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Background: Tumor-associated macrophages (TAMs) are one of the predominant cell components within the colorectal cancer
(CRC) microenvironment, which display prominent and multifaceted roles in modulating tumor biology. The systematic subtypes and
function analysis of TAMs remain elusive in CRC.

Methods: We performed an integrated single-cell atlas of three American studies (GSE178341, GSE200997, and GSE231559) to
establish the TAM subtypes in the CRC microenvironment. We adopted unsupervised clustering and manual cell annotation to
categorize macrophage subtypes accurately, performed enrichment analysis and developmental trajectory analysis for three TAM
subsets, and explored the cell-to-cell crosstalk of different TAM subsets with other cell types. Finally, we further performed an
integrated single-cell atlas of five Asian studies (GSE132257, GSE132465, GSE144735, GSE221575, and GSE245552) to validate
these characteristics of different TAM subtypes.

Results: We identified three TAM subtypes, including CCL20" TAMs with proinflammatory and anti-tumor properties, APOE" TAMs
with lipid-metabolism and pro-tumor properties, and SLC40A1" TAMs with immunosuppressive and pro-tumor properties. APOE"
TAMs might be intermediate state during macrophage polarization and foster a desmoplastic niche by the fibroblast-derived collagen
pathways. SLC40A1" TAMs might play an immunosuppressive role by the fibroblast-derived MIF pathways and the high expression
of LGALS9. CRC with enriched CCL20" and APOE" TAMs were characterized by high prevalence of deficient-mismatch repair
(27.9%) and might achieve more benefit from immunotherapy.

Conclusion: This single-cell study established an accurate classification system of CRC TAMs, unveiling their diverse roles in
modulating tumor biology and assisting in treatment options of CRC patients.
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Introduction
Tumor-associated macrophages (TAMs) are one of the main cellular constituents in the colorectal cancer (CRC)
microenvironment.' > There are accumulating evidences that TAMs play prominent and multifaceted roles in modulating
tumor biology.' > The in-depth exploration of TAMs may benefit the development of TAM-associated therapy strategies.
The invention of single-cell RNA sequencing (scRNA-seq) techniques may revolutionize our novelty knowledge of
the CRC microenvironment by providing in-depth insights into its functional and molecular heterogeneity.®'! However,
these single-cell studies are still limited by small sample sizes, mainly due to the availability and sequencing expenditure
of fresh samples. It is difficult for individual single-cell studies with limited cell populations to define small macrophage
subtypes and investigate the heterogeneity and plasticity of CRC TAMs. A large sample size will contribute to reveal the

Journal of Inflammation Research 2025:18 13381-13396 13381
Received: 4 April 2025 © 2025 Xu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Accepted: 10 September 2025
Published: 26 September 2025

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Xu et al

Graphical Abstract

-[ quality control L proinflammatory
GSEA78341 g anti-tumor
training cohort [ batch effects correction ] CCL20-TAM
GSE200997 9 dMMR prevalence ¢
l GSE231559 l [ preliminary clustering ]

subclustering ] lipid-metabolism
: GSE132257 |m [ vhedl o
scRNA-seq — u;;J vl s oplastic niche

GSE132465 [ GO and GVSA ] :"APO.- C pro-tumor
{ cectnss | ks

GSE144735 | S| validation cohort _ L prevalence |

developmental trajectory =y ‘q
GSE221575

[ cell communication ]
‘| GSE245552 |~
integrated microarray
cohort

GSE39582
‘l bulk-seq I—-
GSE17538

I

Q} S\A.inﬁn%msupprcssivc

marker gene signature ] - @ "
'[ P SLC l-TAM?j pro-tumor

survival analysis } ﬁyg/\Q L& LGALS9 t

complexity of CRC TAMs by enriching the distinct subsets with a small cell subpopulation and by excluding individual
variants. In recent years, the development of scRNA-seq processing techniques and strategies, including cell-cell
communication evaluation, batch correction removal, and the developmental trajectory, will improve the analytical
dimensions and accuracy of scRNA-seq data.'*'* Although these previous studies have extensively explored the

complexity of the CRC microenvironment,®"'

there is still a lack of the systematic classification, functional analysis,
gene signature definitions of CRC TAMSs, unveiling their diverse roles in modulating tumor biology.

Therefore, we performed an integrated analysis study of three single-cell datasets with 151 primary CRC tissues and
62 adjacent normal tissues (GSE178341, GSE200997, and GSE231559). We established an accurate classification of
TAMs subtypes through unsupervised clustering based on canonical markers, performed functional analysis and the
evolutionary trajectory of the TAM subtypes, and explored the cell-to-cell crosstalk of fibroblasts with different TAM
subtypes. Finally, we further performed an integrated single-cell atlas of five Asian studies with 52 primary CRC tissues
and 27 adjacent normal tissues to confirm these findings of TAM characterization. Concomitantly, the M, polarization of
TAMs might affect the therapeutic effect of immunotherapy.'®> So we explored the relationship of different TAM subtypes
with mismatch repair (MMR) status in the microarray dataset of GSE39582.'® This systemic study of two integrated
single-cell cohorts might offer a profound understanding of the TAM subtypes to aid in the design of TAM-based
treatment strategies.

