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Abstract: Tumor-associated macrophages (TAMs) play critical roles in the tumor microenvironment (TME), 

where they are recruited by signals released by cancer cells. Although they have great potential as therapeutic 

targets for cancer treatment, the dual roles of TAMs in promoting or inhibiting tumor growth, invasion, and 

metastasis make their function in cancer progression complex. In this review, we provide an overview of the 

current understanding of TAMs, including their phenotypic diversity, regulatory signaling pathways, and 

interactions with other cells in the TME. We also discuss the challenges related to the standard isolation 

protocols of TAMs, inconsistent research results, and translation of TAM knowledge into clinical applications. 

Additionally, we review the status of clinical trials involving TAMs and potential strategies to overcome the 

limitations. The future direction of TAM research should focus on developing more targeted therapies that 

specifically regulate TAM function and non-invasive methods for monitoring TAM activity in cancer patients. 

A comprehensive understanding of the complex role of TAMs in cancer may lead to the development of more 

effective treatments and improved outcomes for cancer patients. 

Keywords: tumor-associated macrophages (TAM); tumor microenvironment (TME); cytokine; 

immunosuppression; pro-tumor functions; anti-tumor functions; clinical application 

 

1. Introduction 

Tumor-associated macrophages (TAMs) are a type of macrophages (Mφ) that contribute to the 

formation of the tumor microenvironment (TME) and have critical and at least double-faced roles in 

cancer progression [1–3]. Although some of the TAM sub-populations exhibit anti-tumor properties, 

others promote tumor growth and immune evasion [4–6]. These characteristics make them a 

challenging target for cancer therapy. Although significant progress has been made in understanding 

TAMs’ functions and mechanisms, there are still some challenges remaining, which include 

identifying different TAM subpopulations and developing targeted therapies [7]. The interactions of 

TAMs with other cells within the TME increase the difficulty and challenge of developing effective 

therapies [8]. In addition, the plasticity and adaptability of TAMs in response to different stimuli 

make it difficult to predict the outcome of therapies targeting these cells [9]. However, understanding 

the biology and function of TAMs in the TME is essential for the development of effective cancer 

treatments. 

Targeting TAMs offers a promising avenue to develop novel cancer therapies. Promising results 

have been seen in preclinical and clinical studies of therapies that inhibit TAM recruitment, depletion, 

or reprograming TAM polarization [8,10–12]. Since TAMs have been shown to be involved in all 

stages of cancer progression, from initiation to metastasis and drug resistance [9,13], a better and 

deeper understanding of their biology and function in the TME is essential for the development of 
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targeted cancer therapies. Such therapies have demonstrated efficacy in reducing tumor growth, 

enhancing response to chemotherapy, and improving patient outcomes. 

This review provides a comprehensive and up-to-date overview of the TAMs with multifaceted 

roles in cancer progression and treatment. It covers TAM polarization, TAM-derived cytokines, 

chemokines, and TAM metabolism, as well as the potential of combination therapy together with 

chemotherapy, radiation therapy, or immunotherapy to maximize the effectiveness of TAM-targeted 

therapies. 

TAMs play a critical and complex role in cancer progression, with some subpopulations 

exhibiting anti-tumor properties while others promote tumor growth and immune evasion. Therefore, 

it is essential to understand the mechanisms underlying this complex interplay between TAMs and 

the TME for the development of effective cancer immunotherapies targeting TAMs. 

This review aims to provide readers including researchers and clinicians, etc. a better and deeper 

understanding of the paradoxical functions of TAMs, the significance of TAMs in cancer progression, 

the importance of developing TAM-targeted therapies, and recent advances, controversies, and 

translational challenges in cancer immunotherapy. It will contribute to advancing knowledge in the 

field, highlight the current challenges and future directions of TAM-targeted therapies, and identify 

areas for further research. 

2. TAMs in Cancer Progression 

TAMs are immune cells found within the TME of various types of cancer [5]. These cells are 

derived from circulating monocytes, which can differentiate into macrophages when receiving 

signals from damaged or infected tissues [14]. Cancer cells often release signals that attract monocytes 

to the tumor site, where they differentiate into TAMs [14,15]. TAMs are a heterogeneous cell 

population that can have both pro-tumor and anti-tumor effects, which depend on their phenotype 

and the specific cytokine environment in the TME [1,16]. Pro-tumorigenic TAMs promote cancer 

growth and progression by regulating angiogenesis, remodeling the extracellular matrix (ECM), 

inhibiting the immune system, and phagocytosing cancer cells [17,18]. In contrast, anti-tumorigenic 

TAMs can limit tumor progression and promote anti-tumor immunity [19,20]. In addition, TAMs can 

influence the efficacy of chemotherapy drugs and other therapies, and their presence can impact 

patient prognosis [1,21]. Therefore, TAMs are a critical component of the TME and play a vital role 

in cancer development, progression, and response to therapy. Understanding the origin and function 

of TAMs is crucial for the development of novel therapies that target these cells and improve cancer 

outcomes. The multifaceted and complex role of TAMs in cancer progression underscores the 

importance of further research in this field [15,22].  

2.1. Classification of Macrophages 

Macrophages can undergo polarization and differentiate into two main subtypes: classically 

activated macrophages (M1-type) and alternatively activated macrophages (M2-type) [23,24]. M1-

type macrophages are associated with inflammation and are typically induced by interferon-gamma 

(IFN-γ) and lipopolysaccharide (LPS) [5,25,26]. They play a vital role in the anti-tumor immune 

response by producing pro-inflammatory cytokines like interleukin-12 (IL-12) and tumor necrosis 

factor-alpha (TNF-α). Additionally, M1-type macrophages contribute to antigen presentation, 

phagocytosis, and the elimination of tumor cells [26–28]. 

