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The anti-tumor role of the immune system has long been associated with
interferon-y-mediated activation of immune cells and their ability to recognize
and eliminate transformed cells. Fundamental principles of tumor immunoediting
describe a dynamic interplay between the immune system and neoplastic cells,
wherein immune pressure can paradoxically shape tumor evolution. Within this
context, macrophages, natural killer cells, and T lymphocytes are central effectors of
anti-tumor immunity. Traditionally, macrophages exhibiting M1 phenotype are
characterized by high cytotoxic potential and considered important contributors
to tumor eradication. In contrast, M2-polarized tumor-associated macrophages are
associated with immune suppression and tumor progression. However, recent
evidence challenges this binary paradigm. It is increasingly evident that M1
macrophages, while initially exerting anti-tumor effects, can also promote tumor
progression by applying sustained cytotoxic pressure that selects for more
malignant and immune-resistant tumor clones. This phenomenon represents an
unexpected and overlooked contribution of cytotoxic macrophages to tumor
progression. In this review, we examine the complex, context-dependent
function of M1 macrophages and reassess current strategies aimed at enhancing
their cytotoxicity. While such approaches may offer short-term benefits, they risk
driving clonal selection of aggressive, immune-evasive tumor cells. Therefore, we
propose a paradigm shift: instead of promoting M1 polarization alone, therapeutic
strategies should consider the broader consequences of macrophage—tumor
interactions. A nuanced understanding of macrophage plasticity and tumor
dynamics is essential for designing effective immunotherapies. Recognizing the
paradoxical role of M1 macrophages is critical to avoiding unintended support of
tumor evolution and improving treatment outcomes.
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Introduction

Experimental evidence confirms that the tumor stroma is an
essential component of malignant neoplasms and plays a critical
role in disease progression. It is primarily composed of various
mesenchymal cell types, including fibroblasts, endothelial cells, and
a broad spectrum of immune cells (1). In the early stages of tumor
development, immune cells within the stroma may exert anti-tumor
effects. However, as the tumor evolves, these cells often undergo
phenotypic shifts toward immunosuppressive profiles, ultimately
promoting tumor growth and dissemination. The immune infiltrate
within tumors is highly heterogeneous, comprising T lymphocytes,
neutrophils, macrophages, myeloid-derived cells, natural killer
(NK) cells, and dendritic cells. This dynamic and complex cellular
network highlights the intricacies of tumor immunology and
underscores the importance of immune regulation in cancer
progression (2).

At the onset of carcinogenesis, immune response is activated,
specifically aimed at suppressing tumor growth and eradicating
malignantly transformed cells. Macrophages, are the crucial players
in this defense mechanism. During this early stage of tumor
development, the tumor cells express a broad spectrum of protein
and non-protein antigens. These antigens, can be recognized by
macrophages, and include well-documented tumor-associated
proteins from the MAGE, GAGE, and BAGE families, glycoproteins
such as gpl00, NY-ESO-1, HER-2/neu, MUC1, WT-1, and some
others (3). Despite this antigenic diversity, the intrinsic heterogeneity
of the tumor often results in a variable immunogenic profile among its
cells. Not all malignant cells demonstrate a high level of
immunogenicity, complicating the ability of immune system to
uniformly detect and eliminate them. The tumor survival strategies
are sophisticated, involving the emergence and selective proliferation
of cells with diminished or absent expression of these tumor antigens.
These cells effectively evade immune surveillance by camouflaging
themselves within the normal cellular landscape of the body. This
evasion is not just a passive process but a dynamic adaptation that
challenges the capacity of the immune system to maintain systematic
surveillance and effective tumor control.

In addition to passive mechanisms of evasion from
immunological surveillance, tumor cells are capable of activating
more direct methods. During tumor development, due to
mutagenesis, tumor cells start to express both surface and soluble
molecules that modify the activation characteristics of immune system
cells. For instance, the expression of cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) on the surface of a tumor cell results
in the inhibition of the cytotoxic activity of T-cells (4). Malignant cells
produce interleukins like IL-6, IL-13, IL-2, and IL-12, which shift
cytotoxic macrophages to an immunoregulatory phenotype (5). These
macrophages, in turn, begin to produce factors that promote tumor
progression, such as transforming growth factor beta (TGF-B) and
vascular endothelial growth factor (VEGF) (6). Therefore, within the
tumor microenvironment, cells exhibiting an immunosuppressive
phenotype develop, thereby promoting the progression of the
disease. These cells not only subvert immune detection but also
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reprogram the local immune environment to support tumor cells
growth and proliferation, thereby advancing the complexity and
severity of the tumor.