Materials and Methods

Study Cohort

This study utilized eight scRNA-seq datasets (GSE178341, GSE200997, GSE231559, GSE132257, GSE132465,
GSE144735, GSE221575, and GSE245552),°'" and two bulk sequencing datasets (GSE39582 and GSE17536).'%!” The
transcriptomic and clinical data of these datasets were obtained from the Gene Expression Omnibus (GEO) database. The use
of these public datasets was exempt from approval based on the Measures for Ethical Review of Life Science and Medical
Research Involving Human Subjects dated February 18, 2023, China. The integrated single-cell cohort of three American
studies (GSE178341, GSE200997, and GSE231559) was adopted for the training cohort, including 151 primary CRC tissues
and 62 adjacent normal tissues (Supplementary Table S1). The integrated single-cell cohort of five Asian studies (GSE132257,
GSE132465, GSE144735, GSE221575, and GSE245552) with was used for the validation cohort, including 52 primary CRC
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tissues and 27 adjacent normal tissues (Supplementary Table S1). All scRNA-seq datasets were from the 10x Genomics

platform.

Single-Cell Data Analysis Process

The single-cell data for each data set were integrated into an aggregate object using the Seurat package (version 5.0.1).
The quality control criteria were as follows: Cells with detected genes fewer than 200 were discarded; Cells with detected
genes greater than 6000 were further removed for excluding the possible doublets; Cells with >20% mitochondrial
content were eliminated; Genes expressed in <3 cells were removed. After quality control, the remaining cells were
retained for the subsequent analyses.'®'°

The Log-Normalize method with a scale factor of 10000 was used for the first normalization. The FindVariableFeatures
function with the top 2000 variably features were retained for the subsequent analyses. Principal component analysis was
applied to reduce the linear dimensionality of the integrated dataset. The ScaleData function was used to regress out the
influence of highly expressed genes before principal component analysis. To correct batch effects between different samples,
we employed the Harmony method to mitigate these batch effects by the harmony package (version 1.2.0). The FindNeighbors
and FindClusters functions were utilized for preliminary clustering and annotation, utilizing the first 20 principal components
and a resolution of 0.8. We employed the t-distributed stochastic neighbor embedding (t-SNE) method to visualize these
identified clusters. Next, a similar procedure of sub-clustering analysis was applied for further characterizing subpopulations
of myeloid cells.

The cell type of each cluster was annotated by its canonical marker genes. The FeaturePlot and Vinplot functions were
applied to depict marker genes for every cell type. We annotated seven major cell types based on their canonical marker
genes, including B cells, T/natural killer (NK) cells, myeloid cells, epithelial cells, mast cells, endothelial cells, and fibroblasts
(Supplementary Table S2).'"%!° We further annotated eight subsets of myeloid cells based on their canonical marker genes
(Supplementary Table S2), including monocytes, neutrophils, CDIC" dendritic cells (named as CD1C-DCs), LAMP3"
dendritic cells (named as LAMP3-DCs), LILRA4" dendritic cells (named as LILRA4-DCs), CCL20" TAMs (named as
CCL20-TAMs), APOE* TAMs (named as APOE-TAMs), and SLC40A1" TAMs (named as SLC40A1-TAMs).> 11819

Functional Analysis

Gene Ontology (GO) analysis using the biological process category as the reference gene set was performed to explore the
potential functions of these common co-upregulated genes in CCL20" TAMs, APOE" TAMs, and SLC40A1" TAMs
(Supplementary Table S3) by the clusterProfiler package (version 4.10. 0).*° An adjusted p-value of <0.05 for these enriched

pathways was considered to be significant. We adopted the GSVA package (version 1.50.5) for gene set variation analysis
(GSVA) on hallmark gene sets among three macrophage subsets (CCL20-TAMs, APOE-TAMs, and SLC40A1-TAMs).

The Developmental Trajectory for Three Macrophage Subsets

We utilized the “monocle” package (version 2.30.0) to delineate the developmental trajectory of three macrophage
subsets (CCL20-TAMs, APOE-TAMs, and SLC40A1-TAMs) in the training and validation cohorts, separately.?’ The
DDRTree method was applied to reduce dimensionality and construct the pseudo-temporal order.”!

