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Colorectal cancer (CRC) is one of the most common malignant tumors of the digestive tract, with increasing incidence and mortality rates, posing a significant burden on human health. Its progression relies on various mechanisms, among which the tumor microenvironment and tumor-associated macrophages (TAMs) have garnered increasing attention. Macrophage infiltration in various solid tumors is associated with poor prognosis and is linked to chemotherapy resistance in many cancers. These significant biological behaviors depend on the heterogeneity of macrophages. Tumor-promoting TAMs comprise subpopulations characterized by distinct markers and unique transcriptional profiles, rendering them potential targets for anticancer therapies through either depletion or reprogramming from a pro-tumoral to an anti-tumoral state. Single-cell RNA sequencing technology has significantly enhanced our research resolution, breaking the traditional simplistic definitions of macrophage subtypes and deepening our understanding of the diversity within TAMs. However, a unified elucidation of the nomenclature and molecular characteristics associated with this diversity remains lacking. In this review, we assess the application of conventional macrophage polarization subtypes in colorectal malignancies and explore several unique subtypes defined from a single-cell omics perspective in recent years, categorizing them based on their potential functions.
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Graphical Abstract | The distinctions between classical subtypes and new variants.






1 Introduction

Colorectal cancer (CRC) is one of the most prevalent malignant tumors of the digestive tract and the second leading cause of cancer-related mortality worldwide (1). Both its incidence and mortality rates are rising annually (2), In 2020, it was estimated that there were over 1.9 million new cases of CRC and approximately 930,000 deaths attributed to the disease. The burden of CRC is projected to rise significantly, with an anticipated increase to 3.2 million new cases and 1.6 million deaths by the year 2040. Most of these cases are expected to occur in countries classified as having a high or very high Human Development Index (3), posing a significant challenge to public health. Early-stage CRC is typically managed with surgical resection combined with chemotherapy. However, due to its high malignancy and substantial risks of metastasis and recurrence, traditional treatment outcomes are often unsatisfactory (4). Identifying new therapeutic targets is, therefore, crucial for improving the prognosis of patients with CRC.

Current research has identified that the mechanisms underlying colorectal cancer (CRC) are diverse, including factors such as gut microbiota (5, 6) and epigenetic alterations (7, 8). However, the complex molecular mechanisms remain to be further elucidated. There is substantial evidence indicating that immunoediting plays a significant role in tumors (9, 10). In CRC patients, immune balance is disrupted (11), and the interactions between tumor cells and the tumor microenvironment (TME) facilitate further tumor progression (12, 13). Macrophages, crucial immune components of the TME, play a significant role in recognizing and phagocytosing pathogens as well as necrotic cells, thereby contributing to immune regulation and maintaining tissue homeostasis (14, 15). Under various physiological and pathological conditions, macrophages can differentiate into distinct phenotypes based on their gene expression profiles. These diverse subpopulations coordinate tumor progression, metastasis, and invasion by secreting specific cytokines and chemokines (16). Macrophage heterogeneity offers new insights into the diagnosis, treatment, and prognosis of CRC.

Tumor-associated macrophages (TAMs) are among the most abundant immune cells in tumor tissues. Traditionally, macrophages have been classified into two subtypes: M1 (classically activated or proinflammatory) and M2 (alternatively activated or anti-inflammatory) (17). The M1 subtype is characterized by tumoricidal properties, while the M2 macrophages exhibit anti-inflammatory characteristics that can indirectly promote tumor growth (18, 19). Although this binary classification has been widely utilized in the past, technological advancements have expanded our understanding of the complex state of the TME. Consequently, this dichotomy fails to accurately capture the diversity of macrophage phenotypes present in vivo, particularly within complex TME contexts (20–22). Furthermore, the gene expression profiles associated with these two phenotypes are not entirely oppositional (23). With advances in single-cell RNA sequencing (scRNA-seq), researchers can now identify cellular subpopulations with greater precision. This technology enables the discovery of unique macrophage subpopulations by capturing transcriptomic variations in macrophages under different pathological conditions and disease stages, thereby distinguishing various functional subsets (24, 25). Additionally, the integration of scRNA-seq with spatial transcriptomics has enhanced the ability to detect finer details within heterogeneous cell populations (26, 27). This article focuses on non-classical classifications of TAMs identified through single-cell omics research on colorectal malignancies and explores their potential roles in tumorigenesis and development.




2 Overview of tumor-associated macrophages

Macrophages are phagocytic cells widely distributed in various human tissues and organs. They play crucial roles in recognizing, phagocytosing, and degrading apoptotic cells, tissue debris, and pathogens, thereby contributing significantly to immune responses. It is currently understood that macrophages within tissues have two primary sources (28): during prenatal development, they originate from yolk sac progenitors or hematopoietic stem cells. These progenitor cells retain proliferative potential and can undergo self-renewal. During organ development, they differentiate into specific tissue subpopulations (29, 30), such as microglia in the central nervous system and Kupffer cells in the liver. This differentiation establishes stable communication and connections with specialized tissue cells (31, 32). In contrast, adult macrophages arise from infiltrating monocytes and are involved in a wide range of physiological and pathological processes within the body. They play central roles in various processes, including inflammation regulation and tissue repair (33). Both types of macrophages can coexist within specific tissues, and their respective abundance reflects the characteristics and history of these tissues (34).

Macrophages are highly plastic cells (35) and the generation of TAM is multifaceted. Chemokines and cytokines, such as monocyte chemoattractant protein-1 (MCP-1) and colony-stimulating factor 1 (CSF1), along with complement cascade products, are the primary determinants of the recruitment and localization of macrophages within tumors. Under the influence of these factors, peripheral blood monocytes are locally recruited and differentiate into macrophages, forming TAMs alongside resident tissue macrophages (36–39). Proinflammatory cytokines produced by tumor cells contribute to the recruitment of immune cells and promote macrophage polarization during the early stages of carcinogenesis. Proper activation of macrophages can exert certain anti-tumor effects by enhancing phagocytosis and cytotoxicity against tumor cells. Additionally, macrophages can induce extracellular killing of tumor cells through antibody-dependent cellular cytotoxicity (ADCC) (40).However, it is notable that macrophages in the TME do not appear to exert protective effects; rather, a substantial body of research indicates that they seem to promote tumor progression in the vast majority of circumstances (41, 42).

Based on the functions of TAM, two activation phenotypes, M1 and M2, have been studied extensively. M1 macrophages respond to various stimuli, such as bacteria, interferon-γ (IFN-γ), lipopolysaccharide (LPS), and tumor necrosis factor-α (TNF-α). They exhibit enhanced antigen presentation and complement-mediated phagocytosis, contributing to the inflammatory response (43, 44). Additionally, M1 macrophages activate or recruit adaptive immune cells and are capable of phagocytosing and killing tumor cell (45). In this stage, M1 macrophages specifically produce cytotoxic substances such as nitric oxide (NO) and reactive oxygen species (ROS), which can damage tumor cells, participate in phagocytosis, and release proinflammatory cytokines. This process further stimulates anti-tumor immunity (46–48). Moreover, tumor cells induce the polarization of macrophages into M2-type TAMs through various mechanisms, including cytokine production, metabolic abnormalities, and hypoxia (49–54). M2 macrophages can be categorized into the subtypes M2a, M2b, M2c, and M2d based on their activation factors (55). Subtypes M2a and M2b primarily exert immunoregulatory functions by supporting T helper cell 2 (Th2)-mediated responses, whereas subtypes M2c and M2d are involved in immune suppression and tissue remodeling (56). TAMs of the M2 phenotype predominantly inhibit tumor immune responses by secreting immunosuppressive factors, thereby disrupting the immune barrier and leading to an imbalance in defense mechanisms. Additionally, they secrete growth factors such as transforming growth factor (TGF) and vascular endothelial growth factor (VEGF), which promote tumor proliferation and extracellular matrix (ECM) remodeling. M2-type TAMs play a significant role in promoting angiogenesis, tissue repair, and tumor progression (47).

In the TME, TAMs typically exhibit an M2 phenotype, which facilitates tumor malignancy either by directly enhancing malignant biological behaviors or by engaging in crosstalk with immune cells present in the TME to promote tumor progression (57). However, increasing evidence suggests that the polarization state of macrophages is far more complex than the simplistic M1/M2 dichotomy.

The elevation of TAMs is associated with poor prognoses in various cancers (16, 58, 59). M2 TAMs can further promote tumor progression (14, 57, 60, 61). This correlation primarily arises from their tumor-promoting characteristics, which include facilitation of angiogenesis, immune suppression, and promotion of cancer cell dissemination. TAMs regulate angiogenesis in the TME by releasing pro-angiogenic factors like vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), chemokines, and antiangiogenic substances such as thrombospondin-1 (TSP-1). Consequently, TAMs play a complex role in vascular formation (42, 62–64). Moreover, TAMs promote tumor progression by suppressing immune responses (65). They achieve this by expressing T cell immune checkpoint ligands that attract regulatory T cells (Tregs) and by producing immunosuppressive molecules such as transforming growth factor (TGF) and interleukin-10 (IL-10), which impair the function of cytotoxic T cells (CTLs) and natural killer (NK) cells (66). TAMs inhibit the recruitment and function of T-cells via cytokines, surface immune checkpoint ligands, and exosomes. They play a crucial role in regulating programmed death receptor-1 (PD-1) and its ligand PD-L1-mediated immunosuppression (67). Additionally, TAMs can suppress T cells infiltration into tumor tissues, thereby promoting tumor growth (39). Furthermore, TAMs secrete matrix metalloproteinase-9 (MMP-9), which induces epithelial-mesenchymal transition (EMT) via the transcription factor Snail, enhancing tumor invasiveness (68). Other studies have shown that TAMs co-localize with tumor cells undergoing EMT (69); they also produce chemokines that facilitate distant tumor metastasis (70). The recruitment of cancer-associated fibroblasts (CAFs) by TAMs is associated with extracellular matrix remodeling, promoting tumor invasion (71, 72). In summary, TAMs exhibit dynamic roles throughout tumor development and engage in complex interactions within the TME.




3 The constraints of classical typological frameworks

TAMs exhibit significant heterogeneity not only among different patients with cancer but also within various malignant lesions of the same patient and even within specific tumor sites. The intratumoral heterogeneity of macrophages may pose challenges for treatment, yet it also underscores the complexity of their functions (72–77). Due to its low resolution, traditional bulk RNA sequencing fails to accurately represent subtle variations in cell populations within the TME (78, 79). In contrast, single-cell RNA sequencing (scRNA-seq) allows for a comprehensive and detailed characterization of cellular diversity and heterogeneity at the single-cell level (78), thereby providing a more nuanced perspective on the complexity of TAMs. The traditional M1/M2 classification of macrophages faces certain challenges, primarily for the following reasons: 1. Diversity of Macrophages: Macrophages exhibit a high degree of heterogeneity in vivo, and their functions and phenotypes are influenced by various factors and complex interactions with the microenvironment (80–82). The relatively simple polarization into M1 and M2 macrophages may not fully encompass the intricate spectrum of macrophage subtypes present in the body. For instance, studies have identified other macrophage subtypes, such as SPP1+ TAMs (83–85) and FOLR2+ tissue-resident macrophages (TRMs) (86, 87), which include populations that are significant for prognosis in patients with cancer but do not conform to the classical M1/M2 polarization paradigm. 2. Inaccuracy of Single Markers: The classification of M1 and M2 macrophages often relies on specific markers such as CD68, CD163, and CXCL10. However, the expression of these markers may overlap between different subtypes, leading to inaccuracies in classification; thus, it is essential not to consider these markers in isolation (88–90). Furthermore, variations in the markers used and the experimental conditions across different studies may further impact the classification accuracy. 3. Misunderstanding of the Dynamic Balance: The simplistic classification of macrophages into M1 and M2 types may lead to misconceptions regarding the dynamic balance of macrophages in vivo. Macrophages undergo phenotypic transitions from one subtype to another in response to various stimuli. This dynamic change is crucial for inflammatory responses and immune regulation; however, a binary classification approach fails to accurately capture the true state of macrophages (91, 92). Research has evolved from straightforward and convenient classical M1 and M2 models to more complex models that reflect the diverse functional spectra of macrophages (93, 94). This increasing level of detail necessitates the distinction between the subtypes and functions of TAMs from the perspective of single-cell sequencing.