The cells of the tumor microenvironment are categorized into two
groups based on their functions. The first group includes cytotoxic cells
(dendritic cells, pro-inflammatory macrophages (M1), CD8+ and CD4
+ T-lymphocytes, B-lymphocytes, and NK cells), which contribute to
the suppression of tumor progression. In contrast, regulatory T-cells
(Treg) and immunosuppressive macrophages (M2) reduce the
effectiveness of the immune response by limiting the activation of
lymphocytes and specific immune reactions. These dynamics illustrate
the complex interplay within the tumor microenvironment, where
various cell types either combat or facilitate the progression of the
tumor, significantly influencing the overall outcome of the disease.

Macrophages are multifunctional cells whose phenotype develops
under the influence of the surrounding cytokine environment. In the
context of a tumor, due to the action of cytokines and growth factors
produced by tumor cells, an immunosuppressive phenotype of
macrophages - M2 is developed. These tumor-associated
macrophages (TAMs) contribute to the progression of the tumor
and increase its malignant potential (7). Furthermore, it is known that
increased infiltration of M2 in the tumor stroma is a marker of poor
prognosis for most solid tumors (8). This relationship highlights the
critical role of the tumor microenvironment in shaping the behavior of
TAMs, directly impacting the aggressiveness and clinical outcomes of
the disease.

Macrophage features and functions

These discoveries have prompted a deeper exploration into
macrophage biology, particularly their functional diversity in
different pathological settings. In cancer, the dual nature of
macrophage phenotypes has become a focal point of research, as
their influence over tumor progression or suppression hinges on the
microenvironment. While M1 macrophages demonstrate cytotoxic
activity capable of targeting tumor cells, their presence in certain
contexts can paradoxically contribute to tumor evolution by
exerting selective pressure. This underscores the crucial need for
therapeutic strategies that carefully consider the full spectrum of
macrophage functions.

The last decade has seen a significant shift in our understanding
of the origins of tissue macrophages. Studies using animal models
have revealed that most tissue macrophages actually form during
embryonic development. These resident macrophages typically
originate from hematopoietic precursor cells located in specialized
sites such as the yolk sac, fetal liver, and bone marrow. It was
observed that while these embryonically derived macrophages are
maintained throughout life in some tissues, in others, particularly
under conditions of inflammation or as the organism ages,
macrophages differentiated from circulating monocytes become
the predominant population (9, 10).

The implications of these findings are profound, indicating that
macrophages are not a uniform cell population but are instead
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highly diverse. The local microenvironment significantly influences
their phenotype and functions, leading to a complex landscape of
macrophage activity within different tissues. This variability is
crucial for understanding the role of macrophages in health and
disease, including their involvement in tissue repair, inflammation,
and immune surveillance. This evolving paradigm enhances our
ability to target specific macrophage populations for therapeutic
interventions in diseases such as cancer, autoimmune disorders,
and chronic inflammatory conditions.

Macrophage dichotomy

There are at least two principal types of macrophage activation
within the immune system: classical (M1) and alternative (M2) (11, 12).
The classical or pro-inflammatory phenotype is initiated primarily in
response to cytokines secreted by Thl type T-cells, such as interferon-
gamma (IFN-y) and tumor necrosis factor (TNF). Additionally,
components of bacterial cell walls like lipopolysaccharide (LPS) and
muramyl dipeptide (MDP), as well as other pathogen-associated
molecular patterns (PAMPs), also trigger M1 activation (13). Ml
macrophages are integral to the inflammatory process, not only
participating actively in immune defense mechanisms but also
possessing cytotoxic capabilities that can directly target and destroy
tumor cells (14). They are key producers of a wide array of effector
molecules and pro-inflammatory cytokines.

M1 macrophages: inflammatory and
cytotoxic function

The classical activation pathway endows M1 macrophages with
enhanced expression of class II major histocompatibility complex
receptors (HLA-DR) and inducible nitric oxide synthase (iNOS),
both critical for their role in antigen presentation and microbial
killing (15, 16).

Additionally, markers commonly associated with M1
macrophages include CD11c, CD86, and the phosphorylated form
of STAT1 (pSTAT1). pSTAT1 acts as a transcription factor that
regulates genes essential for the cytotoxic functions of macrophages,
influencing their ability to respond to infectious threats and
malignantly transformed cells effectively. Through these
mechanisms, M1 macrophages contribute significantly to the body’s
first line of defense, orchestrating both innate and adaptive immune
responses (16).

