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Abstract 

Introduction: Macrophage immunotherapy is a promising approach to cancer treatment, leveraging the ability to target 

tumor-associated macrophages (TAMs) within the tumor microenvironment (TME). TAMs, often in an M2-like phenotype, 

contribute to immune evasion and tumor progression. This review synthesizes clinical trials of macrophage immunotherapy, 

including strategies to either deplete or reprogram M2-like TAMs to boost anti-tumor immunity. 

Methods: This review systematically analyzes research conducted between January 2010 and April 2024. Literature was 

sourced from PubMed using terms like "macrophage cancer immunotherapy" and "tumor-associated macrophage 

immunotherapy." The studies reviewed include clinical trials and primary research involving TAM-targeting strategies across 

different cancer types. 

Results: A total of 37 clinical trials were selected for this review, focusing on TAM-targeting therapies across 25 cancer 

types. The majority of studies examined solid tumors, including breast cancer, prostate cancer, and melanoma, alongside 

hematological malignancies. The therapeutic strategies investigated included monoclonal antibodies (mAbs), cytokine-based 

therapies, immune checkpoint inhibitors (ICIs), and oncolytic viruses. Notably, mAbs targeting CSF-1R showed a 45% 

increase in T-cell infiltration, and GM-CSF cytokine therapies successfully reprogrammed TAMs to an M1-like phenotype, 

enhancing anti-tumor immune responses. ICIs also demonstrated encouraging results, particularly in "hot" tumors, with 

progression-free survival (PFS) reaching up to 36 months. 

Discussion: The reviewed trials underline the potential of TAM-targeting therapies in reshaping the TME and enhancing 

immune activation, especially in TAM-rich tumors. mAbs targeting CSF-1R and TREM2, along with GM-CSF 

reprogramming, were particularly effective in reducing TAM populations and promoting T-cell activity. Despite these 

promising outcomes, challenges remain due to the complexity of TAM biology and cancer-specific differences. Combination 

therapies, such as pairing CSF-1R inhibitors with ICIs, have shown potential to enhance efficacy by addressing multiple 

immune suppression mechanisms in the TME. 

Conclusion: TAM-targeted therapies offer a promising approach in cancer immunotherapy by reprogramming the TME and 

restoring immune surveillance. However, challenges like TAM plasticity and tumor heterogeneity remain. Future trials 

should focus on refining combination therapies, standardizing biomarkers for patient stratification, and using advanced 

profiling technologies to enhance TAM-targeted treatments and improve outcomes. 
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Introduction 

Immunotherapy has revolutionized cancer treatment by 

activating the body’s immune system to target tumors, 

offering promising outcomes for malignancies resistant to 

traditional therapies such as chemotherapy and radiation. 

Immune checkpoint inhibitors (ICIs), oncolytic viruses 

(OVs), and personalized vaccines exemplify the field’s 

success in overcoming tumor‐induced immune suppression, 

even in advanced disease settings. However, the tumor 

microenvironment (TME) remains a significant barrier to 

effective treatment, actively promoting tumor progression 

and immune evasion. Within this context, tumor‐associated 

macrophages (TAMs) have emerged as critical players in 

cancer progression and as compelling targets for therapeutic 

intervention [1, 2]. 

Macrophages, derived from circulating monocytes, 

play key roles in immune surveillance, tissue repair, and 

host defense [3]. Their plasticity allows them to adapt to 

environmental signals, resulting in distinct phenotypes: M1‐

like macrophages with pro‐inflammatory, tumor‐

suppressive functions, and M2‐like macrophages with 

immunosuppressive, tumor‐promoting roles. In the TME, 
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TAMs are predominantly M2‐like, facilitating 

angiogenesis, immune evasion, and metastasis through the 

secretion of cytokines like interleukin‐10 (IL‐10) and 

growth factors such as vascular endothelial growth factor 

(VEGF) [3]. This dual functionality positions TAMs as 

both obstacles and opportunities in cancer immunotherapy. 

