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Abstract: Multiple immune cells and stromal components comprise the tumor microenvironment
(TME). In this complex TME, tumor-associated macrophages (TAMs) are spatially heterogeneous.
Tumor heterogeneity affects tissue remodeling, immune response, angiogenesis, and metastatic
potential. This review highlights the roles of macrophages in TME, immunoregulation, and
immunotherapy. Also, intricate relationships between TAMs and various immune cells in the TME
and immune evasion have been explored comprehensively. TAM heterogeneity and complex
interactions with immune cell types may lead to potential therapeutic approaches. Similarly, classic
immune checkpoint inhibitors like anti-PD-L-1 and anti-PD-1 offer promising tumor therapies. TAMs
regulate PD-1/PD-L1 immunosuppression by suppressing T cell recruitment and function using
cytokines, superficial immune checkpoint ligands, and exosomes. TAM's functions and mechanisms
in PD-1/PD-L1 blocker resistance are described in detail. The insights into intricate relationships of
TAMs with the immune cells within TME and the role of immune checkpoint inhibitors will further
help explore potential future therapeutic advances.
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1. Introduction

Cancer ranks high among global public health concerns and is leading to high fatalities in
multiple countries. It is anticipated that 2,041,910 new cases of cancer and 618,120 cancer-related
deaths are projected to occur in the US in 2025 [1]. The high cost of treating cancer patients and their
families, as well as the whole economy, has been a significant drag on healthcare investment.
Accordingly, to further decrease the mortality and morbidity rates, tumor prevention and treatment
are of utmost urgency. Despite the widespread use of chemotherapy, radiation therapy, and surgery
as therapies for cancer, some patients have had unsuccessful outcomes [2,3].

In animals, macrophages penetrate various tissues, where they co-develop with the organs they
occupy. Until their environment changes, these macrophages generally keep their numbers and
morphologies the same. There are three main types of macrophages found in almost every tissue:
those that originate in the blood or bone marrow, those that dwell in the tissue itself, and those that
arise in the bone marrow but do not produce any inhibitory cells [4]. Due to their phenotypic and
functional diversity, macrophages are essential to innate and adaptive immunity. Embryonic
hematopoietic stem cells become lung alveolar macrophages, bone osteoclasts, liver, and Kupffer
cells. Postnatal bone marrow precursors, specifically monocytes, may become macrophages in a
tissue inflammation or steady-state [5].

Immunology, tissue and systemic inflammation, and regeneration are all processes in which
macrophages participate. They perform phagocytosis, antigen presentation, microbial cytotoxicity
defense, cytokine and complement components, and other tasks [6]. Likewise, immunological
tolerance, tissue repair, and inflammation suppression are all achieved by macrophages [7].
Moreover, TAMs help establish the TME. Many cancers include TAMs and increase tumor
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development, invasion, metastasis, and treatment resistance [8]. Furthermore, macrophage’s
functional differences are linked to plasticity, and TME chemicals modulate their functional
phenotype [9].

The fourth therapeutic method to develop after conventional therapy is chimeric antigen
receptor (CAR)-T cell therapy and immune-checkpoint inhibitors. Some advanced-stage tumors have
demonstrated encouraging results when treated with immunotherapies such as CAR-T cell therapy
and programmed death receptor 1 (PD-1) inhibitors, which have recently gained clinical approval
[10-13]. Still, there is room for improvement in the effectiveness of PD-1 inhibitors since they were
only partially effective in a subset of cancer patients [14].

Regarding tumor development, metastasis, and therapeutic response, the TME is a major player.
[15,16]. Investigating the TME to increase the response rate and create novel cancer immunotherapy
techniques is essential. Research indicates that macrophages are among the most important immune
cells found in the TME [16]. Macrophages, through their phagocytosis function, can initially clear
tumor cells. However, when stimulated by TME factors, they eventually change into TAMs with the
M2 phenotype, which increases metastasis and tumor growth by suppressing immunity, triggering
angiogenesis, and bolstering cancer stem cells [17]. Studying macrophages in the TME is crucial, and
future anti-tumor efforts may benefit from targeting macrophages.

2. Macrophage Origin and Polarization

Monocytes in the bloodstream are the progenitors of macrophages, and there is a great deal of
diversity among these immune cells [18]. They may originate from tissue macrophages or blood
monocytes drawn to chemokines like CCL2 or CSE-1 [19]. Classically activated macrophages (M1)
and alternatively activated macrophages (M2) are two types of macrophages that their phenotype
and function may identify. [20].

Macrophage Polarization and Differentiation in TMEE

Environmental signals cause macrophages to differentiate into distinct phenotypes for host
defense, wound healing, immunological control, and cancer [21]. The malleability of undifferentiated
macrophages (M0) allows them to be polarized into two types of activation: conventional (M1) and
alternative (M2) [22]. IFN-y and LPS from bacteria activate M1 macrophages, which release
inflammatory molecules such as IL-1p3, IL-6, and TNF-a and have pro-inflammatory and anti-tumor
characteristics. When tumors grow, spread, and evade the immune system, M2 macrophages are
vital, influenced by IL-4 and IL-13 and released by T-helper 2 (Th2) cells. In addition, they release
anti-inflammatory components such as IL-10 and TGF-f3 [23].