While M1 macrophages were initially known as activated
macrophages (17), M2 macrophages described decades later (18)
have gained more attention due to their role in supporting tumors.
In response to cytokines secreted by Th2 type T-cells (IL-4, IL-13,
IL-33, IL-10, IL-21), as well as other mediators such as TGF-f3,
vitamin D3, and glucocorticoids, the immunosuppressive M2
phenotype of macrophages is established (11). These M2
macrophages are crucial for maintaining tissue homeostasis and
possess notable anti-inflammatory functions, which are essential in
tissue repair and regeneration (13). Additionally, they have a
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significant role in promoting tumor growth by creating an
environment that supports tumor survival and expansion. The
development of the M2 macrophage phenotype is largely
mediated through the activation of the transcription factor
STAT6 (19), which orchestrates a network of genes responsible
for their immunosuppressive and tissue repairing functions.

M2 macrophages: immunoregulatory and
pro-tumor functions

M2 macrophages are characterized by an enhanced production
of anti-inflammatory cytokines such as IL-10 and TGF-f, and
growth factors like VEGF, which are crucial for angiogenesis and
tissue repair. These macrophages also exhibit a reduced secretion of
IL-12, supporting their role in damping inflammatory responses.
The expression of surface markers like mannose receptor-1
(CD206) and scavenger receptors (CD204 and CD163) is
markedly increased in M2 macrophages, aiding in the clearance
of debris and dead cells, thereby maintaining homeostasis (20, 21).

M2 macrophages are not a uniform population but consist of
distinct subtypes—M2a, M2b, M2¢, and M2d—each induced by
different stimuli and performing specific roles in immune
regulation and tumor progression (22). M2a macrophages are
generated in response to IL-4 and IL-13 and are primarily
involved in tissue repair and fibrosis and contribute to tumor
dissemination (23). M2b macrophages are induced by immune
complexes in combination with TLR agonists or IL-1f. These cells
display a mixed cytokine profile, simultaneously producing pro-
inflammatory (e.g., IL-1f, TNF) and anti-inflammatory (e.g., IL-10)
mediators. Their immunoregulatory nature allows them to suppress
adaptive immune responses while maintaining chronic
inflammation that favors tumor development (23). M2c
macrophages arise under the influence of IL-10, TGF-B, or
glucocorticoids and are strongly immunosuppressive. They are
involved in matrix deposition, clearance of apoptotic cells, and
promotion of tumor tolerance. Their high expression of CD163 and
MerTK receptors aligns them closely with the phenotype of tumor-
associated macrophages found in various cancer types (23, 24). M2d
macrophages, often equated with tumor-associated macrophages
(TAMs), are induced by IL-6 and adenosine signaling within the
tumor microenvironment. They are potent promoters of
angiogenesis, mainly through VEGF production, and they
suppress anti-tumor immune responses by inhibiting cytotoxic
T-cell function and promoting regulatory T-cell expansion (22).

Cytotoxic functions of macrophages
Contact-independent mechanism

The cytotoxic activity of macrophages enables these cells to
destroy tumor cells through both direct and indirect mechanisms.

The primary mechanisms of direct cytotoxic activity include
phagocytosis, the production of pro-inflammatory cytokines, and
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mediators of inflammation such as nitric oxide and reactive oxygen
species, which trigger processes of programmed cell death in the
target cells (25). Additionally, macrophages attract cells of the
adaptive immune system, such as T-cells, to the site
of inflammation.

The mechanism of macrophage cytotoxic activity can be
classified into contact-dependent and contact-independent
interactions with the target cell. The initiation of contact-
independent cytotoxic activity by macrophages primarily occurs
in response to soluble factors (cytokines) produced by T-
lymphocytes following interactions of T-cells with antigen-
presenting cells or mitogens, such as phytohemagglutinin (PHA)
and concanavalin A (Con A) (26). Well-known cytokines include
Macrophage Activation Factor (MAF) and Macrophage Migration
Inhibitory Factor (MIF) produced by T-cells regardless of contact
with the tumor cell (27). The interaction with cytokines leads to
macrophage activation. Cytotoxic activity is conducted without
direct physical contact through secreted soluble factors by
macrophages, such as cytokines, chemokines, as well as reactive
oxygen and nitrogen species, which lead to the death of the target
cells (28).

This complex interplay not only facilitates the elimination of
tumor cells but also significantly impacts the microenvironment by
modulating inflammatory responses and orchestrating the
recruitment and activation of other immune cells. This nuanced
role of macrophages highlights their importance in both innate and
adaptive immune responses, making them a crucial target for
therapeutic strategies aimed at enhancing anti-tumor immunity.

