IL1B was highly expressed in primary lesions (Figure 4A). 
Differentially expressed gene analysis showed that TAM2-
related genes (SPP1, CCL18, CXCL9, CCL5, and CCL2) and 
some genes related to lipid metabolism and extracellular 
matrix were highly expressed in metastasis (Figure 4B). Gene 
function enrichment analysis revealed that the functions 
of angiogenesis, oxidative phosphorylation, and EMT 
of myeloid cells in the liver metastasis were significantly 
enhanced (Figure 4C).

Myeloid cells were further divided into 5 subgroups: 
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Figure 1 Colonoscopy, pathology, and imaging examinations of the patient. (A) Sigmoid colon cancer was diagnosed by colonoscopy. (B,C) 
Postoperative pathological examination with HE staining: sigmoid colon ulcerative adenocarcinoma (B) and liver adenocarcinoma metastasis 
with necrosis (C). (D-G) CT examination during the course of the patient’s disease. On 2021-03-05, a metastatic tumor in S8 of the liver was 
diagnosed (D), and postoperative CT was performed on 2021-04-06 (E). No obvious metastasis was found during follow-up on 2021-09-28 
(F). On 2022-04-14, the range of low-density shadows in the liver operation area was larger than before, which may represent the presence 
of active lesions and multiple lung metastases (G). HE, hematoxylin-eosin.
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Figure 2 Identifying infiltrated cell types in primary and metastatic tissues. (A) The UMAP plot shows 11 clusters across both samples. 
(B) The dotplot shows marker genes in all clusters. (C) The UMAP plot (left) and the barplot (right) show different percentages of all the 
clusters. UMAP, uniform manifold approximation and projection.

Table 1 Cells between different clusters

Cells Colon (num) Liver (num)

Epithelial cells 1 5,126 3,659

Epithelial cells 2 689 767

Epithelial cells 3 8 386

Epithelial cells 4 23 48

Endothelial cells 52 13

Myeloid cells 208 769

Mast cells 28 5

T & NK cells 1,450 1,253

Plasma cells 249 29

B cells 423 22

NK, natural killer.

monocytes, TAM1, TAM2, cDC1, and cDC2 (Figure 
5A,5B). Analysis of the proportion of each subgroup 
showed that the number of myeloid cells in the primary 
sample was relatively small, and mainly monocytes and 
TAM1; while the proportion and number of TAM2 were 
significantly upregulated in the metastatic sample (Figure 
5C,5D). Pseudotime analysis also found that myeloid cells 
showed different differentiation directions in the primary 
and metastatic lesions, with tumor-promoting myeloid 
cells TAM2 mainly observed in the metastatic sample 
(Figure 5E,5F). The transcriptional regulatory network was 
constructed using SCENIC (30) and the differences in the 
level of transcriptional regulation between primary and 
metastatic samples were analyzed. The results showed that 
transcription factors activating transcription factor 5 (ATF5), 
transcription factor EC (TFEC), upstream transcription 
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Figure 3 The differential functions between epithelial cells across sub-clusters and samples. (A) The UMAP plot shows four epithelial cells 
clusters. (B) The barplot shows the percentages of the different epithelial cell clusters between the two samples. (C) The inferred CNV based 
on epithelial cell scRNA-seq divided by clusters. Red indicates amplification and blue indicates deletion. (D-F) GSVA analysis based on 
Hallmark datasets. (D) The different pathways between the four epithelial cell clusters. Different pathways between primary and metastatic 
epithelial cell 1 (E) and epithelial cell 2 (F). UMAP, uniform manifold approximation and projection; CNV, copy number variation; scRNA-
seq, single-cell RNA sequencing; GSVA, gene set variation analysis.

factor 2 (USF2), macrophage activating factor (MAF), and 

MAFB, which regulate the signature genes of TAM2, had 

significantly increased activities in metastasis (Figure 5E-5G).