4 Identification of novel non-classical macrophage subtypes at the single-cell level in malignant colorectal tumors

Ma et al. (94) summarized seven subgroups of TAMs identified in various pan-cancer single-cell studies (23, 94) and classified them based on their functions, signatures, and enriched pathways. These subgroups include interferon-primed TAMs (IFN-TAMs), immune regulatory TAMs (Reg-TAMs), inflammatory cytokine-enriched TAMs (Inflam-TAMs), lipid-associated TAMs (LA-TAMs), pro-angiogenic TAMs (Angio-TAMs), RTM-like TAMs (RTM-TAMs), and proliferating TAMs (Prolif-TAMs). Notably, functional overlaps and shared characteristics are present among these seven subtypes. In subsequent sections, we outline the unique phenotypes and functions of specific TAM subpopulations discovered in single-cell research on CRC. Meanwhile, more concise information can be more readily accessed in Table 1.


Table 1 | Non-classical macrophage subtypes at the single-cell level in malignant colorectal tumors.





4.1 Pro-angiogenic TAMs

The characteristics of Angio-TAM are marked by the high expression of angiogenesis-related features, including vascular endothelial growth factor-A and SPP1, as well as other angiogenic factors. These growth factors promote angiogenesis in various cancers (95). The formation of new blood vessels plays a crucial role in tumor progression and metastasis, where the tumor vasculature regulates oxygen supply to support tumor growth and facilitates the dissemination of cancer cells (96). Additionally, this macrophage subset may be involved in the process of EMT, another significant process that contributes to metastasis. During EMT, epithelial cells lose their attachment to the basement membrane and intercellular junctions, transforming into mesenchymal cells characterized by enhanced migratory and invasive properties (97). Furthermore, complex interactions between this subset and cancer-associated fibroblasts have been observed. Therefore, Angio-TAM may exert its influence on tumor progression through multiple mechanisms.

A study (98) conducted single-cell sequencing on matched specimens from three patients, comparing the invasive margin (IM) of colorectal liver metastases (CLM) with adjacent normal areas (NA). The differentially expressed genes identified in TAMs compared to Kupffer cells included GPNMB, TREM2, LGALS3, and FABP4; these genes exhibited distinct expression profiles within TAMs. Glycoprotein Non-Metastatic B (GPNMB) is a heavily glycosylated transmembrane protein initially discovered in melanoma cells, osteoblasts, and dendritic cells. It has been proposed as a potential therapeutic target for CRC and is possibly associated with poor tumor prognosis (77, 99). Furthermore, increased GPNMB expression has been observed in macrophages exposed to tumor-conditioned medium in vitro (100). The study found that GPNMB+ TAMs were primarily enriched in angiogenesis-related pathways. Spatial transcriptomic analysis revealed that these cells were localized closer to the tumor margins and were almost absent from the NA region, suggesting their potential roles in promoting angiogenesis.

In a study that integrated three datasets (101), CCL18 was enhanced in SPP1+ macrophages, which accelerated cancer progression by promoting angiogenesis (102, 103). The ferritin light chain (FTL) also possesses pro-angiogenic properties (104, 105), and its expression is upregulated in SPP1+ macrophages. A comprehensive investigation of the immune phenotypes associated with colorectal cancer liver metastases (106) identified three types of TAMs. Among them, SPP1+ TAMs were primarily enriched at the hepatic metastases. Subsequently, the clinical relevance of SPP1+ TAMs was explored. In the TCGA cohort, patients exhibiting higher levels of SPP1+ TAM characteristics were associated with poorer overall survival (OS) compared to untreated patients. Notably, the angiogenesis score for SPP1+ TAMs was the highest, corroborating previously established findings on their angiogenic function in CRC (85). A significant study focusing on FAP+ fibroblasts (107) identified tumor-specific macrophages that were highly associated with FAP+ fibroblasts, namely SPP1+ TAMs. These macrophages exhibit elevated expression levels of SPP1 and MARCO (Macrophage Receptor with Collagenous Structure, a scavenger receptor) (108, 109), and their proportion among myeloid cells in tumor samples is significantly higher than that in normal tissues. Subsequently, the study revealed a strong correlation between FAP+ fibroblasts and SPP1+ macrophages. Patients exhibiting high levels of both FAP+ fibroblasts and SPP1+ macrophages demonstrated the shortest progression-free survival period, suggesting the potential synergistic effects of these cell types in promoting tumor progression. Immunofluorescence labeling indicated that SPP1+ and FAP+ cells were in close proximity within CRC tissues, implying potential crosstalk between these two cell types. FAP+ fibroblasts and SPP1+ macrophages appear to form an interactive network that supports their maintenance and function. Both cell types may play critical roles in extracellular matrix (ECM) remodeling, possibly fostering the formation of collagen-rich areas within the TME (110).

A recent study (111). MMP12, a member of the matrix metalloproteinase (MMP) gene family secreted by macrophages (112), may serve as a marker of poor tumor prognosis (113, 114). The authors observed that the proportion of MMP12+ TAMs gradually increased across normal tissues, tumor tissues, and liver metastatic samples. Furthermore, MMP12-expressing macrophages exhibited high expression levels in various biological processes, including cell migration, lipid metabolism, angiogenesis, negative regulation of apoptosis, negative regulation of T-cell receptor signaling pathways, and negative regulation of T-cell proliferation. Using Monocle2 to construct the differentiation trajectory of MMP12+ macrophages revealed that, with the progression of pseudotime, the proportion of these cells increased in both tumor and liver metastatic samples. This differentiation led to two distinct branches; one branch was associated with enhanced angiogenic capacity.

In a single-cell study exploring MFAP5+ fibroblasts combined with spatial transcriptomics (115), MFAP5+ fibroblasts and macrophages were co-enriched in the fibroblast region, while certain adaptive immune cells, such as B and T cells, were notably absent from this area. TAMs expressing high levels of C1QC, C1QA, and C1QB were identified as C1QC+ TAMs. Further investigation revealed a significant positive correlation between the infiltration of MFAP5+ fibroblasts and C1QC+ macrophages. The signature scores for these cell types were calculated using two algorithms: ssGSEA (116) and AddModuleScore (117). These results indicated that MFAP5+ fibroblasts and C1QC+ macrophages were enriched within the fibroblast region. In normal tissues, there were few C1QC+ macrophages surrounding MFAP5+ fibroblasts, suggesting that crosstalk between these cell types occurred primarily within the tumor tissues. When visualizing the expression of ligands and receptors in the CSF/IL34/CSF1R signaling axis, it was noted that in normal tissues, MFAP5+ fibroblasts predominantly secreted CSF-1, which is recognized as a classic tumor-promoting factor that recruits macrophages to tumor sites and facilitates the polarization of TAMs (118), to interact with C1QC+ macrophages; however, in tumors, MFAP5+ fibroblasts exclusively released IL-34, another cytokine capable of binding to CSF1R on C1QC+ macrophages. IL-34 promotes the differentiation into the M2 phenotype across various cancers through its interaction with CSF1R while also facilitating the dysregulation of the TME toward a pro-tumorigenic state (119–122). These findings suggest that MFAP5+ fibroblasts regulate the phenotype of C1QC+ macrophages via the IL-34/CSF1R signaling pathway. In summary, complex interactions exist between fibroblasts and TAMs, leading to their polarization and functional transformations.




4.2 Interferon-primed TAMs

The IFN-TAM is a subtype that tends to exhibit immunosuppressive characteristics, characterized by high expression of IFN-regular genes. These macrophages’ primary functions include T cell exhaustion, immune suppression, inhibition of T cell activity, promotion of tumor cell proliferation, and recruitment of regulatory Treg.

A large-scale study (84) indicated that SPP1+ macrophages may exhibit immunosuppressive and tumor-promoting effects in patients with CRC, aligning with functions defined as IFN-TAMs. Japanese researchers (123) confirmed that cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) is highly expressed in SPP1+ macrophages at the tumor invasion front, which are considered to be markers of exhaustion. This suggests that these macrophages deplete other immune cells at the invasive front, leading to T cells inactivity against tumor cells and T lymphocyte exhaustion (124, 125). A study integrating three datasets (101) revealed enhanced expression of CCL20 in SPP1+ macrophages, which is believed to facilitate cancer cell migration and proliferation, while remodeling the TME to accelerate cancer progression (126–128). Additionally, research conducted by Korean scholars (129) demonstrated elevated levels of nicotinamide phosphoribosyl transferase (NAMPT) expression in SPP1+ TAMs. This finding may be associated with the immunosuppressive function of M2-type macrophages, which contribute to the immunosuppressive microenvironment within CRC.

In the study by Fan et al. (111), Monocle2 was utilized to construct a differentiation trajectory of MMP12+ macrophages, revealing an additional branch characterized by enhanced TGF-β signaling and oxidative stress activity. In metastatic liver samples, MMP12 macrophages exhibit increased interactions with T and B cells through the SPP1-CD44 ligand (130). Macrophages express SPP1, which inhibits T cells activation via its interaction with CD44 (131), potentially promoting liver metastasis. Furthermore, the interaction between MMP12 macrophages and the CD86-CTLA4 ligand-receptor pair in T and B cells was significantly enhanced compared to that in normal samples; this interaction is critically important for tumor immunity (132–134).

Additionally, a study integrating two sets of CRC single-cell data focusing on metabolism (135) revealed that a subset of APOE + CTSZ + TAMs was highly enriched in the hypoxic group and exhibited elevated anti-inflammatory and M2-like scores. Differential gene expression analysis indicated that known immunosuppressive markers such as APOE, CTSZ, SEPPI, MRC1, and CD163 were significantly upregulated in the APOE + CTSZ + TAM group. Subsequently, the authors conducted receptor-ligand interaction analyses and discovered chemokine-receptor pairs between APOE + CTSZ + TAMs and Treg cells, including CXCL16-CXCR6. Notably, CXCL16 was highly expressed in APOE + CTSZ + TAMs, while CXCR6 was predominantly expressed in Treg cells. This suggests that APOE + CTSZ + TAMs may utilize the CXCL16 signaling pathway to recruit Tregs to tumor sites, thereby further exacerbating the immunosuppressive TME (136, 137).




4.3 Immune regulatory TAMs

The characteristic functions of Reg-TAM include T cell suppression, antigen presentation pathways, and immune checkpoints. In a study conducted by Che et al. (76), Reg-TAM was defined as exhibiting high expression of major histocompatibility complex (MHC) and co-stimulatory genes, which are indicative of immune activation and anti-tumor activity; however, it also shows elevated expression of immunosuppressive genes. This “double-agent” role in immune modulation suggests a complex interplay between anti-tumor and pro-tumor activities.