Contact-dependent mechanism

The contact-dependent mechanism can occur via antibodies
bound to the surface of the target cell (antibody-dependent cellular
cytotoxicity, ADCC), as well as without the involvement of
antibodies. In the context of anti-tumor immune response,
macrophage-mediated ADCC plays a central role in cytotoxic
activity. Moreover, this mechanism mediates the action of many
immunotherapeutic drugs based on monoclonal antibodies (mAbs)
(29, 30). ADCC by macrophages is primarily carried out through
phagocytosis. This process is initiated by the binding of Fc receptors
on the surface of macrophages to antibodies on the surface of
malignantly transformed cells. This mechanism can be enhanced by
the action of certain cytokines and mAbs. For instance, it is known
that IL-15, IL-21, IL-18, IL-2, and antibodies to CD137, CD96,
TIGIT, KIR, PD-1 possess this activity (31). There is evidence that
cytokines and mAbs act synergistically in the context of anti-tumor
therapy. For example, IL-15 enhances the efficacy of mAbs against
CD20 and CD52 (32). It is known that the number of engaged Fc
receptors on the surface of macrophages directly correlates with the
effectiveness of ADCC in the context of tumor cells (33).

The data presented in the scientific literature about the
mechanism of antibody-independent cytotoxic activity of
macrophages are fragmented. It is known that this process also
requires opsonization of the target cell. In this case, complement
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factors act as opsonins. The opsonization of tumor cells with the
complement component C3, along with the generation of pro-
inflammatory mediators C3a and Cb5a, activates the cytotoxic
activity of macrophages. The C3 components of the complement
on the surface of the tumor cell are recognized by macrophages
through complement receptors CR3 and CR4 (CRs), which results
in increased FcyR-mediated phagocytic activity (34). There is
evidence that the C9 factor plays an important role in
complement-mediated cytotoxic activity of macrophages in the
context of non-small cell lung cancer (35).

Antibody-independent cytotoxic activity of macrophages can be
enhanced by the action of IFN-y, bacterial products such as LPS,
MDP, and other PAMPs. The action of IFNy is mediated by the
phosphorylation of the transcription factor STATI, which initiates
the transcription of about 200 genes, most of which are associated
with inflammation (36). In response to the interaction of TLRs on
the surface of macrophages with PAMP, a cascade of reactions is
triggered, leading to an increase in the cytotoxic activity of the
immune cell. For instance, LPS, by binding to TLR4, initiates a
cascade of reactions that activate the transcription factor NFkB,
resulting in the activation of transcription of genes for pro-
inflammatory cytokines such as TNF, IL-1B, IL-6, IL-12, IL-27, as
well as nitric oxide synthase (NOS2), and others (37). The bacterial
cell wall component MDP activates macrophages by binding to
another receptor, NOD2. This interaction also activates NF-«B,
subsequently enhancing the cytotoxic potential of the effector cell.

These insights into the antibody-independent cytotoxic
mechanisms underscore the sophisticated nature of macrophage
activation and their crucial role in innate immunity. By harnessing
such pathways, macrophages are capable of directly combating
pathogenic and cancerous cells without the direct need for
antibody mediation, marking them as key players in the body’s
defense system against a variety of threats.

Macrophage-derived anti-tumor factors

Thus, the primary function of macrophages in the context of
malignant neoplasms is anti-tumor. Recruited monocytes primarily
differentiate into M1 macrophages and produce a range of
inflammatory mediators that activate the immune response. Some
of these mediators initiate feedback loops. For example, IL-12
produced by M1 macrophages stimulates NK cells and dendritic
cells to secrete IFN-y, which enhances the cytotoxic potential of
macrophages, including an increase in the production of reactive
oxygen species and nitric oxide (NO). These compounds lead to the
activation of apoptosis in the target cell. One of the primary targets
of reactive oxygen species within cells, including malignantly
transformed ones, are lysosomes. Oxidation causes destabilization
of the lysosomal membrane, leading to the release of lysosomal
enzymes and damage to the cell. In response, the cell activates the
process of autophagy as a defense mechanism; however,
prolonged oxidative stress leads to what is known as autophagic
cell death, which is currently classified as a type of programmed cell
death (38).
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Programmed cell death processes in tumor cells are also
triggered in response to other inflammatory cytokines such as
TNF, IL-1B8, MCP-1 (monocyte chemotactic protein 1), and
others. ADCP (antibody-dependent cellular phagocytosis) is
accompanied by the presentation of tumor antigens to T-cells and
the activation of an adaptive anti-tumor immune response.
Activated lymphocytes proliferate, forming tumor-specific clones
and infiltrating the tumor, thus forming an adaptive anti-tumor
immunity (38). M1 macrophages can inhibit tumor development
significantly through phagocytosis and the presentation of antigens
on their surface, recruiting CD8+ T-cells and cytotoxic NK
cells (39).