On the other hand, M2-type macrophages are abundant in the TME and are associated with anti-

inflammatory responses [5,26]. They are mainly induced by interleukin-4 (IL-4), and IL-13 [29,30], 

and perform functions that promote tumor cell survival, angiogenesis, and metastasis [31,32]. M2 

macrophages can be further categorized into four subtypes based on cell surface markers, secreted 

cytokines, and biological functions [33].  

M2a macrophages exhibit a pro-tumor phenotype and are induced by Th2 cytokines, 

particularly IL-4 and IL-13 [33]. They produce anti-inflammatory cytokines such as IL-10 and 

transforming growth factor-beta (TGF-β), which contribute to inflammation resolution, wound 

repair, and tissue remodeling. M2b macrophages, also known as regulatory macrophages (Mregs), 
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are induced by toll-like receptor (TLR) agonists, immune complexes, and cytokines like IL-1β [34]. 

They have a mixed phenotype and can be pro- or anti-tumor, producing various cytokines involved 

in immune regulation and tissue repair [33,34]. M2c macrophages, also known as inactivated 

macrophages, are induced by glucocorticoids, IL-10, and TGF-β [33]. They produce anti-

inflammatory cytokines (i.e., IL-10, TGF-β), which help inhibit immune cell activation and promote 

the differentiation of Treg. Additionally, M2c macrophages contribute to the clearance of apoptotic 

cells, preventing autoimmune reactions [35,36]. M2d macrophages are a unique subtype induced by 

exposure to adenosine, uric acid crystals, and immune complexes [37]. They have both pro- and anti-

inflammatory properties and are induced by TLR ligands and A2 adenosine receptor (A2R) agonists, 

or by IL-6 [38]. M2d macrophages contribute to tumor angiogenesis, growth, and metastasis, making 

them a crucial player in cancer progression [39,40]. 

It is important to note that the phenotype of macrophages can switch in response to the TME. 

For example, M1 macrophages can be converted to M2 phenotype in response to tumor-derived 

factors [41,42]. In addition, the phenotype of TAMs can vary depending on the stage of tumor 

progression and the location of the tumor in the body. In short, both subtypes play different roles in 

the TME. M1 macrophages contribute to the anti-tumor immune response, while M2 macrophages 

promote tumor cell survival and angiogenesis [5,32,43,44].  

2.2. Pro-tumor functions of TAMs 

TAMs play a multifaceted and significant role in promoting tumor growth and progression 

through several pro-tumor functions such as immunosuppression, angiogenesis, ECM remodeling, 

and metastasis [45,46]. TAMs can promote angiogenesis by producing pro-angiogenic factors such as 

vascular endothelial growth factor (VEGF), which is essential for tumor growth and metastasis [47]. 

They can also inhibit the activity of immune cells by producing immunosuppressive cytokines such 

as interleukin-10 (IL-10) and TGF-β, as well as inhibiting the function of cytotoxic T cells (CTLs), 

natural killer cells (NK cells), and dendritic cells (DCs) [46,48]. 

In addition, TAMs can promote tumor growth and progression through ECM remodeling 

through secretases (e.g., matrix metalloproteinases, MMPs) that break down ECM components, 

creating space for tumor growth and invasion [49–51]. They can also deposit new ECM components, 

such as fibronectin and tenascin, which promote tumor growth and invasion [52–54]. In addition, 

TAMs secrete growth factors such as epidermal growth factor (EGF) and platelet-derived growth 

factor (PDGF) that stimulate tumor cell growth and survival [5,46,55,56]. In addition, TAMs can also 

stimulate the proliferation of cancer cells by releasing lactate, which stimulates the growth of cancer 

cells [57,58]. 

TAMs promote tumor growth and progression through metastasis by secreting pro-tumor 

factors that can promote several steps of the metastatic cascade, including invasion, internal 

infiltration, survival in the circulation, extravasation, and colonization of distant organs [15,55,59]. 

Additionally, TAMs can create a favorable microenvironment for metastatic tumor cells by 

promoting angiogenesis and inhibiting the immune system, further enhancing the survival and 

growth of tumor cells in distant areas [1,15,45,60]. 

TAMs not only promote tumor growth and progression through pro-tumor functions, but they 

can also suppress the immune response in the TME [1,22,45,55]. They can inhibit the activity of T cells 

and other immune cells by secreting cytokines such as TGF-β, IL-10, and prostaglandin E2 (PGE2) 

[11,61,62]. Additionally, TAMs can promote the activity of Tregs and myeloid-derived suppressor 

cells (MDSCs) by secreting cytokines such as IL-10, CCL22, IL-6, and GM-CSF [63,64]. Finally, TAMs 

can induce immune checkpoint molecules such as PD-L1, which can inhibit the activity of T cells by 

binding to PD-1 receptors on T cells, resulting in T cell exhaustion and dysfunction [65,66]. 

Modulating these mechanisms is a promising approach to developing new cancer therapies. 

However, the heterogeneity of TAMs [22,67,68] and the lack of standardized protocols for isolating 

TAMs from the TME have resulted in inconsistent research results and a limited clinical translation 

[69,70]. Addressing these issues could lead to a better understanding of TAMs’ complex role in cancer 
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progression, which may ultimately lead to the development of more effective treatments and 

improved outcomes for cancer patients. 