Cell-Cell Interaction Analysis

We utilized the CellChat package (version 1.6.1)"® to analyze and visualize the interactions between three TAM subsets
(CCL20-TAMs, APOE-TAMs, and SLC40A1-TAMs) and other major cell types (CD4" T cell, CD8" T cell, mast cell,
B cell, endothelial cell, fibroblasts, and epithelial cell) in the primary tumors tissues of the training and validation
cohorts, separately. Putative ligands and receptors were determined according to the expression of each cell type. To
accurately estimate the extent of cell-cell interaction, we also performed a random sampling of 1000 cells per population
from each macrophage subset and other major cell types.
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Determination of a Marker Gene Signature for Each Macrophage Subset

To determine a marker gene signature for each macrophage subset, we utilized the FindAlIMarkers function to compare cells
within a macrophage subset with other myeloid cell subsets. Differentially expressed genes (DEGs) were defined as having
a adjusted p.value of <0.001 and a log2 fold-change value of >1.5, with detectable expression in more than 25% of the cells in
the studied subset of both the training and validation cohorts. The top fifteen DEGs were determined by the mean log2 fold-
change values of these DEGs in both the training and validation cohorts. The marker gene signatures for each macrophage
subset were determined according to these top fifteen DEGs (Supplementary Table S4).

Correlations of Three Macrophage-Gene Signatures with Clinical Outcome
Two microarray datasets of GSE39582 and GSE17536 (Supplementary Table S1) were obtained from the GEO database.'>"'
The expression levels were further normalized and log2-transformed via the limma package. For genes with multiple probe

sets, the median value was used. We employed the RobustRankAggreg package to mitigate batch differences between two
microarray sets (GSE39582 & GSE17536).>> We respectively calculated the relative abundance of CCL20" TAMs, APOE"
TAMs, and SLC40A 1" TAMs according to the mean values of their marker genes (Supplementary Table S4) in this integrated
microarray cohort. The optimal cutoff values of CCL20" TAM, APOE" TAM, and SLC40A1" TAM abundances were
determined according to the MaxStat method.” In the microarray dataset of GSE39582,'® we explored the relationship of
TAM subtypes with MMR status, including deficient-mismatch repair (IMMR) and proficient-mismatch repair (pMMR).

Multiplex Immunofluorescence Analysis

The paraffinem-bedded sections with a thickness of 4 pum for 20 CRC patients were adopted for the multiplex
Immunofluorescence staining. The CaseViewer System (Danjier Company, China) at 400xmagnification were used for
obtaining the multispectral images. This study was authorized by the ethics committees of Liuzhou People’s Hospital
(Approval No. KY2022-038-02), and conformed to the declaration of Helsinki.

CD68*LGALS9" Cells

Multiplex Immunofluorescence staining was performed with the TSAPLus Fluorescent Staining Kit (Dual-Labeling
Three-Color, Servicebio, China) according to the manufacturer’s instructions. The tissue sections were dewaxed,
rehydrated, and subjected to heat-mediated antigen repair. The sections were incubated with bovine serum albumin at
indoor temperature for 30 min, the following primary antibodies of anti-CD68 (rabbit, GB113150, dilution 1:2000,
Servicebio, China) overnight at 4°C, the secondary antibody (horseradish peroxidase-labeled anti-Rabbit IgG) at room
temperature for 50 min. Subsequently, the sections were processed with TSA plus working solution and were sequen-
tially microwave heat-treated after each TSA treatment. The primary antibody of anti-LGALS9 (rabbit, 17938-1-AP,
dilution 1:3000, Proteintech, China) was sequentially applied, followed by incubation with the secondary antibody and
TSA treatment. Cell nuclei were stained with 4'-6'-diamidino-2-phenylindole (DAPI, Servicebio, China) after both
antigens had been labeled.

CDI163"STAT6"LGALS9™ Cells

Multiplex Immunofluorescence staining was performed using the TSAPLus Fluorescent Staining Kit (Three-
Labeling Four-Color, Servicebio, China) according to the manufacturer’s instructions. The paraffinem-bedded
sections were dewaxed, rehydrated, and subjected to heat-mediated antigen repair. The sections were incubated
with Bovine Serum Albumin at indoor temperature for 30 min, the following primary antibodies of anti-CD163
(rabbit, GB113150, dilution 1:2000, Servicebio, China) overnight at 4°C, the secondary antibody (horseradish
peroxidase-labeled anti-Rabbit IgG) at room temperature for 50 min. Subsequently, the sections were processed
with TSA plus working solution and were sequentially microwave heat-treated after each TSA treatment. The
primary antibodies of anti-STAT6 (rabbit, R380957, dilution 1:2000, Zen-bioscience, China) and anti-LGALS9
(rabbit, 17938-1-AP, dilution 1:3000, Proteintech, China) were sequentially applied, followed by incubation with the
secondary antibody and TSA treatment. Cell nuclei were stained with DAPI (Servicebio, China) after three antigens
had been labeled.
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Statistical Analysis