Strategies targeting TAMs aim to either deplete the M2‐like 

population or reprogram them into the tumor‐suppressive 

M1‐like phenotype [1, 4]. For example, mAbs targeting 

colony‐stimulating factor 1 receptor (CSF‐1R) reduce M2‐

like TAM density, while cytokine therapies like 

granulocyte-macrophage colony‐stimulating factor (GM‐

CSF) polarize TAMs to the M1‐like state, enhancing anti‐

tumor immune responses [5, 6]. 

Despite promising preclinical advances, the efficacy of 

TAM‐targeted therapies varies widely across cancer types 

and TME landscapes, raising critical questions: What are 

the determinants of success or failure in TAM‐targeted 

therapies? How can clinical outcomes be better predicted? 

And what factors are essential for optimizing therapeutic 

design? 

By synthesizing data from 37 clinical trials, the review 

aims to provide insights into the tumor‐specific factors and 

mechanisms that influence the efficacy of TAM‐targeted 

strategies. Understanding these dynamics not only bridges 

gaps between preclinical promise and clinical reality but 

also informs the design of future trials. Furthermore, 

advancements in biomarkers and profiling technologies, 

such as single‐cell RNA sequencing and spatial 

transcriptomics, provide opportunities for refining TAM‐

targeted therapies. This review highlights their potential to 

guide personalized interventions and improve outcomes in 

treatment‐resistant malignancies. 

Methods 

This systematic review was conducted in accordance 

with the Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses (PRISMA) guidelines [7]. A 

comprehensive search strategy was implemented using 

PubMed to identify relevant studies published between 

January 2010 and April 2024. The Boolean query, 

"macrophage cancer immunotherapy" OR "tumor-

associated macrophage immunotherapy", was used to 

retrieve articles, with filters applied to include only peer-

reviewed primary research published in English. Studies 

were deemed eligible if they investigated macrophage-

targeted therapies within the TME, focused on 

macrophages as standalone therapeutic targets or in 

combination with other treatments, and involved human 

subjects diagnosed with cancer. Studies were excluded if 

they centered on non-cancer diseases, non-human models, 

reviews, meta-analyses, or if macrophages were not the 

primary focus. 

Titles and abstracts were screened, followed by full-

text assessments to confirm eligibility. Key data points, 

including study phase, cancer type, therapeutic modality, 

and primary outcomes, were systematically extracted and 

recorded in an Excel spreadsheet to ensure structured data 

organization and facilitate analysis, as shown in Table 1. 

Any uncertainties during study selection or data extraction 

were addressed through iterative review and discussions, 

ensuring alignment with the review objectives. 

 

 

 

 

 
Figure 1. Flow Diagram of Study Selection Process. This figure was created using Microsoft PowerPoint. 
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Table 1. Summary of Macrophage-Targeted Immunotherapy Clinical Trials 

Study Size Phase Cancer Type Therapy Strategy Therapeutic Agent 

Beckermann et 

al., 2024 [1] 

17 Ib Renal Cell Carcinoma Combination Checkpoint Inhibitors with 

Monoclonal Antibodies 

PY314, Pembrolizumab 

Hashimoto et 

al., 2021 [4] 

36 I Advanced hepatocellular 

carcinoma (HCC) 

Combination Immunomodulatory Drugs 

with Multi-Kinase Inhibitor 

MTL-CEBPA, Sorafenib 

Andtbacka et 

al., 2016 [5] 

436 III Melanoma Combination Cytokines with Oncolytic 

Viruses 

Talimogene Laherparepvec, GM-CSF 

Autio et al., 

2020 [8] 

34 I Breast and Prostate Cancer Monoclonal Antibodies LY3022855 

Borazanci et al., 

2022 [9] 

41 I Solid Tumors Monoclonal Antibodies MSC-1 

Yarchoan et al., 

2020 [10] 

17 II Colorectal Cancer Combination Chemotherapeutic Agents 

with Checkpoint Inhibitors and Vaccine 

GVAX Colon Vaccine, Cyclophosphamide, 

Pembrolizumab 

Amaria et al., 

2022 [11] 

