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Tumour-Associated Macrophages (TAMs) are one of the pivotal components of the tumour microenvironment. Their roles in the cancer immunity are complicated, both pro-tumour and anti-cancer activities are reported, including not only angiogenesis, extracellular matrix remodeling, immunosuppression, drug resistance but also phagocytosis and tumour regression. Interestingly, TAMs are highly dynamic and versatile in solid tumours. They show anti-cancer or pro-tumour activities, and interplay between the tumour microenvironment and cancer stem cells and under specific conditions. In addition to the classic M1/M2 phenotypes, a number of novel dedifferentiation phenomena of TAMs are discovered due to the advanced single-cell technology, e.g., macrophage-myofibroblast transition (MMT) and macrophage-neuron transition (MNT). More importantly, emerging information demonstrated the potential of TAMs on cancer immunotherapy, suggesting by the therapeutic efficiency of the checkpoint inhibitors and chimeric antigen receptor engineered cells based on macrophages. Here, we summarized the latest discoveries of TAMs from basic and translational research and discussed their clinical relevance and therapeutic potential for solid cancers.
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INTRODUCTION
Tumour microenvironment (TME) is crucial for cancer initiation, progression, and drug resistance. TME is formed by various fundamental constituents including stromal cells and immune cells (Cassetta et al., 2019; Li et al., 2023; Wang et al., 2023). Cancer development can be facilitated by tissue inflammation (Nost et al., 2021; Rajamaki et al., 2021). Despite the diverse inflammatory components in various cancer types (Cheng et al., 2021), increasing evidence demonstrated the importance of macrophages in the progression of solid cancers (Christofides et al., 2022). Macrophage is the key inflammatory effector cells, better understanding its roles may uncover effective therapeutic strategy for cancer (Coussens et al., 2013).
Interestingly, macrophages are versatile in tissues under inflammation including cancer (Maier et al., 2020; Vayrynen et al., 2021; Xue et al., 2021; Nalio Ramos et al., 2022). Their phenotypes and functions are broadly categorized into pro-inflammatory M1 and anti-inflammatory M2 (Cho et al., 2022; Zhou et al., 2022). M1 macrophages eliminate cancer cells by phagocytosis, antibody-dependent cytotoxicity, vascular damage, and tumour necrosis. M2 macrophages promote tumour growth and progression via enhancing cancer cell survival, angiogenesis and immune suppression (Zhao et al., 2020; Chen et al., 2021; Ren et al., 2022). Beyond M1/M2 polarization, new transition mechanisms for TAMs have been recently identified by single-cell bioinformatic studies including MMT (Tang et al., 2022a) and MNT (Tang et al., 2022b), their roles in cancer remain unclear.
Clinical studies highlight the crucial roles of macrophages in cancer therapy response and resistance, including chemotherapy, radiotherapy, and PDL1-based immunotherapy (Furuse et al., 2020; Liu et al., 2020). Moreover, clinical trials of macrophage-targeted therapies have been started such as the engineered mononuclear phagocytes (Brempelis et al., 2020) and chimeric antigen receptor macrophages (CAR-M) (Klichinsky et al., 2020; Wang et al., 2022), these therapeutic approaches stem from bench-top discoveries like recruitment and differentiation (Hannan et al., 2023), functional reprogramming (Willingham et al., 2012), and integration (Dang et al., 2021), highlighting the importance of basic research and preclinical study for the development of effective cancer treatment.
In this review, we systematically summarized the functional roles and underlying mechanisms of macrophages in TME for cancer formation and progression, their translational potential, and related studies on patients for overcoming the barriers of conventional cancer treatments as well as the latest immunotherapy resistance in the clinic. Finally, we also discussed the prospects and further directions of TAMs in the clinical development for cancer treatment.