T cells are exhausted in colon cancer liver metastasis

The T cells and NK cells were then divided into five subsets, 
namely, CD4+, CD8+, regulatory T cells (Tregs), NK, and 
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proliferating T cells (Figure 6). Analysis of the proportions 
of different subsets revealed that the proportion of CD4+ T 
cells in the metastatic cancer increased significantly, while 
the proportion of CD8+ T cells decreased. Other subgroups 
accounted for a smaller proportion and no significant 
changes were detected (Figure 6B). Single-cell transcriptome 
sequencing-matched TCR-sequencing data showed a 
higher proportion of clone expansion of CD4+ T cells in 
the metastatic sample, while that of CD8+ T cells was lower 
(Figure 6D,6E). However, when calculating the average 
number of T cells that underwent clone expansion, it was 
found that a subset of CD8+ T cells and Tregs had higher 
levels of clone expansion in the metastatic tumor (Figure 
6F), but no obvious antitumor immune response was found 
in this subset of CD8+ T cells. The expression of immune 
checkpoint molecules and effectors of T cell subsets in 
primary and metastatic samples was further compared. The 

results showed that PD-1, T cell immunoglobulin domain 
and mucin domain-3 (TIM-3), and Lymphocyte Activation 
Gene-3 (LAG-3) expression increased in metastatic lesions 
compared to primary lesion (Figure 6G).

G O  e n r i c h m e n t  a n a l y s i s  o n  g e n e s  t h a t  w e r e 
downregulated by CD4+ T cells in metastasis revealed that 
the pathways related to humoral immunity (HI) and B cell-
mediated immunity were significantly enriched (Figure 6H).

Intercellular communication analysis

The CellphoneDB package (31) was used to analyze 
the interaction network between the cell populations 
identified. Correlation heatmap between cell populations 
showed stronger interactions between myeloid cells and 
other cell populations (Figure 7A). Myeloid cells typically 
secrete high levels of chemokines with the ability to induce 
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Figure 4 Gene set enrichment analysis of myeloid cells. (A) The UMAP plot shows the gene expression between primary and metastatic 
tumors. (B) The volcano plot shows the DEG in myeloid cells between primary and metastatic tumors. Red represents upregulated genes; 
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Figure 5 Re-clustering analysis of myeloid cells. (A) The UMAP plot shows the re-clustered four myeloid cell clusters (left), and the 
barplot shows the percentages of clusters in the two samples. (B) The heatmap shows the top 10 marker genes across all clusters. (C,D) The 
barplot shows the percentage (C) and frequencies (D) of cells in all myeloid clusters. (E,F) Trajectory analysis of myeloid clusters. (G) The 
heatmap shows myeloid cells clustered by the regulon as an AUC. The heatmap lists only the regulons with the top significant differences in 
metastatic tissue. UMAP, uniform manifold approximation and projection; AUC, area under the recovery curve.
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directed chemotaxis of nearby responding cells. Therefore, 
we further analyzed the chemokine interactions between 
myeloid cells and other cell populations. The results 
showed that endothelial cells and fibroblasts expressed 
CXCL12 which acted on CXCR4 of myeloid cells, and T 
and NK cells interacted with myeloid cells through CCL5-
CCR1/CCR5, CCL4-CCR5, and CCL4L2-VSIR. In 
contrast, myeloid cells expressed CCL4L2, which acted 
on the progesterone receptor (PGRMC2) on endothelial 
cells, plasma cells, and fibroblasts, and interacted with 
T and NK cells via CXCL16-CXCR6 and CXCL9-
CXCR3. Myeloid cells expressed CCL4, CCL3, and 
CCL4L2, which acted on solute carrier family 7 member 
1 (SLC7A1), insulin degrading enzyme (IDE), and V-set 
immunoregulatory receptor (VSIR) on epithelial cells, 
respectively. Furthermore, interaction with endothelial 
cells was mediated by CXCL8/CCL5-atypical chemokine 
receptor 1 (ACKR1), CCL3-IDE, and CCL4L2-VSIR; 
interaction with fibroblasts, T & NK cells, and plasma cells 
was mediated through CCL4L2-VSIR; and interaction with 
B cells was mediated through CCL4L2-VSIR and CCL4-
cannabinoid receptor 2 (CNR2) (Figure 7B).