We carried out the statistical analysis with the R program (version 4.2.2). The main analysis was recurrence-free and overall
survival (RFS and OS). The Kaplan-Meier estimate and Log rank test were used to compare survival differences between the
high- and low-infilation groups (CCL20-TAMs, APOE- TAMs, or SLC40A1-TAMs). We performed the multivariate Cox
analysis to identify whether infiltration density (CCL20-TAMs, APOE-TAMs, or SLC40A1-TAMs) was independent of those
clinicopathological variables (age, gender, and tumor stage), respectively. A p.value of < 0.05 was considered to be significant.

Results

The Integrated Single-Cell Analysis of Primary CRC Tumors and Adjacent Normal
Tissues

To profile the microenvironment landscape of CRC, we performed an integrated single-cell atlas of 151 primary tumors and 62
adjacent normal tissues in the training cohort of three USA studies (Figure 1A). After initial quality control, a total of 321243
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Figure | The integrated single-cell atlas of CRC in the training cohort. (A) The t-SNE plot of 321243 cells. (B) Dot plot showing the marker gene expression of seven major
cell types. (C) Balloon plot showing the distribution of seven major cell types between primary tumors and adjacent normal tissues. (D) The t-SNE plot of 42043 myeloid
cells. (E) Dot plot showing the marker gene expression of nine myeloid cell subsets. (F) Balloon plot showing the distribution of nine myeloid cell subsets between primary
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cells from these 213 samples were included and integrated based on the harmony algorithm for batch effect removal. After
unsupervised clustering, seven major cell types were identified according to their canonical marker genes (Figure 1B),
including 100738 T/NK cells, 74410 B cells, 42043 myeloid cells, 3994 mast cells, 6862 endothelial cells, 84421 epithelial
cells, and 8775 fibroblasts.

We further performed an integrated single-cell atlas of 52 primary tissues and 27 adjacent normal tissues to confirm
the microenvironment landscape of CRC in the validation cohort of four Asian studies. (Supplementary Figure S1A).

A total of 202390 cells were retained for the subsequent analyses after quality control. After batch correction and
clustering, we identified seven major cell types according to their canonical marker genes (Supplementary Figure S1B),
including 64665 T/NK cells, 42373 B cells, 20997 myeloid cells, 2695 mast cells, 4467 endothelial cells, 50942
epithelial cells, and 16251 fibroblasts.

In the training cohort, myeloid cells were mainly enriched only in primary CRC tissues, accounting for 17.0% of all

detectable cells in tumor tissues but only 3.3% of all detectable cells in adjacent normal tissues (all p<0.05, Figure 1C).
We obtained equivalent findings for myeloid cells in the validation cohort (Supplementary Figure S1C).

Heterogeneity and Diversity of Myeloid Cells
We performed a subcluster analysis of 42043 myeloid cells to profile their diversity in the training cohort (Figure 1D).
We identified nine myeloid cell subsets according to their canonical marker genes (Figure 1E) and DEGs, including one
monocyte subset (6374 monocytes), one neutrophil subset (1822 neutrophils), three dendritic cell subsets (2010 CD1C™
dendritic cells, 1546 LAMP3" dendritic cells, and 169 LILRA4" dendritic cells), and three macrophage subsets (6252
CCL20" TAMs, 9536 APOE" TAMs, and 11214 SLC40A1" TAMs) and one undetermined subset (3120 cells).

We further performed a subcluster analysis of 20997 myeloid cells to confirm their diversity (Supplementary Figure S1D)

in the validation cohort. We also identified the same nine myeloid subsets according to their canonical marker genes
(Supplementary Figure S1E) and DEGs, including one monocyte subset (2110 monocytes), one neutrophil subset (5654
neutrophils), three dendritic cell subsets (1359 CDIC" dendritic cells, 356 LAMP3" dendritic cells, and 460 LILRA4"
dendritic cells), three macrophage subsets (3655 CCL20" TAMs, 3885 APOE" TAMs, and 3000 SLC40A1" TAMs) and one
undetermined subset (518 cells).

The three TAM subtypes were heterogeneously distributed between primary CRC tumors and adjacent normal tissues
in the training cohort (Figure 1F). Importantly, CCL20" TAMs and APOE" TAMs are tumor-specific macrophages in the
training cohort, accounting for 15.8% and 24.3% of myeloid cells in tumor tissues but only 2.5% and 1.4% of the
myeloid cells in adjacent normal tissues (all »<0.05). In the training cohort, SLC40A1" TAMs were significantly
enriched in both primary CRC tumors and adjacent normal tissues. We obtained equivalent findings for three TAM
subsets in the validation cohort (Supplementary Figure SI1F).