PHYSIOLOGICAL ROLES OF MACROPHAGES
Macrophages release cytokines and chemokines for recruiting immune cells for wound healing and blood vessel formation (Hernandez et al., 2022), including vascular endothelial growth factor (VEGF) (Lu et al., 2020) and transforming growth factor-beta (TGF-β) (Chung et al., 2018). Macrophages maintain tissue integrity (Mosser et al., 2021), clearing apoptotic cells (Dooling et al., 2023), debris (Kim et al., 2020), and pathogens (Nau et al., 2002) via cell-mediated phagocytosis, where the targets are recognized by pattern recognition receptors (PRRs) dependent mechanisms (Li and Wu, 2021) i.e., Toll-like receptors (TLRs) (Irizarry-Caro et al., 2020) and NOD-like receptors (NLRs) (Fekete et al., 2018; Frising et al., 2022).
Furthermore, macrophages are involved in innate and adaptive immune responses by recognizing pathogen-associated molecular patterns (PAMPs) (Greene et al., 2022) and damage-associated molecular patterns (DAMPs) (Serbulea et al., 2018; Neu et al., 2022) through PRRs. Activated macrophages produce pro-inflammatory cytokines, i.e., tumour necrosis factor-alpha (TNF-α) (Lee et al., 2021; Lechner et al., 2022; Tanito et al., 2023) and interleukin-12 (IL-12) (Luo et al., 2022; Pfirschke et al., 2022), to promote inflammation and activate other immune cells. Macrophages also process and present antigens to T cells via major histocompatibility complex (MHC) molecules aiding adaptive immune response (Mascarau et al., 2023; van Elsas et al., 2023). Interestingly, tissue-specific macrophages display unique functions. For example, alveolar macrophages in lung, express high levels of surfactant protein A (SP-A) (Bain and MacDonald, 2022; Garcia-Fojeda et al., 2022; Yau et al., 2023) and surfactant protein D (SP-D) receptors (Guo et al., 2019; Hsieh et al., 2023) for clearing inhaled particles and pathogens. Liver-resident macrophages, Kupffer cells, express various scavenger receptors (Taban et al., 2022), complement receptors (Wen et al., 2021), and Fc receptors (Pfefferle et al., 2023), filtering blood-borne pathogens (Zhao et al., 2022a), toxins (Kermanizadeh et al., 2019), and debris (Liu and Sun, 2023).
Macrophages are classified into M1 and M2 phenotypes (Guilliams and Svedberg, 2021; De Vlaminck et al., 2022). M1 macrophages express high level of pro-inflammatory cytokines like Interleukin-1β (IL-1β), Interleukin-6 (IL-6), IL-12, Interleukin-23 (IL-23), and TNF-α (Hou et al., 2018; Akhtari et al., 2021; Beyranvand Nejad et al., 2021; Gunassekaran et al., 2021) polarized by Th1 cytokines including GM-CSF, TNF-α, and interferon-gamma (IFN-γ) (Wu et al., 2022a; Zhao et al., 2022b; Cho et al., 2022; Zhang et al., 2023), whereas, M2 macrophages actively produce anti-inflammatory cytokines Interleukin-10 (IL-10) and TGF-β (Nagata et al., 2019; Yang et al., 2023a) and polarized by Th2 cytokines like Interleukin-4 (IL-4) and Interleukin-13 (IL-13) (Celik et al., 2020; Lundahl et al., 2022). For metabolism, M1 macrophages rely on glycolysis (Yu et al., 2020; Mouton et al., 2023), while M2 macrophages depend on oxidative phosphorylation (Xu et al., 2021a; Zhou et al., 2022). During tissue repair, macrophages switch from an M1-like to an M2-like phenotype (Kim et al., 2019a; Alhamdi et al., 2019; Kohno et al., 2021). Interestingly, M1/M2 homeostasis is disrupted by inhibition of aspartate-aminotransferase (Wu et al., 2020a) and N-glycosylation (Wu et al., 2020a; Hu et al., 2023), altering immune responses and tissue damage. Moreover, various polarization and activation markers coexist in tissues, and factors like the macrophage-inducible C-type lectin (MINCLE) (Maier et al., 2020; Xue et al., 2021) or TLRs (Vidyarthi et al., 2018; Zhou et al., 2022) impact their balance. TAMs play multifaceted roles in cancer progression that are both beneficial and detrimental, highlighting the dual nature of their involvement (Figure 1).