2.3. Anti-tumor functions of TAMs 

TAMs can exhibit anti-tumor functions by promoting inflammation, recruiting other immune 

cells into the TME, and directly killing tumor cells through the phagocytosis [1,5,11,28,71]. Typically, 

M1-typeTAMs are associated with anti-tumor functions, and their activation leads to increased 

production of pro-inflammatory cytokines and chemokines, promoting an immune response to 

tumors [9,72,73]. In addition, TAMs, as antigen-presenting cells (APCs), can directly present tumor 

antigens to T cells, activating them and inducing an anti-tumor immune response [74,75]. The anti-

tumor functions of TAMs depend on their activation state and the context of the TME [73,76]. 

Inducing TAMs to switch from a pro-tumor to an anti-tumor phenotype is a key strategy for 

cancer immunotherapy. To achieve this purpose, several methods have been developed, including 

targeting TAM recruitment, reprogramming TAMs, targeting TAM metabolism, and using 

combination therapies [5,8,77,78]. Moreover, combining different immunotherapeutic agents can 

enhance their anti-tumor effects by targeting multiple aspects of the TME, including TAMs [45,79]. 

Although TAMs typically promote tumor growth by releasing cytokines and growth factors that 

stimulate angiogenesis and suppress anti-tumor immune responses [1,5,45,55], under certain 

conditions, they can also promote tumor cell apoptosis or programmed cell death (i.e., apoptosis). 

TAMs promote tumor cell apoptosis by inducing the expression of death receptors on the surface of 

cancer cells [71,80–82]. TAMs can also release cytotoxic molecules such as reactive oxygen species 

(ROS) and nitric oxide (NO), which can directly induce apoptosis in cancer cells [5,9,27]. TAMs can 

inhibit pro-survival signaling pathways in cancer cells, such as the Akt/mTOR pathway, and sensitize 

cancer cells to apoptosis [13,83,84]. 

Furthermore, TAMs can inhibit tumor growth by inducing an anti-tumor immune response and 

directly inhibiting tumor cell proliferation [85,86]. As APCs, TAMs induce an anti-tumor immune 

response by presenting tumor antigens to T cells and activating them [75]. They can also secrete 

cytokines that further activate T cells and stimulate anti-tumor immune responses [55,87]. In 

addition, TAMs can secrete cytokines that activate pro-apoptotic signaling pathways in cancer cells, 

leading to cell cycle arrest or apoptosis [10,71,79]. TAMs can also compete with cancer cells for 

nutrients and oxygen, leading to nutrient and oxygen deprivation, thereby inhibiting tumor growth 

[45,88]. 

Moreover, TAMs can promote tissue remodeling by promoting the differentiation of fibroblasts 

into myofibroblasts and the deposition of ECM, resulting in decreased tumor growth [89]. TAMs can 

inhibit angiogenesis, which is necessary for tumor growth and metastasis, by secreting anti-

angiogenic factors that inhibit the proliferation and migration of endothelial cells and inhibit 

angiogenesis [47,90]. 

In summary, TAMs can inhibit tumor growth through various mechanisms, including induction 

of anti-tumor immune responses, direct inhibition of tumor cell proliferation, tissue remodeling, and 

inhibition of angiogenesis. However, the balance between pro-tumor and anti-tumor functions of 

TAMs is complex and context-dependent, and further research is needed to better understand the 

mechanisms of TAM-mediated tumor growth inhibition.  

3. Regulatory Signaling Pathways of TAMs in the TME 

TAMs exhibit a dual role in the TME. On one hand, they can promote tumor growth and 

suppress anti-tumor immune responses. On the other hand, they can also inhibit tumor growth, and 

promote anti-tumor immunity. The balance between these two roles is influenced by various factors, 

such as the activation state and polarization of TAMs, the stage and type of cancer, and the 

composition of the TME [1,18,45,91,92]. Therefore, it is essential to comprehend the intricate interplay 

between TAMs and the TME to develop effective cancer immunotherapies that target TAMs. 
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3.1. Regulation of TAM phenotype and function 

The regulation of TAM phenotypes and functions is complex and influenced by various factors 

in the TME. A couple of factors affect TAMs, which include cytokines, hypoxia, metabolism, and 

ECM [93–96]. Cytokines present in the TME can activate TAMs towards either M1 or M2 phenotype 

[18,32,55]. For example, IFN-γ and lipopolysaccharide (LPS) can activate TAMs towards an M1 

phenotype, which is associated with anti-tumor immunity [70,97,98]. Conversely, interleukin-4 (IL-4) 

and interleukin-13 (IL-13) can polarize TAMs towards M2 phenotype, which promotes tumor growth 

[99–102]. Hypoxia or low oxygen levels promotes the polarization of TAMs towards an M2 

phenotype and enhance their immunosuppressive function [103,104]. TAMs also exhibit a unique 

metabolic profile that enables them to promote tumor growth. Targeting key metabolic pathways in 

TAMs, such as glucose and lipid metabolism, can potentially impair their function and promote anti-

tumor immunity [105,106]. Additionally, the ECM in the TME can affect TAM phenotype and 

function by influencing their migration and adhesion to tumor cells. ECM remodeling can promote 

the infiltration of TAMs into the TME and also enhance their immunosuppressive function 

[10,11,17,107].  

Understanding the regulation of TAMs is important for the development of effective cancer 

immunotherapies that target TAMs, potentially shifting their phenotype towards an anti-tumor 

profile and enhancing their anti-tumor activity.  