Characteristics of Three Macrophage Subsets

CCL20" TAMs

We identified all co-upregulated genes of CCL20" TAMs in the training and validation cohorts (Supplementary Table S3). We
defined a robust gene signature of CCL20" TAMs with these top fifteen upregulated genes (Supplementary Table S4). And
CCL20" TAMs expressed relatively higher levels of several chemokines (CCL20, CXCL3, CXCL2, and CCL3), which were
known as marker genes of proinflammatory macrophages.

According to the optimal cutoff of CCL20" TAMs (7.716163) in the merged microarray cohort, 756 patients were
divided into low- (n=402) and high-infiltration (n=354) subgroups. The Kaplan-Meier curves demonstrated that CCL20"
TAM infiltration was not significantly associated with RFS (Log rank test: p=0.094, Supplementary Figure S2A) and OS
(Log rank test: p=0.940, Supplementary Figure S2B) in CRC patients. The multivariate COX analysis revealed that
CCL20" TAM infiltration may be an independent factor for RFS (hazard ratio [HR]=0.747, 95% confidence interval [CI]
=0.560-0.970; p=0.029, Supplementary Figure S2C) but not of OS (HR=0.942, 95% CI=0.734-1.208; p=0.637,
Supplementary Figure S2C). GO analysis indicated that these common up-regulated genes of CCL20" TAMs (Shown

in Supplementary Table S3) was involved in many inflammation-related pathways (cell migration, chemotaxis and

chemokines, Supplementary Figure S2D). The GSVA results suggested that CCL20" TAMs were involved in several
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activated proinflammatory (inflammatory response) and M; polarization (IL-6/JAK/STAT3 and TNFA/NFKB) pathways
in both the training (Figure 2A) and validation (Figure 2B) cohorts.

In summary, this single-cell study revealed that CCL20" TAMs might display with proinflammatory and anti-tumor
properties.

APOE" TAMs
We identified all co-upregulated genes of APOE" TAMs in the training and validation cohorts (Supplementary Table S3).

We defined a robust gene signature of APOE" TAMs according to these top fifteen upregulated genes (Supplementary
Table S4). APOE" TAMs expressed higher levels of lipid metabolism genes (APOC1, APOE, LIPA, ACP5, FABPS, and
GPNMB), which were the canonical genes of lipid-associated macrophages.
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Figure 2 GVSA analysis among three TAM subsets in the training (A) and validation (B) cohorts.
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According to the optimal cutoff point of APOE" TAMs (8.032915) in the merged microarray cohort, 756 patients
were divided into low- (n=446) and high-infiltration (n=310) subgroups. Kaplan-Meier curves revealed that the high
infiltration of APOE" TAMs was significantly associated with poor RFS (Log rank test: p=0.014, Figure 3A) and OS
(Log rank test: p=0.042, Figure 3B) in CRC. Multivariate COX model revealed that the infiltration of APOE" TAMs was
an independent factor for RFS (HR=1.420, 95% CI=1.096-1.840; p=0.008, Figure 3C) and OS (HR=1.336, 95%
CI=1.041-1.716; p=0.023, Figure 3C).

The GO analysis indicated that these up-regulated genes of APOE"™ TAMs (Supplementary Table S3) were involved in

many lipid-metabolism pathways, including lipid, lipoprotein, sterol, cholesterol, triglyceride, acylglycerol, and steroid
metabolic processes (Figure 3D). The GSVA results suggested that APOE™ TAMs were involved in several lipid-
metabolism pathways (fatty acid metabolism, bile acid metabolism, and adipogenesis) in both the training (Figure 2A) and
validation (Figure 2B) cohorts. APOE" TAMs utilized the limited nutrients within the CRC microenvironment by activating
metabolism-related pathways and facilitated their anti-infammatory properties by enhancing oxidative phosphorylation.

We observed that tumor-associated fibroblasts secreted the high levels of collagen (COL6A41, COL6A42, COL6A3,
COLI1AI, COLIA2, and COL4A2) to mainly interact with the highly expressed receptor of CD44 on APOE" TAMs via
the COLLAGEN pathway in both the training (Figure 4A—C) and validation (Supplementary Figure S3A—C) cohorts.
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Figure 3 Survival analysis and Functional analysis of APOE" TAMs. (A) The Kaplan—Meier curve of recurrence-free survival. (B) The Kaplan-Meier curve of overall survival.
(C) The COX regression analysis of recurrence-free and overall survival. (D) GO analysis.
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Figure 4 Cell communication analysis between different TAM subsets and other cell types in the training cohort. (A) Number of interactions between different cell types.
(B) Strength of interactions between different cell types. (C) Dot plot of cell communications between other cell types and TAM subtypes.