Recent studies have also highlighted the significant impact of
intracellular molecules, such as microRNAs (miRNAs), on the
polarization of macrophages. For instance, miR-720 is known to
push M2 macrophages towards an M1 phenotype while
simultaneously inhibiting their phagocytic activity, suggesting a
complex regulatory mechanism that balances pro- and anti-
inflammatory responses (40). Similarly, miR-127 enhances the
expression of pro-inflammatory cytokines like IL-6 and IL-1f,
suggesting its potential role in promoting an M1 phenotype,
which is geared towards fighting infections and tumor cells (41).
Moreover, miRNAs such as miR-23a/27a/24-2 are actively involved
in reprogramming macrophages towards an M1 phenotype, thereby
supporting anti-tumor activity. miR-23a, by interacting with the
NE-«kB pathway inhibitor A20, not only promotes the expression of
inflammatory cytokines but also disrupts the immunosuppressive
signaling pathways, typically prevalent in M2 macrophages,
through inhibition of the JAK1/STAT6 pathway. miR-27a exerts
similar effects by targeting regulatory factors like IRF4 and the
PPARY receptor, further demonstrating the intricate network of
gene regulation involved in macrophage polarization (42).

These mechanisms illustrate the critical roles that M1
macrophages play not only in direct tumor cell elimination but
also in orchestrating a broader immune response against tumors.
Their ability to present antigens and recruit other immune cells
underscores the importance of macrophages in the development of
effective anti-cancer strategies, highlighting potential therapeutic
targets for enhancing anti-tumor immunity.

Macrophage-based therapeutic
approaches

Based on these observations, numerous therapeutic approaches
have been developed to reprogram pro-tumoral M2 macrophages
into inflammatory M1 cells within the tumor microenvironment.
One approach involves the use of pattern-recognition receptor
agonists: TLR7/8 ligands (43), TLR3/5/9 agonists delivered by
ROS-inducing micelles (44), ferritin (45) or liposomal systems
that trigger NF-KB/IRF cascades in F4/80" cells inside the tumor.
These treatments promote the expression of iNOS and IL-12,
leading to enhanced antitumor immunity in murine models (45-
48). Another strategy relies on metabolic reprogramming of TAMs,
including pH-responsive micelles or exosomes that silence STAT6
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(49) and miR-155 conjugated graphene quantum dots (50) re-
educating resident TAMs. Additional approaches include
checkpoint-targeted and vesicle-based systems such as dual-
inhibitor supramolecules (CSF-1R + SHP2), SIRPo-blocking
magnetic nanoparticles (51), and hybrid nanovesicles that fuse
M1-derived membranes with CD47-targeting modules (52).

Clinical translation of these approaches was, however, limited.
In patients with melanoma, non-small cell lung cancer, and renal
cell carcinoma, CSF-1R blockade—alone or in combination with
CDA40 agonists and nivolumab—failed to induce durable M2-to-M1
repolarization and resulted in low objective response rates (53, 54).
Broad myeloid-targeted combinations, such as CSF-1R with CCR2/
5 and CXCR2 inhibitors, were similarly ineffective, as compensatory
immunosuppressive myeloid populations rapidly re-emerged (55).
Moreover, the multi-kinase CSF-1R inhibitor pexidartinib caused
off-target depletion of dendritic cells and liver toxicity when
combined with durvalumab, yielding only limited partial response
rate in advanced colorectal and pancreatic cancers (56).

Pro-tumor function of M1
macrophages

Inflammatory factors

The cytotoxic activity of type I macrophages may paradoxically
facilitate tumor progression. Reactive oxygen species (ROS), nitric
oxide (NO), and a spectrum of pro-inflammatory cytokines such as
IL-6, TNF, and IFN-Y can exert mutagenic effects on tumor cells and
their surrounding microenvironment (57, 58). These inflammatory
mediators, while intended to combat tumor cells, can
unintentionally promote genetic mutations that lead to enhanced
tumor survival and adaptation. Furthermore, certain chemokines
produced by cytotoxic macrophages serve as chemoattractants for
regulatory T-cells (Tregs), which are known to suppress anti-tumor
immune responses and thus facilitate tumor progression (59).