30 II Melanoma Combination Checkpoint Inhibitors Relatlimab, Nivolumab 

Song et al., 

2022 [12] 

70 II Classical Hodgkin 

Lymphoma 

Checkpoint Inhibitor Tislelizumab 

Ye et al., 2021 

[13] 

113 II Urothelial Carcinoma Checkpoint Inhibitor Tislelizumab 

Barqawi et al., 

2021 [14] 

20 II Prostate Cancer Combination Cytokines with Treatment GM-CSF, Cryotherapy 

Lawson et al., 

2015 [15] 

815 III Melanoma Combination Cytokines with Vaccine Peptide Vaccine, GM-CSF 

Garcia et al., 

2011 [16] 

61 I/II Renal cell carcinoma 

 

Combination Cytokines GM-CSF, IL-2, IFN-α 

Rosenblatt et 

al., 2011 [17] 

36 II Multiple myeloma Combination Cell Transplant with 

Vaccine 

Dendritic Cell/Tumor Fusion Cell Vaccine, 

Autologous Stem Cell Transplant 

Yu et al., 2010 

[18] 

226 

 

III Neuroblastoma Combination Cytokines with Monoclonal 

Antibodies and Retinoids 

Anti-GD2 Antibody, GM-CSF, IL-2, Isotretinoin 

sRodrigues et 

al., 2023 [19] 

16 I Cervical Cancer Combination Checkpoint Inhibitor with 

Treatment 

Nivolumab, Chemoradiotherapy 

Byrne et al., 

2021 [20] 

16 I Resectable pancreatic ductal 

adenocarcinoma (PDAC) 

Pancreatic Cacner 

Combination Monoclonal Antibodies 

with Treatment 

Selicrelumab, Chemotherapy 

Domingo-

Musibay et al., 

2017 [21] 

9 I Melanoma Combination Cytokines with Treatment Percutaneous Thermal Ablation, GM-CSF 

Kolstad et al., 

2015 [22] 

14 I 

 

Follicular lymphoma Combination Cytokines with Treatment Radiotherapy, Rituximab, Immature Autologous 

Dendritic Cells, GM-CSF 
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LaMarche et 

al., 2024 [25] 

6 Ib NSCLC Combination Checkpoint Inhibitor with 

Monoclonal Antibodies 

Dupilumab, PD-(L)1 Blockade 

Liao et al., 

2017 [26] 

21 I/II Ovarian Cancer, peritoneal, 

or fallopian tube cancer 

Combination Chemotherapeutic agent 

with Cytokines 

Nab-paclitaxel, GM-CSF 

Vassilaros et 

al., 2013 [27] 

31 III Breast Cancer Vaccine Oxidized Mannan–MUC1 Vaccine 

Ma et al., 2022 

[28] 

36 Ib Esophageal Cancer Combination Checkpoint Inhibitor with 

Treatment 

Chemoradiotherapy, Camrelizumab 

Bota et al., 

2018 [29] 

9 II Glioblastoma Combination Cytokines with Monoclonal 

Antibodies and Vaccine 

ERC1671, GM-CSF, Cyclophosphamide, 

Bevacizumab 

Palma et al., 

2018 [30] 

10 II Chronic Lymphocytic 

Leukemia 

Combination Cytokines with 

Chemotherapeutic Agents and 
Immunomodulatory Drugs and Vaccine 

Apo-DC, Lenalidomide, GM-CSF, 

Cyclophosphamide 

Mittendorf et 

al., 2016 [31] 

301 

 

II Breast Cancer Combination Cytokines with Vaccine AE37 Peptide Vaccine, GM-CSF 

Garcia et al., 

2014 [32] 

32 I-/I Castration-resistant prostate 

cancer (CRPC) 

Combination Cytokines with 

Immunomodulatory Drugs 

GM-CSF, Lenalidomide 

Talleur et al. 