These findings indicated that the fibroblast-derived collagen pathways might mainly interact with APOE" TAMs to
promote the formation of the extracellular matrix in the CRC microenvironment. This might lead to a desmoplastic niche,
thus promoting tumor progression.* %’

In summary, this single-cell study revealed that APOE" TAMs might display with lipid-metabolism and pro-tumor

properties. APOE" TAMs might foster a desmoplastic niche by the fibroblast-derived collagen pathways.

SLC40A 1" TAMs

We identified all co-upregulated genes of SLC40A 1" TAMs in the training and validation cohorts (Shown in Supplementary
Table S3). We defined a robust gene signature of SLC40A 1" TAM:s according to these top fifteen upregulated genes (Shown in
Supplementary Table S4). Among five immunosuppressive ligands (PD-L1, PD-L2, LGALS9, FCL1, and PVR), SLC40A 1"
TAM s only expressed the high level of LGALS?9 in the training (Figure 5A) and validation (Figure 5B) cohorts. The multiplex
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Figure 5 Immunosuppressive ligand expression among three TAM subsets. (A) The immunosuppressive ligand expression of three TAM subsets in the training cohort. (B)
The immunosuppressive ligand expression of three TAM subsets in the validation cohort. (C) Multiplex immunofluorescence staining of CD68+LGALS9+ cells in CRC
tissues.

Immunofluorescence staining found that CRC tissues were infiltrated with plenty of LGALS9" TAMs (LGALS9 'CD68" cells,
Figure 5C). LGALS9" TAMs were associated with tumor progression, immune suppression, T cell exhaustion, and immu-

notherapy resistance.”* !

According to the optimal cutoff point of SLC40A1" TAMs (7.294983), 756 patients were divided into low- (n=636)
and high-infiltration (n=120) subgroups in the merged microarray cohort. Kaplan-Meier curves revealed that the high
infiltration of SLC40A1" TAMs was significantly associated with poor RFS (Log rank test: p<0.001, Figure 6A) and OS
(Log rank test: p=0.010, Figure 6B). Multivariate COX analysis demonstrated that SLC40A1" TAM infiltration was an
independent factor for RFS (HR=1.621, 95% CI=1.188-2.214; p=0.002, Figure 6C) and OS (HR=1.500, 95%
CI=1.096-2.055; p=0.011, Figure 6C).

GO analysis revealed that these up-regulated genes of SLC40A1" TAMs (Shown in Supplementary Table S3) were
involved in several immunity-related pathways of B cell-mediated immunity, humoral immune response, immunoglobulin-
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Figure 6 Survival analysis and Functional analysis of SLC40A 1" TAMs. (A) The Kaplan-Meier curve of recurrence-free survival. (B) The Kaplan-Meier curve of overall
survival. (C) The COX regression analysis of recurrence-free and overall survival. (D) GO analysis.

mediated immune response, and circulating immunoglobulin-mediated humoral immune response (Figure 6D). GSVA results
suggested that SLC40A1" TAMs were associated with the inhibition of the inflammatory response, interferon-alpha/inter-
feron-gamma response, and M, polarization (IL-6/JAK/STAT3 and TNFA/NFKB) pathways in both the training (Figure 2A)
and validation (Figure 2B) cohorts.

We revealed that tumor-associated fibroblasts could highly express MIF, which bound to the CD74 receptor on
SLC40A1" TAMs in the training (Figure 4A—C) and validation (Supplementary Figure S3A-C) cohorts. The previous
studies revealed that the MIF pathways®>*
SLC40A1" TAMs highly expressed the immunosuppressive molecule of LGALS9, which bound to the CD45 receptor
on CD8" T cells in both training (Supplementary Figure S4A) and validation (Supplementary Figure S4B) cohorts.

In summary, these results demonstrated that SLC40A1" TAMs might exhibit an M, phenotype with immunosup-

were associated with an immunosuppressive microenvironment. And

pressive properties.

Developmental Trajectory of Three Macrophage Subsets

In the training cohort, pseudo-time analysis revealed that a transition from CCL20" TAMs to SLC40A1" TAMs, with
APOE" TAMs located at the intermediate position during M, polarization (Supplementary Figure S5A and B). We
observed that the marker gene expression of APOE and SLC40A1 gradually increased along this trajectory from CCL20"
TAMs to SLC40A1" TAMs (Supplementary Figure S5C). However, we observed that the marker gene expression of
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CCL20 declined during this trajectory. We obtained equivalent findings for pseudo-time analysis in the validation cohort
(Supplementary Figure S5D-F). These results indicated that APOE" TAMs might be the possible transitional position

during M, polarization.

