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Tumor-associated macrophages (TAMs) play a multifaceted role in tumor progression. As specialized immune cells, macrophages are capable of phagocytosis and digesting foreign substances, as well as removing harmful substances including cellular debris and tumor cells. Under specific pathological conditions, circulating monocytes can be recruited into the tumor microenvironment and differentiate into TAMs. Macrophages are generally polarized into two distinct subpopulations: classically activated macrophages (M1) and alternatively activated macrophages (M2). TAMs constitute a significant proportion of the mononuclear leukocyte population in solid tumors, exhibiting a complex and dualistic relationship with tumor cells. Substantial evidence indicates that TAMs can interact with tumor cells, facilitating their immune evasion while promoting invasion and metastasis. This review focuses on the mechanism and regulation of macrophages in the immune response to tumor cells, as well as various macrophage-based tumor-targeted therapeutic strategies. It will provide a reference for research on macrophage-centered therapy strategies and their application in clinical practice.
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Introduction

Macrophages play an important role in maintaining organismal homeostasis through their involvement in anti-infection defense, intracellular environmental stability, and host protection, primarily mediated by their phagocytic and digestive functions (1). Functionally, macrophages mediate both nonspecific defense mechanisms (innate immunity) and specific immune responses (adaptive immunity). Additionally, they exert an immunomodulatory role by secreting cytokines, the complement system, and inflammatory response regulation (2). Tumor cells, mesenchymal cells, and immune cells secrete chemokines and cytokines, and the monocytes in the blood are recruited into the tumor microenvironment and become tumor-related macrophages. TAMs are broadly classified into two distinct phenotypes: classically activated macrophages (M1) and alternately activated macrophages (M2) (3). These macrophage subtypes perform diverse functions in immune defense and surveillance, with their phenotypic plasticity allowing dynamic adaptation to microenvironmental changes (4). This review examines multiple mechanisms underlying macrophage-tumor cell interactions, with particular emphasis on TAM-mediated tumor promotion, immune evasion, and immunosuppression. Furthermore, we summarize recent advances in macrophage-targeted therapeutic strategies for tumor treatment.





Biological characteristics and phenotypes of macrophages

Macrophages are multifunctional immune cells ubiquitously distributed in vertebrate tissues. Current evidence indicates that macrophages were mainly derived from peripheral blood monocytes (5). During the early stages of embryonic development, the monocytes recruited from the bone marrow to various tissues and organs through circulation, develop and differentiate into tissue-specific macrophages with specific functions (6). Multiple functionally distinct macrophage subsets have been described. According to the prevailing classification system, macrophages are polarized into two main phenotypes: classically activated (M1) and alternatively activated (M2) macrophages, a process mediated by cytokines secreted by CD4+ T helper (TH) cell subsets (7). Experimental studies have demonstrated that INF-γ, GM-CSF, and LPS could induce macrophage M1 polarization, which is characterized by the secretion of proinflammatory cytokines and elevated expression of major histocompatibility complex II (MHC II) (8). It is reported that M1 macrophages can enhance the activity of CD8+ T cells and NK cells in eliminating tumor cells or inducing tumor cell apoptosis by secreting cytokines such as TNF, IL-6, IL-12, and others (9). Conversely, alternatively activated M2 macrophages exhibit anti-inflammatory properties and participate in tissue repair processes. Indeed, Csf-1, IL-4, IL-13, and IL-10 could cause the polarization of macrophages into M2 macrophages (10). M2 macrophages are further classified into four subtypes based on their activation stimuli: M2a (induced by Th2 cytokines IL-4 and IL-13), M2b (activated by TLR ligands in the presence of immune complexes), M2c (polarized by IL-10), and M2d (the predominant phenotype in tumor microenvironment, commonly referred to as TAMs (11). It is important to note that M1 and M2 types only describe a simplified spectrum of macrophage polarization states. In contrast to M1 macrophages, M2 macrophages have a low expression of IL-12, a high expression of IL-10, and reduced antitumor activity (12).

Macrophages infiltrating tumor tissues or populated in the microenvironment of solid tumors are defined as TAMs (13). As a critical component of the tumor microenvironment, TAMs significantly influence multiple aspects of tumor biology, including tumor growth, tumor angiogenesis, immune regulation, metastasis, and chemoresistance (14). TAM interacts with a wide range of cell types, including fibroblasts, endothelial cells, various immune cells, and secreted factors (15). For example, CD4+ T cells polarize TAMs toward a pro-tumoral phenotype through IL-4, enhancing the TH2-type microenvironment. In contrast, in other cancers, this phenotype is stimulated by the complement component of humoral immunity (16). The phenotypic plasticity between M1 (anti-tumorigenesis) and M2 (pro-tumorigenesis) states represents a dynamic biological process that responds to microenvironmental signals (17). It is generally considered that M1 macrophages play an antitumor part in the early stages of tumor progression, which subsequently undergo phenotypic switching to M2-like macrophages that facilitate tumor progression (18) (Figure 1). TAMs primarily originate from monocytes that migrate to the tumor site. Upon entering the tumor microenvironment, they adopt various phenotypic states, often resembling M2-like or activated macrophages. These M2-like TAMs play crucial roles in tumor progression through multiple mechanisms, including angiogenesis promotion, metastasis facilitation, and immunosuppression within the tumor milieu.




Figure 1 | Tumor-associated macrophages (TAMs) polarization. Polarization of TAMs is regulated by multiple microenvironmental cytokines, and other signals derived. Two types of macrophages (M1/M2) secrete different immune markers, metabolic characteristics, and gene expression profiles to exert different functions.







Role of macrophages in tumor growth

Macrophages are critical regulators of tissue homeostasis while simultaneously representing a prominent cellular component within the tumor microenvironment (TME). TME is a complex and dynamic milieu consisting of tumor cells and various stromal components, all of which interact and evolve in response to each other and therapeutic interventions (19). The number and phenotype of macrophages differed via tumor development (20). During the initial phases of tumorigenesis, macrophage infiltration demonstrates a substantial increase (21). Mounting evidence supports that inflammation is the root cause of many cancers (22). The role of inflammation in cancer initiation has direct experimental support. Unlike the wound healing and infections that resolve after immune cell recruitment and epithelial cell proliferation, growing tumors present with persisting oncogene-derived stress, cell death, and microbial signals that feed into a feed-forward loop of inflammation-induced signaling and inflammatory cell recruitment (23, 24). In a mouse model, the inflammation and tumorigenesis of lung cancer were increased after bronchial exposure to H. influenzae lysate (25). Chronic hepatitis, Helicobacter-induced gastritis, or Schistosoma-induced bladder inflammation increases cancer like colorectal cancer (CRC), liver cancer, and bladder cancer (26). Apart from bacterial infections, the inflammatory environment in the body caused by metabolic diseases was also important (27). During the advanced tumor stages, systemic inflammatory responses can activate neutrophils and induce extracellular trap formation, thereby facilitating breast cancer metastasis to pulmonary tissues (28). Another mechanism involves chemotherapy-induced intestinal tissue damage, which promotes microbial product translocation and systemic inflammation activation, ultimately accelerating metastatic progression (29) as demonstrated by most cancer-related mechanisms, where microbial products accelerate metastatic growth (30). The effects of inflammation on cancer development are complex and opposing. Acute inflammation responses typically exert antitumor effects, while chronic inflammation promotes it. Similar to how inactivation of the p53 pathway is commonly observed in neoplasia, the activation of the NFκB pathway is frequently seen in carcinogenesis, where it plays a crucial role in inflammation and cancer promotion (31).





TAMs in tissue invasion and distant metastasis

Invasion and metastasis are hallmark features of cancer. In addition to the hematogenous and lymphatic metastatic pathways, cancer cells can also metastasize through peritoneal and perineural routes, which are typical for ovarian and pancreatic cancers, respectively. As ubiquitous and functionally critical components of the tumor microenvironment, macrophages play an important role in tumor biology (32). In established tumors, macrophages promote growth and dissemination to secondary sites. The role of TAMs in cancer cell spread and metastasis includes their involvement in the lungs, liver, brain, bones, peritoneal cavity and so on (33).

The lung is one of the most common sites for cancer metastasis in both patients and preclinical models. Cancer cells spread from the primary tumor via hematogenous or lymphatic routes or direct invasion (34). Macrophages promote metastatic processes through multifaceted mechanisms: (1) enhancing tumor cell motility, invasive capacity, and intravasation at primary sites; (2) facilitating extravasation, angiogenesis, and metastatic colonization at secondary sites; and (3) promoting immunosuppression through T-cell inhibition and conferring chemoresistance (32).

The liver, serving as a primary metastatic target organ particularly for colorectal and pancreatic carcinomas, possesses a distinctive immune microenvironment characterized by inherent tolerogenic properties. Macrophages contribute to hepatic metastatic niche formation by stimulating angiogenesis, cancer cell invasion, and extravasation, with liver macrophages producing hepatic growth factors that bind to c-Met on tumor cells, aiding their extravasation (33).

Bone metastases represent a frequent complication in advanced cancers. Macrophages play a vital role in maintaining bone homeostasis, and both bone-resident and monocyte-derived macrophages adopt protumoral roles in metastatic lesions, aiding cancer progression (35).

Brain metastases, constituting up to 90% of brain malignancies, are associated with poor prognosis due to the brain’s critical functions and limited regenerative capacity. Tissue-resident macrophages, such as microglia and border-associated macrophages, are abundant in the healthy brain. Microglia, essential for maintaining brain homeostasis, participate in synaptic pruning, injury response, blood-brain barrier modulation, and pathogen defense (35).

The heterogeneity of metastatic sites in cancer presents significant clinical challenges. Responses to conventional therapies, checkpoint blockade immunotherapy, and clinical manifestations can differ significantly in sites such as the brain, liver, peritoneal cavity, and bone, as seen in the resistance to immunotherapy in hepatic metastases. Accumulating evidence indicates that TAMs display distinct phenotypic and functional characteristics across various metastatic sites, reflecting organ-specific microenvironmental cues and tissue-intrinsic factors. Currently, due to inherent challenges and limitations, the use of clinically relevant mouse metastatic models and the systematic analysis of myeloid cell diversity in human tumor metastases may pave the way for diagnostic and therapeutic approaches targeting TAMs, which is crucial for addressing clinical challenges (36).