Furthermore, abnormalities in the IKKB/NF-kB pathway may cause TAM polarization [24]. IL-4
binding to its receptor may phosphorylate STAT6, causing M2-like macrophage polarization via the
JAK/STATS6 signaling pathway. To induce polarization, phosphorylated STAT6 binds to KLF4 and
PPAR-y simultaneously [25]. M2-like macrophages become M1-like when IL-4's receptor connection
is blocked [26]. Multiple mediators, including as IL-4, TGF-p, IL-10, and BMP-7, activate M2
polarization via the PI3K/Akt pathway [27]. Non-coding RNA (IncRNA)-Xist knockdown or miR-101
overexpression in M1-like macrophages suppresses C/EBPa, and KLF6 synthesis leads to M1-to-M2
polarization [28]. Antitumor therapies that regulate M1/M2 polarization are promising owing to
TAM'’s higher adaptability.

It's important to note that macrophages are not merely M1 and M2 immune cells. IL-4/IL-13,
LPS/IL-1 receptor, and IL-10 promote activated M2 macrophages into M2a, M2b, and M2c,
respectively [29]. According to Mantovani et al. [30]. M2a and M2b macrophages modulate
immunological response and enhance the response of Th2 cells, whereas M2c suppresses immune
response and remodels tissue. M2d macrophages (TAMs) activated by Toll-like receptors and
expressing VEGF and IL-10 were also hypothesized [31]. M2d macrophages promote tumor growth
and angiogenesis [32]. Figure 1 depicts inducers, surface indicators, and cytokines. Targeting TAMs
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in the TME is becoming more critical since macrophage activation may control tumor growth and
inflammation.
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Figure 1. How various environmental stimuli influence the trajectory of macrophage differentiation. Classically
activated macrophages are polarized into alternatively activated macrophages under various interferons, LPS,

and interleukins. Created by BioRender.

3. Macrophages Inside the TME Accelerate Tumor Development

At various points during tumor formation, macrophages play an essential role. Through the first
steps of tumor growth, immune cells such as macrophages are drawn to the tumor stroma by
cytokines and exosomes released by tumor cells. After they arrive, macrophages aid migration,
metastasis, and tumor growth [17]. Macrophages play an essential role in the TME. They can induce
tumor necrosis by assertive phagocytosis [33], but there is evidence that TAMs play a substantial role
in further tumor advancement. In cancers, TAM increases cancer cell expansion and proliferation,
angiogenesis, and lymph angiogenesis and suppresses the effector T cell immune response [34].

At the outset of lung cancer, TAM exhibits characteristics that are thought to be pro-
inflammatory and anti-tumor (M1 type). Still, as the disease advances, TAM begins to show
characteristics thought to be pro-inflammatory and tumor-promoting [17]. TAM can potentially
regulate the immune system and non-immune processes to promote tumor formation [35-37]. One
example is TAM secretion of many pro-angiogenic factors, which aid in tumor angiogenesis and
metastasis [38].

Half of the TME's cells are macrophages, mostly M2 phenotypes. A negative correlation has been
observed between tumor micro-vessels, the number of macrophages in the TME, and survival results
in patients with non-small cell lung cancer (NSCLC) [39,40]. Recently, it has seen an explosion of
research using next-gen and single-cell sequencing technologies that have unveiled the TAM's
complex management of the ever-changing cancer environment [20,40]. The primary objective of this
section is to deliver an overview of TAM and its role in tumors.
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3.1. Implications of M1 Type TAM on Regression of Tumors

It was shown that TAM's primary deleterious process is suppressing anti-tumor immunity. One
immunostimulatory cytokine that TAM may be able to lower is IL-12 production. This cytokine can
stimulate NK and cytotoxic CD4* T cells, potentially eradicating tumors [41]. In addition, TAM's
production of immunosuppressive elements, including IL-10, transforming growth factor-p, and
prostaglandin E2, might have a role in cancer formation [17,42,43].

Arginase 1 (ARG1) is a hydrolase that regulates the breakdown of L-arginine; it is one of the
enzymes that TAM may directly block T cell activity via. IL-4, IL-10, and hypoxia are the mediators
of many signaling pathways that generate ARG1, which impacts T-cell function by reducing the
activity of the semi-essential amino acid L-arginine [43]. Additionally, by blocking the expression of
programmed cell death ligand 1 (PD-L1) and B7 homolog 1 on T cells, TAM may enhance T-cell
apoptosis [20,43].