As shown in Figure 7A, the single-cell data revealed that the expression level of STAT6 (the key molecule of STAT6
pathway), CD163/MRC1 (M,-macrophage markers), and LGALS9 (an immunosuppressive ligand) gradually increased
from CCL20" TAMs to SLC40A1" TAMs. The multiple immunofluorescence staining demonstrated that CD163" TAMs
expressed the high level of STAT6 and LGALS9 proteins in CRC tissues (Figure 7B-E). So we speculated that the

STAT6 pathway might play a crucial role in M, polarization and the expression of LGALS9.**3°
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Figure 7 The expression of STAT6, M,-macrophage markers (CD163 and MRCI), and LGALS9 among different TAM subsets. (A) The transcription level of STAT6, M-
macrophage markers (CD 163 and MRCI), and LGALS9 among different TAM subsets. Multiplex immunofluorescence staining results of CD 163" cells (B), STAT6" cells (C),
LGALS9" cells (D), CD163*STAT6*LGALS9" cells (E) in primary CRC tissues.
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The Relationship of TAM Subtypes and Anti-PD-1 Monotherapy

In the microarray dataset of GSE39582 with MMR data, dMMR CRC had the higher infiltration abundance of CCL20" TAMs
(7.873 vs 7.647, p<0.001) and APOE" TAMs (8.254 vs 7.824, p<0.001) than pMMR CRC (Supplementary Figure S6A). But
dMMR CRC had similar infiltration abundance of SLC40A1" TAMs (6.994 vs 6.900, p>0.050) with pMMR CRC
(Supplementary Figure S6A). According to the previous cutoff of CCL20" and APOE" TAMs, CRC patients were divided
into four groups, including the CCL20-TAMME"APOE-TAM™#", CCL20-TAM'°¥APOE-TAM™" CCL20-TAM"&"APOE-
TAM"", and CCL20-TAM"*YAPOE-TAM™" groups (Supplementary Figure S6B). And the CCL20-TAM™"APOE-TAM"€"
group had the highest prevalence of AMMR phenotype (27.9% vs 16.4% vs 10.6% vs 7.7%, p<0.001). The previous studies
demonstrated that IMMR CRC with locally advanced stage was highly sensitive to anti-PD-1 monotherapy.®’° The highest
prevalence of dMMR phenotype (27.9%) occurred in the CCL20-TAM™E"APOE-TAM"€" group, which further supported
that the high infiltration of CCL20" and APOE" TAMs could help predict patients’ response to anti-PD-1 immunotherapy.

Discussion

In this single-cell study, we identified three main TAM subtypes, including CCL20" TAMs with proinflammatory and anti-
tumor properties, APOE" TAMs with lipid-metabolism and pro-tumor properties, and SLC40A1" TAMs with immunosup-
pressive and pro-tumor properties. TAMs are traditionally divided into two main subtypes based on their polarization states,
including M;-macrophages with a pro-inflammation phenotype and M,-macrophages with an immunosuppressive
phenotype.' > However, another previous study showed that TAMs could not be fully characterized by the simple dichotomy
of M- and M,-macrophages.' ™ The single-cell technique has emerged as a powerful tool for elucidating the heterogeneity of
the CRC microenvironment.®'" The invention of scRNA-seq sequencing techniques has revolutionized our novelty knowl-
edge of the CRC microenvironment by offering a detailed understanding of its complexity at the single-cell level.®"!
However, there is still a notable gap in an accurate subtype system for TAMs. We performed an integrated analysis of three
scRNA-seq studies, categorized CRC TAMs into three distinct subsets (CCL20" TAM, APOE" TAM, and SLC40A1" TAM)
through unsupervised clustering analysis in the training cohort of three American studies (GSE178341, GSE200997, and
GSE231559), and subsequently conducted the GO and GSVA analysis of three TAM subsets to explore their functional
properties. And we further obtained the equivalent findings of three TAM subsets in the validation cohort of five Asian studies
(GSE132257, GSE132465, GSE144735, GSE221575, and GSE245552). We found the similar TAM subtypes between North
American and Asian populations, which implicated that this TAM subtypes had excellent stability. Moreover, our study firstly
found that CRC patients with enriched CCL20" and APOE" TAMs were characterized by the highest prevalence of IMMR
(27.9%) and might achieve more benefit from the anti-PD-1 immunotherapy.