Mechanism of inhibiting tumor progression based on TAMs




Exploiting autophagy as a means of anticancer therapy

Programmed cell clearance mediated by macrophages plays an important role in tumor clearance and surveillance. Autophagy is an evolutionarily conserved cellular response that degrades cytoplasmic components through the lysosomal pathway (37). This fundamental cellular housekeeping mechanism is essential for maintaining cellular homeostasis and plays pivotal roles in cellular development and differentiation processes. Recent studies have shed light on the intricate relationship between autophagy and cancer, unveiling its profound influence on cancer development and response to therapy. However, the role of autophagy in cancer is far from static, characterized by modulation resulting from either dysregulation or hyperactivation of autophagic pathways in malignant cells (38).

Anticancer therapies simultaneously induce both apoptotic and autophagic pathways, with the latter typically serving as a protective mechanism against therapy-induced cellular stress responses. In such cases, the inhibition of autophagy can be a reasonable strategy to enhance the efficacy of anti-cancer therapies. A moderate level of autophagy protects the tumor from an unfavorable external environment and promotes its growth. Conversely, excessive autophagy levels trigger autophagic death of tumor cells, and many researchers have utilized this to induce apoptosis in tumor cells and achieved remarkable results. In tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-resistant lung cancers, candesartan, and gingerol are found to be effective in reducing the resistance by blocking autophagy flux and thus, have improved the treatment of TRAIL-resistant lung cancers (39). In hormone receptor-positive breast cancer, inhibiting autophagy to overcome endocrine resistance in estrogen receptor-positive tumors can enhance the anticancer effects of TAMs (40). Meanwhile, cancer cells are more autophagy-dependent than normal tissues. Clinical studies have demonstrated that Beclin-1, a crucial autophagy regulator, is frequently deleted in breast, ovarian, and prostate cancers, with its loss resulting in impaired autophagic activity and enhanced tumor cell proliferation (41). Bif-1 is another protein that regulates autophagy by interacting with Beclin-1, and its knockout inhibits autophagy, leading to an increase in cancer formation. Homozygous deletion of ATG5 causes liver cancer in a high-penetrance animal model. Experimental studies utilizing genetically engineered mouse models with ATG5 or ATG7 deletion have demonstrated significant suppression of tumor growth through autophagy inhibition. Thus, targeting autophagy directly is a therapeutic strategy for cancer therapy (42).





Therapeutic opportunities to exploit apoptosis for cancer therapy

Cancer growth represents a dysregulated imbalance between cell gain and cell loss, where the rate of increasing mutant tumor cells exceeds the rate of those that die. Apoptosis represents a tightly regulated and evolutionarily conserved cell death program, performing key functions in normal physiological processes such as embryogenesis and adult tissue homeostasis. The acquisition of apoptotic resistance represents a hallmark of malignant transformation, conferring survival advantages that facilitate tumor progression, evolution, and therapeutic resistance. In cancer, the balance between cell proliferation and apoptosis is disrupted, leading to uncontrolled growth and survival of malignant cells (43) (Figure 2). Notably, we present an overview of the implications of cell death programs in tumor biology, with a particular focus on apoptosis as a process with “double-edged” consequences: on the one hand, being tumor suppressive through deletion of malignant or pre-malignant cells, while, on the other, being tumor progressive through stimulation of reparatory and regenerative responses in the TME. Therefore, elucidating the molecular mechanisms underlying apoptotic regulation may unveil novel therapeutic opportunities for cancer management.




Figure 2 | Therapeutic opportunities for cancer therapy. (A) Apoptosis is tumor-suppressive. For instance, some anti-apoptotic family members protect mutant cells from apoptosis, allowing the survival and outgrowth of premalignant or malignant populations. When the rate of cell death exceeds that of new cell generation, this balance is disrupted. (B) Phagocytic cells, particularly macrophages, play a role in this process and can exhibit pro-cancer characteristics. In some cases, apoptosis can also stimulate the body’s immune response.



Several signaling pathways regulate apoptosis, including the intrinsic apoptosis pathway (the formation of the apoptosome and caspase 3 activation) and extrinsic apoptosis pathway (initiated by cell membrane proteins known as death receptors). Understanding these pathways and identifying specific targets within them have been instrumental in developing apoptosis-based cancer therapies. Bcl-2 family proteins were known to play an essential role in regulating the intrinsic pathway of apoptosis. The pro-apoptotic proteins Bax, Bak, Bad, and Bok could promote cytochrome c from the mitochondrial intermembrane space into the cytosol and cause induction of apoptosis eventually aiding in cancer therapeutics (43). Conversely, multidomain anti-apoptotic proteins (including Bcl-2, Bcl-xL, Bcl-w, Bfl-1, and Mcl-1) mediate apoptosis evasion in cancer cells and confer resistance to immune surveillance mechanisms (44). Currently, overexpression of BCL-2 has been clinically documented in acute myeloid leukemia, chronic lymphocytic leukemia (CLL), multiple myeloma, melanoma, hepatocellular carcinoma, lung cancer, breast cancer, and prostate cancer (45, 46).

Emerging evidence suggests that epigenetic mechanisms were usually regarded as involved in conferring apoptosis resistance. Epigenetic inactivation of critical apoptosis regulatory proteins could induce the transformation in key components of intracellular signal transduction (47). Engulfment of apoptotic cells is typically accompanied by activation of anti-inflammatory responses involving up-regulation of multiple factors, including TGF-β1, IL-10, PGE2, PGI2, and PAF. Concomitantly, primary pro-inflammatory mediators including TNF-α, IL-1β, IL-8, and IL-12 are downregulated. The molecular mechanisms underlying the recognition-phagocytosis-inflammation regulatory axis are gradually being elucidated. Some receptors, CD14, for example, are mainly involved in tethering apoptotic cells to phagocytes, whereas others, for instance, BAI1 and Stab2, clearly signal Rac-dependent phagocytosis and downstream lysosomal processing (48). A typical example of Caspase8, it was reported that Caspase8 was related to a variety of pediatric malignancies, including neuroblastoma, medulloblastoma, Ewing sarcoma, small-cell lung carcinoma, and has been linked to evasion of apoptosis (49, 50). These principles of pleiotropic responses to apoptosis by multiple different cell types in the TME, whether phagocytic or not, including healthy tumor cells, immune cells, fibroblasts, endothelial cells, and others, form the basis of a complex network of programs that help determine whether a tumor is benign, malignant, regressing or relapsing.





Developed drugs that inhibit M2 polarization and enhance M1 activity in macrophages

M2 and M1 macrophages play opposing roles in tumor growth and metastasis. Therefore, inhibiting M2 macrophage polarization or converting the M2 phenotype to a tumor-killing M1 phenotype is a viable strategy for suppressing the role of TAMs in tumors. NF-κB, a key inducible transcription factor, regulates multiple signaling pathways involved in immune responses, inflammatory processes, cellular differentiation, and survival of both normal and malignant cells. Studies have confirmed that the activation of NF-κB is one of the key factors in inducing TAM differentiation towards the M1 phenotype. Previous research has found that Poria polysaccharides can bind to TLR4 proteins, activate NF-κB p65, and thereby regulate the polarization of M1 macrophages (51). Cordyceps extract can promote M1 macrophage polarization by activating the NF-κB pathway and inhibiting breast cancer growth (52). Currently, LPS and TLR receptors are important inducing factors that promote the development of TAM to M1. Previous studies revealed that the endothelial-mesenchymal transition-derived cancer-associated fibroblasts exhibited a potent tumor-promoting effect by secreting the heat shock protein 90α (HSP90α) and like to induce the M2 macrophage polarization. At the same time, TLR4 was the cell surface receptor for extracellular HSP90α (EHSP90α) (53). Numerous novel therapeutic agents have been developed with comparable macrophage-modulating effects. In recent years, scientists have developed novel types of drug-induced macrophages. Zoledronic acid (ZA), a therapeutic agent for treating skeletal-related events (SREs) and pain associated with bone metastasis. Studies have shown that ZA could reverse the polarity of TAMs from M2 to M1 by attenuating IL-10, VEGF, and MMP-9 production and recovering iNOS expression, moreover, ZA could prevent the number of macrophages in the TMEs (54). Huang et al. demonstrated that cationic polymer ethyleneimine (PEI) can alter the differentiation of TAM, promote the expression of IL-12, and reduce the content of IL-10 (55) (Figure 3). Histidine-rich glycoprotein (HRG), which contains abundant histidine residues (not histamine), can induce M2-to-M1 transformation, promote tumor vascular normalization, and enhance antitumor immunity (56).




Figure 3 | Different roles of MI and M2 macrophages in the tumor microenvironment. (A) M1 macrophages promote inflammation by enhancing tumor antigen presentation, stimulating the proliferation of immune cells such as CD8+ T cells and NK cells, and releasing pro-inflammatory cytokines like IL-6, IL-12, and TNF. In contrast, M2 macrophages promote tumor cell proliferation through immune suppression, tumor angiogenesis, new blood vessel formation, and the activation and remodeling of the extracellular matrix. (B) In contrast to the immune responses associated with M1 macrophages, M2 macrophages hinder the host’s immune status. In the tumor microenvironment, growth factors secreted by M2 macrophages can induce tumor cell proliferation and metastasis. Cytokines secreted by tumor cells, in turn, act as a feedback loop, further enhancing this effect.








Mechanism of TAMs promoting tumor progression and immune escape

The immune system plays a critical role in recognizing and eliminating tumor cells through a highly complex process involving multiple immune components, among which macrophages serve as key participants. TAMs infiltrate the tumor stroma and play a crucial role in tumor progression and immune evasion. Investigating the interactions between TAMs and tumor progression lays the foundation for developing novel TAM-targeted therapeutic strategies and targeted treatments.