3.2. Crosstalk between TAMs and other cell types in the TME 

TAMs can interact with immune cells, cancer cells, and stromal cells in the TME through various 

mechanisms, including cytokine secretion and cell-cell contact [108,109]. This crosstalk between 

TAMs and other cells in the TME can affect the polarization, and function of TAMs, as well as the 

overall composition of TME. Therefore, targeting TAMs in combination with other immune or 

stromal cells is a potential strategy to improve the efficacy of cancer immunotherapies [45,79]. TAMs 

can interact with cancer cells either directly or indirectly, promoting tumor growth and metastasis by 

enhancing angiogenesis, immune suppression, and invasion [15,55,74]. TAMs can suppress T cell 

activity and promote T cell exhaustion by producing immunosuppressive cytokines and by 

presenting tumor antigens in a manner that inhibits T cell activation [65,110]. However, TAMs can 

also promote T-cell activation and infiltration in the TME by secreting chemokines and cytokines 

[5,8,15,19]. TAMs can interact with cancer-associated fibroblasts (CAFs) to promote ECM remodeling 

and facilitate tumor invasion. Additionally, TAMs can also promote the activation of CAFs, resulting 

in increased production of cytokines and growth factors that promote tumor growth and metastasis 

[89,111]. In addition, TAMs can promote angiogenesis by secreting pro-angiogenic factors such as 

vascular endothelial growth factor (VEGF) and by directly interacting with endothelial cells to 

promote their proliferation and migration [47,55,112]. Finally, TAMs can interact with myeloid-

derived suppressor cells (MDSCs) in the TME, leading to immune suppression and promote tumor 

growth. This interaction involves the secretion of cytokines and growth factors by TAMs that recruit 

and activate MDSCs, ultimately resulting in the inhibition of T cell activity and the promotion of 

tumor growth [63,113,114]. 

Therefore, understanding the complex crosstalk between TAMs and other cell types in the TME 

is essential to optimize current therapies and improve patient outcomes. The development of 

effective cancer immunotherapies targeting TAMs and their interactions with other cells in the TME 

may lead to more successful outcomes for cancer patients. 

3.3. The factors in TME affecting the polarization of TAM 

Several factors in the TME can affect the recruitment and polarization of TAMs. CD8+ T cells that 

secrete IFN-γ induce TAM polarization towards an M1-phenotype, while Tregs promote TAM 

recruitment and polarization towards an M2-phenotype. In addition, the immune checkpoint 

molecule PD-L1 is expressed on tumors and can interact with PD-1 on TAMs, impacting TAM 

polarization and function [5,10,26,47,115]. In addition, hypoxia, inflammatory cytokines, ECM 
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components, and metabolic stress all affect the polarization of TAMs [93,104]. Hypoxia induces the 

expression of hypoxia-Inducible Factor (HIF) and other transcription factors that promote the 

secretion of pro-angiogenic factors and immunosuppressive cytokines, polarizing TAMs towards a 

pro-tumor phenotype [93,104,116]. Inflammatory cytokines such as IFN-γ and TNF-α polarize TAMs 

towards an anti-tumor (M1) phenotype, while potent Th2 cytokines such as IL-4 and Il-13, and 

hypoxia can polarize macrophages towards the TAM2 phenotype. [9,21,32,104]. Therefore, targeting 

Th2 cytokines or their downstream signaling pathways is a potential strategy for inhibiting the 

polarization of TAMs towards the TAM2 phenotype and reducing their pro-tumor functions. 

Doxycycline, an antibiotic, has been shown to inhibit TAM2 polarization and reduce tumor growth 

in preclinical models [117]. ECM components, including hyaluronan and collagen, promote the 

expression of matrix metalloproteinases (MMPs) and other enzymes that remodel the ECM, 

promoting tumor invasion and influencing TAM polarization [17,118,119].  

 

Figure 1. Polarization and function of M1 and M2 macrophages in the TME. TAMs within the TME 

are derived from circulating monocytes, which can be stimulated and differentiated into macrophages 

when receiving signals such as cytokine IFN-γ released from activated CD8+ T cells, NK cells, or lFN-

γ, IL-2, IL-10, and TNF-α/β released from Th1 cells (i.e., CD4+ T cells). Macrophages can be activated 

by LPS, TLR agonists released from bacteria, or damaged cells towards the TAM1 phenotype. Potent 

Th2 cytokines such as IL-4 and IL-13, and hypoxia can polarize macrophages towards the TAM2 

phenotype. TAM1 polarization is induced by IFN-γ and LPS and is associated with a pro-

inflammatory response. TAM1 cells produce pro-inflammatory cytokines (e.g., IL-1β, IL-6, TNF-α, 

etc.), which promote tumor cell death. TAM2 polarization is driven by IL-4 and IL-13 and is associated 

with an anti-inflammatory response. TAM2s produce anti-inflammatory cytokines (e.g., IL-10) and 

TGF-β, which suppress immune responses and promote angiogenesis. 

Finally, metabolic stress, such as nutrient deprivation and acidosis, can alter TAM metabolism 

and promote the secretion of pro-tumor cytokines and growth factors, which also influence TAM 
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polarization [104,120,121]. Therefore, a better and deeper understanding of the diverse TME factors 

that influence TAM polarization is essential for the development of TAM-targeted therapies that are 

capable of modulating TAM function and improving patient outcomes. 

4. Challenges in Clinical Applications of TAMs 

The clinical applications of TAMs face several challenges. TAMs exhibit high levels of 

heterogeneity, both within tumors and among patients, this heterogeneity makes it challenging to 

develop effective therapeutic strategies that target all TAM populations. In addition, TAMs exhibit 

plasticity, which means they can change their phenotype and functions in response to various stimuli, 

this plasticity makes it difficult to develop targeted therapies, effectively modulating TAM function. 