In terms of cell proliferation and angiogenesis, 
epithelial cells acted on myeloid cells through heparin-
binding epidermal growth factor (HBEGF)-CD44, 
VEGFA- neuropilin 1 (NRP1)/NRP2, and VEGFB-
NRP1. Endothelial cells expressed growth factors such 
as transforming growth factor beta 1 (TGFB1), platelet-
derived growth factor beta (PDGFB), insulin-like growth 
factors 2 (IGF2), placental growth factor (PGF), and 

HBEGF to interact with TGFB receptor 1 (TGFBR1), 
LRP1, IGF2 receptor (IGF2R), fms-like tyrosine kinase 
1 (FLT1)/NRP2/NRP1, and CD44 on myeloid cells, 
respectively. Fibroblasts acted on myeloid cells through 
IGF2-IGF2R, hepatocyte growth factor (HGF)-CD44, 
PGF-FLT1/NRP2/NRP1, and VEGFA-NRP2/NRP1. 
Conversely, myeloid cells expressed HBEGF, which acted 
on CD44 on almost all cells except endothelial cells, such 
as epithelial cells, fibroblasts, mast cells, T & NK cells, 
B cells, and plasma cells, and interacted with fibroblasts 
through PDGFC-PDGF receptor alpha (PDGFRA), 
TGFB1-TGFBR2/TGFBR3, and PDGFB-PDGFR 
complex/PDGFRA/PDGFRB/low density lipoprotein-
related protein 1 (LRP1). For endothelial cells, myeloid 
cells promoted their proliferation through PDGFC-FLT4 
and TGFB1-TGFBR3, and expressed VEGFB and VEGFA 
targeting FLT1 complex, FLT1, NRP1, NRP2, and KDR 
receptors on endothelial cells to promote angiogenesis 
(Figure 7C). Other cell populations, such as endothelial 
cells, have not been studied in depth due to their low cell 
numbers.

Discussion

Liver is the most common host for the metastasis of various 
solid malignancies, such as breast cancer, lung cancer, 
and many digestive system cancers, including pancreatic 
cancer and CRC (32,33). Nearly half of all CRC patients 
will develop liver metastasis in the course of the disease. 
Liver metastasis is the leading cause of death in CRC 
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Figure 7 The cell-cell communication network in the tumor microenvironment. (A) The heatmap shows the number of potential ligand-
receptor pairs between cell groups predicted by CellphoneDB. (B,C) Bubble plots show the ligand-receptor pairs of cytokines (B) and 
growth factors (C) between myeloid cells and other cell groups.
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patients, with a mortality rate greater than 70% in patients 
with unresectable liver metastasis. More than 70% of 
patients with unresectable liver metastasis dying from liver 
metastasis, and approximately 30% of patients treated 
with hepatectomy will eventually die from liver metastasis. 
Currently, patients who do not undergo surgery for liver 
metastasis typically live less than 18 months, and 5-year 
survivors are rare. Patients with liver metastasis also have 
significantly shorter disease-specific survival compared to 
patients with other metastatic sites (2). Therefore, liver 
metastasis is a significant limiting factor for survival in CRC 
patients, and warrants further research and the development 
of clinical solutions. At present, the main treatment methods 
for CRC liver metastases include surgery, chemotherapy, 
targeted therapy, immunotherapy and interventional 
therapy. Medicine tolerance, high rate of local recurrence 
and failure to achieve no evidence of disease (NED) 
through surgery are the key problems to be solved. In the 
liver, there is a significant interaction between inflammation 
and cancer. During the development of liver metastasis, 
pro-inflammatory signaling can eliminate invading cancer 
cells, playing an important role in establishing a “pro-
metastatic” environment conducive to invasion and 
colonization. In view of the poor prognosis of CRC patients 
with liver metastasis and the lack of effective treatment, this 
study used scRNA-seq to analyze the cellular heterogeneity 
between the primary lesion and liver metastasis of CRC 
patients, so as to examine the specific TME and regulatory 
pathways in CRC liver metastasis. This information will 
provide a theoretical basis for further exploration of the 
pathophysiological mechanisms and the development of 
treatment regimens for CRC patients with liver metastasis. 
A similar study by Zhang et al. previously identified that 
abnormal iron cell apoptosis mediated granulocyte death 
and the activation of Wnt signaling pathway promoted 
granulocyte migration (34). This paper focuses on the 
interaction between myeloid cells and other cell subsets in 
the TME, with different emphasis and perspective, which 
is helpful to fully demonstrate the characteristics of the 
immune microenvironment of CRC liver metastasis.