TNF, in particular, plays a critical role in promoting tumor
angiogenesis, proliferation, invasion, and metastasis (60). This
cytokine activates the NF-xB signaling pathway within tumor
cells, leading to increased tumor cell survival and proliferation.
Notably, TNF exposure results in a loss of gp100 protein expression
in melanoma cells, while simultaneously elevating levels of the
neurotrophin receptor (NGFR) (61). Since gpl00 is a recognized
target for immune attack and NGFR is linked with tumor
aggressiveness, this shift could lead to decreased immune
surveillance and increased tumor malignancy. Moreover, NGFR’s
role in inactivating the tumor suppressor gene p53 further
underscores its contribution to tumor growth and resistance to
cell death (62).

TNF also attracts endothelial cells, fibroblasts, and pericytes to
the tumor site, facilitating the formation of a supportive tumor
microenvironment that is conducive to further growth and spread.
The production of matrix metalloproteinases by cytotoxic
macrophages, often seen in high levels within the tumor
microenvironment, aids in breaking down extracellular matrix
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barriers, thus enabling tumor invasion and metastasis (63).
Additionally, the presence of IFN-y induces macrophages to
express indoleamine 2,3-dioxygenase (IDO), which suppresses
cytotoxic T-lymphocyte activity, further dampening the immune
response against tumor cells (64, 65).

The enduring M1/M2 paradigm maintains that while M1
macrophages are typically anti-tumoral, M2 macrophages generally
promote tumor growth. This dichotomy underscores the dualistic
nature of macrophage function in cancer biology (66). Current
research continues to explore macrophage reprogramming
strategies, aiming to convert pro-tumoral M2 macrophages back
into anti-tumoral M1 types, thus enhancing the overall effectiveness
of anti-cancer therapies (67). Nevertheless, emerging studies challenge
this binary classification, revealing scenarios where M1 macrophages
unintentionally support tumor growth, highlighting the complexity
and dynamic behavior of these immune cells within different tumor
contexts. This evolving understanding necessitates a more nuanced
approach in leveraging macrophages in cancer therapy, ensuring that
interventions precisely target the multifaceted roles these cells play in
tumor progression.

Experimental evidence

For instance, it has been demonstrated that conditioned
medium from M1 macrophages can stimulate the invasive
capacity of pancreatic adenocarcinoma cells, as shown by
increased migration and invasion of MiaPaCa-2 and HPAF-II
cells in response to GM-CSF-polarized M1 macrophages derived
from human blood monocytes (68). In hepatocellular carcinoma
(HCC), exposure of monocytes to HCC-conditioned medium
induced an MI-like phenotype that paradoxically promoted
tumor growth in vivo by suppressing tumor-specific T cells;
notably, this effect was reversed by PD-L1 blockade (69).

10.3389/fimmu.2025.1638102

Moreover, M1 macrophages generated by stimulation of U937
cells with TFN-y and LPS were shown to enhance proliferation
and invasion while reducing apoptosis in HepG2 and SMMC-7721
hepatocellular carcinoma cells (70). In a melanoma model it was
demonstrated that the conditioned medium from M1 macrophages
can stimulate the invasive capability of tumor cells through
activation of the TNFR-NF-xB signaling pathway (71). It has also
been shown that the conditioned medium from M1 macrophages
promotes the proliferation of hepatocellular carcinoma cells via the
NEF-kB signaling pathway (72). Furthermore, the conditioned
medium from M1 macrophages has been found to stimulate the
proliferative ability of gastric cancer cells (73). Recently, it has been
shown that M1 macrophages enhance the survival and invasion of
squamous cell carcinoma cells of the oral mucosa by activating
ErbB2 (74). Table 1 provides an overview of studies discussed.

The findings from these studies highlight a complex paradox
where M1 macrophages, traditionally considered as anti-tumoral,
can under certain conditions promote tumor progression. This
phenomenon may be explained by the multifaceted nature of the
cytokine and chemokine profiles secreted by M1 macrophages,
which, while aimed at fighting infections and tumors, can
inadvertently provide growth factors and survival signals to
cancer cells. The local tumor environment also plays a critical
role in dictating the effects of these signals, with certain cancer types
possibly more predisposed to exploit the inflammatory milieu to
their advantage.