[image: Figure 1]FIGURE 1 | TAMs play a complex dual role in the progression of cancer. M1 TAMs contribute to the anticancer response via multiple mechanisms. They can produce reactive oxygen species (ROS) and reactive nitrogen species (RNS) to cause oxidative damage and kill cancer cells. The secretion of pro-inflammatory cytokines and chemokines (e.g., TNF-α, IL1B, IL12A/B, CCL5, and CXCL10) can mobilize other anticancer immune cells, like T cells and NK cells, into the TME. Anti-angiogenesis is promoted by secretion of thrombospondin-1 and angiostatic chemokines like CXCL9, CXCL10, and CXCL11. TAMs also express MHC class I and II molecules for antigen presentation to further priming and activation of T cells. The interaction between CD80/CD86 on TAMs and CD28 on T cells provides a second signal for T cell activation. M2 TAMs promote immunosuppression, angiogenesis, and tumour growth/metastasis while contributing to drug resistance. Immunosuppression involves secretion of TGF-β and IL-10, expression of PD-L1, and CCL22-induced Treg activation. In angiogenesis, TAMs secrete factors like VEGF, FGFs, PDGF, HGF, MMPs, and IL-8/1. During tumour growth and metastasis, M2 TAMs enhance proliferation, migration, and invasion. Factors like EGF, PDGF, VEGF, CCL-10, and MMPs play key roles. TAM can also undergo transformation to MNT and MMT, resulting in the generation of cancer pain and cancer-associated fibroblast. In drug resistance, TAM-derived TGF-β, IL-6/8, and PDGF stimulate survival pathways and enhance DNA repair in cancer cells. It is noteworthy that macrophages can switch from M1 phenotype to M2 phenotype during tissue repair.
ANTICANCER EFFECTS OF TAMS
Reactive species production
M1 TAMs produce reactive oxygen species (ROS), mediated by NADPH oxidase (Fang et al., 2022; Tlili et al., 2023), causing cancer cell death. Activation by IFN-γ and TNF-α prompts TAMs to generate reactive nitrogen species (RNS) via nitric oxide synthase (iNOS) (Zhang et al., 2021a; Wei et al., 2022). Collectively, these ROS and RNS induce oxidative damage on cancer cells, leading to direct cancer cell-killing effect (Liang et al., 2019; Huang et al., 2022; Qi et al., 2022; Kidwell et al., 2023).
Pro-inflammatory cytokine and chemokine
TAMs secrete pro-inflammatory cytokines for mobilizing anticancer cells (e.g., T cells and natural killer cells) into TME, including TNF-α (Jiang et al., 2019; Kaplanov et al., 2019; Tu et al., 2021a), IL1B (interleukin-1 beta) (Revu et al., 2018), IL12A and IL12B (subunits of IL-12) (Yen et al., 2022). TAMs also produce chemokines, e.g., C-C Motif Chemokine Ligand 5 (CCL5) and C-X-C motif chemokine ligand 10 (CXCL10) to recruit and activate other immune cells to TME, driven by pro-inflammatory transcription factor NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) (Taki et al., 2018). Furthermore, M1 macrophages produce IL-12, prompting CD4+ T cells towards Th1 phenotype (Zhao et al., 2022b), these Th1 cells will produce IFN-γ to activate cytotoxic CD8+ T cells in TME (Greaney et al., 2020; Liu et al., 2022). M1 macrophages also stimulate NK cell activation by IL-12, IL-15 and IL-18 (Mattiola et al., 2015).