Reg-TAMs refer to immune regulatory TAMs, in a previous study (138), four macrophage subpopulations were identified, with C1QC+ and CD55+ macrophages preferentially enriched in adjacent tissues. SPP1+ and CXCL5+ macrophages, primarily enriched in tumor tissues, were designated as TAMs. Notably, SPP1+ TAMs exhibited both pro- and anti-inflammatory phenotypes. The authors conducted gene set variation analysis (GSVA) (139) and found that SPP1+ TAMs significantly enriched the pathways of “antigen processing and presentation” and “T-cell co-stimulation.” Furthermore, the authors observed that SPP1 + TAM exhibited enrichment in the Wnt signaling pathway, which may support tumor growth. Additionally, using the Monocle2 algorithm to reconstruct pseudo-time trajectories (140) revealed that SPP1+ and C1QC+ TAMs represent two distinct branches in the monocyte differentiation pathway. Consistent with the abundant antigen processing and presentation pathways observed in SPP1+ TAMs, there was elevated expression of MHC class II genes, such as HLA-DRB5, HLA-DQA1, and HLA-DQB1 (141)compared with the CXCL5+ TAM subpopulation. This further corroborates the complexity of the immune functions associated with this particular subpopulation. Based on this evidence, SPP1+ TAMs can be classified as immune regulatory TAMs.




4.4 Inflammatory cytokine-enriched TAMs

The primary characteristic of Inflam-TAMs is the expression of inflammatory cytokines, which may actively recruit and regulate immune cells in tumor-associated inflammatory responses, thereby promoting inflammation. Additionally, Inflam-TAMs may be involved in the Wnt signaling pathway as well as immune checkpoint responses.

One study indicated that, at the forefront of tumor invasion, two populations of tumor cells co-localized more frequently with SPP1+ macrophages than with other cell types (123). The authors analyzed the expression of lymphocyte exhaustion markers and various ligands associated with these markers such as PD-1/PD-L1. Most of these ligands are secreted by myeloid cells, represented primarily by SPP1+ macrophages, indicate that SPP1+ TAM may deplete other immune cells at the forefront of tumor invasion. To identify populations with lymphocyte recruitment capabilities, the authors analyzed the expression of chemokines and cytokines that induce lymphocytes, as well as the corresponding receptors for these molecules. The results revealed that certain chemokine ligands are highly expressed in SPP1+ TAM. In another study (138), SPP1+ TAMs were found to be enriched in the Wnt signaling pathway, which may support tumor growth (142–144).




4.5 Lipid-associated TAMs

LA-TAMs express characteristic genes involved in lipid metabolism, ECM degradation, and complement activation. Notable expressions associated with this subgroup encompass APOC1, APOE, C1QA, CCL18, MRC1, and MARCO. This subgroup is enriched in pathways related to lipid metabolism and oxidative phosphorylation (76), potentially exhibiting immunosuppressive functions that may facilitate tumor progression.

In a study on mucinous colorectal adenocarcinoma (MCA) (145), a population of MS4A4A+ TAMs characterized by high expression levels of C1QA and APOE was identified. Pseudotime analysis indicated that this group exhibited elevated gene expression during the later stages of tumorigenesis. Additionally, these cells express several markers associated with macrophage polarization, including MS4A4A, C1QB, C1QC, and SPP1. The authors also found that the expression of M2 macrophage marker genes in MS4A4A+ TAMs within tumor samples was significantly higher than that in normal tissues, suggesting a pro-tumor role for these cells in MCA progression. Previous studies have demonstrated that MS4A4A mediates M2 polarization of macrophages through activation of the PI3K/AKT and JAK/STAT6 pathways (146, 147). In the TCGA cohort, the authors validated that high expression levels of MS4A4A were correlated with poor prognosis. Experimental evidence further indicates that the proportion of MS4A4A+ TAMs is markedly enriched within the MCA TME, promoting immune suppression through interactions with specific tumor cells.

Another study (148) identified the specific presence of certain immunosuppressive cells in liver metastases, with a marked increase in SPP1+ TAMs and MRC1+ CCL18+ TAMs in colorectal cancer liver metastases. Notably, MRC1+ CCL18+ TAMs exhibit characteristics similar to Kupffer cells (149), suggesting a potential hepatic origin. Similar findings were observed by multiplex immunohistochemistry (mIHC). The authors also discovered that metastatic tumor cells tend to express the ligand CD47, an important “don’t-eat-me” signal (150), which may influence the anti-tumor immunity of MRC1+ CCL18+ macrophages via its corresponding receptor SIRPA (151). Differential expression of key molecules related to macrophage polarization was noted among MRC1+ CCL18+ TAMs; APOE exhibited anti-inflammatory properties and promoted M2 conversion (152), whereas MARCO (153) was significantly upregulated in liver metastasis-enriched MRC1+ CCL18+ macrophages. In contrast, we found that the enriched population of MRC1+ CCL18+ macrophages within CRC expressed higher levels of inflammatory cytokines, including TNF, IL1B, CCL3, and CCL4, indicating that even within the same subpopulation, distinct phenotypes may emerge in different tissues. A similar molecular profile shift was observed in SPP1+ macrophages, highlighting the functional changes shared by these immune cells at primary and metastatic tumor sites.




4.6 RTM-like TAMs

RTM-like TAMs refer to a group of macrophages that are characterized as being similar to normal RTMs. A study (85) identified two distinct functional states of macrophages in CRC: C1QC+ and SPP1+ macrophages. Specifically, C1QC+ macrophages exhibit phagocytic activity and antigen presentation capabilities, simultaneously, they may play a potential role in the process of recruiting or activating T cells. whereas SPP1+ macrophages are associated with promoting angiogenesis and facilitating tumor progression. Patients with high SPP1+ and low C1QC+ macrophage levels tend to have poorer prognoses. Through analyses such as RNA velocity, it has been demonstrated that C1QC+ TAMs are closely associated with a specific subset of RTMs and exhibit certain functional phenotypic similarities. Therefore, it is reasonable to propose that C1QC+ TAMs represent a type of RTM-like TAMs. Furthermore, only C1QC+ TAMs were identified in the colonic mucosa of individuals with ulcerative colitis and healthy subjects, whereas SPP1+ TAMs were not detected (154).




4.7 Proliferating TAMs

The research on proliferating TAMs is limited, primarily characterized by the expression of the proliferation marker MKI67. In the study conducted by Liu et al. (106), it was noted that MKI67+ TAMs exhibit similar marker genes to those previously characterized in C1QC+ TAMs; however, they uniquely express MKI67, which may be related to their proliferative function. Furthermore, RNA velocity analysis revealed a strong directional transition from MKI67+ TAMs toward C1QC+, further indicating that this population of TAMs possesses high proliferative capacity.





5 Discussion

CRC is one of the most prevalent malignant tumors worldwide, with an increasing annual incidence rate and a complex pathogenesis.

Based on the role of TAMs in cancer and their high plasticity, several therapeutic strategies targeting TAMs have been developed. For example, the reduction and depletion of TAMs are influenced by CSF1.Clinically, AMG 820, a fully human anti-CSF1 receptor antibody, inhibits the binding of its ligand CSF1 to interleukin 34 (IL-34), thereby preventing subsequent ligand-mediated receptor activation. This results in a decrease in the accumulation of immunosuppressive TAMs in solid tumors (155). Chemokine ligand 2 (CCL2) recruits monocytes expressing chemokine receptor 2 (CCR2) from the peripheral blood to the tumor site, where they further mature into TAMs (156). Therapeutic blockade of the CCL2/CCR2 axis suppresses the recruitment, infiltration, and M2 polarization of inflammatory monocytes mediated by TAMs. This leads to the reversal of immune suppression within the TME and activates anti-tumor CD8+ T cell responses (157). Clodronate is a chemical agent that induces macrophage depletion and significantly reduces TAMs in the TME, thereby diminishing their pro-angiogenic effects (158). The triggering receptor expressed on myeloid cell 2 (TREM2) represents a potential therapeutic target for modulating immunosuppressive TAMs (159). The use of TREM2 inhibitors and similar tools selectively eliminates immunosuppressive macrophages, restores normal immune responses, and inhibits tumor growth (160). Additionally, TAMs can be repolarized into M1-like macrophages to regain their anti-tumor properties. Toll-like receptors (TLRs) are crucial pathogen-recognition receptors expressed by immune cells. The utilization of TLR agonists is an effective strategy for rapidly activating both innate and adaptive immunity (161). Following TLR-3 stimulation, the upregulation of M1-specific markers, such as major histocompatibility complex class II molecules (MHC II), and co-stimulatory molecules, such as CD86, CD80, and CD40, is observed in M2 macrophages. In contrast, there is a decrease in the expression of M2 markers, including CD206, Tim-3, and proinflammatory cytokines. This phenotypic shift effectively inhibits tumor growth (162). In addition, TAMs exhibit anti-tumor properties that can be leveraged. For instance, using SIRP1α-CD47 inhibitors and anti-MS4A4A antibodies, certain unique TAM subpopulations can be utilized to impede tumor growth or restore T cell-mediated anti-tumor immunity (147, 163). Furthermore, TAMs express PD-1, and the expression level of PD-1 is negatively correlated with the phagocytic capacity of macrophages. Blocking the PD-1/PD-L1 pathway can enhance macrophage-mediated phagocytosis of tumor cells and inhibit tumor progression (164). Macrophages are critical components of the complex interplay between the immune system and tumors; thus, they represent significant therapeutic targets for cancer prevention and treatment. In response to tumor stimuli, TAMs undergo M2-like polarization, promoting tumor growth and severely affecting prognosis. Therefore, the development and application of drugs based on TAMs and the TME are of substantial significance (36).

The article discusses several specific subpopulations of tumor-associated macrophages (TAMs) that have been the focus of various treatment-related studies. One study (165) demonstrated that the knockout of SPP1 significantly inhibited the infiltration of M2 TAMs in xenograft tumors, while RNA aptamer-based blockade of SPP1 markedly suppressed tumor growth and M2 TAM infiltration in mouse models. Additionally, literature reports (166)indicate that a certain compound can downregulate SPP1 both in vitro and in vivo, leading to tumor remission in different mouse models of cancer. Research by Zhang et al. (167) demonstrated that targeting C1Q+ TAMs effectively alleviates immune suppression and enhances the efficacy of immune checkpoint blockade therapy. These findings suggest that specific subpopulations of macrophages may serve as potential targets for therapeutic intervention, thereby presenting new opportunities for cancer treatment.