A total of 11 cell populations of epithelial cells, stromal 
cells, and immune cells in primary CRC and liver metastasis 
were detected. Among the 4 subgroups of epithelial cells, 
the proportion of epithelial cells 2 in liver metastasis was 
slightly higher than that in primary lesion, and these cells 
expressed elevated levels of proliferation-related genes such 
as MKI67, indicating that they were in a highly proliferative 
state. The relatively low copy number variation of epithelial 

cells 2 suggested that they may be in the transitional stage 
of malignant transformation. Further functional enrichment 
analysis revealed that pathways related to cell cycle and 
metabolism were significantly enriched in epithelial cells 2, 
consistent with their highly proliferative state. Epithelial 
cells 3 showed the greatest difference in distribution 
between the primary lesion and liver metastasis, almost all of 
which were located in the metastatic liver sample, and this 
subset of cells had a high degree of copy number variation. 
These more malignant cells occupied a higher proportion 
in liver metastasis than in primary tumor, which may be 
related to the activation of KRAS signal transduction and 
the enhancement of EMT in epithelial cells 3. KRAS is a 
downstream gene of the epidermal growth factor receptor 
(EGFR) signaling pathway and has the important function 
of regulating cell proliferation and differentiation (35). 
EMT is the process of cell dedifferentiation, through 
which epithelial cells lose epithelial phenotypes, such as 
cell polarity and connection with basement membrane, 
and acquire mesenchymal phenotypes, such as greater 
migration and invasion, as well as anti-apoptotic and 
ECM degradation capabilities (36), thereby, triggering 
metastasis. Therefore, epithelial cells 3 are more adaptive 
to the liver microenvironment, enabling survival and 
colonization. Compared with epithelial cells 3, epithelial 
cells 1 and 2 showed little difference in numbers between 
primary and metastatic lesions, but they both significantly 
upregulated Notch signaling in metastasis. The Notch 
signaling pathway is widely involved in cell proliferation, 
differentiation, and apoptosis, and plays an important role 
in tumorigenesis, invasion, and metastasis (37,38), as well 
as mediating the interaction between tumor cells and the 
TME. In addition, it is involved in the regulation of tumor 
angiogenesis, maintenance of stem cell stemness, acquisition 
of EMT, infiltration of immune cells, and resistance to 
therapy (39,40). Sustained Notch1 activity in epithelial 
cells will lead to increased expression of EMT/stemness-
related proteins CD44, Slug, and Smad-3, leading to EMT 
and stem-like phenotype of CRC (41), and promoting 
angiogenesis in intestinal tumors (42). Furthermore, the 
close interaction of Notch1 with transcription factors such 
as Slug, Snail, and TGF-β, creates a TME that promotes 
CRC metastasis (43), ultimately allowing tumor cells to 
migrate from the primary tumor and home in distant sites. 
The differences in epithelial cell subsets between primary 
and metastatic CRC suggested that epithelial cell subsets 
with different biological characteristics play different roles 
in modeling the composition and function of the TME 
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during liver metastasis. Epithelial cells 2 acted as “seeds” 
to maintain proliferation and survival by regulating cell 
cycle and metabolism-related pathways. Epithelial cell 3 
was a cell subset further adapted to the liver environment, 
had stronger migration and invasion capabilities, and more 
actively transformed the TME to achieve immune escape 
and proliferation. In the process of liver metastasis, these 
different epithelial cell populations can coexist in different 
metastases or different parts of the same metastasis, and 
their proportions may be one of the factors affecting the 
progression speed and malignancy of liver metastases.

In addition to the heterogeneity of tumor cells 
themselves, the changes in epithelial cells from primary 
to metastatic tumor are also influenced by other cells in 
the TME. Among the non-epithelial cell populations we 
detected, the proportion of myeloid cells in metastasis 
was significantly increased, while the proportion of B 
cells, plasma cells, and stromal cells was significantly 
decreased. Myeloid cells in tumor tissues constitute a 
dynamic immune unit characterized by heterogeneous 
phenotypes and distinct functional activities. MDSCs 
represent a heterogeneous population of immature myeloid 
cells capable of modulating immune responses and play 
key roles in both innate and adaptive immunity. In cancer, 
MDSCs are abnormally generated and recruited to the 
TME, helping establish an immunosuppressive TME 
that promotes tumor escape. Liver metastases are rich in 
immunosuppressive cells, such as M2-like macrophages, 
SPP1 macrophages, neutrophils. Macrophages in primary 
tumors mainly express inflammatory cytokines, such as 
CCL3, CCL4, tumor necrosis factor (TNF) and ILIB, 
while macrophages in metastatic organs mainly express 
macrophage polarization-related genes, such as APOE and 
MARCO, suggesting that metabolic regulation may mediate 
the phenotypic and functional changes of macrophages in 
response to different environmental signals (44). We further 
compared the expression of MDSC characteristic genes 
between primary and metastatic lesions, and found that 
IL1β was highly expressed in primary tumors, while MRC1/
CD206 was significantly upregulated in metastasis. Genes 
associated with M2 macrophages, such as SPP1, CCL18, 
CXCL9, CCL5, and CCL2, as well as genes related to lipid 
metabolism and ECM, were also highly expressed in liver 
metastasis. IL1β is usually a pro-inflammatory cytokine 
secreted by M1 macrophages. Further subgroup analysis 
of myeloid cells found that myeloid cells in the primary 
tumor were not only fewer in numbers but also dominated 
by monocytes and M1 macrophages with pro-inflammatory 