Among three macrophage subsets, APOE" TAMs might be characterized by a lipid-metabolism phenotype. Our
single-cell analysis revealed that APOE" TAMs with the increased expression of lipid metabolism-related genes (APOE,
APOCI, LIPA, ACP5, FABPS5, and GPNMB) might regulate the process of lipid storage, synthesis, localization and
metabolism. Both our single-cell study and the previous study®® revealed that APOE" TAMs might facilitate the anti-
infammatory property by enhancing oxidative phosphorylation, and lead to a poor prognosis. Some previous studies also
revealed that lipid-associated macrophages might promote immune escape and tumor growth by utilizing the limited
nutrients of tumor-derived lipids and modulating lipid metabolism.*'** In our single-cell study, APOE" TAMs also
expressed high levels of SPP1 in both the training (Figure 1E) and validation (Supplementary Figure S1E) cohorts. Both
our single-cell study and the previous study™ revealed that the high infiltration of SPP1" TAMs exhibited shorter
progress-free survival, and the high prevalence of high microsatellite-instability status in CRC. Pseudo-time analysis
revealed that APOE" TAMs might be the possible transitional position between CCL20" TAMs and SLC40A1" TAMs,
indicating lipid-associated macrophages might be intermediate state during M, polarization. It might be a new immu-

notherapy strategy for the inhibition of M, polarization by targeting the TAM-related lipid metabolism reprogramming.

Among three macrophage subsets, our study demonstrated SLC40A1" TAMs were associated with the inhibition of
several immune and inflammatory response pathways. And high infiltration of SLC40A1" TAMs was significantly
related with worse survival in the integrated microarray cohort of CRC. The previous study revealed that SLC40A1"
TAMs were associated with a poor prognosis for cancer by inhibiting a key pro-inflammatory regulator of IL-1B.** In
addition, SLC40A1" TAMs were correlated with the invasion and migration of M,-macrophages and a poor prognosis in
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cancer patients.***” SLC40A1" TAMs are characterized by increased expression of complement protein C1Q encoding
genes (C1QC, C1QB, and CIQA). Recent evidences suggested that C1QC" TAMs might suppress the inflammatory
response and promote immunosuppression, leading to a poor prognosis for CRC patients.**>° In our study, Selenoprotein
P (SEPP1) and Folate Receptor 2 (FOLR-2) were proved to be highly expressed in SLC40A1" TAMs. Recent evidences
revealed that SEPP1" TAMs might contribute to promoting M, macrophage polarization, anti-inflammatory activation,
and tumor recurrence.”’ And FOLR2" TAMs might contribute to an immunosuppressive microenvironment by inducing
regulatory T cells activity.’* In our study, the sing-cell analysis revealed that SLC40A1" TAMs highly expressed the
immunosuppressive ligand of LGALS9. The findings of both single-cell analysis and multiple immunofluorescence
staining supported that high expression of LGALS9 in SLC40A1" TAMs might be derived from M, polarization by the
STAT6 pathway. In summary, SLC40A1" TAMs might exhibit pro-tumor and immunosuppression effects in CRC.

Tumor-associated fibroblasts and macrophages are the most abundant cell components within the microenvironment.
Considering the pivotal role of tumor-associated fibroblasts and macrophages, we conducted cell—cell interaction analysis to
explore the potential mechanisms. The analysis revealed that several tumor-associated pathways between fibroblasts and
TAMs. In our study, fibroblasts expressed the high levels of collagen (COL6A1, COL6A2, COL6A3, COL4A2, COL1A1, and
COL1A2) to mainly interact with the CD44 receptor of APOE" TAMs via the collagen pathways. These results indicated that
fibroblast-derived collagen might interact with myeloid cells to prompt the formation of a desmoplastic microenvironment by
collagen pathways, leading to unfavorable conditions for immunosuppression.”* >’ This analysis also revealed that fibroblasts
secreted MIF, which bound to the receptors of CD74 on SLC40A 1" TAMs to promote immune escape. Notably, the fibroblast-
macrophage interaction via the MIF axis might promote tumor tumor proliferation, inhibit tumor apoptosis, and drive
suppressor cell-mediated immunosuppression.®>>* Taken together, these results also revealed that SLC40A1" TAMs might
play a significant immunosuppressive role in CRC.

Our study has several limitations. Firstly, the classification method for macrophage subtypes in our study was rough
and might not fully elucidate the diversity of three TAM subsets. Secondly, the underlying mechanisms of APOE" and
SLC40A1" TAMs are not yet fully understood. The further studies are necessary to explore these potential mechanisms
which may provide new insights to aid in the development of TAM-related treatment strategies in CRC.

Conclusions

In our study, we integrated the scRNA-seq and bulk RNA-seq data to construct a precise single-cell atlas of TAMs in the
CRC microenvironment, providing a profound understanding of the TAM subtypes. Our findings provided the compre-
hensive and in-depth information about the biological functions of APOE" and SLC40A1" TAMs, with an emphasis on
the interplay of APOE" and SLC40A1" TAMs with fibroblasts and T cells. And CRC with enriched CCL20" and APOE"
TAMs were characterized by high prevalence of AMMR, which might obtain more benefit from the anti-PD-1 mono-
therapy. These findings could provide new sights to aid in the development of treatment strategies and to overcome
unfavorable conditions in CRC patients.
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