Anti-angiogenesis
M1 macrophages secrete angiostatic factor thrombospondin-1(TSP1) (Yang et al., 2019; Kumar et al., 2020) for inhibiting angiogenesis by interacting with an endothelial cell receptor CD36 in various cancers, including hepatocellular carcinoma (Aburima et al., 2021). Moreover, M1 macrophages produce additional angiostatic chemokines to block vessel formation via CXCR3 (C-X-C Motif Chemokine Receptor 3) dependent mechanism, including CXCL9, 10, 11 (C-X-C Motif Chemokine Ligand 9, 10, 11) (Romagnani et al., 2004; Sahraei et al., 2019).
Antigen presentation
M1 macrophages express MHC class I and II molecules (Haloul et al., 2019; Ahmed and Ismail, 2020) to present cancer antigens, involving several genes, including MHC class I (Yao et al., 2020; Desterke et al., 2021; Piatakova et al., 2021) and II (He et al., 2021; Tang et al., 2022c; Scavuzzi et al., 2022). The interaction of MHC molecules with T cell receptors amplifies anti-tumour host immune response (Guerriero, 2019; Kawasaki et al., 2022). Interaction between CD80 and CD86 on the M1 macrophage and CD28 on the T cell also provides crucial second signal for T cell activation (Trzupek et al., 2020).
PRO-TUMOUR EFFECTS OF TAM
Immunosuppression
TAMs contribute to immunosuppression in TME, including lung adenocarcinoma (LUAD) and bladder cancer (BLCA). They inhibit the anticancer activities of NK cells primarily through producing TGF-β (Nunez et al., 2018) and IL-10 (Xu et al., 2022). TGF-β hampers NK cell cytotoxicity by downregulating NKG2D receptor expression (Lazarova and Steinle, 2019). IL-10 inhibits the production of the anticancer cytokine IFN-γ in NK cells (Wang et al., 2021a). TAMs in these diverse cancer types express programmed death-ligand 1 (PD-L1) (Sumitomo et al., 2019; Shinchi et al., 2022; Xia et al., 2022; Elomaa et al., 2023), which interacts with the PD-1 receptor on T cells (Pereira et al., 2023; Puig-Saus et al., 2023) and NK cells (Zhou et al., 2023a; van der Sluis et al., 2023), leading to their exhaustion and promoting tumour immune evasion. TAM-derived CCL22 (C-C Motif Chemokine Ligand 22) contributes to the recruitment and activation of regulatory T cells (Tregs) (Rapp et al., 2019; Chen et al., 2022a), inducing immunosuppression in TME (Kraaij et al., 2010; Erlandsson et al., 2019). TAMs also enhance immunosuppressive function of Tregs, promote the transition of conventional CD4+ T cells into Tregs (Morhardt et al., 2019; Saraiva et al., 2020; Maldonado et al., 2022), and activate myeloid-derived suppressor cells (MDSCs) via IL-10 (Yu et al., 2018; Yogev et al., 2022) and TGF-β (Becker et al., 2018; Astarita et al., 2023). Furthermore, TAMs express immune checkpoint molecule cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (Guan et al., 2021), interacting with CD80/CD86 of Tregs to amplify their immunosuppressive effects (Zappasodi et al., 2021; Kennedy et al., 2022).
Angiogenesis
TAMs play pivotal role in augmenting angiogenesis within the TME, integral to cancer progression (Cheng et al., 2021). Essential for tumor growth and metastasis (Liu et al., 2023a; Natale and Bocci, 2023), angiogenesis provides TME with necessary nutrients and oxygen, aiding in the growth of cancer cells (Schaaf et al., 2018; Lugano et al., 2020; Schito and Rey, 2020). TAMs secret factors for promoting angiogenesis, including VEGF (Schaaf et al., 2018), fibroblast growth factors (FGF1 and FGF2) (Schaaf et al., 2018; Im et al., 2020), platelet-derived growth factor (PDGF) (Ntokou et al., 2021), hepatocyte growth factor (HGF) (Choi et al., 2019; Dong et al., 2019), matrix metalloproteinases (MMP-9, MMP-2) (Diwanji and Bergmann, 2020; Tian et al., 2022), and cytokines like IL-8 and IL-1 (Liu et al., 2023b; Yang et al., 2023b). VEGF is crucial for tumoural angiogenesis (Lai et al., 2019; Hwang et al., 2020). Moreover, TAMs are concentrated in the hypoxic zones of tumours (Bai et al., 2022), where they upregulate the expression of numerous angiogenic genes including Hypoxia-inducible factors (HIF)-1 and −2 (Jeong et al., 2019; Cowman et al., 2020) for enhancing the production of angiogenic factors like VEGF in TME (Roda et al., 2012).