Cytokines

The role of TAMs in promoting tumorigenesis and cancer progression has gained substantial recognition. In addition, TAMs can participate in tumor initiation by secreting signaling molecules and extracellular vesicles (EVs), providing structural support for tumor development. Extensive research has shown that TAMs secrete growth factors, cytokines, and chemokines that promote tumor progression, with significant advances made in understanding the roles of transforming growth factor-beta (TGF-β), IL-6, IL-8, and IL-10 in malignant tumor progression (57).

In colorectal cancer research, TAMs secrete transforming growth factor-beta (TGF-β), which promotes colorectal cancer proliferation and invasion by regulating the miR-34a/VEGF axis (58). Another mechanism involves TAMs promoting epithelial-to-mesenchymal transition (EMT) progression through the TGF-β/Smad2, 3-4/Snail signaling pathway (59). Inhibition of this pathway using TGF-β receptor inhibitors can suppress metastasis. Furthermore, TAM-secreted CXCL8 decreases ERα expression in endometrial cancer by modulating HOXB13, thereby promoting tumor progression. Lindsten et al. also found that TAMs are associated with poor prognosis in breast cancer patients (60). Abaurrea et al. discovered that IL-6 mediates EMT through the Janus kinase (JAK)/STAT3/Snail pathway (61). Another study showed that the combined activation of IL-6 and its receptor (IL-6R) induces STAT3 phosphorylation, which can resist apoptosis signaling pathways and promote tumor cell survival (62). IL-8 has emerged as a significant biomarker, with substantial evidence indicating its potential in predicting immune checkpoint inhibitor efficacy. Elevated IL-8 levels have been reported to promote tumor-invasive angiogenesis and immune suppression. Additionally, IL-8 promotes tumor metastasis by enhancing the expression of ELMO1 in tumor cells (63). IL-8 and chemokines are also upregulated in inflammatory breast cancer (IBC), where they recruit large numbers of monocytes, polarize macrophages, and promote tumor infiltration (64). The IL-10 cytokine family plays a dual role in maintaining tissue homeostasis during inflammatory responses while simultaneously influencing tumor progression. It has been reported that lipopolysaccharide (LPS) activation of TLR4 signaling significantly increases EMT in pancreatic cancer cells. Mechanistically, IL-10 enhances the expression of the cancer-associated phosphatase CIP2A through the PI3K signaling pathway, promoting lung adenocarcinoma invasion (65). Additionally, researchers have found that serum IL-10 levels correlate positively with tumor progression, suggesting that IL-10 plays an important role in tumor development (66).





Immunosuppression

TAMs significantly contribute to tumor progression through immune suppression. As major immune regulatory cells within the tumor, TAMs have been extensively documented to inhibit cytotoxic T lymphocyte (CTL) responses in the tumor microenvironment, a finding that has been widely reported. Effective anti-tumor immunity largely depends on the activation of CD8+ T cells. However, TAMs, through multiple mechanisms, directly or indirectly inactivate CTLs, thereby facilitating tumor immune evasion and promoting tumor progression.

On the one hand, A variety of chemokines secreted by TAMs, cytokines (such as HGF, PDGF-B, VEGF, IL-4, IL-10), and enzymes (such as cathepsin K, cyclooxygenase-2, arginase 1 and matrix metalloproteinases) could inhibit directly the effects of CD8+T and CD4+T cells function. In addition, these chemokines, cytokines, and enzymes from TAMs stimulate the production of adaptive regulatory T cells (Tregs) and recruit natural regulatory T cells, Tregs (NTregs), to perform immunosuppressive functions either by directly inhibiting effector T cells or by secreting immunosuppressive factors (67). On the other hand, TAMs exert immunosuppressive effects through the expression of immune checkpoint molecules. For instance, TAMs isolated from hepatocellular carcinoma with high PD-L1 expression could inhibit tumor-specific T-cell immunity and promote tumor growth (68). In addition to directly on T cells, TAMs collaborate with other immune and stromal cells to establish an immunosuppressive microenvironment. Tregs and MDSCs are two other important immunosuppressive cell types in the tumor microenvironment. TAMs in glioma can recruit CCR2+Ly-6C+MDSCs and CCR4+Treg cells by producing abundant CCL2 (69).





Exosomes of TAMs

Exosomes are nanoscale vesicles secreted actively by almost all cell types, including fibroblasts, endothelial cells, epithelial cells, neuronal cells, immune cells, and cancer cells. They mediate intercellular communication and material exchange, influencing the function of target cells. In malignancies, exosomes serve as pivotal mediators of material and information exchange within the tumor microenvironment, participating in various stages of cancer cell survival, growth, and metastasis. Their fundamental role in tumor biology has positioned exosomes as promising targets for cancer. Emerging evidence highlights the critical involvement of exosomes in mediating communication between cancer cells and immune cells (70). For instance, epithelial ovarian cancer (EOC)-derived exosomal miR-222-3p has been shown to reprogram macrophages into a tumor-associated phenotype through the SOCS3/STAT3 signaling pathway (71). Exosome-mediated transfer of functional CD11b/CD18 proteins from TAMs to tumor cells may enhance the migratory potential of hepatocellular carcinoma (HCC) cells (72). Exosomes collected from the liquid biopsy of acute myeloid leukemia (AML) patients’ liquid biopsies impair natural killer (NK) cell cytotoxicity through mechanisms involving increased Smad phosphorylation and downregulation of NKG2D receptor expression. These findings open a new avenue for studying the interactions between macrophages and tumor cells, shedding light on mechanisms that promote tumor progression and their potential clinical significance (73).





Drug resistance to chemotherapy and radiotherapy

TAMs play two roles in chemotherapy drug therapy: improve the therapeutic effect or lead to chemotherapy resistance. Zitvogel. et al. early studies have suggested that macrophages exert host defense mechanisms that contribute to the therapeutic effect of adriamycin and stimulate anti-tumor immune responses (74). In addition, specific drugs, such as gemcitabine, have been reported to stimulate the cytotoxic potential and M1-like differentiation of macrophages. Among the negative effects of TAMs on chemotherapy, TAMs could reduce the efficacy of chemotherapy drugs through the following three mechanisms: 1) increase the recruitment of immunosuppressive myeloid cells; 2) Inhibition of adaptive anti-tumor immune response; 3) activation of anti-apoptotic programs in cancer cells. Preclinical studies have found that increased recruitment of macrophages is often observed in drug-resistant tumors, it is suggested that the mechanism of drug resistance is recruitment from TAMs (75). In vitro co-culture studies with macrophages and breast cancer cell lines have shown that macrophages contribute to chemotherapy resistance of paclitaxel, doxorubicin, and etoposide. In vitro, co-culture studies with macrophages and breast cancer cell lines have demonstrated that macrophages contribute to chemotherapy resistance of paclitaxel, doxorubicin, and etoposide. Specifically, compared with the control group, tumors treated with paclitaxel showed elevated CSF-1 mRNA expression in tumor cells after exposure to paclitaxel. Recruited TAMs inhibited paclitaxel-induced mitotic block, which leads to the development of drug resistance. Importantly, CSF-1/CSF-1 receptor (CSF-1R) signaling blockade has been shown to suppress TAM recruitment, enhance paclitaxel efficacy, and improve survival outcomes in murine models (76).





Some other ways

Except for tumor cell-targeted therapeutic strategies, numerous strategies have been developed to target TAMs, such as CD40 agonists, phosphatidylinositol 3-kinase (PI3K)-γ inhibitors, and class IIa histone deacetylases (HDACs) inhibitors. CD40 is a member of the TNF receptor family, expressed on tumor cells, antigen-presenting cells (APCs), and macrophages. It has been reported that CD40 activation in macrophages can rapidly infiltrate tumors, kill tumor cells, and promote the depletion of the tumor stroma. Recent studies have shown that combining CSF-1R inhibitors with CD40 agonists reduces cell populations and promotes an inflammatory tumor microenvironment in murine colon cancer (77). PI3Kγ, the only member of the class-1B family, was expressed in bone marrow cells and macrophages. Activated PI3Kγ signaling could inhibit the activation of NF-κB and promote immune suppression during tumor growth (78). Moreover, in breast cancer animal models, PI3Kγ inhibition or deficiency rescues the immunosuppressive status by reprogramming the macrophages and inhibiting tumor cell metastasis and invasion (79). Class IIa HDAC inhibition also represents a novel therapeutic strategy for macrophage re-education toward anti-tumor phenotypes. Lorestani P et al. have indicated that the TMP195, a selective Class IIa HDAC inhibitor, induces the recruitment and differentiation of proinflammatory and phagocytic macrophages in the TME and repolarizes macrophages into an anti-tumor phenotype, reducing tumor burden and metastasis (80). Furthermore, combination therapy studies have shown that TMP195 combined with chemotherapy or checkpoint blockade treatment enhanced its tumoricidal effect in a mouse breast cancer model (80).






Anti-tumor therapy targeting macrophages

TAMs represent a heterogeneous population of cells with diverse functions in homeostasis and pathological conditions. Given their characteristics, the study of TAMs has increasingly gained attention in cancer biology research. This functional diversity is tightly regulated by multiple microenvironmental factors and signaling pathways.





Reprogramming the antibodies to TAM

Preclinical studies have shown that drugs that inhibit CD47 in cancer models can restore macrophages’ phagocytic and cytotoxic functions against tumor cells, leading to a robust anti-tumor immune response. Furthermore, combination therapies may enhance this efficacy. For example, combining an anti-SIRP-α blocking antibody and a CSF-1R inhibitor forms a supramolecular system that effectively stimulates the reprogramming of TAMs into the M1 phenotype (81). Moreover, De Sanctis F et al. have reported that PI3Kγ controls the switch from immune stimulation to suppression by inhibiting the NF-κB pathway and activating C/C/EBP-β, inhibition of PI3Kγ could promote pro-inflammatory cytokine expression, inhibition of tumor growth (82). In a mouse model of breast cancer, TMP195 administration induced the recruitment and differentiation of immunostimulatory CD40+ TAMs, resulting in tumor reduction. Moreover, the combination of TMP195 with chemotherapy regimens (carboplatin and paclitaxel) and immunotherapy (anti-PD1 antibodies) significantly enhanced the stability of the tumor response (83).