effects. In the metastatic tumor, there was a large number 
of TAMs with characteristics similar to M2 macrophages. 
Myeloid cells showed different differentiation directions in 
primary and metastatic tumors, which was also confirmed 
by pseudotime analysis. TAMs can induce the EMT/stem 
cell phenotype of tumor cells, and produce molecules that 
promote tumor cell invasion, such as secreted protein 
acidic and rich in cysteine (SPARC) (45) that increases the 
interaction of tumor cells with the ECM, and urokinase-type 
plasminogen activator (uPA) and cathepsins that increase 
tumor cell invasiveness (46), thereby destroying the ECM 
and promoting metastasis. Meanwhile, TAMs can also 
produce VEGF, TNF-α, PDGF, thymidine aldose, and other 
molecules, which participate in tumor angiogenesis (47).  
Subsequently, TAMs induce directional migration of 
tumor cells around blood vessels via a paracrine loop 
composed of tumor cell-derived colony stimulating factor 
(CSF)-1 and macrophage-derived epidermal growth 
factor (EGF) (48,49), and acts as a part of the TME of 
metastases (TMEM) complex (consisting of macrophages, 
endothelial cells, and tumor cells), increasing vascular 
permeability and attracting aggressive tumor cells into the 
circulation. We reconstructed the transcriptional regulatory 
network through SCENIC and analyzed the differences 
in transcriptional regulation levels between primary and 
metastatic tumors, and found that transcription factors such 
as ATF5, TFEC, USF2, MAF, and MAFB, which regulate 
M2 signature genes, have significantly increased regulatory 
activity in metastasis. Studies have shown that inhibition 
of ATF5 expression sensitizes cancer cells to anchorage-
dependent death signals. The high expression of ATF5 
enables CRC cells to select a suitable local environment for 
anchoring and evade elimination by anchorage-dependent 
death. In other studies, inhibition of ATF5 expression may 
block survival signaling in CRC cells (50). Furthermore, 
ATF5 is associated with tumor mitochondrial dysfunction. 
It is significantly upregulated in esophageal squamous cell 
carcinoma and associated with poor survival. ATF5 may 
function as a novel co-activator in the HIF1 transcriptional 
complex by binding to HIF1α (51). L-4/signal transducer 
and activator of transcription 6/TFEC/IL-4 receptor can 
form a positive feedback regulatory loop. IL-4 induces the 
expression of C/EBP homologous protein (Chop), which 
promotes signal transducer and activator of transcription 
6 signaling to transduce TFEC expression. TFEC then 
transcribes IL-4 receptor alpha expression to promote M2 
programming in macrophages (52). Adenomatous polyposis 
(APC) gene products are involved in cell cycle arrest and 
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apoptosis, and play important roles in CRC progression. 
USF1 and USF2 can bind to AP2, Sp1, CAAT box, and other 
sites in the APC promoter to activate its transcription (53).  
However, increased regulatory activity of USF2 in CRC 
liver metastases was not shown to reduce tumor growth, 
possibly because USF2 transcriptionally regulates the 
expression of S100 calcineurin A8 (S100A8) by directly 
binding to the TGF-β promoter. TGF-β can promote 
EMT and metastasis through the USF2/S100A8 axis. USF2 
is thought to be an important switch in the intracellular 
and extracellular S100A8 feedback loop (54). The increased 
regulatory activity of USF2 suggests that in liver metastases, 
it may contribute to the increased malignancy of metastases 
through TGF-β. In addition, studies have reported that 
microRNA (miR)-362-3p is overexpressed in colon cancer 
cell lines and leads to cell proliferation through cell cycle 
arrest, and USF2 is identified as one of the potential targets 
of miR-362-3p (55). The increased activity of USF2 in 
metastases may be an effect of miR-362-3p overexpression. 
C-MAF can promote IL4 secretion (56,57), which induces 
a primitive phenotype in TAMs and enhances tumor cell 
invasion through the production of pro-invasive factors 
such as EGF (58,59). MAFB is specifically expressed in 
macrophages and is a specific marker of macrophages in 
myeloid cells. It is specifically expressed in M2 macrophages 
derived from macrophage colony-stimulating factor 
(M-CSF), IL-10, and IL-4 (60). The upregulation of the 
above transcription factor activities in liver metastases of 
CRC reflects a marked increase in MDSCs. In addition, the 
gene function enrichment analysis also confirmed that the 
functions of angiogenesis, oxidative phosphorylation, and 
EMT of myeloid cells in the metastases were significantly 
enhanced. In the TME of CRC liver metastases, myeloid 
cells are dominated by MDSCs, and macrophages are 
polarized towards M2. With the help of the above-
mentioned multiple pathways, a pro-metastatic niche 
is established, and cancer cells with more malignant 
phenotypes are successfully colonized in the metastatic 
organs.