Cancer growth and metastasis
M2 TAMs promote primary tumour development and metastasis (Yao et al., 2018; Li et al., 2019a; Tu et al., 2021b). They increase tumour proliferation in breast cancer (Chen et al., 2022b; Zhou et al., 2023b), endometrial cancer (Xiao et al., 2020; Gu et al., 2021), and renal cell carcinoma (Xie et al., 2021; Ishii et al., 2022). Furthermore, M2 TAMs secrete Epidermal Growth Factor (EGF) (Zeng et al., 2019; Wu et al., 2020b), which binds to EGFR on cancer cells, for activating their growth signaling including MAPK/ERK (Liang et al., 2022) and PI3K/Akt pathways (Zhang et al., 2021b), promoting cell motility and invasion (Haque et al., 2019; Zeng et al., 2019; Onal et al., 2021). Growth Factor PDGF (Turrell et al., 2023) secreted from TAMs also contributes to tumour cell proliferation. Tumour metastasis is defining characteristic of advanced cancer stage, TAM-derived EGF accelerates metastasis by activating the EGFR-ERK signaling and inhibiting the expression of lncRNA LIMT (Zeng et al., 2019) in the epithelial ovarian cancer.
At the pre-metastasis stage, TAMs secrete VEGF, CCL-10 and MMPs, which remodel distant tissues to create pre-metastatic niche (Kim et al., 2019b; Winkler et al., 2020). TAMs release inflammatory factors TNF-α, IL-6, and IL-11 (Kaplanov et al., 2019; Yu et al., 2019; Beyranvand Nejad et al., 2021) to enhance cancer cell survival and proliferation by activating NF-κB and STAT3 pathways (Dorrington and Fraser, 2019; Balic et al., 2020). TGF-β from TAMs activates TGF receptors on cancer cells, initiating SMAD signaling for their growth (Chung et al., 2023; Lv et al., 2023). Importantly, TAM-derived TGF-β induces epithelial-to-mesenchymal transition (EMT) of cancer cells (Cai et al., 2019; Tiwari et al., 2021), allowing them to migrate into surrounding tissue and vasculature (Dongre and Weinberg, 2019; Wang et al., 2021b). Additionally, TAMs-secreted MMPs, such as MMP2 and MMP9 (Wang and Khalil, 2018; Liu et al., 2019; Muniz-Bongers et al., 2021), degrade the ECM in TME (Marigo et al., 2020), enabling metastasis into the bloodstream or lymphatic system (Winkler et al., 2020). TAMs produce chemokines like CCL18 and CCL22 (She et al., 2018; Kimura et al., 2019; Zhou et al., 2019; Chen et al., 2022a) to promote tumour cell migration. TAMs also release proteases like cathepsins (CTSB, CTSD) (Loeuillard et al., 2020; Shi et al., 2022) to stimulate tumour cells to produce tissue inhibitors of metalloproteinases, enhancing ECM degradation and metastasis (Bissinger et al., 2021).
TAMs transformation also contributes to cancer progression. Besides M1/M2 polarization, single-cell RNA-sequencing revealed new TAM phenomena. Macrophage to MNT, a process where TAMs transform into neuron-like cells contributing to the formation of cancer pain (Tang et al., 2022b). MMT, where TAMs trans-differentiate into myofibroblasts for increasing abundance of pro-tumour cancer-associated fibroblasts (CAFs) in TME, enhancing the progression of non-small-cell lung carcinoma (NSCLC) (Tang et al., 2022a).