These insights underscore the need for a deeper understanding
of the tumor microenvironment and the interplay between immune
cells and cancer cells. This knowledge is crucial for designing
targeted therapies that can modulate the tumor-promoting effects
of M1 macrophages or potentially harness their anti-tumoral
capabilities more effectively. As research progresses, strategies
may need to be tailored to not only enhance the cytotoxic
functions of M1 macrophages but also mitigate their potential to

TABLE 1 Summary of studies demonstrating pro-tumorigenic effects of M1 macrophages.

Publication M1-activation strategy

Human blood monocytes stimulated with

Salmiheima 2016 (68) GM.CSE

Human monocytes exposed to HCC-

K 2009 (69
uang (69) conditioned medium.

Xie 2016 (70) U937 stimulated with IFN-y, LPS

Kainulainen 2022 (71) THP-1 stimulated with PMA, IFN-y, LPS

Cancer model tested

Pancreatic-adenocarcinoma cell
lines MiaPaCa-2, HPAF-II

Human HCC samples; HepG2
xenografts in NOD/SCID mice.

HepG2, SMMC-7721 HCC cells.

Melanoma lines MV3, A375

Pro-tumor read-out demonstrated

Increased tumor-cell migration/invasion

M1 suppressed tumor-specific T-cells and accelerated
tumor growth in vivo; PD-L1 blockade reversed.

Increased proliferation, invasion; reduced apoptosis.

Increased invasion.

Sharen 2022 (72) THP-1 stimulated with PMA, IFN-y, LPS.

Gastric-cancer lines
BGC823, MKN28

Zhou 2018 (73) THP-1 stimulated with PMA, LPS

OSCC lines SCC25, CAL27;
nude-mouse xenografts.

Lv 2022 (74) THP-1 stimulated with PMA, IFN-y, LPS.

Hepatocellular carcinoma cells
HepG2, SNU-182

Increased proliferation, clonogenicity, radio/
chemo-resistance.

Accelerated proliferation.

Increased proliferation, colony-formation,
migration/invasion

Podlesnaya 2022 (75) THP-1 stimulated with PMA, IFN-y, LPS.

Kovaleva 2022 (76) THP-1 stimulated with PMA, IFN-y, LPS.
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Cell lines PC3 (prostate),
H1299 (lung)

H1975 (lung), nude-
mouse xenografts.
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Resistance to macrophage killing, increased
proliferation, migration

Increased proliferation in vitro and in vivo, increased
tumor size with vascularization
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FIGURE 1

NO selection of
resistant tumor cells

Sensitive tumor

—> Cytotoxic activity

—> Tumor growth support

Cytotoxic macrophage-mediated selection of tumor cells. The left panel depicts a heterogeneous tumor microenvironment where large amount of
M1 macrophages exert cytotoxic pressure (red arrows), leading to the elimination of sensitive tumor cells and the survival of resistant clones,
culminating in the emergence of a resistant tumor. Concurrently, M2 macrophages support tumor growth (green arrows). In contrast, the right panel
shows a balanced microenvironment where such selective pressure is low, allowing for the persistence of a mixed tumor cell population without the
dominance of resistant clones, resulting in a sensitive tumor phenotype. This model illustrates how cytotoxic M1 can paradoxically contribute to

tumor evolution.

support tumor growth, ensuring that therapeutic interventions are
both precise and effective in combating cancer.

Previous research on the resident microbiome and tumor
stroma prompted us to explore the potential pro-tumoral role of
type 1 activated macrophages (M1). We hypothesized that under
certain conditions M1 macrophages may contribute to tumor
progression by cytotoxic pressure that selects more malignant,
resistant tumor clones. To test this hypothesis, we created a
unique in vitro model in which tumor cell lines of various origins
(lung, prostate, kidney, breast) were repeatedly exposed to
macrophages stimulated with the TLR4 ligand lipopolysaccharide
(LPS), leading to the development of tumor cell sublines resistant to

Frontiers in Immunology

macrophage cytotoxicity (75). This model enabled us to
characterize tumor cells that acquired resistance to macrophage
cytotoxicity. Our findings revealed that these resistant sublines
exhibited several features associated with increased malignancy,
including accelerated proliferation, enhanced tumor growth in vivo,
increased vascularization, and perineural invasion (76).
Transcriptomic analysis further identified signaling pathways and
gene expression changes potentially underlying this acquired
resistance. While these results suggest that inflammatory
macrophages may act as a selective pressure favoring immune-
evasive and more aggressive tumor phenotypes, we acknowledge
that this does not establish a direct mechanistic link between M1
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macrophages and immune escape. These findings support the idea
that pro-inflammatory macrophages may contribute to tumor
evolution by selecting clones capable of resisting their cytotoxic
effects, although further studies are needed to clarify the precise
mechanisms involved in this process.