TAMs are the main driver of TME immunosuppression (61).  
Due to the poor antigen-presenting ability of TAMs 
and M2, coupled with their ability to release some 
immunosuppressive factors, such as IL-10, to inhibit the 
proliferation of T cells, the adaptive immune response 
is suppressed. We grouped proliferating T cells and NK 
cells and found that the proportion of CD4+ T cells in 
the metastatic tumor increased significantly, while the 
proportion of CD8+ T cells decreased. In clinical trials 

of mCRC immunotherapy, patients with liver metastases 
benefited less from ICIs. It has been reported that the 
objective response rate (ORR) of CRC patients with liver 
metastases is significantly lower than that of patients 
without liver metastases, and patients with liver metastases 
had less infiltration of CD8+ T cells in metastatic lesions. 
The results of TCR sequencing also confirmed the above 
trend of changes in the clone expansion ratio of CD4+ and 
CD8+ T cells in liver metastasis, and the clone expansion 
level of Tregs in metastatic lesion was higher. Although a 
subset of CD8+ T cells had higher levels of clone expansion 
in the metastasis, the anti-tumor immune response exerted 
by these cells was not significant, probably because these 
CD8+ T cells were unable to recruit around and interact 
with surrounding tumor cells. This immune-excluded 
tumor may lack the normal chemokine status. We detected 
high level of CCL18 in metastases, most likely from 
TAMs. TAMs can indirectly achieve immunosuppression 
by releasing chemokines, which preferentially attract 
T cells without cytotoxic effects. CCL18 induces the 
release of Th2 cytokines (62). In an IL-10-dominated 
microenvironment, CCL-18 can drive immature dendritic 
cells (DCs) and T lymphocytes to locality. In the peripheral 
microenvironment, the aggregation of naïve T cells attracted 
by M2 and immature DCs may induce T cell inactivation, 
leading to immune tolerance (63). Immune checkpoints on 
T cells are currently a hot topic in tumor research and can 
activate immune tolerance. We compared the expression 
levels of immune checkpoint molecules and effectors in 
T cell subsets between primary and metastatic lesions, 
and confirmed that T cells in liver metastasis expressed 
higher levels of PD-1, TIM-3, LAG3, and other immune 
checkpoints compared to primary tumors. On the other 
hand, TAMs can express ligands of immune checkpoints, 
such as PD-L1, PD-L2, and B7 (64), thus suppressing the 
adaptive T cell immune response in liver metastases and 
promoting the recruitment of Tregs. In fact, there is an 
interaction between tumor cells, TAMs, and MDSCs. Not 
only can TAMs promote the expression of PD-L1 in tumor 
cells, but tumor cells can also induce PD-L1 expression in 
TAMs and MDSCs by regulating the COX2/mPGES1/
PGE2 pathway, making them immunosuppressive (65). In 
addition, TAMs can also express PD-1, and the expression 
level of PD-1 is negatively correlated with the phagocytosis 
of macrophages. PD-1+ macrophages tended to exhibit an 
M2 phenotype, whereas PD-1-macrophages more closely 
resembled an M1 phenotype. Blockade of PD-1/PD-L1 
can promote macrophage phagocytosis of tumor cells and 
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inhibit tumor growth (66). Given the close relationship 
between TAMs and PD-1/PD-L1, targeting TAMs may 
help improve the response to immunotherapy in MSS 
mCRC.