The interactions between TAMs and other cells in the TME are complex and multifaceted, which 

poses another challenge to the development of TAM-targeted therapies [8,22,45]. Therefore, it is 

crucial to identify reliable biomarkers that can predict response to TAM-targeted therapies, but this 

is challenging due to the heterogeneity of TAM populations and the complex interactions between 

TAMs and other cells in the TME [11,122]. In addition, targeting TAMs is further complicated by their 

location within the TME and the presence of physical barriers, such as the blood-brain barrier (BBB) 

[123]. Consequently, it is necessary to continue research and development in the field of TAM-

targeted therapies, with a particular focus on identifying reliable biomarkers, understanding the 

complex interactions between TAMs and other cells in the TME, and developing effective drug 

delivery strategies.  

4.1. Heterogeneity and plasticity of TAMs 

TAMs are a heterogeneous population of immune cells that can exhibit a range of functional and 

phenotypic characteristics [5,15,124]. These heterogeneities include different activation states, tissue 

localization, genetic and epigenetic variability, plasticity, and functional heterogeneity [7,13,67,125]. 

The two major subsets of TAMs are M1-type macrophages with pro-inflammatory and anti-tumor 

properties and M2-type macrophages with anti-inflammatory and pro-tumor properties [5,11,32,126]. 

TAMs can be found in various regions within the TME and may exhibit genetic and epigenetic 

variability that can influence their phenotype and function [127,128]. TAMs are also highly plastic 

and can switch between different activation states in response to environmental cues, which 

demonstrates a wide range of functional heterogeneity [11,16,89]. Hence, comprehending the 

heterogeneity of TAMs is essential for the development of effective cancer therapies that target these 

cells. 

4.2. Limited efficacy of TAM-targeted therapies 

TAMs are an attractive target for cancer therapy, but there are several limitations that affect the 

efficacy of TAM-targeted therapies [1,8,9,129]. As described before, TAMs is a heterogeneous cell 

population that exhibits different activation states, tissue localizations, and functional properties 

[7,11,67,130]. They are also highly plastic and can switch between different activation states, which 

can limit the effectiveness of therapies that target a specific activation state of TAMs [131–133]. 

Therapeutic penetration into the hypoxic and nutrient-poor regions of the TME where TAMs are 

often located can also be restricted, thereby reducing drug exposure and efficacy [112,134,135]. 

Targeting TAMs may induce resistance mechanisms in cancer cells, leading to the development of 

more aggressive and therapy-resistant tumors [10,19,136]. In addition, targeting TAMs may affect the 

function of macrophages in normal tissues, leading to potential toxicity and adverse effects 

[1,10,11,137]. Furthermore, the absence of dependable biomarkers poses a significant challenge in 

accurately predicting the response to TAM-targeted therapies [93,133,138]. Overcoming these 

limitations will be essential to enhance the efficacy of TAM-targeted therapies and unlock their full 

potential in cancer treatment. 

4.3. Lack of reliable biomarkers for TAM identification and characterization 
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TAMs exhibit a high degree of heterogeneity and require biomarkers that can accurately 

distinguish TAMs from other immune cells in the TME [7,40,67,68]. In addition, identifying 

biomarkers that can distinguish between different subsets of TAMs (such as M1-type and M2-type) 

could help to guide the development of TAM-targeted therapies that selectively modulate specific 

TAM subsets [5,129,139]. The development of non-invasive imaging and diagnostic techniques that 

can identify and quantify TAMs in tumors could also help to develop and monitor TAM-targeted 

therapies [140–142]. The identification of reliable biomarkers for TAMs is essential to improve our 

understanding of the role of TAMs in cancer progression and the development of effective TAM-

targeted therapies. 

5. Standardizing TAM Isolation Protocols  

TAMs are a diverse population of immune cells that reside within the TME and play a key role 

in tumor progression and treatment response [9,126]. Isolation of TAMs from the TME is an important 

step in understanding their phenotype and function and developing effective cancer therapies [5,69]. 

The following summarizes some current methods for TAM isolation. (1) The enzymatic digestion 

method involves isolating cells from the TME by digesting the ECM with enzymes such as 

collagenase, hyaluronidase, and DNase. CD14, CD11b, HLA-DR, CD163, and CX3CR1 antigens are 

used to identify human resident macrophages and TAMs [69]. (2) The resulting cell suspension for 

TAMs can then be further enriched for TAMs using magnetically activated cell sorting (MACS) using 

CD14 microbeads (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) [143] or fluorescence-

activated cell sorting (FACS) based on the expression of TAM-specific markers [144–146]. (3) 

Adhesion-based isolation method takes advantage of the fact that TAMs adhere to plastic or tissue 

culture plates more strongly than other cells in the TME [147,148]. Tumor tissue is mechanically 

dissociated and plated on plastic or tissue culture plates, and TAMs are then isolated from the 

adherent cells using MACS/FACS. (4) Density gradient centrifugation method involves layering the 

cell suspension from the TME over a density gradient, such as Ficoll-Paque, and centrifuging it [149]. 

This separates cells based on their density, with TAMs typically found in the low-density fraction. 

The resulting cell suspension can then be enriched for TAMs using MACS/FACS. (5) Laser capture 

microdissection (LCM) method involves using a laser to isolate TAMs directly from histological 

sections of tumor tissue [126,150]. This allows for the isolation of TAMs in their native tissue context 

but requires specialized equipment and expertise. 

