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ABSTRACT

Tumor-associated macrophages (TAMs) are crucial components of the tumor microenvironment, playing
significant roles in cancer progression, immune evasion, and therapy resistance. Originating from circulating
monocytes, TAMs can polarize into M1 and M2 phenotypes, with M2-like TAMs predominating in many cancers.
This M2 polarization fosters an immunosuppressive environment that promotes tumor growth, metastasis, and
resistance to therapies, including chemotherapy and immune checkpoint inhibitors. TAMs secrete various
cytokines, chemokines, and growth factors that enhance tumor cell survival, promote angiogenesis, and recruit
additional immunosuppressive cells such as regulatory T cells. They also express immune checkpoint molecules,
further inhibiting effective anti-tumor immune responses. Given their dual role in supporting tumor survival and
mediating immune evasion, TAMs represent an attractive target for therapeutic intervention. Current strategies
to target TAMs include depletion, reprogramming, and combination therapies aimed at enhancing anti-tumor
immunity. This review explores the complex biology of TAMs, their mechanisms of action in promoting cancer
immunoevasion and therapy resistance, and the therapeutic strategies being developed to exploit their unique
characteristics. By providing insights into the multifaceted roles of TAMs, this review aims to highlight potential
avenues for improving cancer treatment outcomes and addressing the challenges posed by tumor-induced immune
suppression.
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INTRODUCTION
Tumor-associated macrophages (TAMs) have garnered significant attention in cancer research due to their
integral role in the tumor microenvironment, where they contribute to tumor progression, immune evasion, and
therapy resistance. Originating from monocytes, these macrophages infiltrate tumors and adapt to their
surroundings, exhibiting remarkable plasticity that allows them to adopt distinct functional phenotypes [17]. The
polarization of macrophages, influenced by various cytokines and environmental cues, determines their roles
within the tumor microenvironment and significantly impacts the overall behavior of tumors [27. In a healthy
context, macrophages are pivotal for maintaining tissue homeostasis and orchestrating immune responses. They
can adopt pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes, with M1 macrophages typically
promoting anti-tumor immunity through the secretion of pro-inflammatory cytokines and enhanced antigen
presentation [87]. However, in many cancers, the balance shifts toward a predominance of M2-like TAMs,
characterized by immunosuppressive functions and a tendency to support tumor growth and metastasis [47]. This
polarization is driven by factors such as interleukin-4 (IL-4), interleukin-13 (IL-18), and transforming growth
tactor-beta (TGF-f), which foster an environment conducive to tumor progression. TAMs are not merely passive
bystanders in the tumor microenvironment; they actively modulate the immune landscape by secreting a plethora
of cytokines, chemokines, and growth factors. This secretory profile enhances tumor cell survival, promotes
angiogenesis, and facilitates the recruitment of other immunosuppressive cells, such as regulatory T cells (Tregs)
[57]. Consequently, the presence of TAMs is associated with poor prognosis in various malignancies, as they play a
crucial role in enabling tumors to evade immune surveillance and resist therapeutic interventions [67. The ability
of TAMs to create an immunosuppressive environment is particularly concerning in the context of cancer
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immunotherapy. Immune checkpoint inhibitors have revolutionized cancer treatment, yet their efficacy is often
limited by the presence of TAMs, which maintain an immunosuppressive milieu through the expression of immune
checkpoint molecules like programmed death-ligand 1 (PD-L1) [7]. Additionally, TAMs have been implicated in
the development of resistance to conventional therapies, including chemotherapy and targeted therapies [87. By
promoting survival pathways in tumor cells and facilitating DNA repair, TAMs undermine the effectiveness of
these treatments and contribute to tumor recurrence. Given their dual role in supporting tumor growth and
promoting immune evasion, TAMs represent a compelling target for therapeutic intervention. Strategies aimed at
depleting or reprogramming TAMs are currently under investigation, with the hope of enhancing the efficacy of
existing cancer therapies. As the understanding of TAM biology deepens, novel approaches to manipulate their
function may hold promise for improving patient outcomes and combating therapy resistance. This review will
delve into the multifaceted roles of TAMs in cancer immunoevasion and therapy resistance, exploring their
origins, polarization, mechanisms of action, and the potential for therapeutic targeting. By shedding light on the
complex interplay between TAMs and tumor cells, we aim to contribute to the ongoing efforts to develop effective
strategies for combating cancer and improving the effectiveness of current treatment modalities.