Drug resistance
TAMs are associated with resistance of cancer therapy (Mantovani et al., 2022). TAM-derived TGF-β upregulates the expression of multidrug resistance protein 1 (MDR1) in cancer cells (Badmann et al., 2020), leading to drug resistance. TAMs secrete IL-6 and IL-8 (Ahmed et al., 2021; Radharani et al., 2022), associated with resistance to therapies including EGFR tyrosine kinase inhibitors. TAMs-secreted PDGF enhances DNA repair in cancer cells against radiation therapy (Sakama et al., 2021).
Interplay between TME and cancer stem cells
The dynamic relationship between the TME and cancer stem cells (CSCs) is central to understanding the roles of TAMs. CSCs, distinguished by their pronounced expression of stemness markers like SOX2, NANOG, and OCT4 (Zhou et al., 2021), actively drive self-renewal, differentiation, and are influenced by signals from TME (Yang et al., 2020). Key pathways such as TGF-β, Wnt, and Hedgehog (Li et al., 2019b; Zhu et al., 2019; Wu et al., 2022b) mold the genetic landscape of CSCs. The crosstalk between CSCs and TME involves factors including IL-6 (Orange et al., 2023), IL-8 (Sun et al., 2018), IL-1β (Eyre et al., 2019), MMPs (Jin and Jin, 2020), VEGF (Lopez de Andres et al., 2020), and TGF-β1 (Yuan et al., 2022), which are encapsulated within extracellular vehicles (EVs) (Su et al., 2021; Cao et al., 2022). Given the immunomodulatory role of CSCs, further studies are essential to understand the clinical implications.
Importantly, interaction between TAMs and CSCs fosters an immunosuppressive TME (Wu et al., 2023). CSCs promote macrophage recruitment and polarization by ILs, ECM, TGF-β, and periostin (Ning et al., 2018; Kesh et al., 2020; Taniguchi et al., 2020; Li et al., 2022a; Lin et al., 2022). Moreover, TAMs increase CD47 expression in pancreatic, liver and lung cancer stem cells (Cioffi et al., 2015; Liu et al., 2017; Ruiz-Blazquez et al., 2021). When linked to SIRPα on macrophages, CD47 expression protects CSCs against immune cell-mediated phagocytosis (Li et al., 2018). TAM-secreted factors also upregulate immunological checkpoints like PD-L1 (Muraoka et al., 2019; Pu and Ji, 2022). The intricate interplay between CSCs and TAMs creates immunosuppressive TME, enhancing the survival of CSC and hindering tumour eradication post-immunotherapy.
MACROPHAGE-TARGETED ANTITUMOUR THERAPY
TAMs are essential for cancer immunotherapy (Lin et al., 2019). Macrophage-targeted treatments often deplete macrophages, modify their phenotypes, or enhance antigen presentation activity of TAM (Cassetta and Pollard, 2018). Combined with chemotherapy, radiation, or immunotherapy, these techniques may increase host antitumor immunity. They have been studied in animal models and clinical studies with immunological checkpoints and other immunotherapies (Table 1).
TABLE 1 | Selected clinical trials of drugs targeting TAMs.
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TAM recruitment by CCL2 and CCR2 is critical to tumour invasion and metastasis (Xu et al., 2021b). CCL2-CCR2 signaling controls the supply of circulating inflammatory monocytes (Argyle and Kitamura, 2018) and inhibiting CCR2 keeps monocytes in bone marrow, reducing TAMs at cancer sites (Flores-Toro et al., 2020). Blocking CCL2-CCR2 axis also hinders TAM recruitment, decreasing tumour incidence and enhancing CD8+ T cells anti-tumour activity (Teng et al., 2017; Tu et al., 2020). Another target is CSF-1, which promotes monocyte and macrophage differentiation, proliferation, and function (Stanley and Chitu, 2014). Mouse models with CSF-1R inhibition had smaller tumors and better survival (Tan et al., 2021). Small molecule inhibitors of CSF1-R have also been shown to deplete some TAMs, enhancing tumour sensitivity to chemotherapy (O'Brien et al., 2021).