Each of the methods mentioned above for TAM isolation has its advantages and disadvantages, 

and the choice of method depends on the research question and available resources. A combination 

of these methods can provide a more comprehensive understanding of TAM phenotype and function 

within the TME. However, the current methods for TAM isolation have several limitations and 

challenges, which include (1) lack of specificity of some isolation methods that rely on the expression 

of surface markers not exclusive to TAMs, such as CD11b and F4/80, may lead to contamination of 

TAM populations with other myeloid cells [151,152], (2) enzymatic digestion of tumor tissue is 

required by many methods [153,154], which may cause cell damage and alter gene expression 

profiles, potentially affecting the interpretation of the results, (3) the complexity and heterogeneity of 

the TME, with multiple cell types and signaling pathways interacting with each other, may not 

accurately reflect TAM phenotype and function in vivo [126,127,155], (4) technical variabilities, such 

as differences in tissue digestion and antibody staining, may lead to inconsistencies in the isolation 

and characterization of TAM populations, (5) some methods such as single-cell sequencing can be 

costly and time-consuming, limiting their feasibility for large-scale studies. Finally, obtaining tumor 

tissue for research purposes can pose ethical challenges, especially when it involves invasive 

procedures or animal models. Therefore, improving the standardization and development of new 

TAM isolation methods is necessary to address all these potential limitations and overcome these 

challenges, which will lead to more accurate and reliable findings in TAM research. 

6. Clinical Trials Involving TAMs 
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Currently, clinical trials are investigating the role of TAMs in cancer progression and response 

to therapy. Table 1 summarizes some ongoing clinical trials involving TAMs according to 

www.clinicaltrials.gov.  

Table 1. Factors involved in the polarization of circulating macrophages towards M1 or M2 TAMs. 

Mφ Types M1 Mφ 
M2 Mφ 

M2a Mφ M2b Mφ M2c Mφ M2d Mφ 

Stimuli 
IFN-γ and/ 

or LPS 

IL-4 and/ 

or IL-13 

immune 

complexes and/or 

TLR agonists 

IL-10 and/or TGF-

β 

Th2 cytokines  

glucocorticoids 

Function 
Pro-

inflammatory 

Anti-

inflammatory 

Pro-

inflammatory 

Anti-

inflammatory 
Pro-angiogenic 

Cytokine 

profile 

Produce IL-12,  

IL-23, and iNOS 

Produce IL-10 and 

arginase 1 

Produce IL-1β,  

IL-6, and TNF-α 

Produce IL-10 and 

TGF-β 

Produce IL-4,  

IL-10, and 

TGF-β 

Cell  

response 

Promote Th1  

cell response 

Promote Th2  

cell response 

Promote Th2  

cell response 

Promote Th2  

cell response 

Promote Th2  

cell response 

Function 
Inhibit tumor 

growth 

Promote tumor 

growth 

Promote  

angiogenesis 

Promote  

angiogenesis 

Promote 

tumor growth 

Chemokine 

profile 

CCL3, CCL4, 

CXCL9, CXCL10, 

CXCL11 

CCL17, CCL18, CCL22, CCL24 

Surface 

markers 

CD80, CD86, 

MHC II 
CD206, CD163, MRC1, IL-10 receptor 

Colony-stimulating factor 1 receptor (CSF1R) is a class III receptor tyrosine kinase that is 

expressed on TAM and is a promising therapeutic target in Oncology since it is involved in the 

proliferation and survival of TAMs [156,157]. Inhibitors of CSF1R are being developed and tested in 

clinical trials for the treatment of various types of cancer, including a Phase 2 clinical trial 

investigating the CSF1R inhibitor pexidartinib in combination with pembrolizumab for advanced 

melanoma [11,158–160]. There are currently 20 ongoing clinical trials related to CSF1R in cancer 

patients that are in the recruiting phase. These trials have been summarized in Table 2. 

Table 2. Clinical trials involving TAMs in cancers. 