TAMs, which differentiate from monocytes, play a crucial role in tumor immunity in CRC. The M1/M2 polarization subtypes provide a foundational framework for summarizing certain functions of macrophages; however, an increasing body of research (94, 168) has demonstrated the complexity of TAM functions and phenotypes. The advent of technologies such as single-cell RNA sequencing (scRNA-seq) has further substantiated these findings at a more precise level, emphasizing the necessity of leveraging new techniques to enhance existing molecular identification systems based on previous knowledge. However, given the limited number of single-cell studies focusing on specific TAM subpopulations, the relationships among these unique subtypes still require further investigation. Additionally, some TAM subtypes identified in previous studies are challenging to classify within the existing functional subsets based on their characteristics, transcription factors, enriched pathways, and predicted functions. For instance, in a study by Bao et al. (169), a distinct population of S100A9+ macrophages was identified, leading to an immunosuppressive phenotype cluster described as immune tolerance in CRC at the single-cell level. However, additional information is needed for a more accurate characterization of this subgroup. In another study integrating CRC tissues with adjacent normal tissues (170), seven specific macrophage subpopulations were identified. Among these, IDO1+ TAMs were the only macrophage subtype predominantly present in CRC tissues. It has been observed that IDO1+ macrophages interact with various cell types; however, a clear understanding of these interactions is still lacking. Several large-scale pan-cancer studies utilizing single-cell analyses (171, 172) have identified unique subpopulations. For example, MMP9+ TAMs may play a role in tumor tissue remodeling (173–175), CX3CR1+ TAMs may exhibit unique phagocytic patterns (176, 177), ECM-associated TAMs (ECMMac) involved in extracellular matrix remodeling are upregulated (178, 179), and SPP1AREGMac exhibit distinct distribution within tumor tissues. This evidence further underscores that the polarization of macrophages into M1 and M2 phenotypes is not the sole critical factor in cancer. Therefore, the functional diversity of macrophages should be comprehensively considered. With sufficient research, it may become possible to establish a novel molecular classification system for CRC based on TAM functionality. Such an approach would allow for a more detailed characterization of TAM heterogeneity, thereby facilitating the development of targeted therapies for specific TAM populations in CRC.





Author contributions

TZ: Writing – original draft, Writing – review & editing. YL: Writing – review & editing. YS: Writing – original draft. ZW: Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.




Acknowledgments

We would like to thank Editage (www.editage.cn) for English language editing.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.




Abbreviations


CRC, colorectal cancer; TAM, tumor-associated macrophage; scRNA-seq, single-cell RNA sequencing; MMP, matrix metalloproteinase.




References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/caac.21660

2. Pardamean, CI, Sudigyo, D, Budiarto, A, Mahesworo, B, Hidayat, AA, Baurley, JW, et al. Changing colorectal cancer trends in asians: epidemiology and risk factors. Oncol Rev. (2023) 17:10576. doi: 10.3389/or.2023.10576

3. Morgan, E, Arnold, M, Gini, A, Lorenzoni, V, Cabasag, CJ, Laversanne, M, et al. Global burden of colorectal cancer in 2020 and 2040: incidence and mortality estimates from GLOBOCAN. Gut. (2023) 72:338–44. doi: 10.1136/gutjnl-2022-327736

4. Tang, YL, Li, DD, Duan, JY, Sheng, LM, and Wang, X. Resistance to targeted therapy in metastatic colorectal cancer: Current status and new developments. World J Gastroenterol. (2023) 29:926–48. doi: 10.3748/wjg.v29.i6.926

5. Montalban-Arques, A, and Scharl, M. Intestinal microbiota and colorectal carcinoma: Implications for pathogenesis, diagnosis, and therapy. EBioMedicine. (2019) 48:648–55. doi: 10.1016/j.ebiom.2019.09.050

6. Farhana, L, Banerjee, HN, Verma, M, and Majumdar, APN. Role of microbiome in carcinogenesis process and epigenetic regulation of colorectal cancer. Methods Mol Biol. (2018) 1856:35–55. doi: 10.1007/978-1-4939-8751-1_3

7. van Engeland, M, Derks, S, Smits, KM, Meijer, GA, and Herman, JG. Colorectal cancer epigenetics: complex simplicity. J Clin Oncol. (2011) 29:1382–91. doi: 10.1200/JCO.2010.28.2319

8. Coppedè, F. Epigenetic biomarkers of colorectal cancer: Focus on DNA methylation. Cancer Lett. (2014) 342:238–47. doi: 10.1016/j.canlet.2011.12.030

9. Dunn, GP, Bruce, AT, Ikeda, H, Old, LJ, and Schreiber, RD. Cancer immunoediting: from immunosurveillance to tumor escape. Nat Immunol. (2002) 3:991–8. doi: 10.1038/ni1102-991

10. Tsai, CH, Chuang, YM, Li, X, Yu, YR, Tzeng, SF, Teoh, ST, et al. Immunoediting instructs tumor metabolic reprogramming to support immune evasion. Cell Metab. (2023) 35:118–33.e7. doi: 10.1016/j.cmet.2022.12.003

11. de Vries, NL, Swets, M, Vahrmeijer, AL, Hokland, M, and Kuppen, PJ. The immunogenicity of colorectal cancer in relation to tumor development and treatment. Int J Mol Sci. (2016) 17(7):1030. doi: 10.3390/ijms17071030

12. Waldner, MJ, and Neurath, MF. TGFβ and the tumor microenvironment in colorectal cancer. Cells. (2023) 12(8):1139. doi: 10.3390/cells12081139

13. Zafari, N, Khosravi, F, Rezaee, Z, Esfandyari, S, Bahiraei, M, Bahramy, A, et al. The role of the tumor microenvironment in colorectal cancer and the potential therapeutic approaches. J Clin Lab Anal. (2022) 36:e24585. doi: 10.1002/jcla.24585

14. Boutilier, AJ, and Elsawa, SF. Macrophage polarization states in the tumor microenvironment. Int J Mol Sci. (2021) 22(13):6995. doi: 10.3390/ijms22136995

15. Engblom, C, Pfirschke, C, and Pittet, MJ. The role of myeloid cells in cancer therapies. Nat Rev Cancer. (2016) 16:447–62. doi: 10.1038/nrc.2016.54

16. Wang, H, Tian, T, and Zhang, J. Tumor-associated macrophages (TAMs) in colorectal cancer (CRC): from mechanism to therapy and prognosis. Int J Mol Sci. (2021) 22(16):8470. doi: 10.3390/ijms22168470

17. Wculek, SK, Dunphy, G, Heras-Murillo, I, Mastrangelo, A, and Sancho, D. Metabolism of tissue macrophages in homeostasis and pathology. Cell Mol Immunol. (2022) 19:384–408. doi: 10.1038/s41423-021-00791-9

18. Geeraerts, X, Bolli, E, Fendt, SM, and Van Ginderachter, JA. Macrophage metabolism as therapeutic target for cancer, atherosclerosis, and obesity. Front Immunol. (2017) 8:289. doi: 10.3389/fimmu.2017.00289

19. Aras, S, and Zaidi, MR. TAMeless traitors: macrophages in cancer progression and metastasis. Br J Cancer. (2017) 117:1583–91. doi: 10.1038/bjc.2017.356

20. Ginhoux, F, Schultze, JL, Murray, PJ, Ochando, J, and Biswas, SK. New insights into the multidimensional concept of macrophage ontogeny, activation and function. Nat Immunol. (2016) 17:34–40. doi: 10.1038/ni.3324

21. Cassetta, L, and Pollard, JW. Tumor-associated macrophages. Curr Biol. (2020) 30:R246–r8. doi: 10.1016/j.cub.2020.01.031

22. Wenes, M, Shang, M, Di Matteo, M, Goveia, J, Martín-Pérez, R, Serneels, J, et al. Macrophage metabolism controls tumor blood vessel morphogenesis and metastasis. Cell Metab. (2016) 24:701–15. doi: 10.1016/j.cmet.2016.09.008

23. Mulder, K, Patel, AA, Kong, WT, Piot, C, Halitzki, E, Dunsmore, G, et al. Cross-tissue single-cell landscape of human monocytes and macrophages in health and disease. Immunity. (2021) 54:1883–900.e5. doi: 10.1016/j.immuni.2021.07.007

24. Zhang, Q, Liu, Y, Wang, X, Zhang, C, Hou, M, and Liu, Y. Integration of single-cell RNA sequencing and bulk RNA transcriptome sequencing reveals a heterogeneous immune landscape and pivotal cell subpopulations associated with colorectal cancer prognosis. Front Immunol. (2023) 14:1184167. doi: 10.3389/fimmu.2023.1184167

25. Roelands, J, van der Ploeg, M, Ijsselsteijn, ME, Dang, H, Boonstra, JJ, Hardwick, JCH, et al. Transcriptomic and immunophenotypic profiling reveals molecular and immunological hallmarks of colorectal cancer tumourigenesis. Gut. (2023) 72:1326–39. doi: 10.1136/gutjnl-2022-327608

26. Rao, A, Barkley, D, França, GS, and Yanai, I. Exploring tissue architecture using spatial transcriptomics. Nature. (2021) 596:211–20. doi: 10.1038/s41586-021-03634-9

27. Ståhl, PL, Salmén, F, Vickovic, S, Lundmark, A, Navarro, JF, Magnusson, J, et al. Visualization and analysis of gene expression in tissue sections by spatial transcriptomics. Science. (2016) 353:78–82. doi: 10.1126/science.aaf2403

28. Jenkins, SJ, and Allen, JE. The expanding world of tissue-resident macrophages. Eur J Immunol. (2021) 51:1882–96. doi: 10.1002/eji.202048881

29. Gomez Perdiguero, E, and Geissmann, F. Myb-independent macrophages: a family of cells that develops with their tissue of residence and is involved in its homeostasis. Cold Spring Harb Symp Quant Biol. (2013) 78:91–100. doi: 10.1101/sqb.2013.78.020032

30. Wynn, TA, Chawla, A, and Pollard, JW. Macrophage biology in development, homeostasis and disease. Nature. (2013) 496:445–55. doi: 10.1038/nature12034

31. Davies, LC, Jenkins, SJ, Allen, JE, and Taylor, PR. Tissue-resident macrophages. Nat Immunol. (2013) 14:986–95. doi: 10.1038/ni.2705

32. Lazarov, T, Juarez-Carreño, S, Cox, N, and Geissmann, F. Physiology and diseases of tissue-resident macrophages. Nature. (2023) 618:698–707. doi: 10.1038/s41586-023-06002-x

33. Oishi, Y, and Manabe, I. Macrophages in inflammation, repair and regeneration. Int Immunol. (2018) 30:511–28. doi: 10.1093/intimm/dxy054

34. Varol, C, Mildner, A, and Jung, S. Macrophages: development and tissue specialization. Annu Rev Immunol. (2015) 33:643–75. doi: 10.1146/annurev-immunol-032414-112220

35. Bercovici, N, Guérin, MV, Trautmann, A, and Donnadieu, E. The remarkable plasticity of macrophages: A chance to fight cancer. Front Immunol. (2019) 10:1563. doi: 10.3389/fimmu.2019.01563

36. Li, C, Xu, X, Wei, S, Jiang, P, Xue, L, and Wang, J. Tumor-associated macrophages: potential therapeutic strategies and future prospects in cancer. J Immunother Cancer. (2021) 9(1):e001341. doi: 10.1136/jitc-2020-001341

37. Zhu, Y, Herndon, JM, Sojka, DK, Kim, KW, Knolhoff, BL, Zuo, C, et al. Tissue-resident macrophages in pancreatic ductal adenocarcinoma originate from embryonic hematopoiesis and promote tumor progression. Immunity. (2017) 47:323–38.e6. doi: 10.1016/j.immuni.2017.07.014

38. Goswami, KK, Bose, A, and Baral, R. Macrophages in tumor: An inflammatory perspective. Clin Immunol. (2021) 232:108875. doi: 10.1016/j.clim.2021.108875