2017 [33] 

34 II Neuroblastoma Combination Cell Transplant with 

Chemotherapeutic agents and Cytokines 

and Monoclonal antibody 

Busulfan, Melphalan, Autologous Hematopoietic 

Cell Transplant, GM-CSF, IL-2, Haploidentical 

NK Cells, Anti-GD2 Antibody (hu14.18K322A) 

Heo et al., 2013 

[34] 

30 II Advanced HCC Oncolytic Viruses JX-594 or Pexa-Vec 

Mittendorf et 

al., 2014 [35] 

195 I/II Breast cancer Combination Cytokines with Vaccine Nelipepimut-S, GM-CSF 

Chen et al., 

2014 [36] 

20 I Breast cancer Combination Chemotherapeutic agents 

with Checkpoint Inhibitor and Vaccine 

Cyclophosphamide, Trastuzumab, GM-CSF-

Secreting Tumor Vaccine 

Poiré et al., 

2010 [37] 

46 II non-Hodgkin lymphoma 

(NHL) and Hodgkin 

lymphoma (HL) 

Combination Cell Transplant with 

Cytokines and Monoclonal antibody 

GM-CSF, IL-2, Rituximab 

Smith et al, 

2010 [38] 

19 II Chronic myelogenous 

leukemia (CML) 

Combination Immunomodulatory Drugs 

with Multi-Kinase Inhibitor and Vaccine 

Imatinib Mesylate, GM-CSF-Secreting Vaccine 

Rapoport et al., 

2014 [39] 

27 II Multiple myeloma Combination Cell Transplant 

Immunomodulatory Drugs and Vaccine 

MAGE-A3 Trojan Peptide Vaccine, GM-CSF, 

Poly-ICLC, Autologous Stem Cell Transplant 

Segal et al., 

2016 [40] 

18 II Metastatic colorectal cancer 

(CRC) 

Combination Monoclonal Antibody with 

Immunomodulatory Drugs 

Imprime PGG, Cetuximab 

Cheung et al., 

2014 [41] 

79 II Neuroblastoma Combination Cytokines with Monoclonal 

Antibodies 

3F8, GM-CSF 

Gunturu et al, 

2010 [42] 

18 I/II Metastatic Melanoma Combination Cytokines Lymphodepleting Chemotherapy,  IL-2, GM-CSF 

Gomez-Roca et 

al., 2022 [43] 

221 Ib Various advanced solid 

tumors 

Combination Checkpoint Inhibitor with 

Monoclonal Antibodies 

Emactuzumab, Atezolizumab 
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Results 

The systematic review initially identified 15,681 

studies, which were filtered based on publication date, peer‐

reviewed status, and relevance to TAM‐targeted cancer 

immunotherapy, as depicted in Figure 1. This process 

narrowed the selection to 259 studies, and following 

detailed screening, 37 clinical trials were included in the 

final analysis. These trials explored a diverse range of 

TAM‐targeting strategies across 25 cancer types, 

highlighting the growing interest in the TME as a 

therapeutic target. The included studies investigated both 

solid tumors and hematological malignancies, with the 

latter being the most frequently studied group (24%) [3]. 

Among solid tumors, breast cancer, prostate cancer, and 

melanoma were the most represented, each accounting for 

10–14% of studies [8-10]. Cancers of the digestive, 

reproductive, and urinary systems were less commonly 

investigated, contributing between 3% and 8% of trials  

[6, 11, 12]. Most studies focused on advanced or metastatic 

cancers, addressing unmet needs in treatment‐refractory 

settings [3, 8]. Only three trials specifically targeted early‐

stage, resectable disease, underscoring the limited research 

on TAM‐targeting in earlier cancer stages [3]. 

Patient enrollment varied widely, ranging from six 

participants in early‐phase trials to 815 in larger Phase III 

studies [5, 13, 10]. The diverse trial designs, ranging from 

Phase I safety studies to later-stage efficacy trials, highlight 

the exploratory nature of TAM-targeted therapies. Early-

phase trials focused on safety, dosing, and 

pharmacodynamics, while larger studies assessed clinical 

endpoints like progression-free survival (PFS) and overall 

survival (OS) [8, 13, 14]. In addition to these clinical 

parameters, the distribution of macrophage immunotherapy 

techniques is an important factor, as illustrated in Figure 2, 

which depicts the relative prevalence of cytokines, 

checkpoint inhibitors, monoclonal antibodies, vaccines, and 

OVs. 