Alteration of macrophage phenotypes
TAMs change into a tumour-suppressing phenotype (Liu et al., 2021) which is a promising clinical strategy for cancer treatment. Inducing M1 macrophage phenotype through the use of selective class IIa HDAC inhibitors (Li et al., 2021a) enhances T cell responses to chemotherapy and immune checkpoint blockades (McCaw et al., 2019). The CD47/SIRP-α pathway is crucial for tumour immune escape, and blocking it enhances macrophages immune killing against tumours (Wang et al., 2020; Jia et al., 2021). Cancer immunotherapy research has also focused on anti-PD-1/PD-L1 treatment (Tomlins et al., 2023). TAMs, particularly M2 TAMs, express PD-L1 on their surface and contribute to immunosuppression by promoting T-cell apoptosis (Li et al., 2022b; Shinchi et al., 2022). In vitro-transcribed mRNA could stimulate effector molecule synthesis or cell reprogramming. mRNA in an injectable nanocarrier genetically reprogrammed TAMs into antitumour effectors. Nanoparticles formulated with mRNAs encoding the transcription factor interferon regulatory factor 5 (IRF5) and its activating kinase, inhibitor of NF-B kinase subunit-β (IKKβ), reversed the immunosuppressive TME and reprogrammed TAMs, regressing tumours in mouse cancer models (Zhang et al., 2019; Petty et al., 2021). The LILRB family, specifically LILRB2, is integral to the immune evasion strategies of cancer cells (Chen et al., 2018). LILRB2, an MHC-binding protein rich in TAMs, interacts with MHC class I molecules, which cancer cells often downregulate to dodge T cell recognition (Liu et al., 2023c). Blocking LILRB2 enhances macrophage pro-inflammatory and phagocytic activity. Its effect on macrophage activation and phagocytosis is unknown (Chen et al., 2018). MK-4830, an antibody against LILRB2, showed promising results in early trials with advanced-stage tumours (Siu et al., 2022). Responses correlated with the expression of pro-inflammatory cytokines and enhanced cytotoxic T cell-mediated anti-tumour immune response (Sharma et al., 2021). These approaches have been tested with other clinical used immunotherapies like immune checkpoints for their clinical potential with animal models and clinical trials.
Antigen presentation enhancement
Scavenger receptors on TAMs are becoming therapeutic targets for their role in promoting TME pro-inflammatory shifts. Scavenger receptor CD163 is associated to tumour progression in several malignancies but the mechanism is unclear (Xie et al., 2022). However, CD163+ macrophage depletion causes tumor regression and re-establish anti-PD1 treatment response (Etzerodt et al., 2019). Macrophage mannose receptor 1 (MRC1), also known as CD206, affects tumour immunity (Rahabi et al., 2020). Its activation induces immunosuppressive macrophages. Intriguingly, MRC1-binding peptide RP-182 converts TAMs into anti-tumour M1-like effector cells (Jaynes et al., 2020). The collagenous macrophage receptor (MARCO) is abundantly present on TAMs. Targeting MARCO potentially reprogrammes TAMs from tumour-supportive to pro-inflammatory effectors (Sa et al., 2020; La Fleur et al., 2021). Another scavenger receptor Clever 1 also suppresses macrophages and T helper 1 lymphocytes (Virtakoivu et al., 2021). Blocking it switches TAMs from immunosuppressive to pro-inflammatory (Viitala et al., 2019). Triggering receptor expressed on myeloid cells 2 (TREM2), upregulated on TAMs in human and mouse tumours, is a potential target (Katzenelenbogen et al., 2020; Molgora et al., 2020). Blocking TREM2+ macrophages limit tumour growth and augment anti-PD1 therapy (Binnewies et al., 2021). PSGL1, highly expressed in TAMs, represents a valuable target for TAMs re-education (Johnston et al., 2019). Using anti-PSGL1 monoclonal antibody potentially triggers a pro-inflammatory response in tumour tissues, exhibiting notable antitumour activity (DeRogatis et al., 2022; Lin et al., 2023).