39. Pan, Y, Yu, Y, Wang, X, and Zhang, T. Tumor-associated macrophages in tumor immunity. Front Immunol. (2020) 11:583084. doi: 10.3389/fimmu.2020.583084

40. Mantovani, A, Marchesi, F, Malesci, A, Laghi, L, and Allavena, P. Tumour-associated macrophages as treatment targets in oncology. Nat Rev Clin Oncol. (2017) 14:399–416. doi: 10.1038/nrclinonc.2016.217

41. Cassetta, L, and Pollard, JW. A timeline of tumour-associated macrophage biology. Nat Rev Cancer. (2023) 23:238–57. doi: 10.1038/s41568-022-00547-1

42. Qian, BZ, and Pollard, JW. Macrophage diversity enhances tumor progression and metastasis. Cell. (2010) 141:39–51. doi: 10.1016/j.cell.2010.03.014

43. Zhu, J, Zhi, Q, Zhou, BP, Tao, M, Liu, J, and Li, W. The role of tumor associated macrophages in the tumor microenvironment: mechanism and functions. Anticancer Agents Med Chem. (2016) 16:1133–41. doi: 10.2174/1871520616666160520112622

44. Orecchioni, M, Ghosheh, Y, Pramod, AB, and Ley, K. Macrophage Polarization: Different Gene Signatures in M1(LPS+) vs. Classically and M2(LPS-) vs. Alternatively Activated Macrophages. Front Immunol. (2019) 10:1084. doi: 10.3389/fimmu.2019.01084

45. Xia, Y, Rao, L, Yao, H, Wang, Z, Ning, P, and Chen, X. Engineering macrophages for cancer immunotherapy and drug delivery. Adv Mater. (2020) 32:e2002054. doi: 10.1002/adma.202002054

46. Shapouri-Moghaddam, A, Mohammadian, S, Vazini, H, Taghadosi, M, Esmaeili, SA, Mardani, F, et al. Macrophage plasticity, polarization, and function in health and disease. J Cell Physiol. (2018) 233:6425–40. doi: 10.1002/jcp.v233.9

47. Gunassekaran, GR, Poongkavithai Vadevoo, SM, Baek, MC, and Lee, B. M1 macrophage exosomes engineered to foster M1 polarization and target the IL-4 receptor inhibit tumor growth by reprogramming tumor-associated macrophages into M1-like macrophages. Biomaterials. (2021) 278:121137. doi: 10.1016/j.biomaterials.2021.121137

48. Li, L, Yu, R, Cai, T, Chen, Z, Lan, M, Zou, T, et al. Effects of immune cells and cytokines on inflammation and immunosuppression in the tumor microenvironment. Int Immunopharmacol. (2020) 88:106939. doi: 10.1016/j.intimp.2020.106939

49. Bai, R, Li, Y, Jian, L, Yang, Y, Zhao, L, and Wei, M. The hypoxia-driven crosstalk between tumor and tumor-associated macrophages: mechanisms and clinical treatment strategies. Mol Cancer. (2022) 21:177. doi: 10.1186/s12943-022-01645-2

50. Sattiraju, A, Kang, S, Giotti, B, Chen, Z, Marallano, VJ, Brusco, C, et al. Hypoxic niches attract and sequester tumor-associated macrophages and cytotoxic T cells and reprogram them for immunosuppression. Immunity. (2023) 56:1825–43.e6. doi: 10.1016/j.immuni.2023.06.017

51. Zhou, HC, Xin-Yan, Y, Yu, WW, Liang, XQ, Du, XY, Liu, ZC, et al. Lactic acid in macrophage polarization: The significant role in inflammation and cancer. Int Rev Immunol. (2022) 41:4–18. doi: 10.1080/08830185.2021.1955876

52. Corn, KC, Windham, MA, and Rafat, M. Lipids in the tumor microenvironment: From cancer progression to treatment. Prog Lipid Res. (2020) 80:101055. doi: 10.1016/j.plipres.2020.101055

53. Liu, Q, Yang, C, Wang, S, Shi, D, Wei, C, Song, J, et al. Wnt5a-induced M2 polarization of tumor-associated macrophages via IL-10 promotes colorectal cancer progression. Cell Commun Signal. (2020) 18:51. doi: 10.1186/s12964-020-00557-2

54. Chen, S, Wang, M, Lu, T, Liu, Y, Hong, W, He, X, et al. JMJD6 in tumor-associated macrophage regulates macrophage polarization and cancer progression via STAT3/IL-10 axis. Oncogene. (2023) 42:2737–50. doi: 10.1038/s41388-023-02781-9

55. Kadomoto, S, Izumi, K, and Mizokami, A. Macrophage polarity and disease control. Int J Mol Sci. (2021) 23(1):144. doi: 10.3390/ijms23010144

56. Li, M, Yang, Y, Xiong, L, Jiang, P, Wang, J, and Li, C. Metabolism, metabolites, and macrophages in cancer. J Hematol Oncol. (2023) 16:80. doi: 10.1186/s13045-023-01478-6

57. Gao, J, Liang, Y, and Wang, L. Shaping polarization of tumor-associated macrophages in cancer immunotherapy. Front Immunol. (2022) 13:888713. doi: 10.3389/fimmu.2022.888713

58. Li, H, Miao, Y, Zhong, L, Feng, S, Xu, Y, Tang, L, et al. Identification of TREM2-positive tumor-associated macrophages in esophageal squamous cell carcinoma: implication for poor prognosis and immunotherapy modulation. Front Immunol. (2023) 14:1162032. doi: 10.3389/fimmu.2023.1162032

59. Xu, Y, Zeng, H, Jin, K, Liu, Z, Zhu, Y, Xu, L, et al. Immunosuppressive tumor-associated macrophages expressing interlukin-10 conferred poor prognosis and therapeutic vulnerability in patients with muscle-invasive bladder cancer. J Immunother Cancer. (2022) 10(3):e003416. doi: 10.1136/jitc-2021-003416

60. Huang, J, Pan, H, Sun, J, Wu, J, Xuan, Q, Wang, J, et al. TMEM147 aggravates the progression of HCC by modulating cholesterol homeostasis, suppressing ferroptosis, and promoting the M2 polarization of tumor-associated macrophages. J Exp Clin Cancer Res. (2023) 42:286. doi: 10.1186/s13046-023-02865-0

61. Zhang, J, Li, H, Wu, Q, Chen, Y, Deng, Y, Yang, Z, et al. Tumoral NOX4 recruits M2 tumor-associated macrophages via ROS/PI3K signaling-dependent various cytokine production to promote NSCLC growth. Redox Biol. (2019) 22:101116. doi: 10.1016/j.redox.2019.101116

62. Huang, M, Lin, Y, Wang, C, Deng, L, Chen, M, Assaraf, YG, et al. New insights into antiangiogenic therapy resistance in cancer: Mechanisms and therapeutic aspects. Drug Resist Updat. (2022) 64:100849. doi: 10.1016/j.drup.2022.100849

63. Alsina-Sanchis, E, Mülfarth, R, Moll, I, Böhn, S, Wiedmann, L, Jordana-Urriza, L, et al. Endothelial RBPJ is essential for the education of tumor-associated macrophages. Cancer Res. (2022) 82:4414–28. doi: 10.1158/0008-5472.CAN-22-0076

64. Carmona-Fontaine, C, Deforet, M, Akkari, L, Thompson, CB, Joyce, JA, and Xavier, JB. Metabolic origins of spatial organization in the tumor microenvironment. Proc Natl Acad Sci U S A. (2017) 114:2934–9. doi: 10.1073/pnas.1700600114

65. Yang, L, and Zhang, Y. Tumor-associated macrophages: from basic research to clinical application. J Hematol Oncol. (2017) 10:58. doi: 10.1186/s13045-017-0430-2

66. Yang, R, Gao, N, Chang, Q, Meng, X, and Wang, W. The role of IDO, IL-10, and TGF-β in the HCV-associated chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma. J Med Virol. (2019) 91:265–71. doi: 10.1002/jmv.25083

67. Pu, Y, and Ji, Q. Tumor-associated macrophages regulate PD-1/PD-L1 immunosuppression. Front Immunol. (2022) 13:874589. doi: 10.3389/fimmu.2022.874589

68. Liu, L, Ye, Y, and Zhu, X. MMP-9 secreted by tumor associated macrophages promoted gastric cancer metastasis through a PI3K/AKT/Snail pathway. BioMed Pharmacother. (2019) 117:109096. doi: 10.1016/j.biopha.2019.109096

69. Yang, T, Deng, Z, Xu, L, Li, X, Yang, T, Qian, Y, et al. Macrophages-aPKC(ι)-CCL5 feedback loop modulates the progression and chemoresistance in cholangiocarcinoma. J Exp Clin Cancer Res. (2022) 41:23. doi: 10.1186/s13046-021-02235-8

70. Bhat, AA, Nisar, S, Maacha, S, Carneiro-Lobo, TC, Akhtar, S, Siveen, KS, et al. Cytokine-chemokine network driven metastasis in esophageal cancer; promising avenue for targeted therapy. Mol Cancer. (2021) 20:2. doi: 10.1186/s12943-020-01294-3

71. Mao, X, Xu, J, Wang, W, Liang, C, Hua, J, Liu, J, et al. Crosstalk between cancer-associated fibroblasts and immune cells in the tumor microenvironment: new findings and future perspectives. Mol Cancer. (2021) 20:131. doi: 10.1186/s12943-021-01428-1

72. Yang, M, McKay, D, Pollard, JW, and Lewis, CE. Diverse functions of macrophages in different tumor microenvironments. Cancer Res. (2018) 78:5492–503. doi: 10.1158/0008-5472.CAN-18-1367

73. Guo, W, Zhang, C, Wang, X, Dou, D, Chen, D, and Li, J. Resolving the difference between left-sided and right-sided colorectal cancer by single-cell sequencing. JCI Insight. (2022) 7(1):e152616. doi: 10.1172/jci.insight.152616

74. Geng, Y, Feng, J, Huang, H, Wang, Y, Yi, X, Wei, S, et al. Single-cell transcriptome analysis of tumor immune microenvironment characteristics in colorectal cancer liver metastasis. Ann Transl Med. (2022) 10:1170. doi: 10.21037/atm-22-5270

75. Cao, L, Zhang, S, Yao, D, Ba, Y, Weng, Q, Yang, J, et al. Comparative analyses of the prognosis, tumor immune microenvironment, and drug treatment response between left-sided and right-sided colon cancer by integrating scRNA-seq and bulk RNA-seq data. Aging (Albany NY). (2023) 15:7098–123. doi: 10.18632/aging.204894

76. Che, LH, Liu, JW, Huo, JP, Luo, R, Xu, RM, He, C, et al. A single-cell atlas of liver metastases of colorectal cancer reveals reprogramming of the tumor microenvironment in response to preoperative chemotherapy. Cell Discovery. (2021) 7:80. doi: 10.1038/s41421-021-00312-y

77. Zhang, Q, He, Y, Luo, N, Patel, SJ, Han, Y, Gao, R, et al. Landscape and dynamics of single immune cells in hepatocellular carcinoma. Cell. (2019) 179:829–45.e20. doi: 10.1016/j.cell.2019.10.003

78. Mlecnik, B, Bindea, G, Angell, HK, Maby, P, Angelova, M, Tougeron, D, et al. Integrative analyses of colorectal cancer show immunoscore is a stronger predictor of patient survival than microsatellite instability. Immunity. (2016) 44:698–711. doi: 10.1016/j.immuni.2016.02.025