 

 
Figure 2. Circular Packing Chart of the Prevalence of Macrophage Immunotherapy Techniques, including Cytokines, 

Checkpoint Inhibitors, Monoclonal Antibodies, Vaccines, and Oncolytic Viruses. This figure was created using RAWgraphs. 

 

Monoclonal Antibodies 

Monoclonal antibodies have been widely explored in 

TAM‐targeted immunotherapy, with numerous clinical 

trials evaluating their role in macrophage modulation and 

tumor control. Among these, CSF‐1R inhibitors have 

received significant attention due to their impact on TAM 

survival and differentiation. Blocking CSF‐1R led to a 50% 

reduction in M2‐like TAMs and a 35–45% increase in 

CD8⁺ T‐cell infiltration, correlating with improved tumor 

control in glioblastoma and other solid malignancies  

[8, 14-16]. While these inhibitors showed promise, clinical 

efficacy varied, with breast and pancreatic cancers 

responding poorly, likely due to compensatory 

immunosuppressive mechanisms such as VEGF and TGF‐β 

signaling [8, 16]. 
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The safety profile of CSF‐1R inhibitors was generally 

favorable, with patients experiencing mild‐to‐moderate 

fatigue (30–40%), nausea (20–30%), and transient liver 

enzyme elevations (15%) [8, 14-16]. Some trials, however, 

reported dose‐limiting toxicities, including reversible 

hepatic transaminase elevations and neutropenia, 

emphasizing the need for optimized dosing in combination 

therapies [8, 14]. 

Another promising target is TREM2, a receptor 

involved in TAM regulation. TREM2‐targeting mAbs 

reduced immunosuppressive TAM subsets by 40%, while 

simultaneously enhancing CD8⁺ T‐cell activation and 

cytokine production in preclinical models [17]. Despite 

these encouraging preclinical findings, early clinical  

trials demonstrated only modest improvements in PFS  

in renal cell carcinoma, suggesting the need for  

combination strategies with ICIs or other TAM‐modulating 

therapies [17]. 

ICIs, particularly those targeting the PD‐1/PD‐L1 axis, 

serve a dual role by reinvigorating T‐cell function while 

reducing TAM‐mediated immunosuppression. In melanoma 

and non‐small cell lung cancer (NSCLC), ICIs have led to 

durable responses exceeding 36 months in some patients, 

with OS benefits ranging from 8 to 15 months [13, 18]. 

Response rates, however, were lower in TAM‐rich “cold” 

tumors, reinforcing the need for combination approaches 

[13]. Pairing PD‐1 inhibitors with lymphocyte activation 

gene‐3 (LAG‐3) inhibitors further improved outcomes, 

achieving response rates of up to 57% in advanced cancers 

[13]. Additionally, Tislelizumab, designed to minimize Fcγ 

receptor binding and macrophage‐induced 

immunosuppression, produced a 24% objective response 

rate in PD‐L1‐positive urothelial carcinoma [12]. 

 

Cytokines 

Cytokine‐based therapies alter the TME by converting 

TAMs from an M2‐like immunosuppressive state into an 

M1‐like phenotype, promoting T‐cell engagement and 

stronger anti‐tumor responses [19]. Among these, GM‐CSF 

is the most extensively studied due to its role in recruiting 

dendritic cells and boosting antigen presentation [19]. 

In metastatic renal cell carcinoma (mRCC), a 

combination of GM‐CSF and interleukin‐2 (IL‐2) resulted 

in a 20% overall response rate (ORR), with a median PFS 

of 6.0 months and OS of 23.4 months [19]. Treatment 

adjustments were necessary for 34% of patients, mainly due 

to IL‐2‐induced toxicities, including vascular leak 

syndrome in 35% of cases [20]. 

GM‐CSF therapy also showed potential in melanoma, 

where it increased median OS by 10.3 months, though the 

difference was not statistically significant [10]. In 

castration‐resistant prostate cancer (CRPC), GM‐CSF led to 

PSA declines in 81% of patients, yet only 18% met 

objective response criteria, reflecting differences in 

response across tumor types [21]. 