Resistance of TAMs to cancer immunotherapy

Over the past decade, extensive preclinical studies and clinical trials have fully explored the efficacy and mechanisms of immunotherapy. Its ability to produce significant, lasting clinical responses has emerged as a breakthrough treatment for various refractory cancers, reshaping tumor treatment approaches. Chimeric antigen receptor T-cell immunotherapy has become a breakthrough treatment, with a success rate of over 90% for refractory B lymphocytic leukemia. Similarly, Immune checkpoint inhibitors (ICIs) have become cornerstone therapies, now established as first-line treatments for NSCLC, bladder cancer, melanoma, and renal cell carcinoma (84, 85).

Immunotherapy resistance can be classified as primary or acquired. Primary resistance, observed in up to 60% of certain cancer cases, is characterized by low clinical response rates. For instance, anti-PD-1/PD-L1 inhibitors can upregulate interferon-γ (IFN-γ), activating the JAK-STAT pathway, which leads to IRF8 expression and hyperprogressive disease (HPD) (86). Recently, Lin et al. identified that LRP1, a tumor promoter, inhibits DLL4 ubiquitination, activating NOTCH2 and driving epithelial–mesenchymal transition (EMT) and high CCL2 expression, which triggers M2-like macrophage polarization. These findings establish LRP1 as a promising therapeutic target in bladder cancer (87). Besides, polyadenylate-binding protein (PABPC1L) functions as a key factor in renal cell carcinoma immune evasion, enhancing indoleamine 2,3-dioxygenase 1(IDO1) and impeding T-cell function, and represents a potential target to enhance the efficacy of immune checkpoint blockade therapy (88). Acquired resistance occurs when a tumor initially responds to immunotherapy but relapses or progresses after a period of treatment. Adaptive immune resistance, a newly proposed mechanism distinct from traditional therapies, allows tumors to evade immune attacks by altering themselves to adapt to immune recognition (89). This type of resistance can arise through dynamic regulation of the immune microenvironment and interactions between immune and cancer cells, manifesting as primary resistance, mixed responses, or acquired resistance. The following section summarizes the specific molecular mechanisms through which TAMs contribute to immunotherapy resistance across various cancer types. (Table 1)


Table 1 | The specific molecular mechanism of TAM affecting the development of cancer resistance to immunotherapy.







Tumor metabolic alterations

Notably, macrophage polarization is associated with distinct metabolic profiles, which significantly influence the phenotype and functional characteristics of TAMs in cancer progression. Cancer cells can exploit metabolites to regulate tumor-infiltrating immune cells, promoting their differentiation and metastasis. For example, lactate secreted by glycolysis in cancer cells promotes the transfer of TAMs from pro-inflammatory (M1-like) to anti-inflammatory (M2-like) phenotypes. Another study has shown that membrane-cholesterol efflux drives TAM-mediated tumor progression. Ovarian cancer cells promote cholesterol efflux and increase IL-4-mediated signal transduction in TAMs, thus promoting tumor invasion and metastasis (90). By developing a predictive model, Lin H et al. demonstrated the impact of fatty acid metabolism on the efficacy of PD-1/PD-L1 inhibitors in clear cell renal cell carcinoma (ccRCC). These findings elucidate how fatty acid metabolism modulates the therapeutic response and to PD-1/PD-L1 blockade within the tumor microenvironment (TME) and its associated signaling pathways and M2-like macrophage polarization, highlighting the potential clinical applicability of this model (91).





Macrophage polarization regulation

Manipulating the phenotype of TAMs represents a promising new approach for cancer immunotherapy. Several studies have shown that the macrophage phenotype is highly plastic and can be readily modulated by microenvironmental cues. This plasticity enables targeting of immunosuppressive TAMs, repolarizing them into pro-inflammatory cells that can effectively combat tumors and activate other immune system components (92). It is reported that many factors could stimulate immune responses and modulate TAM activity. Delivery of thymosin-α significantly activates TAM and transforms them into pro-inflammatory subsets that produce IL-1, TNF-α, ROS, and NO (93). This phenotypic conversion results in delayed tumor growth, and prolonged survival in mice. The role of microbial agents in TAM modulation has also been investigated. Thomas C J al. reported that using attenuated listeria to target TAM in the cancer microenvironment promoted the re-polarization of TAM into a pro-inflammatory phenotype (94). Besides, Drugs also play an important role in this process. Metformin, a well-known anti-diabetic drug, has demonstrated promising anti-cancer effects, although its underlying mechanisms remain incompletely understood. Further research showed that metformin may inhibit M2-like polarization of macrophages in vitro and in vivo, meanwhile, it could reduce the number of metastases in a murine model of Lewis lung carcinoma (95).





The utilization of CAR-macrophages in cancer immunotherapy

While CAR T cell therapy has significantly progressed, its application in solid tumors remains underdeveloped. These obstacles include difficulties in CAR T cell manufacturing, lack of tumor-specific antigens, poor T cell trafficking, an immunosuppressive tumor microenvironment (TME), treatment toxicity, and antigen escape (96). Macrophages, abundant in the TME, efficiently infiltrate tumors and play a crucial role in immune regulation. Immunosuppressive M2 macrophages can phagocytose target cells similarly to proinflammatory M1 macrophages and can be reprogrammed to an M1 phenotype (97). This biological plasticity has stimulated considerable interest in developing CAR macrophage-based therapies as a promising alternative to address the limitations of CAR T cell therapy in solid tumors. However, CAR macrophages still have limitations that need to be addressed.

Target antigen selection is crucial in CAR T therapy. Ideal target antigens should exhibit tumor-specific expression patterns, being exclusively present on malignant cells. However, aside from cancer neoantigens and possibly EGFRvIII, most antigens used in CAR T therapy for solid tumors are shared by normal cells. Targeting tumor-associated antigens (TAAs) often leads to significant side effects due to the difficulty preventing off-tumor damage to normal cells in solid organs (98).

The chimeric antigen receptor (CAR) structure in CAR macrophages mirrors that of CAR T cells, consisting of an extracellular antigen-binding domain, hinge region, transmembrane domain, and intracellular domain. Klichinsky et al. developed and characterized CD3ζ-based anti-HER2 CAR macrophages using a replication-incompetent adenoviral vector for efficient and reproducible CAR delivery. Adenoviral infection induced M1 differentiation in CAR macrophages, shifting the TME from an anti-inflammatory M2 to a proinflammatory state. In vivo, these CAR macrophages significantly prolonged survival and reduced lung metastasis in mice with tumor implants (99). L. Zhang et al. addressed the inefficiency of bioengineering macrophages for cancer immunotherapy by using iPSC-derived CAR macrophages. Non-integrating episomal vectors were used to induce iPSC clones, which were then transduced with CAR containing CD86 and FcRγ intracellular domains. These CAR-iMACs initially exhibit an M2 phenotype but shift to a pro-inflammatory M1 state upon encountering target cancer cells, enabling them to engulf and attack tumors. In vivo, CAR-iMACs expanded, persisted, and demonstrated effective anti-tumor activity (100). Further advancements have been made in engineering human macrophages with enhanced tumor-targeting capabilities. Utilizing chimeric adenoviral vectors, researchers overcame the inherent resistance of primary human macrophages to genetic modification, generating CAR macrophages (CAR-Ms) with sustained M1 polarization. CAR macrophages (CAR-Ms) exhibited antigen-specific phagocytosis and tumor clearance in vitro. In two solid tumor xenograft models, a single infusion of CAR-Ms reduced tumor burden and prolonged survival. CAR-Ms expressed pro-inflammatory cytokines, converted bystander M2 macrophages to M1, upregulated antigen presentation, and activated T cells. Humanized mouse models further confirmed CAR-M-mediated TME remodeling and T cell activation (100). CAR macrophage is still at its nascent stage with only one clinical trial initiated and no results reported yet. Hence, many of the limitations have yet to be unfolded.





Engineered macrophages

The success of nanocarriers in treating neurodegenerative diseases has inspired scientists to explore their potential for cancer therapy. In vitro studies have demonstrated that gold nanorods conjugated with macrolide sequences can accumulate in TAMs and exert a cytotoxic effect on surrounding cancer cells (101). This approach represents one of the most promising strategies for cancer treatment. Wang et al. used nanotechnology in the construction of an anticancer agent. To bind the magnetic shell of iron oxide to topoisomerase I inhibitor SN38 via carboxyl esterase joint and loaded it into RAW 264.7 macrophages. When these medicines are injected into the tumor site, SN38 is released and has anticancer effects. In addition, a similar macrophage-based combination therapy was designed. Constructed magnetic nanoparticles coated with mannose and loaded with 5-fluorouracil were applied in an intraperitoneal metastasis model of mice with breast cancer. Controlled release of 5-fluorouracil and tumor growth inhibition were observed when an electromagnetic field was applied in a mouse intraperitoneal metastatic model (102). (Table 2)


Table 2 | Based on the methods described above, we have compiled a summary of the drugs developed to target macrophages, as shown in the table below:.







Investigation of the diverse subpopulations of TAMs within the TME

Current TAM-targeting therapeutic strategies demonstrate limited clinical efficacy, underscoring the critical need for improved treatment approaches to enhance cancer patient outcomes. Therefore, it is essential to further explore the heterogeneous subgroups of TAMs in the TME as potential targets. While TAMs-based therapy offers a promising approach to enhance anti-tumor immunity. However, the heterogeneity of TAMs and their complex cell-cell interactions make TAM-targeting strategies variable and unpredictable. This highlights the necessity of precisely characterizing distinct TAM subsets to optimize therapeutic strategies.

Single-cell RNA sequencing (scRNA-seq) is a powerful tool for analyzing tumor cell diversity and exploring TAM heterogeneity. For example, scRNA-seq has identified two TAM populations, C1QC+ and SPP1+, in colon cancer, with SPP1+ TAM depletion potentially improving myeloid-targeted immunotherapy (103). In chronic hepatitis B and C-related hepatocellular carcinoma (HCC), scRNA-seq revealed M2-like TAMs expressing CCL18 and CREM, which are enriched in advanced HCC and may contribute to tumor progression (104).