79. Bindea, G, Mlecnik, B, Tosolini, M, Kirilovsky, A, Waldner, M, Obenauf, AC, et al. Spatiotemporal dynamics of intratumoral immune cells reveal the immune landscape in human cancer. Immunity. (2013) 39:782–95. doi: 10.1016/j.immuni.2013.10.003

80. Wu, K, Lin, K, Li, X, Yuan, X, Xu, P, Ni, P, et al. Redefining tumor-associated macrophage subpopulations and functions in the tumor microenvironment. Front Immunol. (2020) 11:1731. doi: 10.3389/fimmu.2020.01731

81. Kloc, M, and Kubiak, JZ. Monocyte and macrophage function diversity. Int J Mol Sci. (2022) 23(20):12404. doi: 10.3390/ijms232012404

82. Locati, M, Curtale, G, and Mantovani, A. Diversity, mechanisms, and significance of macrophage plasticity. Annu Rev Pathol. (2020) 15:123–47. doi: 10.1146/annurev-pathmechdis-012418-012718

83. Bill, R, Wirapati, P, Messemaker, M, Roh, W, Zitti, B, Duval, F, et al. CXCL9:SPP1 macrophage polarity identifies a network of cellular programs that control human cancers. Science. (2023) 381:515–24. doi: 10.1126/science.ade2292

84. Lee, HO, Hong, Y, Etlioglu, HE, Cho, YB, Pomella, V, Van den Bosch, B, et al. Lineage-dependent gene expression programs influence the immune landscape of colorectal cancer. Nat Genet. (2020) 52:594–603. doi: 10.1038/s41588-020-0636-z

85. Zhang, L, Li, Z, Skrzypczynska, KM, Fang, Q, Zhang, W, O'Brien, SA, et al. Single-cell analyses inform mechanisms of myeloid-targeted therapies in colon cancer. Cell. (2020) 181:442–59.e29. doi: 10.1016/j.cell.2020.03.048

86. Li, Z, Pai, R, Gupta, S, Currenti, J, Guo, W, Di Bartolomeo, A, et al. Presence of onco-fetal neighborhoods in hepatocellular carcinoma is associated with relapse and response to immunotherapy. Nat Cancer. (2024) 5:167–86. doi: 10.1038/s43018-023-00672-2

87. Nalio Ramos, R, Missolo-Koussou, Y, Gerber-Ferder, Y, Bromley, CP, Bugatti, M, Núñez, NG, et al. Tissue-resident FOLR2(+) macrophages associate with CD8(+) T cell infiltration in human breast cancer. Cell. (2022) 185:1189–207.e25. doi: 10.1016/j.cell.2022.02.021

88. Liu, C, Zhang, M, Yan, X, Ni, Y, Gong, Y, Wang, C, et al. Single-cell dissection of cellular and molecular features underlying human cervical squamous cell carcinoma initiation and progression. Sci Adv. (2023) 9:eadd8977. doi: 10.1126/sciadv.add8977

89. Yuan, F, Cai, X, Cong, Z, Wang, Y, Geng, Y, Aili, Y, et al. Roles of the m(6)A modification of RNA in the glioblastoma microenvironment as revealed by single-cell analyses. Front Immunol. (2022) 13:798583. doi: 10.3389/fimmu.2022.798583

90. Liang, Y, Tan, Y, Guan, B, Guo, B, Xia, M, Li, J, et al. Single-cell atlases link macrophages and CD8(+) T-cell subpopulations to disease progression and immunotherapy response in urothelial carcinoma. Theranostics. (2022) 12:7745–59. doi: 10.7150/thno.77281

91. Specht, H, Emmott, E, Petelski, AA, Huffman, RG, Perlman, DH, Serra, M, et al. Single-cell proteomic and transcriptomic analysis of macrophage heterogeneity using SCoPE2. Genome Biol. (2021) 22:50. doi: 10.1186/s13059-021-02267-5

92. Mantovani, A, Allavena, P, Marchesi, F, and Garlanda, C. Macrophages as tools and targets in cancer therapy. Nat Rev Drug Discovery. (2022) 21:799–820. doi: 10.1038/s41573-022-00520-5

93. Nahrendorf, M, and Swirski, FK. Abandoning M1/M2 for a network model of macrophage function. Circ Res. (2016) 119:414–7. doi: 10.1161/CIRCRESAHA.116.309194

94. Ma, RY, Black, A, and Qian, BZ. Macrophage diversity in cancer revisited in the era of single-cell omics. Trends Immunol. (2022) 43:546–63. doi: 10.1016/j.it.2022.04.008

95. Solinas, G, Germano, G, Mantovani, A, and Allavena, P. Tumor-associated macrophages (TAM) as major players of the cancer-related inflammation. J Leukoc Biol. (2009) 86:1065–73. doi: 10.1189/jlb.0609385

96. Chu, X, Tian, Y, and Lv, C. Decoding the spatiotemporal heterogeneity of tumor-associated macrophages. Mol Cancer. (2024) 23:150. doi: 10.1186/s12943-024-02064-1

97. Shin, AE, Giancotti, FG, and Rustgi, AK. Metastatic colorectal cancer: mechanisms and emerging therapeutics. Trends Pharmacol Sci. (2023) 44:222–36. doi: 10.1016/j.tips.2023.01.003

98. Cortese, N, Carriero, R, Barbagallo, M, Putignano, AR, Costa, G, Giavazzi, F, et al. High-resolution analysis of mononuclear phagocytes reveals GPNMB as a prognostic marker in human colorectal liver metastasis. Cancer Immunol Res. (2023) 11:405–20. doi: 10.1158/2326-6066.CIR-22-0462

99. Lazaratos, AM, Annis, MG, and Siegel, PM. GPNMB: a potent inducer of immunosuppression in cancer. Oncogene. (2022) 41:4573–90. doi: 10.1038/s41388-022-02443-2

100. Solinas, G, Schiarea, S, Liguori, M, Fabbri, M, Pesce, S, Zammataro, L, et al. Tumor-conditioned macrophages secrete migration-stimulating factor: a new marker for M2-polarization, influencing tumor cell motility. J Immunol. (2010) 185:642–52. doi: 10.4049/jimmunol.1000413

101. Wang, L, Ma, L, Song, Z, Zhou, L, Chen, K, Wang, X, et al. Single-cell transcriptome analysis profiling lymphatic invasion-related TME in colorectal cancer. Sci Rep. (2024) 14:8911. doi: 10.1038/s41598-024-59656-6

102. Korbecki, J, Olbromski, M, and Dzięgiel, P. CCL18 in the progression of cancer. Int J Mol Sci. (2020) 21(21):7955. doi: 10.3390/ijms21217955

103. Lin, L, Chen, YS, Yao, YD, Chen, JQ, Chen, JN, Huang, SY, et al. CCL18 from tumor-associated macrophages promotes angiogenesis in breast cancer. Oncotarget. (2015) 6:34758–73. doi: 10.18632/oncotarget.v6i33

104. Coffman, LG, Parsonage, D, D'Agostino, R Jr., Torti, FM, and Torti, SV. Regulatory effects of ferritin on angiogenesis. Proc Natl Acad Sci U S A. (2009) 106:570–5. doi: 10.1073/pnas.0812010106

105. Lei, S, Chen, C, Han, F, Deng, J, Huang, D, Qian, L, et al. AMER1 deficiency promotes the distant metastasis of colorectal cancer by inhibiting SLC7A11- and FTL-mediated ferroptosis. Cell Rep. (2023) 42:113110. doi: 10.1016/j.celrep.2023.113110

106. Liu, Y, Zhang, Q, Xing, B, Luo, N, Gao, R, Yu, K, et al. Immune phenotypic linkage between colorectal cancer and liver metastasis. Cancer Cell. (2022) 40:424–37.e5. doi: 10.1016/j.ccell.2022.02.013

107. Qi, J, Sun, H, Zhang, Y, Wang, Z, Xun, Z, Li, Z, et al. Single-cell and spatial analysis reveal interaction of FAP(+) fibroblasts and SPP1(+) macrophages in colorectal cancer. Nat Commun. (2022) 13:1742. doi: 10.1038/s41467-022-29366-6

108. Xing, Q, Feng, Y, Sun, H, Yang, S, Sun, T, Guo, X, et al. Scavenger receptor MARCO contributes to macrophage phagocytosis and clearance of tumor cells. Exp Cell Res. (2021) 408:112862. doi: 10.1016/j.yexcr.2021.112862

109. Maler, MD, Nielsen, PJ, Stichling, N, Cohen, I, Ruzsics, Z, Wood, C, et al. Key role of the scavenger receptor MARCO in mediating adenovirus infection and subsequent innate responses of macrophages. mBio. (2017) 8(5):e01445–17. doi: 10.1128/mBio.01445-17

110. Anderson, NM, and Simon, MC. The tumor microenvironment. Curr Biol. (2020) 30:R921–r5. doi: 10.1016/j.cub.2020.06.081

111. Fan, L, Wang, Q, Qian, Q, Wang, Q, Liu, D, Gong, Y, et al. Single-cell RNA sequencing revealing that MMP12+ Macrophages are associated with cancer liver metastasis. Curr Med Chem. (2024). doi: 10.2174/0109298673337385240827061539

112. Gobin, E, Bagwell, K, Wagner, J, Mysona, D, Sandirasegarane, S, Smith, N, et al. A pan-cancer perspective of matrix metalloproteases (MMP) gene expression profile and their diagnostic/prognostic potential. BMC Cancer. (2019) 19:581. doi: 10.1186/s12885-019-5768-0

113. Guo, ZY, and Jiang, LP. Matrix metalloproteinase 12 (MMP12) as an adverse prognostic biomarker of vascular invasion in hepatic cell carcinoma. Eur Rev Med Pharmacol Sci. (2022) 26:2238–49. doi: 10.26355/eurrev_202204_28454

114. Teng, Y, Fu, X, Zhang, Q, Wang, F, Liu, Y, and Zou, Z. Prognostic and clinicopathological significance of MMP12 in various cancers: a meta-analysis and bioinformatics analysis. biomark Med. (2023) 17:623–34. doi: 10.2217/bmm-2023-0231

115. Peng, Z, Ren, Z, Tong, Z, Zhu, Y, Zhu, Y, and Hu, K. Interactions between MFAP5 + fibroblasts and tumor-infiltrating myeloid cells shape the Malignant microenvironment of colorectal cancer. J Transl Med. (2023) 21:405. doi: 10.1186/s12967-023-04281-6

116. Yi, M, Nissley, DV, McCormick, F, and Stephens, RM. ssGSEA score-based Ras dependency indexes derived from gene expression data reveal potential Ras addiction mechanisms with possible clinical implications. Sci Rep. (2020) 10:10258. doi: 10.1038/s41598-020-66986-8

117. Wang, RH, and Thakar, J. Comparative analysis of single-cell pathway scoring methods and a novel approach. NAR Genom Bioinform. (2024) 6:lqae124. doi: 10.1093/nargab/lqae124

118. Lelios, I, Cansever, D, Utz, SG, Mildenberger, W, Stifter, SA, and Greter, M. Emerging roles of IL-34 in health and disease. J Exp Med. (2020) 217(3):e20190290. doi: 10.1084/jem.20190290