The route of administration significantly influenced 

treatment outcomes. Subcutaneous GM‐CSF was better 

tolerated than intravenous administration, as it sustained 

immune activation while minimizing systemic toxicity 

[19]. In melanoma trials, intratumoral GM‐CSF resulted in 

a median OS of 8.2 months, demonstrating its potential 

for localized immune enhancement [22]. Despite these 

benefits, grade 3–4 toxicities such as thrombocytopenia 

(9%) and neutropenia (19%) remained a concern [23]. 

Although not classified as a cytokine, MTL‐CEBPA 

mimics cytokine‐driven immune activation by 

reprogramming tumor‐associated myeloid cells. As a small 

activating RNA (saRNA), it upregulates C/EBPα, reducing 

M2‐like TAMs and myeloid‐derived suppressor cells 

(MDSCs). In hepatocellular carcinoma (HCC), MTL‐

CEBPA combined with sorafenib achieved a 26.7% ORR, 

largely by reshaping the TME [4]. While it does not engage 

cytokine receptors, its immune‐modulating effects 

complement cytokine‐based therapies. 

 

Cancer Vaccines and Oncolytic Viruses 

Cancer vaccines and OVs offer innovative methods to 

reshape the immune landscape by reprogramming TAM 

activity and enhancing tumor recognition. Peptide‐based 

vaccines, in particular, have demonstrated potential in 

enhancing adaptive immunity and altering the TME. In 

clinical trials, AE37 combined with GM‐CSF improved 

disease‐free survival (DFS) from 85% to 93%, highlighting 

its role in prolonging immune surveillance [24]. Dendritic 

cell‐based vaccines further amplified tumor‐specific 

immunity by promoting a shift in TAMs toward a pro‐

inflammatory phenotype. Notably, dendritic cell fusion 

vaccines triggered a 6.76‐fold increase in myeloma‐specific 

CD8⁺ T cells (95% CI, 3.02–15.49), peaking at an 11.48‐

fold increase post‐vaccination (95% CI, 4.17–32.36), 

demonstrating their ability to sustain long‐term immune 

activation [25]. 

OVs, such as JX‐594 (Pexa‐Vec) and T‐VEC, leverage 

tumor‐selective viral replication and immune system 

activation to enhance anti‐tumor effects. JX‐594, a 

genetically engineered vaccinia virus expressing GM‐CSF, 

promotes immune infiltration, disrupts tumor vasculature, 

and elicits systemic anti‐tumor responses. High‐dose 

administration extended median OSs to 14.1 months, nearly 

doubling survival compared to low‐dose recipients  

(6.7 months) [15]. 

Similarly, T‐VEC, a modified herpes simplex virus, 

boosts CD8⁺ T‐cell recruitment and cytokine‐driven 

immune activation, increasing tumor immunogenicity. In 

melanoma clinical trials, T‐VEC achieved an objective 

response rate of up to 24%, proving effective in 

immunologically “cold” tumors [5]. Unlike systemically 

delivered agents, T‐VEC's intratumoral administration 

localizes immune activation, reducing systemic toxicity 

while ensuring robust anti‐tumor responses [5]. 
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Biomarkers in TAM-Targeted Therapies 

Biomarkers play a crucial role in identifying patients 

most likely to respond to TAM‐targeted therapies and 

monitoring therapeutic outcomes. Among the most studied 

is PD‐L1 expression, which frequently correlates with 

TAM‐enriched TMEs and improved responses to ICIs. In 

NSCLC and melanoma, higher PD‐L1 levels were 

associated with increased T‐cell infiltration and a 20–30% 

improvement in PFS and OS, making it a valuable marker 

for patient stratification [13]. However, responses remain 

variable due to additional immunosuppressive mechanisms 

within the TME [13]. 