Innovative strategies for TAM modulation
Recent strategies explore TAM modulation. One approach involves the engineering of T cells with chimeric antigen receptors (CAR) (Maalej et al., 2023) specifically tailored to recognize and eliminate TAMs. Research shows CAR T cells targeting macrophages are effective against various solid organ tumours, including ovarian and pancreatic cancer (Sanchez-Paulete et al., 2022). Eliminating M2-like FRβ+ TAMs in the murine models of ovarian cancer, colon cancer and melanoma TME through FR-specific CAR-T cells delay tumour progression and prolong life (Rodriguez-Garcia et al., 2021). These CAR-engineered T cells show potential in redirecting immune responses against the tumour. Another method focuses on harnessing invariant natural killer T (iNKT) cells (Li et al., 2021b). These cells possess innate and adaptive immune properties, CAR-iNKT cells use iNKT TCR/CD1d and CAR recognition to deplete TAMs and tumours (Simonetta et al., 2021). Recent studies harness iNKT cells to modulate TAMs, boosting antitumour responses. Other innate T cells, including MAIT, and γδT cells, have potential clinical applications as they target and eliminate TAMs (Li et al., 2022c). In synthesis, these innovative strategies signify a shift in tumour immunotherapy (Table 2).
TABLE 2 | Innovative strategies targeting TAMs in tumour microenvironment.
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TAMs are an important immune cell type that shapes TME properties. Targeting TAMs effectively blocks the progression of various cancer types. Moreover, popularity of single-cell RNA-sequencing analysis enhances the mechanistic study and preclinical research of TAMs in TME (Tang et al., 2020; Tang et al., 2021a; Chung et al., 2023). Dissecting the heterogeneity and regulatory mechanism of macrophages in cancer at single-cell resolution leads to the discovery of novel macrophage-specific therapeutics targets from the TME, for example, MMT and MNT (Xue et al., 2021; Tang et al., 2022a; Tang et al., 2022b). They are emphasizing the adaptive plasticity of macrophages. MMTs, derived from M2 TAMs with protumour activities, lead to the formation of CAFs. These CAFs are key in driving cancer progression (Chen and Song, 2019; Li et al., 2020). The roles of MMT-derived CAFs in functions, including adaptive immunity suppression, drug resistance, metastasis, and promoting cancer cell stemness warrant investigation. Conversely, MNTs highlight the transformation of TAMs into neuron-like entities, influencing de novo neurogenesis in the TME (Tang et al., 2022b) and contributing to cancer-associated pain (Shepherd et al., 2018). This transition, while prevalent in NSCLC, is also seen in other tumours, emphasizing its importance in cancer pain and tumour innervation (Tang et al., 2022b). Given the impact of cancer pain on quality of life, especially in patients with advanced stages of the disease (Wang et al., 2021c), understanding MNT is vital for pain management strategies. Notably, these transitions were found to be mediated by a Smad3-centric gene network in TAMs, highlighting the potential of macrophage-targeted Smad3 interventions as a promising therapeutic approach in cancer immunotherapy (Tang et al., 2017; Feng et al., 2018; Tang et al., 2021b; Tang et al., 2022b). These new findings lead to the development of effective therapeutic approaches to enhance the efficiency of conventional anticancer treatments as well as the latest immunotherapies which are not primary or secondary resistant in patients with solid cancers (Kim et al., 2019b; Kim et al., 2020; Tang et al., 2020; Chung et al., 2021; Xue et al., 2021). Besides, macrophages are considered as a primary target of anti-inflammatory therapy for cancer prevention, their therapeutic potential is explored by new trials worldwide (Tang et al., 2019; Lee et al., 2021; Tang et al., 2022d). Despite the challenges, a better understanding of the immunodynamics of TAM shows a substantial potential for improving the therapeutic efficiency and clinical outcomes of cancer patients in the future.
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