119. Wen, J, Wang, S, Guo, R, and Liu, D. CSF1R inhibitors are emerging immunotherapeutic drugs for cancer treatment. Eur J Med Chem. (2023) 245:114884. doi: 10.1016/j.ejmech.2022.114884

120. Bao, S, Hu, R, and Hambly, BD. IL-34, IL-36 and IL-38 in colorectal cancer-key immunoregulators of carcinogenesis. Biophys Rev. (2020) 12:925–30. doi: 10.1007/s12551-020-00726-0

121. Ségaliny, AI, Mohamadi, A, Dizier, B, Lokajczyk, A, Brion, R, Lanel, R, et al. Interleukin-34 promotes tumor progression and metastatic process in osteosarcoma through induction of angiogenesis and macrophage recruitment. Int J Cancer. (2015) 137:73–85. doi: 10.1002/ijc.29376

122. Muñoz-Garcia, J, Cochonneau, D, Télétchéa, S, Moranton, E, Lanoe, D, Brion, R, et al. The twin cytokines interleukin-34 and CSF-1: masterful conductors of macrophage homeostasis. Theranostics. (2021) 11:1568–93. doi: 10.7150/thno.50683

123. Ozato, Y, Kojima, Y, Kobayashi, Y, Hisamatsu, Y, Toshima, T, Yonemura, Y, et al. Spatial and single-cell transcriptomics decipher the cellular environment containing HLA-G+ cancer cells and SPP1+ macrophages in colorectal cancer. Cell Rep. (2023) 42:111929. doi: 10.1016/j.celrep.2022.111929

124. Buchbinder, EI, and Desai, A. CTLA-4 and PD-1 pathways: similarities, differences, and implications of their inhibition. Am J Clin Oncol. (2016) 39:98–106. doi: 10.1097/COC.0000000000000239

125. Lee, J, Ahn, E, Kissick, HT, and Ahmed, R. Reinvigorating exhausted T cells by blockade of the PD-1 pathway. For Immunopathol Dis Therap. (2015) 6:7–17. doi: 10.1615/ForumImmunDisTher.2015014188

126. Kadomoto, S, Izumi, K, and Mizokami, A. The CCL20-CCR6 axis in cancer progression. Int J Mol Sci. (2020) 21(15):5186. doi: 10.3390/ijms21155186

127. Zhang, R, Dong, M, Tu, J, Li, F, Deng, Q, Xu, J, et al. PMN-MDSCs modulated by CCL20 from cancer cells promoted breast cancer cell stemness through CXCL2-CXCR2 pathway. Signal Transduct Target Ther. (2023) 8:97. doi: 10.1038/s41392-023-01337-3

128. Hanna, DN, Smith, PM, Novitskiy, SV, Washington, MK, Zi, J, Weaver, CJ, et al. SMAD4 suppresses colitis-associated carcinoma through inhibition of CCL20/CCR6-mediated inflammation. Gastroenterology. (2022) 163:1334–50.e14. doi: 10.1053/j.gastro.2022.07.016

129. Hong, SM, Lee, AY, Kim, BJ, Lee, JE, Seon, SY, Ha, YJ, et al. NAMPT-driven M2 polarization of tumor-associated macrophages leads to an immunosuppressive microenvironment in colorectal cancer. Adv Sci (Weinh). (2024) 11:e2303177. doi: 10.1002/advs.202303177

130. Sathe, A, Mason, K, Grimes, SM, Zhou, Z, Lau, BT, Bai, X, et al. Colorectal cancer metastases in the liver establish immunosuppressive spatial networking between tumor-associated SPP1+ Macrophages and fibroblasts. Clin Cancer Res. (2023) 29:244–60. doi: 10.1158/1078-0432.CCR-22-2041

131. Klement, JD, Paschall, AV, Redd, PS, Ibrahim, ML, Lu, C, Yang, D, et al. An osteopontin/CD44 immune checkpoint controls CD8+ T cell activation and tumor immune evasion. J Clin Invest. (2018) 128:5549–60. doi: 10.1172/JCI123360

132. Toor, SM, Murshed, K, Al-Dhaheri, M, Khawar, M, Abu Nada, M, and Elkord, E. Immune checkpoints in circulating and tumor-infiltrating CD4(+) T cell subsets in colorectal cancer patients. Front Immunol. (2019) 10:2936. doi: 10.3389/fimmu.2019.02936

133. Edner, NM, Carlesso, G, Rush, JS, and Walker, LSK. Targeting co-stimulatory molecules in autoimmune disease. Nat Rev Drug Discovery. (2020) 19:860–83. doi: 10.1038/s41573-020-0081-9

134. Dai, X, Lu, L, Deng, S, Meng, J, Wan, C, Huang, J, et al. USP7 targeting modulates anti-tumor immune response by reprogramming Tumor-associated Macrophages in Lung Cancer. Theranostics. (2020) 10:9332–47. doi: 10.7150/thno.47137

135. Wei, J, Yu, W, Chen, J, Huang, G, Zhang, L, Chen, Z, et al. Single-cell and spatial analyses reveal the association between gene expression of glutamine synthetase with the immunosuppressive phenotype of APOE+CTSZ+TAM in cancers. Mol Oncol. (2023) 17:611–28. doi: 10.1002/1878-0261.13373

136. Hong, L, Wang, S, Li, W, Wu, D, and Chen, W. Tumor-associated macrophages promote the metastasis of ovarian carcinoma cells by enhancing CXCL16/CXCR6 expression. Pathol Res Pract. (2018) 214:1345–51. doi: 10.1016/j.prp.2018.07.009

137. Kim, MJ, Sun, HJ, Song, YS, Yoo, SK, Kim, YA, Seo, JS, et al. CXCL16 positively correlated with M2-macrophage infiltration, enhanced angiogenesis, and poor prognosis in thyroid cancer. Sci Rep. (2019) 9:13288. doi: 10.1038/s41598-019-49613-z

138. Mei, Y, Xiao, W, Hu, H, Lu, G, Chen, L, Sun, Z, et al. Single-cell analyses reveal suppressive tumor microenvironment of human colorectal cancer. Clin Transl Med. (2021) 11:e422. doi: 10.1002/ctm2.v11.6

139. Hänzelmann, S, Castelo, R, and Guinney, J. GSVA: gene set variation analysis for microarray and RNA-seq data. BMC Bioinf. (2013) 14:7. doi: 10.1186/1471-2105-14-7

140. Trapnell, C, Cacchiarelli, D, Grimsby, J, Pokharel, P, Li, S, Morse, M, et al. The dynamics and regulators of cell fate decisions are revealed by pseudotemporal ordering of single cells. Nat Biotechnol. (2014) 32:381–6. doi: 10.1038/nbt.2859

141. Guerriero, JL. Macrophages: their untold story in T cell activation and function. Int Rev Cell Mol Biol. (2019) 342:73–93. doi: 10.1016/bs.ircmb.2018.07.001

142. Srivastava, A, Rikhari, D, and Srivastava, S. RSPO2 as Wnt signaling enabler: Important roles in cancer development and therapeutic opportunities. Genes Dis. (2024) 11:788–806. doi: 10.1016/j.gendis.2023.01.013

143. Bian, J, Dannappel, M, Wan, C, and Firestein, R. Transcriptional regulation of wnt/β-catenin pathway in colorectal cancer. Cells. (2020) 9(9):2125. doi: 10.3390/cells9092125

144. Vermeulen, L, De Sousa, EMF, van der Heijden, M, Cameron, K, de Jong, JH, Borovski, T, et al. Wnt activity defines colon cancer stem cells and is regulated by the microenvironment. Nat Cell Biol. (2010) 12:468–76. doi: 10.1038/ncb2048

145. Zhou, H, Shen, Y, Zheng, G, Zhang, B, Wang, A, Zhang, J, et al. Integrating single-cell and spatial analysis reveals MUC1-mediated cellular crosstalk in mucinous colorectal adenocarcinoma. Clin Transl Med. (2024) 14:e1701. doi: 10.1002/ctm2.v14.5

146. Sanyal, R, Polyak, MJ, Zuccolo, J, Puri, M, Deng, L, Roberts, L, et al. MS4A4A: a novel cell surface marker for M2 macrophages and plasma cells. Immunol Cell Biol. (2017) 95:611–9. doi: 10.1038/icb.2017.18

147. Li, Y, Shen, Z, Chai, Z, Zhan, Y, Zhang, Y, Liu, Z, et al. Targeting MS4A4A on tumour-associated macrophages restores CD8+ T-cell-mediated antitumour immunity. Gut. (2023) 72:2307–20. doi: 10.1136/gutjnl-2022-329147

148. Wu, Y, Yang, S, Ma, J, Chen, Z, Song, G, Rao, D, et al. Spatiotemporal immune landscape of colorectal cancer liver metastasis at single-cell level. Cancer Discovery. (2022) 12:134–53. doi: 10.1158/2159-8290.CD-21-0316

149. MacParland, SA, Liu, JC, Ma, XZ, Innes, BT, Bartczak, AM, Gage, BK, et al. Single cell RNA sequencing of human liver reveals distinct intrahepatic macrophage populations. Nat Commun. (2018) 9:4383. doi: 10.1038/s41467-018-06318-7

150. Logtenberg, MEW, Scheeren, FA, and Schumacher, TN. The CD47-SIRPα Immune checkpoint. Immunity. (2020) 52:742–52. doi: 10.1016/j.immuni.2020.04.011

151. Veillette, A, and Chen, J. SIRPα-CD47 immune checkpoint blockade in anticancer therapy. Trends Immunol. (2018) 39:173–84. doi: 10.1016/j.it.2017.12.005

152. Baitsch, D, Bock, HH, Engel, T, Telgmann, R, Müller-Tidow, C, Varga, G, et al. Apolipoprotein E induces antiinflammatory phenotype in macrophages. Arterioscler Thromb Vasc Biol. (2011) 31:1160–8. doi: 10.1161/ATVBAHA.111.222745

153. Murthy, S, Larson-Casey, JL, Ryan, AJ, He, C, Kobzik, L, and Carter, AB. Alternative activation of macrophages and pulmonary fibrosis are modulated by scavenger receptor, macrophage receptor with collagenous structure. FASEB J. (2015) 29:3527–36. doi: 10.1096/fj.15-271304

154. Smillie, CS, Biton, M, Ordovas-Montanes, J, Sullivan, KM, Burgin, G, Graham, DB, et al. Intra- and inter-cellular rewiring of the human colon during ulcerative colitis. Cell. (2019) 178:714–30.e22. doi: 10.1016/j.cell.2019.06.029

155. Papadopoulos, KP, Gluck, L, Martin, LP, Olszanski, AJ, Tolcher, AW, Ngarmchamnanrith, G, et al. First-in-human study of AMG 820, a monoclonal anti-colony-stimulating factor 1 receptor antibody, in patients with advanced solid tumors. Clin Cancer Res. (2017) 23:5703–10. doi: 10.1158/1078-0432.CCR-16-3261

156. Kalbasi, A, Komar, C, Tooker, GM, Liu, M, Lee, JW, Gladney, WL, et al. Tumor-derived CCL2 mediates resistance to radiotherapy in pancreatic ductal adenocarcinoma. Clin Cancer Res. (2017) 23:137–48. doi: 10.1158/1078-0432.CCR-16-0870

157. Li, X, Yao, W, Yuan, Y, Chen, P, Li, B, Li, J, et al. Targeting of tumour-infiltrating macrophages via CCL2/CCR2 signalling as a therapeutic strategy against hepatocellular carcinoma. Gut. (2017) 66:157–67. doi: 10.1136/gutjnl-2015-310514