Possible mechanisms

An analysis of the transcriptome of the derivative cell lines
compared to the originals revealed the activation of various
signaling pathways potentially involved in tumor progression,
particularly the integrin-dependent signaling pathway and the
TGF-B signaling pathway. Signaling pathways activated by the
cytokine TGF-P regulate a large number of biological processes,
such as cell division, migration, and differentiation, and their effects
vary depending on the type of target cells and their
microenvironment. One of the primary mechanisms of TGF-§
action involves interaction with Smad proteins, leading to the
regulation of numerous genes. On the other hand, TGFP can
activate the function of MAP kinases, specifically p38, through
Smad-independent mechanisms. It is also noteworthy that
transcriptomic sequencing revealed an increase in the expression
of osteoprotegerin (OPG), also known as a member of the 11b
superfamily of TNF receptors (TNFRSF11B). This receptor is a
soluble protein whose main function is to inhibit TRAIL-induced
apoptosis. For various solid tumors, an association of OPG content
with tumor aggressiveness has been demonstrated (77-80). It has
been shown that OPG secretion is mediated by the activation of two
signaling cascades, namely p-38 and ERK1/2, which, in turn, are
activated in response to the cytokine IL-1B produced by
macrophages (81), which is consistent with our results.

These findings suggest that while M1 macrophages are typically
considered anti-tumor, their activity can, under certain conditions,
promote tumor progression by exerting selective pressure that
favors the outgrowth of resistant and more aggressive clones. This
paradox highlights the complex and context-dependent nature of
macrophage-tumor interactions and underscores the need for
nuanced approaches in cancer therapy that go beyond simple
macrophage activation. Rather than broadly stimulate M1
functions, future strategies should aim to preserve their cytotoxic
potential while minimizing the pro-tumoral effects of sustained
inflammatory signaling. The specific signaling pathways responsible
for this shift remain to be identified, but therapeutic targeting of
downstream cytokine effects and modulation of the tumor
microenvironment may help prevent the unintended promotion

of tumor growth.

Conclusions

The role of the immune system in tumor progression is the subject
of study in leading laboratories around the world. The development of
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oncoimmunology and immunotherapy for tumors has revolutionized
the treatment of cancerous diseases. Macrophages, natural killers, and
T-cells play a central role in the destruction of tumor cells. The nature
of the interaction between the tumor and its microenvironment is
multifaceted. On one hand, tumor cells can reprogram immune
competent cells and suppress their anti-tumor activity, while on the
other hand, tumor cells can develop resistance to the cytotoxic effects
of macrophages and other immune competent cells.

As illustrated in Figure 1, M1 macrophages, despite their
cytotoxic activity against tumor cells, can inadvertently drive
tumor evolution by selecting for resistant cell populations. In a
heterogeneous tumor microenvironment, M1 macrophages
eliminate sensitive tumor cells, but their activity may leave behind
and promote the expansion of resistant clones, resulting in a more
aggressive tumor phenotype. This selection pressure ultimately
leads to tumor relapse with enhanced resistance characteristics. In
contrast, the absence of such selective pressure may preserve tumor
cell sensitivity, as shown in the right panel of the figure. Here, the
tumor retains a mixed population without the dominance of
resistant phenotypes, underscoring the paradoxical role of
cytotoxic macrophages in tumor progression.

In summary, recent years have provided compelling evidence
for a new function of cytotoxic macrophages in tumors — namely,
their ability to participate in the selection of more malignant tumor
cells and to promote tumor progression. Current literature explains
the minimal success of therapeutic strategies aimed at altering the
phenotype of macrophages to cytotoxic. It is clear that there is a
need to completely reconsider macrophage-mediated therapy
strategies and adjust them, possibly by focusing on reducing the
overall number of macrophages in malignant neoplasms.

The interaction between tumor cells and the immune system is
complex and dynamic. As our understanding of this relationship
deepens, it reveals that while immune cells are traditionally viewed
as protectors against cancer, under certain conditions they can
facilitate cancer adaptability and survival. This paradoxical behavior
highlights the intricate balance of immune responses within the
tumor microenvironment, where the same factors that are meant to
fight the tumor can also end up supporting it. Thus, a nuanced
approach is required in developing immune-based therapies, one
that not only aims to activate immune responses but also precisely
targets these responses to avoid unintended support of tumor
growth and resistance. This ongoing research emphasizes the
importance of developing targeted therapies that can selectively
modulate the immune landscape of tumors, thereby enhancing the
efficacy and specificity of cancer treatments.
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