Origins and Polarization of Tumor-Associated Macrophages
TAMs are derived primarily from circulating monocytes that are recruited to the tumor site in response to
chemokines and other signaling molecules secreted by tumor cells and the surrounding microenvironment [17.
Upon entering the tumor, monocytes can differentiate into macrophages and polarize into distinct phenotypes
depending on the local cytokine milieu [97].
Macrophage Polarization

Macrophages can be broadly categorized into two main phenotypes: M1 and M2.

a) M1 Macrophages: These are classically activated macrophages that are typically induced by interferon-
gamma (IFN-y) and lipopolysaccharides (LPS). M1 macrophages are characterized by their pro-
inflammatory functions, including the production of cytokines such as TNF-a, IL-1f, and IL-6, as well as
their ability to present antigens and produce reactive oxygen and nitrogen species. They are generally
associated with anti-tumor activity [107].

b) M2 Macrophages: In contrast, M2 macrophages are alternatively activated and are induced by cytokines
such as IL-4 and IL-18. They are associated with tissue repair, immunoregulation, and the promotion of
angiogenesis [117]. M2 macrophages secrete anti-inflammatory cytokines (e.g., IL-10, TGF-f) and are
involved in suppressing effective immune responses against tumors, thereby promoting tumor
progression and metastasis [127].

In many cancers, TAMs predominantly exhibit an M2-like phenotype, which contributes to a pro-tumorigenic
microenvironment. The plasticity of macrophages allows for a spectrum of activation states, and TAMs can
exhibit a continuum between M1 and M2 phenotypes based on environmental cues [13,147].

Mechanisms of Cancer Immunoevasion
Tumor-associated macrophages (TAMs) are central players in helping tumors evade the immune system [6].
They contribute to cancer immunoevasion through several interrelated mechanisms that dampen the immune
response and create a tumor-promoting environment. These include the production of immunosuppressive
cytokines, recruitment of regulatory T cells (Tregs), impaired antigen presentation, expression of immune
checkpoint molecules, and remodeling of the extracellular matrix [157.

1. Cytokine Production

TAMs secrete immunosuppressive cytokines, such as interleukin-10 (IL-10) and transforming growth factor-beta
(TGF-B), which play a key role in suppressing the activation and function of effector immune cells [167. IL-10
inhibits the activity of cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells, both critical for mounting an
effective anti-tumor immune response. TGF-f further contributes by inhibiting the proliferation and activation of
T cells, including CD8+ T cells, which are essential for directly attacking and destroying tumor cells [177]. This
creates an immunosuppressive environment that allows tumor cells to evade detection and elimination by the
immune system, promoting tumor survival and progression.

2. Regulatory T Cell (Treg) Recruitment
TAMs promote the recruitment and expansion of regulatory T cells (Tregs) within the tumor microenvironment.
Tregs are immune cells known for their ability to suppress immune responses and maintain immune tolerance
[18]. By increasing Treg populations, TAMs enhance immunosuppression, which inhibits the activation and
proliferation of cytotoxic T cells, further hindering the immune system’s capacity to target and destroy cancer
cells. This recruitment creates a feedback loop of immunosuppression, enhancing the tumor's ability to evade
immune surveillance.
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3. Impaired Antigen Presentation
Antigen presentation is critical for initiating an effective immune response against tumors. While M1
macrophages are highly efficient at presenting antigens to T cells, TAMs often exhibit impaired antigen
presentation capabilities [197. They express lower levels of major histocompatibility complex (MHC) molecules,
reducing their ability to activate CD8+ T cells [207]. This diminishes the immune system's ability to recognize and
attack tumor cells, allowing the cancer to grow unchecked.
4. Expression of Immune Checkpoint Molecules
TAMSs can also express immune checkpoint molecules such as programmed death-ligand 1 (PD-L1). When PD-L1
on TAMs binds to its receptor PD-1 on T cells, it sends an inhibitory signal that reduces T cell activation and
proliferation [217. This engagement of immune checkpoint pathways leads to a diminished anti-tumor immune
response, further enabling tumors to evade immune surveillance. This mechanism also contributes to the
resistance of tumors to immune checkpoint inhibitors, as TAMs maintain the immunosuppressive state.
5. Matrix Remodeling and Physical Barriers
TAMs contribute to the remodeling of the extracellular matrix (ECM), creating physical barriers that limit
immune cell infiltration into the tumor. By producing enzymes like matrix metalloproteinases (MMPs), TAMs
restructure the ECM, making it denser and more difficult for immune cells, particularly T cells and NK cells, to
penetrate the tumor mass [227]. This spatial hindrance is a critical aspect of immune evasion, as it isolates tumor
cells from immune attack and facilitates further tumor progression.
These multifaceted mechanisms underscore the pivotal role TAMs play in enabling cancer cells to evade immune
detection, making them attractive targets for therapeutic intervention.
Therapy Resistance
TAMs are also implicated in the resistance of tumors to various therapeutic interventions:
1. Chemotherapy Resistance
TAMSs can secrete growth factors and cytokines that promote cancer cell survival, enhance DNA repair
mechanisms, and stimulate cancer stem cell-like properties, leading to the development of chemotherapy resistance
[23]. For instance, the production of IL-6 by TAMs has been shown to activate the STATS3 pathway in tumor
cells, promoting their survival in the presence of chemotherapeutic agents [24].
2. Resistance to Targeted Therapies
TAMSs can modulate the tumor microenvironment to support cancer cell survival and proliferation, undermining
the efficacy of targeted therapies. They may facilitate compensatory signaling pathways that allow tumor cells to
evade the effects of targeted inhibitors [257].
3. Immune Checkpoint Inhibitor Resistance
The presence of TAMs in the tumor microenvironment can attenuate the efficacy of immune checkpoint inhibitors
(ICIs) by maintaining an immunosuppressive environment. TAMs' expression of immune checkpoint molecules
can inhibit T cell activation and diminish the eftectiveness of therapies aimed at reactivating the immune system
[26,27].
4. Promoting Angiogenesis and Tumor Growth
TAMs secrete pro-angiogenic factors such as VEGF, facilitating the development of new blood vessels to supply
the growing tumor [287. This angiogenic support not only aids in tumor growth but also can contribute to
therapeutic resistance by enhancing nutrient and oxygen supply.
Therapeutic Strategies Targeting TAMs
Given their critical role in promoting tumor progression, immune evasion, and therapy resistance, targeting
tumor-associated macrophages (TAMs) has become a promising approach to enhance cancer treatment outcomes.
Several therapeutic strategies have been developed and are currently being explored:
1. Macrophage Depletion