Much work remains to integrate single-cell resolution with clinical significance. These molecular findings into quantifiable clinical parameters will enable their integration into prognostic scoring systems, facilitating personalized treatment strategies and improving prognostic accuracy.





Summary and outlook

This paper describes the origin, classification, and immune function of macrophages, and further explores the mechanism of macrophages’ involvement in the tumor microenvironment. Recently, TAM showed obvious heterogeneity and phenotypic plasticity, which is a major component of the microenvironment of solid tumors. The growing body of clinical and preclinical evidence underscores the therapeutic potential of targeting TAMs in anticancer strategies, with their inherent heterogeneity and distinct phenotypic characteristics providing a foundation for developing TAM-based personalized therapies (105). Current therapeutic approaches targeting TAMs focus on multiple strategies: (1) inhibiting monocyte recruitment to tumor sites. (2) selectively eliminating immunosuppressive M2 macrophages, (3) reprogramming immunosuppressive TAMs into antitumor phenotypes, (4) blocking M2-mediated tumor-promoting functions, (5) promoting M2-to-M1 phenotype conversion, and (6) enhancing macrophage-mediated tumor growth inhibition. These findings demonstrate that macrophages participate in tumor immune regulation through diverse molecular mechanisms, warranting further investigation and therapeutic exploitation.

With the development of precision medicine, the direction of tumor treatment has gradually shifted to precise targeted therapy. As tumor immunity has become a hot topic, lots of research has been used to overcome the bottleneck of traditional tumor therapy, but in recent years, this field has made limited progress in immunity. Concerning the complexity of TAMs, a greater understanding of interactions between macrophages and tumor cells is needed. More clinical data regarding the correlation between TAMs and patient outcomes are also needed to guide patient selection. Due to the limited efficacy of monotherapies, combinational approaches can address the shortcomings of TAM-targeted agents, conventional therapies, and other immunotherapeutics. Emerging evidence from preclinical studies and clinical trials indicates that TAM-targeted therapies can potentiate the efficacy of existing treatments (106). Future studies should focus on optimizing combination therapies to maximize immune activation while minimizing potential toxicities.

It has been studied that macrophages affect tumor cells through various mechanisms, and become a new focus and target of the immune system. In recent years, a variety of TAM recognition mechanisms have been discovered, and related targeted therapies, such as the application of monoclonal antibodies or inhibitors, gene modification, adoptive transfer of immune cells, and CAR-T are being further studied. Building on the success of CAR-T cell therapy, studies have developed CAR macrophages (CAR-M) for tumor immunotherapy. CAR-M therapy modifies macrophages with specific CARs to enhance phagocytosis and antigen presentation, converting M2 cells to the pro-inflammatory M1 phenotype. Compared to CAR-T, CAR-M offers unique advantages, including reduced non-tumor toxicity due to its limited circulation time. Currently, two FDA-approved clinical trials are investigating CAR-M therapy for HER2-overexpressing tumors and recurrent ovarian cancer or peritoneal mesothelioma using mRNA-targeted CAR-M approaches (107). CAR-M has shown significant benefits in solid tumors over macrophage reinfusion therapy. However, CAR-M development faces challenges in macrophage expansion and viral transduction efficiency.

Although targeting TAMs shows great potential in cancer therapy, its clinical application faces several challenges and potential side effects. TAMs play crucial roles in tissue repair and immune surveillance, so targeting them may cause off-target effects, such as tissue damage, immunosuppression, increased infection risk, and delayed wound healing. Additionally, TAMs are highly heterogeneous and plastic, with different subpopulations playing varying or even opposing roles in the tumor microenvironment, complicating the precise targeting of specific TAMs. Their dynamic changes and plasticity can also lead to treatment resistance, such as phenotype shifts or activation of alternative signaling pathways. Current TAM-directed therapeutic approaches, including CSF1/CSF1R inhibitors and CCL2/CCR2 antagonists, have demonstrated limited clinical efficacy as monotherapies, underscoring the necessity for combination strategies incorporating chemotherapy, radiotherapy, or immune checkpoint inhibitors (107). However, optimizing these combinations and addressing potential toxicity requires further investigation. Future research should focus on understanding TAM heterogeneity and regulatory mechanisms, developing more precise targeting strategies, and optimizing combination therapies for safer, more effective clinical application.

In conclusion, macrophages represent a promising therapeutic target in cancer treatment. While numerous therapeutic strategies have been developed, current technologies and clinical applications remain in their nascent stages with limited implementation. Consequently, numerous unexplored molecular mechanisms potentially play pivotal roles in regulating tumor progression, and several promising therapeutic targets warrant further investigation. Future research should prioritize elucidating the complex interplay and communication networks between macrophages and tumor cells to advance targeted cancer therapies.





Author contributions

YX: Funding acquisition, Writing – review & editing. KW: Writing – review & editing. XZ: Writing – review & editing. AL: Writing – original draft. XQ: Writing – original draft.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by Natural Science Foundation of Ningxia Province (Grant No. 2024AAC03587, 2023AAC03519), Special Talent Introduction Project of Ningxia Autonomous Region Key R&D Programs (Grant No. 2023BSB03054, 2023BSB03053). Ningxia Medical University 2023 university-level project (Grant No. XT2023044). Yinchuan Science and Technology Plan Project (Grant No. 2024SF044).





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.





References

1. Zhou, J, Tang, Z, Gao, S, Li, C, Feng, Y, and Zhou, X. Tumor-associated macrophages: recent insights and therapies. Front Oncol. (2020) 10:188. doi: 10.3389/fonc.2020.00188

2. Hao, NB, Lü, MH, and Fan, YH. Macrophages in tumor microenvironments and the progression of tumors. J Immunol Res. (2012) 2012(1):948098. doi: 10.1155/2012/948098

3. Liu, J, Geng, X, Hou, J, and Wu, G. New insights into M1/M2 macrophages: key modulators in cancer progression. Cancer Cell Int. (2021) 21:1–7. doi: 10.1186/s12935-021-02089-2

4. Mir, MA, and Mehraj, U. Double-crosser of the immune system: macrophages in tumor progression and metastasis. Curr Immunol Rev. (2019) 15:172–84. doi: 10.2174/1573395515666190611122818

5. Song, X, Hu, W, Yu, H, Zhao, L, Zhao, Y, Zhao, X, et al. Little to no expression of angiotensin-converting enzyme-2 on most human peripheral blood immune cells but highly expressed on tissue macrophages. Cytom Part A. (2023) 103:136–45. doi: 10.1002/cyto.a.24285

6. Patel, AA, Ginhoux, F, and Yona, S. Monocytes, macrophages, dendritic cells and neutrophils: an update on lifespan kinetics in health and disease. Immunology. (2021) 163:250–61. doi: 10.1111/imm.v163.3

7. Dallavalasa, S, Beeraka, NM, and Basavaraju, CG. The role of tumor associated macrophages (TAMs) in cancer progression, chemoresistance, angiogenesis and metastasis-current status. Curr Med Chem. (2021) 28(38):8203–36. doi: 10.2174/0929867328666210720143721

8. Seledtsov, VI, Malashchenko, VV, Gazatova, ND, Meniailo, ME, Morozova, EM, and Seledtsova, GV. Directs effects of granulocyte-macrophage colony stimulating factor (GM-CSF) on adaptive immunogenesis. Hum Vaccines Immunother. (2019) 15(12):2903–9. doi: 10.1080/21645515.2019.1614396

9. Wang, B, Zhou, J, Li, R, Tang, D, Cao, Z, Xu, C, et al. Activating CD8+ T cells by Pt (IV) prodrug-based nanomedicine and aPD-L1 antibody for enhanced cancer immunotherapy. Adv Mater. (2024) 36:2311640. doi: 10.1002/adma.202311640

10. Marrufo, AM, and Flores-Mireles, AL. Macrophage fate: to kill or not to kill? Infect Immun. (2024) 92:e00476–23. doi: 10.1128/iai.00476-23

11. Strizova, Z, Benesova, I, and Bartolini, R. M1/M2 macrophages and their overlaps–myth or reality? Clin Sci. (2023) 137:1067–93. doi: 10.1042/CS20220531

12. Kerneur, C, Cano, CE, and Olive, D. Major pathways involved in macrophage polarization in cancer. Front Immunol. (2022) 13:1026954. doi: 10.3389/fimmu.2022.1026954

13. Vogel, A, and Weichhart, T. Tissue-resident macrophages—early passengers or drivers in the tumor niche? Curr Opin Biotechnol. (2023) 83:102984. doi: 10.1016/j.copbio.2023.102984

14. Feng, Y, Ye, Z, Sonf, F, He, Y, and Liu, J. Retracted] the role of TAMs in tumor microenvironment and new research progress. Stem Cells Int. (2022) 2022:5775696. doi: 10.1155/2022/5775696

15. 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) 20:1–30. doi: 10.1186/s12943-021-01428-1

16. Zhou, K, Cheng, T, and Zhan, J. Targeting tumor−associated macrophages in the tumor microenvironment. Oncol Lett. (2020) 20:1–1. doi: 10.3892/ol.2020.12097

17. Liu, J, Wang, Y, Qiu, Z, Lv, G, Huang, X, Lin, H, et al. Impact of TCM on tumor-infiltrating myeloid precursors in the tumor microenvironment. Front Cell Dev Biol. (2021) 9:635122. doi: 10.3389/fcell.2021.635122

18. Zhou, X, Wang, X, Sun, Q, Zhang, W, Liu, C, Ma, W, et al. Natural compounds: A new perspective on targeting polarization and infiltration of tumor-associated macrophages in lung cancer. Biomed Pharmacother. (2022) 151:113096. doi: 10.1016/j.biopha.2022.113096

19. Farc, O, and Cristea, V. An overview of the tumor microenvironment, from cells to complex networks (Review). Exp Ther Med. (2021) 21(1):96. doi: 10.3892/etm.2020.9528

20. Yang, Q, Guo, N, Zhou, Y, Chen, J, Wei, Q, and Han, M. The role of tumor-associated macrophages (TAMs) in tumor progression and relevant advance in targeted therapy. Acta Pharm Sin B. (2020) 10:2156–70. doi: 10.1016/j.apsb.2020.04.004