In addition, we performed GO enrichment analysis of 
genes downregulated by CD4+ T cells in metastases and found 
that pathways related to B cell-mediated HI were significantly 
enriched. The immune status of malignant tumors is usually 
characterized by the inhibition of cell-mediated immunity 
(CMI) and the enhancement of HI, and this change will be 
beneficial to tumor progression (67). Distinctive CD4+ T 
cell subsets, such as Th1 or Th2, secrete special cytokines 
that regulate CMI and HI. For example, Th1 produce IL-2 
and interferon-γ, which direct anti-tumor survival and anti-
angiogenic CMI responses (68), while Th2 produce IL-4 
and IL-10, which promote local HI responses, enhance 
tumor cells invasion, and stimulate angiogenesis (69). In the 
background of cancer development, B lymphocytes serve 
as a central component of HI and in addition to altering 
the local and circulating profile of cytokines, they limit 
antitumor immunity by inhibiting Th1 and CTL responses 
and supporting the tumor-promoting function of Th2 
effector cells. A previous study has demonstrated that in the 
peripheral blood of CRC patients, the proportion of Th1 
cells is significantly reduced, while the proportion of Th2 
cells producing IL-4, IL-6, and/or IL-10 is significantly 
increased (70). Interestingly, however, in the present study, 
the proportion of CD4+ T cells was significantly elevated in 
liver metastasis, whereas B cell-mediated HI was attenuated. 
Low levels of antigen captured by B cells will cause antigen-
exposed CD4+ T cells to enter a quiescent state. The 
successful entry of B cells into the germinal center (GC) 
requires high levels of pMHC expression. B cells enter the 
GC and interact with CD4+ T cells looking for appropriate 
signals for affinity maturation. CD4+ T cells also receive 
signals from B cells in the GC to differentiate themselves 
into quiescent memory T cells (71). Decreased proportion 
and function of B cells in the metastatic tumor leads to 
diminished antigen-presenting function. Since CD4+ T cells 
are essential for the development of CD8+ memory T cells, 
the reduction of B cells will affect the function of CD8+ 
memory T cells through CD4+ T cells. Although CD4+ T 
cells were upregulated in metastases, the antigen-exposed 
CD4+ T cells showed a downward trend. The role of HI 
in tumor immunity is not as dominant as CMI, but it also 
plays an important role. The differences in B cells between 
primary and metastatic lesions may suggest that the anti-
tumor immune regulation of B cells is further weakened in 

the process of liver metastases. This means that, contrary 
to traditional views, the immune microenvironment 
in liver metastases of CRC is very complex, not only 
is CMI tolerated, but HI is also weakened. Under the 
“competition” of the co-attenuation of CMI and HI, the 
effect of the former remains dominant. Cytokines derived 
from evolving tumor cells, activated resident stromal cells, 
or infiltrating immune cells dynamically regulate tumor 
growth through affecting angiogenesis, cell survival, death, 
or differentiation.

Intercellular communication analysis showed strong 
interactions between myeloid cells and other cell 
populations, suggesting that myeloid cells play an important 
role in the TME. In this study, endothelial cells, epithelial 
cells, fibroblasts, and T and NK cells secrete chemokines 
such as CXCL12, CCL4, CCL5, CXCL9, and CCL14, 
acting on the corresponding receptors on the myeloid cells 
to affect the polarization of macrophages. Conversely, 
myeloid cells act on endothelial cells, epithelial cells, 
fibroblasts, T and NK cells, plasma cells, and B cells by 
expressing CCL4L2, CXCL16, CXCL9, CCL5, CCL4, 
CCL3, and CXCL8, inducing the orientation of these 
cells. In the TME, cancer cells destabilize the normal 
environment of inflammatory cytokines and chemokines. 
By secreting chemokines, cancer cells recruit T cells, 
monocytes, myeloid cells, fibroblasts, and mesenchymal 
stem cells (MSCs), which are then individually transformed 
into Tregs (72), M2-TAMs (73), MDSCs (74), CAFs (75), 
and tumor-associated adipocytes (76), forming a tumor-
protective microenvironment composed of anergic or 
exhausted T cells and NKs. CXCL12 is a homeostatic 
chemokine and the CXCL12/CXCR4 axis is involved in 
tumor progression, angiogenesis, metastases, and survival. 
Several exosomal miRNAs in CRC cells can be upregulated 
by activating the CXCL12/CXCR4 axis, and they induce 
M2 polarization of macrophages by activating the PI3K/
Akt signaling pathway to regulate PTEN. Finally, M2-
polarized macrophages promote cancer metastasis by 
enhancing EMT and secreting VEGF (77). CXCL9, 
induced by IFN-γ, mainly mediates lymphocyte infiltration 
to focal sites and inhibits tumor growth. Studies have 
shown that the CXCL9/CXCR3 axis can affect TAMs 
polarization (78). The CCL5/CCR5 axis is involved in 
immunosuppressive TAM polarization (79), and monocytes 
recruited by CCL5 are converted to immunosuppressive 
M2 (80). CCL5 recruits T cells and CCR5+ Tregs, the latter 
of which is inhibitory to tumoricidal lymphocytes (19). 
Fibroblasts and MSCs are recruited by CCR5 ligands and 