One approach to target TAMs is through macrophage depletion, which aims to reduce the number of

immunosuppressive macrophages in the tumor microenvironment. This can be achieved using colony-stimulating
factor 1 receptor (CSF1R) inhibitors, which block the signaling pathways that are essential for the recruitment and
survival of TAMs [297]. Preclinical models and early-phase clinical trials have shown that CSF1R inhibitors can
reduce TAM populations and enhance anti-tumor immune responses [30]. Depleting TAMs may also reduce their
contribution to angiogenesis and tumor growth, thereby improving patient outcomes. However, challenges such as
potential compensatory mechanisms by other immune cells remain an area of focus for researchers.
2. Repolarization of TAMs

Another promising strategy involves reprogramming TAMs from a tumor-promoting M2-like phenotype to a
tumor-suppressing M1-like phenotype. This can be achieved through the administration of cytokines such as IFN-
Y, or small molecules like TLR agonists that drive pro-inflammatory responses [317]. Repolarized M1-like TAMs
can enhance anti-tumor immunity by promoting T cell activation, producing inflammatory cytokines, and directly
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attacking tumor cells. This therapeutic reprogramming may provide a more sustainable approach compared to

depletion, as it harnesses the existing macrophage population for a pro-inflammatory, anti-tumor function.
3. Combination Therapies

Targeting TAMs in combination with other therapies, such as immune checkpoint inhibitors or traditional

chemotherapy, is also being explored to enhance the overall effectiveness of cancer treatment [327. For example,

reducing the immunosuppressive influence of TAMs can enhance the efficacy of immune checkpoint inhibitors like

PD-1 or CTLA-4 inhibitors, which aim to reactivate the immune system’s ability to fight cancer [3387. Similarly,

combining TAM depletion or reprogramming with chemotherapy can increase tumor sensitivity to cytotoxic

agents, improving patient responses.
4. Nanoparticle-Based Delivery
Nanotechnology provides an innovative strategy for targeting TAMs by delivering therapeutic agents directly to
these cells. Nanoparticles can be engineered to deliver drugs, cytokines, or genetic material specifically to TAMs,
thus minimizing off-target effects and enhancing treatment efficacy [847. For instance, nanoparticles can be used
to deliver CSF1R inhibitors or molecules that reprogram TAMs, leading to a more precise modulation of their
function within the tumor microenvironment [357. This targeted approach reduces systemic toxicity and allows
for higher concentrations of therapeutics at the tumor site, increasing their effectiveness while limiting side effects.
These TAM-targeting strategies hold great potential for improving cancer therapies, overcoming resistance, and
enhancing patient outcomes, particularly in cancers characterized by dense TAM infiltration.
CONCLUSION

Tumor-associated macrophages play a critical role in cancer immunoevasion and therapy resistance. By creating

an immunosuppressive microenvironment and supporting tumor growth, TAMs significantly impact patient

outcomes in various cancers. Understanding the mechanisms by which TAMs contribute to these processes is
essential for developing innovative therapeutic strategies aimed at enhancing anti-tumor immunity and
overcoming resistance to treatment. Continued research in this area holds promise for improving the efficacy of
cancer therapies and ultimately benefiting patients facing this complex disease.
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