21. Lopez-Yrigoyen, M, Cassetta, L, and Pollard, JW. Macrophage targeting in cancer. Ann New York Acad Sci. (2021) 1499:18–41. doi: 10.1111/nyas.v1499.1

22. Refolo, MG, Messa, C, Guerra, V, Carr, BI, and D’Alessandro, R. Inflammatory mechanisms of HCC development. Cancers. (2020) 12:641. doi: 10.3390/cancers12030641

23. Placek, K, Schultze, JL, and Aschenbrenner, AC. Epigenetic reprogramming of immune cells in injury, repair, and resolution. J Clin Invest. (2019) 129:2994–3005. doi: 10.1172/JCI124619

24. Ravindranathan, D, Master, VA, and Bilen, MA. Inflammatory markers in cancer immunotherapy. Biology. (2021) 10(4):325. doi: 10.1016/B978-0-12-823397-9.00003-X

25. Melkamu, T, Qian, X, Upadhyaya, P, O’Sullivan, MG, and Kassie, F. Lipopolysaccharide enhances mouse lung tumorigenesis: a model for inflammation-driven lung cancer. Vet Pathol. (2013) 50:895–902. doi: 10.1177/0300985813476061

26. Greten, FR, and Grivennikov, SI. Inflammation and cancer: triggers, mechanisms, and consequences. Immunity. (2019) 51:27–41. doi: 10.1016/j.immuni.2019.06.025

27. Ouchi, N, Parker, JL, Lugus, JJ, and Walsh, K. Adipokines in inflammation and metabolic disease. Nat Rev Immunol. (2011) 11:85–97. doi: 10.1038/nri2921

28. Philip, M, Rowley, DA, and Schreiber, H. Inflammation as a tumor promoter in cancer induction. Semin Cancer Biol. (2004) 14:433–9. doi: 10.1016/j.semcancer.2004.06.006

29. Tan, G, Lin, C, Huang, C, Chen, B, Chen, J, Shi, Y, et al. Radiosensitivity of colorectal cancer and radiation-induced gut damages are regulated by gasdermin E. Cancer Lett. (2022) 529:1–10. doi: 10.1016/j.canlet.2021.12.034

30. Quaglio, AEV, Grillo, TG, De Oliveira, ECS, Di Stasi, LC, and Sassaki, LY. Gut microbiota, inflammatory bowel disease and colorectal cancer. World J gastroenterol. (2022) 28:4053. doi: 10.3748/wjg.v28.i30.4053

31. Zhang, T, Ma, C, Zhang, Z, Zhang, H, and Hu, H. NF-κB signaling in inflammation and cancer. MedComm. (2021) 2:618–53. doi: 10.1002/mco2.v2.4

32. 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

33. Mantovani, A, Marchesi, F, and Di Mitri, D. Macrophage diversity in cancer dissemination and metastasis. Cell Mol Immunol. (2024) 21:1201–14. doi: 10.1038/s41423-024-01216-z

34. Tan, SY, and Krasnow, MAJD. Developmental origin of lung macrophage diversity. Development (2016) 143(8):1318–27. doi: 10.1242/dev.129122

35. Macedo, F, Ladeira, K, and Pinho, F. Bone metastases: an overview. Oncol Rev. (2017) 11:321. doi: 10.4081/oncol.2017.321

36. Fetahu, IS, Esser-Skala, W, and Dnyansagar, R. Single-cell transcriptomics and epigenomics unravel the role of monocytes in neuroblastoma bone marrow metastasis. Nat Commun. (2023) 14:3620. doi: 10.1038/s41467-023-39210-0

37. Vargas, JNS, Hamasaki, M, Kawabata, T, Youle, RJ, and Yoshimori, T. The mechanisms and roles of selective autophagy in mammals. Nat Rev Mol Cell Biol. (2023) 24:167–85. doi: 10.1038/s41580-022-00542-2

38. Walweel, N, and Aydin, O. Enhancing therapeutic efficacy in cancer treatment: integrating nanomedicine with autophagy inhibition strategies. ACS omega. (2024) 9:27832–52. doi: 10.1021/acsomega.4c02234

39. Tilija Pun, N, Jang, WJ, and Jeong, CH. Role of autophagy in regulation of cancer cell death/apoptosis during anti-cancer therapy: focus on autophagy flux blockade. Arch Pharm Res. (2020) 43:475–88. doi: 10.1007/s12272-020-01239-w

40. Siatis, KE, Giannopoulou, E, Manou, D, Sarantis, P, Karamouzis, MV, Raftopoulou, S, et al. Resistance to hormone therapy in breast cancer cells promotes autophagy and EGFR signaling pathway. Am J Physiology-Cell Physiol. (2023) 325:C708–20. doi: 10.1152/ajpcell.00199.2023

41. Zhang, X, Shan, G, Li, N, Chen, J, Ji, C, Li, X, et al. An autophagy-inducing stapled peptide induces mitochondria dysfunction and triggers autotic cell death in triple-negative breast cancer. Cell Death Discov. (2023) 9:303. doi: 10.1038/s41420-023-01600-0

42. Xi, H, Wang, S, Wang, B, Hong, X, Liu, X, Li, M, et al. The role of interaction between autophagy and apoptosis in tumorigenesis. Oncol Rep. (2022) 48:1–16. doi: 10.3892/or.2022.8423

43. Iqbal, MJ, Kabeer, A, Abbas, Z, Siddiqui, HA, Calina, D, Sharifi-Rad, J, et al. Interplay of oxidative stress, cellular communication and signaling pathways in cancer. Cell Commun Signaling. (2024) 22:7. doi: 10.1186/s12964-023-01398-5

44. Dąbrowska, A, Mastalerz, J, Wilczyński, B, Osiecka, B, and Choromańska, A. Determinants of photodynamic therapy resistance in cancer cells. Int J Mol Sci. (2024) 25:12069. doi: 10.3390/ijms252212069

45. Saddam, M, Paul, SK, and Habib, MA. Emerging biomarkers and potential therapeutics of the BCL-2 protein family: the apoptotic and anti-apoptotic context. Egypt J Med Hum Genet. (2024) 25:12. doi: 10.1186/s43042-024-00485-7

46. Dakkak, BE, Taneera, J, El-Huneidi, W, Abu-Gharbieh, E, Hamoudi, R, Semreen, MH, et al. Unlocking the therapeutic potential of BCL-2 associated protein family: exploring BCL-2 inhibitors in cancer therapy. Biomol Ther. (2024) 32:267. doi: 10.4062/biomolther.2023.149

47. Morana, O, Wood, W, and Gregory, CD. The apoptosis paradox in cancer. Int J Mol Sci. (2022) 23:1328. doi: 10.3390/ijms23031328

48. Lin, YC, Tsai, WH, Chang, SC, and Hsu, HC. Apoptotic cell-derived CD14 (+) microparticles promote the phagocytic activity of neutrophilic precursor cells in the phagocytosis of apoptotic cells. Cells. (2023) 12:1983. doi: 10.3390/cells12151983

49. Contadini, C, Ferri, A, Cirotti, C, Stupack, D, and Barilà, D. Caspase-8 and tyrosine kinases: A dangerous liaison in cancer. Cancers. (2023) 15:3271. doi: 10.3390/cancers15133271

50. Gurjar, VK, Jain, S, and Vaidya, A. Reinstating the expression and activation of caspase-8 and caspase-10 in cancer therapy. Caspases as Mol Targets Cancer Ther. (2024) 131–82. doi: 10.1016/B978-0-443-15644-1.00007-9

51. Sun, M, Yao, L, Yu, Q, Duan, Y, Huang, J, Lyu, T, et al. Screening of Poria cocos polysaccharide with immunomodulatory activity and its activation effects on TLR4/MD2/NF-κB pathway. Int J Biol Macromol. (2024) 273:132931. doi: 10.1016/j.ijbiomac.2024.132931

52. Bi, S, Jing, Y, Cui, X, Gong, Y, Zhang, J, Feng, X, et al. A novel polysaccharide isolated from Coriolus versicolor polarizes M2 macrophages into an M1 phenotype and reversesits immunosuppressive effect on tumor microenvironment. Int J Biol Macromol. (2024) 259:129352. doi: 10.1016/j.ijbiomac.2024.129352

53. Fan, CS, Chen, CC, Chen, LL, Chua, KV, Hung, HC, Hsu, JT, et al. Extracellular HSP90α Induces myD88-IRAK complex-associated IKKα/β– NF-κB/IRF3 and JAK2/TYK2– STAT-3 signaling in macrophages for tumor-promoting M2-polarization. Cells. (2022) 11:229. doi: 10.3390/cells11020229

54. Larionova, I, Kazakova, E, Gerashchenko, T, and Kzhyshkowska, J. New angiogenic regulators produced by TAMs: perspective for targeting tumor angiogenesis. Cancers. (2021) 13:3253. doi: 10.3390/cancers13133253

55. Chen, P, Paraiso, WKD, and Cabral, H. Revitalizing cytokine-based cancer immunotherapy through advanced delivery systems. Macromol Biosci. (2023) 23:2300275. doi: 10.1002/mabi.202300275

56. Rolny, C, Mazzone, M, Tugues, S, Laoui, D, Johansson, I, Coulon, C, et al. HRG inhibits tumor growth and metastasis by inducing macrophage polarization and vessel normalization through downregulation of PlGF. Cancer Cell. (2011) 19:31–44. doi: 10.1016/j.ccr.2010.11.009

57. 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) 22:8470. doi: 10.3390/ijms22168470

58. Amalinei, C, Costin, CA, and Grigoras, A. Tumor-associated macrophages in colorectal cancer. Interdiscip Cancer Res. (2024). doi: 10.1007/16833_2024_238

59. Fasano, M, Pirozzi, M, Miceli, CC, Cocule, M, Caraglia, M, Boccellino, M, et al. TGF-β modulated pathways in colorectal cancer: new potential therapeutic opportunities. Int J Mol Sci. (2024) 25:7400. doi: 10.3390/ijms25137400