TAM density has also emerged as a significant 

prognostic marker, with elevated M2‐like populations 

correlating with poorer outcomes in glioblastoma and 

pancreatic cancer [1]. Studies on CSF‐1R inhibitors 

demonstrated that blocking this pathway could reduce M2‐

like TAM populations by 35–50%, leading to greater CD8⁺ 

T‐cell infiltration and improved tumor control [8]. Yet, 

some tumors remained resistant, as alternative 

immunosuppressive pathways allowed TAMs to sustain 

their tumor‐supportive role [8]. 

CD40 expression serves as both a biomarker and a 

therapeutic target. Its activation drives TAM polarization 

toward an M1‐like state, improving T‐cell infiltration and 

mitigating fibrosis. In pancreatic ductal adenocarcinoma 

(PDAC), combining CD40 agonists with chemotherapy 

improved TAM functionality and led to tumor regression, 

establishing CD40 as a marker of therapeutic response 

[23]. 

Heat shock proteins (HSPs) have been investigated for 

their potential role in TAM modulation and immune 

activation. Higher HSP expression correlated with stronger 

anti‐tumor immune responses, though its clinical 

applicability remains under investigation [22]. 

Emerging technologies, including single‐cell RNA 

sequencing (scRNA‐seq) and spatial transcriptomics, 

have begun to provide deeper insights into TAM 

heterogeneity and immune profiling. In NSCLC, scRNA‐

seq helped categorize distinct TAM subpopulations, 

though its predictive value in clinical settings is still 

being explored [26]. Spatial transcriptomics has shown 

potential for mapping TAM‐enriched regions and 

immune‐exclusion zones, which could inform localized 

therapeutic interventions, but further validation is needed 

[27]. 

 

Discussion 

Tumor‐associated macrophages play a pivotal role in 

shaping the TME, influencing immune suppression, tumor 

progression, and therapeutic resistance [2, 3]. This review 

highlights the complexity of TAM-targeted therapies and 

the need for context-specific strategies. Among evaluated 

approaches, TAM reprogramming—converting M2-like 

macrophages into tumor-suppressive M1-like phenotypes—

shows promise, especially in immunologically “cold” 

tumors [4, 19]. Agents such as GM‐CSF and MTL‐CEBPA 

have demonstrated the ability to enhance immune cell 

infiltration and reshape the TME across multiple 

malignancies. However, their efficacy remains highly 

dependent on tumor context, reinforcing the need for 

precise patient stratification and combination strategies to 

maximize response rates. 

Conversely, TAM depletion strategies, particularly 

CSF‐1R inhibitors, have yielded mixed results. While 

glioblastoma, a TAM‐dense malignancy, has shown 

responsiveness to CSF‐1R blockade, cancers such as breast 

and pancreatic tumors—where VEGF and TGF‐β signaling 

sustain immunosuppression—exhibited limited benefit [8]. 

This discrepancy highlights the importance of combination 

regimens that simultaneously target multiple immune 

evasion pathways. Preclinical and early clinical studies 

suggest that CSF‐1R inhibition combined with ICIs 

enhances responses in pancreatic and ovarian cancers, 

offering a synergistic approach to overcoming TAM‐driven 

immune exclusion [8, 16]. Similarly, TREM2‐targeting 

antibodies, though still in early development, represent an 

emerging direction for selectively modulating specific 

TAM subpopulations rather than indiscriminately depleting 

macrophages [17]. 

Beyond therapeutic agents, drug delivery plays a 

crucial role in determining treatment success. Subcutaneous 

GM‐CSF administration has enabled sustained immune 

activation while reducing systemic toxicity, whereas 

intertumoral delivery, exemplified by T‐VEC, has proven 

effective in enhancing localized immune responses in 

tumors with dense stromal barriers [5, 9, 10]. In contrast, 

intravenous monoclonal antibodies often struggle to 

adequately penetrate immune‐suppressive tumor niches, 

limiting their efficacy [1]. Future research should prioritize 

novel delivery systems, such as nanoparticle‐based TAM 

reprogramming or biodegradable scaffolds, to optimize 

drug stability and local retention while minimizing off‐

target effects [6]. 