Annals of Translational Medicine, Vol 10, No 21 November 2022 Page 17 of 21

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(21):1170 | https://dx.doi.org/10.21037/atm-22-5270

induce the secretion of CCL5 to become CAFs (81,82), 
which not only support cancer cell proliferation, migration, 
metastases, and EMT, but also recruit monocytes and 
Tregs to suppress effector T cells (83). In the bone marrow, 
hematopoietic cells overexpressing CCL5 become MDSCs, 
serving as a heterogeneous population of myeloid cells 
that limit immune responses to tumors (84). Moreover, 
we found that myeloid cell-derived CCL4 mainly acts on 
tumor cell populations. CCL4, also known as macrophage 
inflammatory protein (MIP)-1β, interacts with its specific 
receptor CCR5 and cooperates with other related 
chemokines such as CCL3 and CCL5, to exert multiple 
effects on various immune and non-immune cells. CCL4 
can promote tumor progression by recruiting Tregs and 
tumor-promoting macrophages, and enhance the tumor-
promoting capacity of other resident cells in the TME, such 
as fibroblasts and endothelial cells (85).

Moreover, epithelial cells, endothelial cells, and 
fibroblasts act on myeloid cells through growth factors 
such as TGFB1, PDGFB, IGF2, PGF, HGF, and HBEGF. 
Myeloid cells express HBEGF, which acts on almost all 
cells except endothelial cells, promoting their proliferation. 
CD44 is a widely distributed transmembrane glycoprotein, 
and studies have shown that heparan sulfate (HS)-modified 
CD44 isoforms can bind to the HS-binding growth factor 
HBEGF (86). Activated CD44 further activates relevant 
intracellular signaling pathways to induce cell proliferation, 
increase cell survival, modulate cytoskeletal changes, and 
enhance cell motility (87). For endothelial cells, myeloid 
cells promote their proliferation through PDGFC-FLT4 
and TGFB1-TGFBR3, and by expressing VEGFA and 
VEGFB, they act on the corresponding receptors on 
endothelial cells to promote angiogenesis. All these results 
suggest that myeloid cells not only play a key regulatory 
role in suppressing anti-tumor immune responses but also 
interact with various types of cells in the TME, mediating 
complex effects that promote tumor cell proliferation, 
angiogenesis, invasion, and metastasis. Due to the small 
number of other cell populations, we did not conduct in-
depth research. In the future, analysis of different samples 
should be conducted to investigate the functional mechanism 
of endothelial cells and other components in the TME.

Conclusions

Liver metastasis of CRC is a complex biological process 
involving multiple factors and steps. By performing scRNA-
seq, we demonstrated that liver metastasis is significantly 

immunosuppressed relative to primary CRC. In liver 
metastases, myeloid cells are dominated by MDSCs, 
macrophages are polarized towards the M2 state, and T cells 
are in a state of exhaustion. Myeloid cells interact with other 
cell populations in the TME, by influencing angiogenesis, 
tumor cell invasiveness, and EMT, and they establish a pro-
metastatic niche that helps CRC cells colonize and grow 
in the liver. MSS mCRC is naturally resistant to ICIs, and 
TAM-targeted therapy may be a promising method to 
resolve the dilemma of MSS mCRC immunotherapy.
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