60. Malik, S, Sureka, N, Ahuja, S, Aden, D, Zaheer, S, and Zaheer, S. Tumor-associated macrophages: A sentinel of innate immune system in tumor microenvironment gone haywire. Cell Biol Int. (2024) 48:1406–49. doi: 10.1002/cbin.v48.10

61. Abaurrea, A, Araujo, AM, and Caffarel, MM. The role of the il-6 cytokine family in epithelial–mesenchymal plasticity in cancer progression. Int J Mol Sci. (2021) 22:8334. doi: 10.3390/ijms22158334

62. Song, L, Xu, R, Cai, W, Liang, J, Cao, N, Gao, J, et al. IL-6 upregulates the expression of IL-6R through the JAK2/STAT3 signalling pathway to promote progression of hepatocellular carcinoma. Scand J Immunol. (2023) 98:e13271. doi: 10.1111/sji.13271

63. Yang, G, Li, H, Dong, Z, Deng, K, and Lu, Y. Nucleophosmin 1 associating with engulfment and cell motility protein 1 regulates hepatocellular carcinoma cell chemotaxis and metastasis. Open Med. (2023) 18:20230708. doi: 10.1515/med-2023-0708

64. Mohamed, MM, and Schneider, RJ. Multifunctional role of the tumor associated monocytes/macrophages in the metastatic potential of inflammatory breast cancer. QJM: Int J Med. (2024) 117(12):831–5. doi: 10.1093/qjmed/hcae195

65. De, P, Carlson, J, Leyland-Jones, B, and Dey, N. Oncogenic nexus of cancerous inhibitor of protein phosphatase 2A (CIP2A): an oncoprotein with many hands. Oncotarget. (2014) 5:4581. doi: 10.18632/oncotarget.v5i13

66. Al-Nasralla, ASH, Hussian, SS, and Tektook, NK. Immunological analysis of Interleukin-10 (IL-10), tumor necrosis factor-a (TNF-a), and Prostate-specific antigen (PSA) in benign and Malignant prostate cancer. Hum Antibod. (2023):1–9. doi: 10.3233/HAB-220018

67. He, ZN, Zhang, CY, Zhao, YW, He, SL, Li, Y, Shi, BL, et al. Regulation of T cells by myeloid-derived suppressor cells: emerging immunosuppressor in lung cancer. Discov Oncol. (2023) 14:185. doi: 10.1007/s12672-023-00793-1

68. Khan, MN, Mao, B, Hu, J, Shi, M, Wang, S, Rehman, AU, et al. Tumor-associated macrophages and CD8+ T cells: dual players in the pathogenesis of HBV-related HCC. Front Immunol. (2024) 15:1472430. doi: 10.3389/fimmu.2024.1472430

69. Chen, T, Ma, W, Wang, X, Ye, Q, Hou, X, Wang, Y, et al. Insights of immune cell heterogeneity, tumor-initiated subtype transformation, drug resistance, treatment and detecting technologies in glioma microenvironment. J Adv Res. (2024) 5:S2090–1232(24)00315–1. doi: 10.1016/j.jare.2024.07.033

70. Hánělová, K, Raudenská, M, Masařík, M, and Balvan, J. Protein cargo in extracellular vesicles as the key mediator in the progression of cancer. Cell Commun Signaling. (2024) 22:25. doi: 10.1186/s12964-023-01408-6

71. Cui, M, Liu, Y, Cheng, L, Li, T, Deng, Y, and Liu, D. Research progress on anti-ovarian cancer mechanism of miRNA regulating tumor microenvironment. Front Immunol. (2022) 13:1050917. doi: 10.3389/fimmu.2022.1050917

72. Gao, Q, Sun, Z, and Fang, D. Integrins in human hepatocellular carcinoma tumorigenesis and therapy. Chin Med J. (2023) 136:253–68. doi: 10.1097/CM9.0000000000002459

73. Hosseini, R, Hosseinzadeh, N, Asef-Kabiri, L, Akbari, A, Ghezelbash, B, Sarvnaz, H, et al. Small extracellular vesicle TGF-β in cancer progression and immune evasion. Cancer Gene Ther. (2023) 30:1309–22. doi: 10.1038/s41417-023-00638-7

74. Yang, H, Zhang, Z, Zhao, K, Zhang, Y, Yin, X, Zhu, G, et al. Targeting the adenosine signaling pathway in macrophages for cancer immunotherapy. Hum Immunol. (2024) 85(3):110774. doi: 10.1016/j.humimm.2024.110774

75. Minz, AP, Das, B, Mohapatra, D, Suresh, V, Mishra, S, and Senapati, S. Gemcitabine induces polarization of mouse peritoneal macrophages towards M1-like and confers antitumor property by inducing ROS production. Clin Exp Metast. (2022) 39:783–800. doi: 10.1007/s10585-022-10178-3

76. Xiao, M, He, J, Yin, L, Chen, X, Zu, X, and Shen, Y. Tumor-associated macrophages: critical players in drug resistance of breast cancer. Front Immunol. (2021) 12:799428. doi: 10.3389/fimmu.2021.799428

77. Djureinovic, D, Weiss, SA, Krykbaeva, I, Qu, R, Vathiotis, I, Moutafi, M, et al. A bedside to bench study of anti-PD-1, anti-CD40, and anti-CSF1R indicates that more is not necessarily better. Mol Cancer. (2023) 22:182. doi: 10.1186/s12943-023-01884-x

78. Cornice, J, Verzella, D, Arboretto, P, Vecchiotti, D, Capece, D, Zazzeroni, F, et al. NF-κB: governing macrophages in cancer. Genes. (2024) 15:197. doi: 10.3390/genes15020197

79. Salmaninejad, A, Layeghi, SM, Falakian, Z, Golestani, S, Kobravi, S, Talebi, S, et al. An update to experimental and clinical aspects of tumor-associated macrophages in cancer development: hopes and pitfalls. Clin Exp Med. (2024) 24:156. doi: 10.1007/s10238-024-01417-w

80. Lorestani, P, Dashti, M, Nejati, N, Habibi, MA, Askari, M, Robat-Jazi, B, et al. The complex role of macrophages in pancreatic cancer tumor microenvironment: a review on cancer progression and potential therapeutic targets. Discov Oncol. (2024) 15:369. doi: 10.1007/s12672-024-01256-x

81. Bess, SN, Igoe, MJ, and Muldoon, TJ. The physiological and therapeutic role of CD47 in macrophage function and cancer. Immunol Investig. (2025) 54(1):112–46. doi: 10.3389/fimmu.2023.1287256

82. De Sanctis, F, Adamo, A, Canè, S, and Ugel, S. Targeting tumour-reprogrammed myeloid cells: the new battleground in cancer immunotherapy. Semin Immunopathol. (2023) 45:163–86. doi: 10.1007/s00281-022-00965-1

83. Yu, LL. Role of histone deacetylase 9 in pro inflammatory responses in monocytes and macrophages. lmu. (2022). doi: 10.5282/edoc.30839

84. Vafaei, S, Zekiy, AO, Khanamir, RA, Zaman, BA, Ghayourvahdat, A, Azimizonuzi, H, et al. Combination therapy with immune checkpoint inhibitors (ICIs); a new frontier. Cancer Cell Int. (2022) 22:1–27. doi: 10.1186/s12935-021-02407-8

85. Shiravand, Y, Khodadadi, F, and Kashani, SMA. Immune checkpoint inhibitors in cancer therapy. Curr Oncol. (2022) 29:3044–60. doi: 10.3390/curroncol29050247

86. Angelicola, S, Ruzzi, F, Landuzzi, L, Scalambra, L, Gelsomino, F, Ardizzoni, A, et al. IFN-γ and CD38 in hyperprogressive cancer development. Cancers. (2021) 13:309. doi: 10.3390/cancers13020309

87. Lin, H, Fu, L, Zhou, X, Yu, A, Chen, Y, Liao, W, et al. LRP1 induces anti-PD-1 resistance by modulating the DLL4-NOTCH2-CCL2 axis and redirecting M2-like macrophage polarisation in bladder cancer. Cancer Lett. (2024) 593:216807. doi: 10.1016/j.canlet.2024.216807

88. Shu, G, Chen, M, Liao, W, Fu, L, Lin, M, Gui, C, et al. PABPC1L induces IDO1 to promote tryptophan metabolism and immune suppression in renal cell carcinoma. Cancer Res. (2024) 84:1659–79. doi: 10.1158/0008-5472.CAN-23-2521

89. Shu, G, Chen, M, Liao, W, Fu, L, Lin, M, Gui, C, et al. Primary, adaptive, and acquired resistance to cancer immunotherapy. Cell. (2017) 168:707–23. doi: 10.1016/j.cell.2017.01.017

90. Goossens, P, Rodriguez-Vita, J, Etzerodt, A, Masse, M, Rastoin, O, Gouirand, V, et al. Membrane cholesterol efflux drives tumor-associated macrophage reprogramming and tumor progression. Cell Metab. (2019) 29:1376–1389. e4. doi: 10.1016/j.cmet.2019.02.016

91. Lin, H, Fu, L, Li, P, Zhu, J, Xu, Q, Wang, Y, et al. Fatty acids metabolism affects the therapeutic effect of anti-PD-1/PD-L1 in tumor immune microenvironment in clear cell renal cell carcinoma. J Trans Med. (2023) 21:343. doi: 10.1186/s12967-023-04161-z

92. Aleebrahim-Dehkordi, E, Deravi, N, and Fallahi, MS. Mechanisms underlying Tumor-Associated Macrophages (TAMs)-Facilitated Metastasis. In: Handbook of Cancer and Immunology. Springer International Publishing, Cham (2023). p. 1–54.