158. Zeisberger, SM, Odermatt, B, Marty, C, Zehnder-Fjällman, AH, Ballmer-Hofer, K, and Schwendener, RA. Clodronate-liposome-mediated depletion of tumour-associated macrophages: a new and highly effective antiangiogenic therapy approach. Br J Cancer. (2006) 95:272–81. doi: 10.1038/sj.bjc.6603240

159. Molgora, M, Esaulova, E, Vermi, W, Hou, J, Chen, Y, Luo, J, et al. TREM2 modulation remodels the tumor myeloid landscape enhancing anti-PD-1 immunotherapy. Cell. (2020) 182:886–900.e17. doi: 10.1016/j.cell.2020.07.013

160. Nakamura, K, and Smyth, MJ. TREM2 marks tumor-associated macrophages. Signal Transduct Target Ther. (2020) 5:233. doi: 10.1038/s41392-020-00356-8

161. Zeng, Q, and Jewell, CM. Directing toll-like receptor signaling in macrophages to enhance tumor immunotherapy. Curr Opin Biotechnol. (2019) 60:138–45. doi: 10.1016/j.copbio.2019.01.010

162. Vidyarthi, A, Khan, N, Agnihotri, T, Negi, S, Das, DK, Aqdas, M, et al. TLR-3 stimulation skews M2 macrophages to M1 through IFN-αβ Signaling and restricts tumor progression. Front Immunol. (2018) 9:1650. doi: 10.3389/fimmu.2018.01650

163. Vaeteewoottacharn, K, Kariya, R, Pothipan, P, Fujikawa, S, Pairojkul, C, Waraasawapati, S, et al. Attenuation of CD47-SIRPα Signal in cholangiocarcinoma potentiates tumor-associated macrophage-mediated phagocytosis and suppresses intrahepatic metastasis. Transl Oncol. (2019) 12:217–25. doi: 10.1016/j.tranon.2018.10.007

164. Gordon, SR, Maute, RL, Dulken, BW, Hutter, G, George, BM, McCracken, MN, et al. PD-1 expression by tumour-associated macrophages inhibits phagocytosis and tumour immunity. Nature. (2017) 545:495–9. doi: 10.1038/nature22396

165. Wang, C, Li, Y, Wang, L, Han, Y, Gao, X, Li, T, et al. SPP1 represents a therapeutic target that promotes the progression of oesophageal squamous cell carcinoma by driving M2 macrophage infiltration. Br J Cancer. (2024) 130:1770–82. doi: 10.1038/s41416-024-02683-x

166. Kartal, B, Garris, CS, Kim, HS, Kohler, RH, Carrothers, J, Halabi, EA, et al. Targeted SPP1 inhibition of tumor-associated myeloid cells effectively decreases tumor sizes. Adv Sci (Weinh). (2025) 12(4):e2410360. doi: 10.1002/advs.202410360

167. Zhang, S, Peng, W, Wang, H, Xiang, X, Ye, L, Wei, X, et al. C1q(+) tumor-associated macrophages contribute to immunosuppression through fatty acid metabolic reprogramming in Malignant pleural effusion. J Immunother Cancer. (2023) 11(8):e007441. doi: 10.1136/jitc-2023-007441

168. Cheng, S, Li, Z, Gao, R, Xing, B, Gao, Y, Yang, Y, et al. A pan-cancer single-cell transcriptional atlas of tumor infiltrating myeloid cells. Cell. (2021) 184:792–809.e23. doi: 10.1016/j.cell.2021.01.010

169. Bao, X, Wang, D, Dai, X, Liu, C, Zhang, H, Jin, Y, et al. An immunometabolism subtyping system identifies S100A9(+) macrophage as an immune therapeutic target in colorectal cancer based on multiomics analysis. Cell Rep Med. (2023) 4:100987. doi: 10.1016/j.xcrm.2023.100987

170. Liu, X, Yan, G, Xu, B, Yu, H, An, Y, and Sun, M. Evaluating the role of IDO1 macrophages in immunotherapy using scRNA-seq and bulk-seq in colorectal cancer. Front Immunol. (2022) 13:1006501. doi: 10.3389/fimmu.2022.1006501

171. Coulton, A, Murai, J, Qian, D, Thakkar, K, Lewis, CE, and Litchfield, K. Using a pan-cancer atlas to investigate tumour associated macrophages as regulators of immunotherapy response. Nat Commun. (2024) 15:5665. doi: 10.1038/s41467-024-49885-8

172. Qian, J, Olbrecht, S, Boeckx, B, Vos, H, Laoui, D, Etlioglu, E, et al. A pan-cancer blueprint of the heterogeneous tumor microenvironment revealed by single-cell profiling. Cell Res. (2020) 30:745–62. doi: 10.1038/s41422-020-0355-0

173. Wang, Q, Huang, X, Zhou, S, Ding, Y, Wang, H, Jiang, W, et al. IL1RN and PRRX1 as a prognostic biomarker correlated with immune infiltrates in colorectal cancer: evidence from bioinformatic analysis. Int J Genomics. (2022) 2022:2723264. doi: 10.1155/2022/2723264

174. Korbecki, J, Kojder, K, Simińska, D, Bohatyrewicz, R, Gutowska, I, Chlubek, D, et al. CC chemokines in a tumor: A review of pro-cancer and anti-cancer properties of the ligands of receptors CCR1, CCR2, CCR3, and CCR4. Int J Mol Sci. (2020) 21(21):8412. doi: 10.3390/ijms21218412

175. Goenka, A, Khan, F, Verma, B, Sinha, P, Dmello, CC, Jogalekar, MP, et al. Tumor microenvironment signaling and therapeutics in cancer progression. Cancer Commun (Lond). (2023) 43:525–61. doi: 10.1002/cac2.12416

176. Lemke, G. How macrophages deal with death. Nat Rev Immunol. (2019) 19:539–49. doi: 10.1038/s41577-019-0167-y

177. Zagórska, A, Través, PG, Lew, ED, Dransfield, I, and Lemke, G. Diversification of TAM receptor tyrosine kinase function. Nat Immunol. (2014) 15:920–8. doi: 10.1038/ni.2986

178. Yuan, Z, Li, Y, Zhang, S, Wang, X, Dou, H, Yu, X, et al. Extracellular matrix remodeling in tumor progression and immune escape: from mechanisms to treatments. Mol Cancer. (2023) 22:48. doi: 10.1186/s12943-023-01744-8

179. Kaushik, N, Kim, S, Suh, Y, and Lee, SJ. Proinvasive extracellular matrix remodeling for tumor progression. Arch Pharm Res. (2019) 42:40–7. doi: 10.1007/s12272-018-1097-0




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Zhao, Luo, Sun and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

        		Cover



  		

        Characterizing macrophage diversity in colorectal malignancies through single-cell genomics

      

        		

          1 Introduction

        



        		

          2 Overview of tumor-associated macrophages

        



        		

          3 The constraints of classical typological frameworks

        



        		

          4 Identification of novel non-classical macrophage subtypes at the single-cell level in malignant colorectal tumors

        

          		

            4.1 Pro-angiogenic TAMs

          



          		

            4.2 Interferon-primed TAMs

          



          		

            4.3 Immune regulatory TAMs

          



          		

            4.4 Inflammatory cytokine-enriched TAMs

          



          		

            4.5 Lipid-associated TAMs

          



          		

            4.6 RTM-like TAMs

          



          		

            4.7 Proliferating TAMs

          



        



        



        		

          5 Discussion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1526668-g001.jpg
Classical '
phenotypes Ml L 2

Proinflammatory, Anti-inflammatory,
tumoricidal | promote tumor
I growth

— *\ AngioTAMS 1 IF&TAM&

Non-classical subtypes
atthe single-cell level

LATAMs Inflam-TAMS





OEBPS/Images/table1.jpg
Phenotype  Categorization Features/Functions Refs

e Proangiogenic TAMS Enhancing th expresion of CCLIS nd FTL, which exhibi ro-angioenic fncions.  (101)
serie Pro-angiogenc TAMs Exhibiting  high angogeness score. 09
serie Prosngiogenic TAMs Highly asocted with FAP+ brblas and may play 3 role in ECM remodcling. (107
serie Immune egultory TAMs “The ptvays of nige prcesing and precnttion and T-cll cosimalation e (136)

enrid in SPP1+TAMs Enrichenent ofthe W signalng pathway. High expression
f MHC clss I gens such a5 HLA-DRBS, HLA-DQAL,and HLA-DQBL

seps Inammatory cytokine-enichod TAMs Mot of thes igands asocited with ymphocyte exhauston markers are seceeted by (123)
myelod clls,represened primarily by SPPL+ macrophges.

seps Inammatory cytokine-cnichod TAMs  The evichment of the Wat signling pathway, long with the KLF,specfially KLFI4  (135)
and KLFI6, is observed.

ey Ineteron-primed TAMs Immunosuppression and tamor promotion )

seps Interferon-primed TAMs. High expression of CTLA- induces T cell exhaustion. a2

seps Inereron-primed TAMS. Highy exprssion of CCL20 promotesthe migration and prolferation of ancercells, (101
a5 wella emodes the tumor microevironment o acclrae cancer progesson.

sepis Inerferon-primed TAMs. “The high expresion of NAMPT s assocated with the immunosuppressive fonctons of | (129)
M2 macrophages

MSASAS Lipd-aseocited TAMs Highly expressed charscerstic gens sch as CIQA and APOE-The expression of M2 | (145)

macrophage marke genes in MS1A#A+ TAM within tumor samples i signfcantly
higherthan that i momal tsues, indcating a immunosuppressie ol

MRCIACOLISS  Lipid-asocisted TAMs A group of mmunosuppresie celsexhibissgniicant enrchment (s
metabolc pthways.

NP2+ Pro-angiogenic TAMs Enviched in bioogialproceses such s el migrston and angiogencss. Diflentisted | (111)
o lincag withcnhancod angiognic <apabiltics through prcudotime analysis

MMPI2s Intereron-primed TAMS. “The intraction beween SPP1-CDA ligands on T cels and B el is enhanced, am
thereby nhibiting T cll activtion. The intrscion beween CDS6-CTLA ligand
cecptor pairs on T el and B el i ko srenghened.

K67+ Proliferting TAMs The exprsson of MKIG? may be asoiatd wit ts prlifrative fnction. (106)

aPNMBr Pro-angiogenc TAMs cnviched in sngiogencss nd i spatlly loer t the tamor )
margin in spatl anscriptomics.

Qe RTM.ike TAMS Exhibting phagocytc and anigen-prescting unctons, whik slo playing 3 potenil  (55)
e inthe recruitment o activaton of T cls. i closely asxiated with certsin
spocific RTAMs and shares some simiaiisin functional phenaype.

aqc+ Pro-angiogenic TAMs Interacton with MFAPS+ broblasts i tumor tsse and fcliting s
tumor progrssion.

APOESCTSZs  Inteferon-primed TAMs High exprssion of immuncsuppressive markers. The high expression of CXCLIS (135

exscerbates immune suppression through s ineraction with CXCR on Treg el





OEBPS/Images/fimmu.2025.1526668_cover.jpg
& frontiers | Frontiers in Immunology

Characterizing macrophage diversity in
colorectal malignancies through single-cell
genomics