A promising frontier is Chimeric Antigen Receptor 

Macrophages (CAR-Ms), which harness macrophages' 

tumor-homing abilities while enhancing direct cytotoxicity 

[28]. Unlike T cell-based therapies, CAR-Ms infiltrate solid 

tumors more efficiently, recruiting effector immune cells 

and remodeling the TME. Preclinical models indicate 

potential efficacy in treatment-resistant ovarian and 

pancreatic cancers, though challenges remain regarding 

macrophage persistence, antigen escape, and possible pro-

tumorigenic effects [28]. Integrating CAR-Ms with ICIs or 

metabolic inhibitors could help overcome immune 

resistance, but rigorous clinical trials are needed to confirm 

long-term safety and efficacy. 

Biomarkers are integral to optimizing TAM‐targeted 

therapies, yet their inconsistent application across clinical 

trials limits reproducibility. PD‐L1 expression remains one 

of the most widely studied biomarkers, correlating with 

improved outcomes in melanoma and NSCLC when treated 
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with ICIs [13]. However, its predictive value varies across 

tumor types, underscoring the necessity of multi‐marker 

panels rather than reliance on single biomarkers. CD40 

expression has gained attention as a predictor of TAM 

reprogramming success, particularly in pancreatic ductal 

adenocarcinoma, where CD40 agonists enhance T‐cell 

recruitment and TAM polarization [23]. 

Despite advancements in biomarker research, many 

clinical trials lack standardized assessment protocols, 

creating challenges in cross‐study comparisons and data 

integration. Emerging technologies such as scRNA‐seq and 

spatial transcriptomics offer unprecedented insights into 

TAM heterogeneity, revealing distinct macrophage subsets 

and immune‐exclusion zones [26, 27]. However, their high 

cost and limited accessibility hinder routine clinical 

implementation. Future research must prioritize the 

development of cost‐effective, clinically actionable 

biomarker panels to refine patient selection and guide 

precision medicine approaches. 

While TAM‐targeted therapies offer a promising 

avenue in cancer immunotherapy, several challenges must 

be addressed for widespread clinical translation. TAM 

plasticity, the ability of macrophages to dynamically switch 

phenotypes in response to environmental cues, raises 

concerns about the durability of therapeutic effects [2]. 

Additionally, tumor heterogeneity complicates treatment 

standardization, requiring cancer‐specific rather than one‐

size‐fits‐all approaches. Future research should focus on 

synergistic combination regimens, integrating metabolic 

inhibitors, epigenetic modulators, and next‐generation ICIs 

to overcome resistance mechanisms and enhance 

therapeutic efficacy [6, 8]. Expanding clinical trials to 

underrepresented cancer types and patient populations will 

be critical for improving generalizability. Furthermore, 

regulatory considerations, such as FDA approval processes, 

manufacturing scalability, and cost‐effectiveness, must be 

actively addressed to ensure real‐world accessibility of 

TAM‐targeted interventions. 

 

Conclusion 

TAM-targeted therapies offer significant potential for 

reshaping the tumor microenvironment and enhancing 

cancer immunotherapy, but their success depends on tumor-

specific factors. This review examined the determinants of 

efficacy in TAM-targeted therapies, emphasizing how 

monoclonal antibodies, immune checkpoint inhibitors, and 

cytokine-based treatments influence immune modulation. 

While promising outcomes have been achieved, variability 

in clinical responses underscores the need for biomarker-

driven patient selection and optimized combination 

regimens. 

Bridging the gap between preclinical promise and 

clinical reality requires deeper insights into tumor 

heterogeneity, immune evasion mechanisms, and TAM 

interactions with other immune cells. Advances in scRNA-

seq, spatial transcriptomics, and novel drug delivery 

systems offer promising avenues for refining treatment 

strategies and predicting patient responses. Expanding 

clinical trials to diverse cancer types and integrating these 

strategies into personalized medicine will be critical for 

maximizing therapeutic success. By addressing these 

challenges, TAM-targeted therapies can transition from 

experimental interventions to established immunotherapies, 

offering new hope for patients with treatment-resistant 

cancers. 
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