93. Iglesias-Escudero, M, Arias-González, N, and Martínez-Cáceres, E. Regulatory cells and the effect of cancer immunotherapy. Mol Cancer. (2023) 22:26. doi: 10.1186/s12943-023-01714-0

94. Thomas, CJ, Delgado, K, Sawant, K, Roy, J, Gupta, U, Song, CS, et al. Harnessing bacterial agents to modulate the tumor microenvironment and enhance cancer immunotherapy. Cancers. (2024) 16:3810. doi: 10.3390/cancers16223810

95. Ding, L, Liang, G, Yao, Z, Zhang, J, Liu, R, Chen, H, et al. Metformin prevents cancer metastasis by inhibiting M2-like polarization of tumor associated macrophages. Oncotarget. (2015) 6:36441. doi: 10.18632/oncotarget.v6i34

96. Daei Sorkhabi, A, Mohamed Khosroshahi, L, Sarkesh, A, Mardi, A, Aghebati-Maleki, A, Aghebati-Maleki, L, et al. The current landscape of CAR T-cell therapy for solid tumors: Mechanisms, research progress, challenges, and counterstrategies. Front Immunol. (2023) 14:1113882. doi: 10.3389/fimmu.2023.1113882

97. Sezginer, O, and Unver, N. Dissection of pro-tumoral macrophage subtypes and immunosuppressive cells participating in M2 polarization. Inflammation Res. (2024) 73:1411–23. doi: 10.1007/s00011-024-01907-3

98. Amini, L, Silbert, SK, Maude, SL, Nastoupil, LJ, Ramos, CA, Brentjens, RJ, et al. Preparing for CAR T cell therapy: patient selection, bridging therapies and lymphodepletion. Nat Rev Clin Oncol. (2022) 19:342–55. doi: 10.1038/s41571-022-00607-3

99. Klichinsky, M, Ruella, M, Shestova, O, Lu, XM, Best, A, Zeeman, M, et al. Human chimeric antigen receptor macrophages for cancer immunotherapy. Nat Biotechnol. (2020) 38:947–53. doi: 10.1038/s41587-020-0462-y

100. Zhang, L, Tian, L, Dai, X, Yu, H, Wang, J, Lei, A, et al. Pluripotent stem cell-derived CAR-macrophage cells with antigen-dependent anti-cancer cell functions. J Hematol Oncol. (2020) 13:1–5. doi: 10.1186/s13045-020-00983-2

101. Zhao, YD, Muhetaerjiang, M, An, HW, Fang, X, Zhao, Y, and Wang, H. Nanomedicine enables spatiotemporally regulating macrophage-based cancer immunotherapy. Biomaterials. (2021) 268:120552. doi: 10.1016/j.biomaterials.2020.120552

102. Vinogradov, S, Warren, G, and Wei, X. Macrophages associated with tumors as potential targets and therapeutic intermediates. Nanomedicine. (2014) 9:695–707. doi: 10.2217/nnm.14.13

103. Li, X, Zhang, Q, Chen, G, and Luo, D. Multi-omics analysis showed the clinical value of gene signatures of C1QC+ and SPP1+ TAMs in cervical cancer. Front Immunol. (2021) 12:694801. doi: 10.3389/fimmu.2021.694801

104. Wang, X, Xu, Y, Sun, Q, Zhou, X, Ma, W, Wu, J, et al. New insights from the single-cell level: tumor associated macrophages heterogeneity and personalized therapy. Biomed Pharmacother. (2022) 153:113343. doi: 10.1016/j.biopha.2022.113343

105. Cassetta, L, and Pollard, JW. Targeting macrophages: therapeutic approaches in cancer. Nat Rev Drug Discov. (2018) 17:887–904. doi: 10.1038/nrd.2018.169

106. Wang, S, Yang, Y, Ma, P, Huang, H, Tang, Q, Miao, H, et al. Landscape and perspectives of macrophage-targeted cancer therapy in clinical trials. Mol Therapy-Oncol. (2022) 24:799–813. doi: 10.1016/j.omto.2022.02.019

107. Mercogliano, MF, Bruni, S, Mauro, FL, and Schillaci, R. Emerging targeted therapies for HER2-positive breast cancer. Cancers. (2023) 15:1987. doi: 10.3390/cancers15071987




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 Wang, Zhang, Li, Qiao and Xu. 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/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The mechanism of action and therapeutic potential of tumor-associated macrophages in tumor immune evasion

      

        		

          Introduction

        



        		

          Biological characteristics and phenotypes of macrophages

        



        		

          Role of macrophages in tumor growth

        



        		

          TAMs in tissue invasion and distant metastasis

        



        		

          Mechanism of inhibiting tumor progression based on TAMs

        

          		

            Exploiting autophagy as a means of anticancer therapy

          



          		

            Therapeutic opportunities to exploit apoptosis for cancer therapy

          



          		

            Developed drugs that inhibit M2 polarization and enhance M1 activity in macrophages

          



        



        



        		

          Mechanism of TAMs promoting tumor progression and immune escape

        

          		

            Cytokines

          



          		

            Immunosuppression

          



          		

            Exosomes of TAMs

          



          		

            Drug resistance to chemotherapy and radiotherapy

          



          		

            Some other ways

          



        



        



        		

          Anti-tumor therapy targeting macrophages

        



        		

          Reprogramming the antibodies to TAM

        



        		

          Resistance of TAMs to cancer immunotherapy

        



        		

          Tumor metabolic alterations

        



        		

          Macrophage polarization regulation

        



        		

          The utilization of CAR-macrophages in cancer immunotherapy

        



        		

          Engineered macrophages

        



        		

          Investigation of the diverse subpopulations of TAMs within the TME

        



        		

          Summary and outlook

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1545928-g001.jpg
adeydoadewr T

Secretion:
IL-1B,IL-6,IL-12,IL-

Tumour associated macrophage (TAMs)

Marker:
CD68, CD80 CD24, CD206

and CD86 and CD163

Secretion:
IL10,CCL17,CCL18

aSeydorovw 7N

23,TNF-a,CXCL9/10

CCL22 and CCL24





OEBPS/Images/fimmu-16-1545928-g003.jpg
abeydosoew LIy

abeydosoew g

promote inflammation
—_—

(IL-618, TNF)

enhancing tumor
antigen presentation

Cancer cells .

Suppress factor

PDGF,TGFR1
HGF ,bFGF

Growth factors

IL-4/6/10
MDF,TGF-B

Tumor spread

appreciation t
CD8+

Tumor cell debris

suppression l






OEBPS/Images/table2.jpg
Target/Mechanism

Development
Phase

Indications

CSFIR inhibitors

Pexidartinib Inhibition of CSFIR reduces the number of TAMs FAD approved Tenosynovial giant cell hepatotoxicity
(PLX3397) (tenosynovial giant tumor, solid tumors
cell tumor) (clinical trials)
Emactuzumab Anti-CSFIR monoclonal antibody, blocking the CSF1/ Phase 11 clinical trial Solid Tumors Shows some antitumon activity but
(RG7155) CSFIR signaling pathway may cause fatigue and ederna
BLZ945 Selective CSFIR inhibitors reshape TAM phenotype Phase I/1I clinical trial Solid Tumors Combination with immune
checkpoint inhibitors shows
synergistic effects
CCL2/CCR2 antagonists
Carlumab Anti-CCL2 monoclonal antibody blocks the CCL2/CCR2 Phase 11 clinical trial Solid Tumors The efficacy of single drug is limited
(CNTO888) axis and inhibits TAM recruitment and needs to be combined

PF-04136309

Magrolimab

(5F9)

TTI/621
(SIRPo-Fc)

Trabectedin

Maraviroe

Seliciclib
(R-
roscovitine)

CCR2 antagonists inhibit monocyte recruitment into the Phase 11 clinical trial

tumor microenvironment

CD47/SIRPo. targeted drugs

Anti-CD47 monoclonal antibody blocks the “don’t eat Phase Illelinical trial

me” signal and enhances macrophage phagocytosis of
tumor cells

SIRPo-Fe fusion protein, blocking CD47/SIRPa: signaling ~ Phase I/I1 clinical trial

Other targets

Induce TAM apoptosis and reduce the number of TAMs ~ FAD approved (soft

tissue sarcoma)

CCRS5 antagonists inhibit TAM recruitment and function Phase 11 clinical trial

CDK inhibitors inhibit TAM tumor-promoting function Phase 11 clinical trial

Pancreatic cancer

Myelodysplastic
syndrome, acute
myeloid leukernia

Hematological tumors
solid tumors

Soft tissue sarcoma
ovarian cancer

Colorectal cancer

Non-small cell
lung cancer

with chemotherapy

Combined with chemotherapy, it
showed some anti-turnor activity

May cause anemia, requiring step-
by-step dosing

Shows some anti-tumor activity

May cause bone narrow suppression
and hepatotoxicity

Combination with immune
checkpoint inhibitors shows
synergistic effects

cause gastrointestinal reactions





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





OEBPS/Images/fimmu-16-1545928-g002.jpg
Apoptosis signal Cancer
.—-—) Suppression

BCL-2/XL
MCL-1

Cancer
progression

Cancer initiation
and progression signals

Spread of Tumoris

Cell number remains
cancer cells suppressed

constant

Pro-inflammatory
mediators

h‘ Apoptotic cell

Anti-inflammatory clearance

mediators

Ny ¥

*b

Innate and adaptive

immunity

Angiogenic
factors

Growth and survival factors





OEBPS/Images/fimmu.2025.1545928_cover.jpg
, frontiers | Frontiers in Immunology

The mechanism of action and therapeutic
potential of tumor-associated macrophages
in tumor immune evasion





OEBPS/Images/table1.jpg
Mechanism Regulatory effect Key mole-
category cules/sig-
naling

pathways
Immunosuppressive TAM secretes immunosuppressive IL-10, TGF-B

factor secretion factors and secretes IL-10 and TGF-

to inhibit the activity of T cells and
NK cells and reduce the effect
of immunotherapy.

The expression of TAM up-regulates PD-L1 expression PD-LIS
PD-L1 was in tumor cells through signaling AT3.
up-regulated pathways such as STAT3 and NF- NF-KB

KB, failing immune
checkpoint inhibitors
Treg TAM recruits regulatory T cells CCL22
cell recruitment (Tregs) by secreting chemokines such Tregs

as CCL22 to inhibit anti- tumor
immune response further

Metabolic
reprogramming

TAM inhibits T cell function and

promotes tumor immune escape

through metabolites such as lactic
acid and arginase.

Lactic acid
Arginase
DO