Row 
NCT 

Number 
Phases Study title Conditions 

Completion 

Date 

1 NCT00690261 N/A 

The Impact of M1/M2 TAM 

Polarization on Cancer 

Progression and Prognosis 

Prediction 

Tumor, Lung Cancer 
August, 

2010 

2 NCT01551251 N/A 

Tumor-Associated Macrophage 

in Advanced Non-small Cell 

Lung Cancer 

Advanced Non-small Cell 

Lung Cancer 

December, 

2010 

3 NCT05053750 

Early 

Phase 

1 

A Pilot Study of Weekly 

Paclitaxel, Bevacizumab, and 

Tumor-Associated Macrophage 

Targeted Therapy (Zoledronic 

Acid) in Women with Recurrent, 

Platinum-resistant, Epithelial 

Ovarian, Fallopian Tube or 

Primary Peritoneal Cancer 

Epithelial Ovarian, 

Fallopian Tube, Primary 

Peritoneal Cancer 

March 31, 

2023 
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4 NCT01770353 
Phase 

1 

MM-398 (Nanoliposomal 

Irinotecan, Nal-IRI) to Determine 

Tumor Drug Levels and to 

Evaluate the Feasibility of 

Ferumoxytol Magnetic 

Resonance Imaging to Measure 

Tumor-Associated Macrophages 

and to Predict Patient Response 

to Treatment 

Solid Tumors, ER/PR 

Positive Breast Cancer, 

Triple Negative Breast 

Cancer, Metastatic Breast 

Cancer, Metastatic Breast 

Cancer with Active Brain 

Metastasis 

Oct. 2, 2018 

5 NCT03888638 N/A 

The Role of Tumor-associated 

Macrophages in Colorectal Liver 

Metastases 

Colorectal Liver 

Metastases, Colorectal 

Cancer, Liver Metastases, 

Immunotherapy 

March 1, 

2019 

6 NCT01493817 N/A 

Biomarkers in Samples from 

Younger Patients with Wilms 

Tumor 

Wilms Tumor and Other 

Childhood Kidney Tumors 
Completed 

7 NCT02472275 
Phase 

1 

PLX3397, Radiation Therapy, and 

Antihormone Therapy in 

Treating Patients with 

Intermediate- or High-Risk 

Prostate Cancer 

Stage I Prostate 

Adenocarcinoma, Stage II 

Prostate Adenocarcinoma, 

Stage III Prostate 

Adenocarcinoma 

August 5, 

2019 

8 NCT04776980 

Early 

Phase 

1 

Multimodality MRI and Liquid 

Biopsy in GBM 

Multiforme Glioblastoma, 

Brain Tumor, Adult 

Glioblastoma, Recurrent 

Brain Tumor, Primary 

Brain Tumor 

June 22, 

2022 

9 NCT04168528 

Phase 

1, 

Phase 

2 

Phase I/IIa Study of 68GaNOTA-

Anti-MMR-VHH2 for PET/CT 

Malignant Solid Tumor, 

Breast Cancer, Head and 

Neck Cancer, Melanoma 

(Skin) 

April 2023 

10 NCT04663126 

Early 

Phase 

1 

Feasibility of IV Tc-99m-

tilmanocept for Imaging of M2-

typeTAMs in Metastatic 

Melanoma 

Melanoma 
December 

2022 

11 NCT03397238 N/A 
Myeloid Cell Reprogramming in 

Thyroid Carcinoma 
Thyroid Cancer 

January 5, 

2021 

12 NCT01316822 
Phase 

1 

A Study of ARRY-382 in Patients 

with Selected Advanced or 

Metastatic Cancers 

Metastatic Cancer 
October 

2012 

13 NCT00979277 N/A 

Transcriptional and Molecular 

Characterization of Tumor-

Associated 

Monocytes/Macrophages in 

Human Cancers 

Tumor, Cancer Unknown 

Table 3. Recruiting clinical trials involving CSF1R in cancers (www.clinicaltrials.gov). 

Rank
NCT 

Number 
Phases Study Title Conditions 

Completion 

Date 

1 NCT04648254 Phase 1 

Oral Axl/Mer/CSF1R Selective 

Tyrosine Kinase Inhibitor in 

Patients with Advanced Solid 

Tumor 

Solid Tumor, Advanced 

Cancer, Metastatic Cancer 

11/18/2023 
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2 NCT05438420 
Phase 1/ 

Phase 2 

Oral Axl/Mer/CSF1R Selective 

Tyrosine Kinase Inhibitor Q702 

in Combination with 

Pembrolizumab in Patients with 

Selected Advanced Solid 

Esophageal Cancer, 

Gastric Cancer, 

Hepatocellular Cancer, 

Cervical Cancer 

6/30/2026 

3 NCT05438420 
Phase 1 

/Phase 2 

Study of NMS-03592088 in 

Patients with Relapsed or 

Refractory AML or CMML 

Acute Myeloid Leukemia 

(AML), Chronic 

Myelomonocytic 

Leukemia (CMML) 

 

9/30/2023 

4 NCT03993873 
Phase 1/ 

Phase 2 

Study of TPX-0022 in Patients 

with Advanced NSCLC, Gastric 

Cancer, or Solid Tumors 

Harboring Genetic Alterations in 

MET 

Advanced Solid Tumor, 

Metastatic Solid Tumors, 

MET Gene Alterations 

11/1/2023 

 

5 NCT04848116 Phase 2 

Neoadjuvant Targeting of 

Myeloid Cell Populations in 

Combination with Nivolumab in 

Head & Neck Ca 

Head and Neck 

Squamous Cell 

Carcinoma 

 

4/1/2026 

 

6 NCT05020743 
Phase 1/ 

Phase 2 

Study of DCC-3014 in Patients 

with Advanced Tumors and 

Tenosynovial Giant Cell Tumor 

Advanced Malignant 

Neoplasm, Pigmented 

Villonodular Synovitis, 

Giant Cell Tumor of 

Tendon Sheath, 

Tenosynovial Giant Cell 

6/1/2024 

7 NCT05020743 Phase 1 

Phase Ib/II Study of Chiauranib 

in Patients with Small Cell Lung 

Cancer 

Small Cell Lung Cancer 12/30/2022 

8 NCT05494580 
Phase 1/ 

Phase 2 

Pamiparib Plus Surufatinib in 

Patients with Platinum-resistant 

Ovarian Cancer 

Ovarian Cancer, 

Platinum-resistant 

Ovarian Cancer, 

Fallopian Tube 

Carcinosarcoma, Primary 

Peritoneal Cancer 

8/10/2025 

9 NCT05627427 Phase 2 

Multi-cohort Study of Surufatinib 

Plus Sintilimab in Metastatic 

NEN and Pancreatic Carcinoma 

Who Failed Standard 

Chemotherapy 

Neuroendocrine Tumor 

Grade 3, Neuroendocrine 

Carcinoma, Pancreatic 

Carcinoma 

12/31/2024 

10 NCT05627427 N/A 
Mass Balance Study of [14C] 

Chiauranib 

Small Cell Lung Cancer 

(SCLC) 
6/30/2023 

11 NCT04830813 Phase 3 

Phase 3 Clinical Study of 

Chiauranib Capsule in Patients 

with Small-cell Lung Cancer 

Small Cell Lung Cancer 

(SCLC) 
12/31/2024 

12 NCT05273099 N/A 

Molecular Biomarkers Predicting 

Early Development of 

Endometrial Carcinoma 

Cancer of Endometrium 12/1/2023 

13 NCT05273099 N/A 

Early Rebiopsy to Identify 

Biomarkers of Tumor Cell 

Survival Following EGFR, ALK, 

ROS1 or BRAF TKI Therapy 

NSCLC TNM Stage 4, 

NSCLC, EGFR Gene 

Mutation, ALK Gene 

Mutation, ROSE Cluster 

1|BRAF V600E 

9/30/2027 
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14 NCT04622865 Phase 2 

APUR: Testing the Use of FDA 

Approved Drugs That Target a 

Specific Abnormality in a Tumor 

Gene in People with Advanced 

Stage Cancer 

Non-Hodgkin 

Lymphoma, Multiple 

Myeloma, Advanced 

Solid Tumors 

12/31/2025 

15 NCT04622865 Phase 2 

Biomarker Driven Trial of 

VEGFR2 Inhibitor in Advanced 

Sarcoma 

Sarcoma 8/25/2023 

16 NCT02171104 Phase 2 

A Study Evaluating the Activity 

of Anti-cancer Treatments 

Targeting Tumor Molecular 

Alterations/Characteristics in 

Advanced / Metastatic Tumors. 

Malignant Solid Tumor 11/1/2026 

17 NCT02171104 Phase 2 

Canadian Profiling and Targeted 

Agent Utilization Trial 

(CAPTUR) 

Non-Hodgkin 

Lymphoma, Multiple 

Myeloma, Advanced 

Solid Tumors 

1/31/2027 

18 NCT02029001 Phase 2 

Adapting Treatment to the 

Tumor Molecular Alterations for 

Patients with Advanced Solid 

Tumors 

Malignant Solid 

Neoplasms 
10/1/2026 

19 NCT02029001 Phase 3 
Molecular Profiling of Advanced 

Soft-tissue Sarcomas 
Soft Tissue Sarcoma 10/1/2025 

20 NCT02029001 Phase 1 
A Phase I Trial of Simmitinib in 

Advanced Solid Tumors 
Advanced Solid Tumor 3/31/2025 

Targeting TAMs through the depletion of CSF1R with drugs may improve the response to 

chemotherapy and immunotherapy [19,86,161]. Another promising and challenging approach is to 

reprogram TAMs to an anti-tumor phenotype, which can be achieved by inducing a shift from M2- 

to M1-type TAMs [5,13,162,163]. M2-type polarization inhibitor drug screens identify drugs that 

selectively block M2- but not M1-type polarization [102,117]. Clinical trials are investigating the efficacy 

of targeting TAM-derived cytokines and chemokines to enhance the response to immunotherapy 

[11,19,20,129]. CAR-T cells that target TAM-specific antigens are also being investigated to eliminate 

TAMs and enhance the response to the immunotherapy [164–166]. 

Some completed clinical trials have shown that targeting TAMs can improve the response to 

chemotherapy and that high TAM density is associated with poor prognosis and increased risk of 

recurrence [86,94,123,167]. Additionally, a Phase 1 clinical trial investigating the combination of an 

anti-PD-L1 antibody and an anti-CSF1R antibody in patients with advanced solid tumors showed a 

higher response rate and longer progression-free survival (PFS) compared to the anti-PD-L1 antibody 

alone [11,168–170]. These findings highlight the importance of TAMs in cancer progression and 

suggest that targeting TAMs may be a promising therapeutic strategy. 

7. Conclusions 

TAMs are a group of macrophages that can either help or inhibit cancer growth. Targeting TAMs 

for cancer therapy is challenging because of their complexity and interaction with other cells in the 

TME [171]. Several clinical trials are exploring strategies to manipulate TAM function. Further 

research is essential to identify specific TAM subpopulations and develop personalized cancer 

therapies. TAM-targeted approaches such as inhibition of TAM recruitment, repolarization of TAMs, 

and targeting TAM-mediated immunosuppression have shown promise. Combination therapy with 

other cancer treatments may also enhance TAM-targeted therapy. Overall, TAM-targeted therapy 

has the potential to improve cancer patients’ outcomes and represents a promising area of research 

in cancer immunotherapy. 
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8. Future Directions 

Based on the current understanding of TAMs, there are several future directions that could be 

explored to overcome the challenges and limitations discussed in the review. (1), efforts should be 

made to improve the standardization of TAM isolation protocols to ensure consistency in research 

results. This could involve the development of standardized protocols and the validation of existing 

methods to ensure they are reliable and reproducible. (2), there is a need to further investigate the 

phenotypic diversity of TAMs and their interactions with other cells in the TME [126]. This could 

involve the use of single-cell analysis techniques and the development of new models that better 

mimic the TME in vivo. (3), the development of novel therapeutics that target TAMs could be 

explored. This could involve the identification of specific TAM subpopulations that promote tumor 

growth and metastasis and the development of drugs that selectively target these cells. (4), clinical 

trials involving TAM-targeted therapies should be expanded and evaluated rigorously to determine 

their effectiveness in improving outcomes for cancer patients. This could involve the use of 

biomarkers to identify patients who are most likely to benefit from TAM-targeted therapies and the 

development of combination therapies that target TAMs in conjunction with other components of the 

TME.  

Overall, a better and deeper understanding of TAMs and their paradoxical and complex role in 

cancer progression could lead to the development of more effective treatments and improved 

outcomes for cancer patients. 
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