3.2. M2 Type TAM's Role in Driving Tumor Growth

Proinflammatory cytokines, such as TNF-a, IL-6, and IL-11, mediate the tumor-promoting
function of M2 macrophages in cancer cells by activating the nuclear factor-«B (NF-kB) and signal
transduction and activator of transcription 3 (STAT3) pathways [17,20,36,43,44]. Furthermore, M2
TAM accelerated tumor growth via elevated VEFG-A and VEFG-C expression, which enhanced
angiogenesis and lymph angiogenesis [36,38,43].

4. Crosstalk Between TAMs and Tumor Cells

Dendritic cells (DCs), natural killer (NK) cells, mast cells, tumor-associated neutrophils (TANSs),
recruited macrophages, and cancer cells are among the several cell types seen in the TME [45].

A complicated interaction between several cellular components and environmental factors
causes TAM migration to the TME. Cytokines and the production of exosomes are essential
components of the juxtacrine and paracrine signaling pathways that are crucial to this process. The
TAM colony-stimulating factor (GM-CSF) is a chemokine that tumors secrete and is essential for
recruiting TAMs. Research has shown that this factor activates DCs within tumors, demonstrating
anti-tumorigenic actions at low levels in the blood. On the other hand, it shifts to recruiting TAMs
and promoting oncogenesis in advanced cancer stages when GM-CSF levels are high. Breast, colon,
and cholangiocarcinoma cancers have all been linked to increased recruitment and infiltration of
TAMs to the tumor site due to upregulation of this cytokine and CSF [46,47].

Furthermore, it has been shown that CSF may stimulate colon cancer cells to produce IL-8 from
TAMs. Later, the colon cancer cell’s protein kinase C signaling pathway is activated by IL-8, which
causes the tumor to produce more CSF and attract more TAMs [22]. Figure 2 shows the interaction
between TAMs and cancer cells. Lung cancer, osteosarcoma, and breast cancer are associated with
producing IL-17, IL-34, and CSF-2, three other notable tumor-released cytokines that increase TAM
recruitment [48,49]. Not only do cytokines play a crucial role in TAM recruitment, but so do specific
chemokines generated by tumors. Examples include C-C motif chemokine ligand 2 (CCL2), CCL5,
CCL20, CXCL4, and CXCL12. These ligands are linked to several cancers, including bladder, colon,
breast, and NSCLC [50,51]. In the end, the reliance on these substances generated by tumors
highlights how vital an inflammatory TME is for attracting TAMs, which aid in tumor development.

In addition to tumor cells, other stromal cellular components of the TME are also involved in
TAM recruitment. Hepatocellular carcinoma progresses because tumor-derived CXCL5 influences
TAN recruitment to the tumor site, where they produce CCL2 and CCL17. These, in turn, attract
TAMs, which further the cancer's spread [46]. The production of CCL2 and other adipokines by breast
cancer cells and cancer-associated adipocytes, such as lauric acid and leptin, invites TAMs to the TME
[52]. Moreover, CAFs and mesenchymal stromal cells contribute to an inflammatory TME favorable
to the recruitment of TAMs in ways that rely on C-C chemokine receptor type 2 (CCR2) and IL-8.
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A protein known as cluster of differentiation 47 (CD47) is involved in another biological
pathway that regulates the interaction between tumor cells and TAMs. Tumor cells are among the
many cell types that have it on their membrane surfaces. The cells that produce signal regulatory
protein alpha (SIRPa), a membrane protein that binds to CD47, are the most prevalent in the bone
marrow and TAMs (Figure 2). The usual immunoreceptor tyrosine-based inhibitory motif (ITIM) is
formed when these cells come together. The cytosolic tyrosine phosphatases SHP-1 or SHP-2 may be
recruited and activated via the contact between the NH2 terminal domain of the ITIM motif and the
single domain of CD47. This connection regulates downstream signaling cascades and
dephosphorylates many substrates, which limits TAM phagocytosis of cancer cells. The "do-not-eat-
me" signal is, hence, another name for CD47 [53].

Macrophage-mediated programmed cell removal (PrCR) is essential to detect and eliminate
tumors. Immune responses involving macrophage toll-like receptors (TLRs) initiate the Btk signaling
pathway, which in turn triggers phosphorylation of the endoplasmic reticulum and dissociation of
the cell surface calreticulin (CRT) [46]. Macrophages express dissociated CRT, forming the
CRT/CD91/C1q complexes, allowing them to phagocytose cancer cells [54]. By attaching to SIRPa on
macrophages, "Do-not-eat-me" signals prevent tumor cell PrCR production, inhibiting phagocytosis.
However, "do-not-eat-me" signals may be blocked by inhibiting CD47 on tumor cells. Thus, inhibiting
CD47 on tumor cells and activating the TLR signaling pathway in macrophages may enhance PrCR.
Research has shown tumor cells may resist macrophage phagocytosis even after CD47 inhibition. To
be more precise, Weissman et al. [55] reported that tumor cells evade macrophage phagocytosis by
using a different identification process between the two types of cells. To enhance phagocytosis and
eliminate tumor cells in vivo, it is possible to block or downregulate the signaling protein (32-
microglobulin, which is present on the tumor cell surface as part of major histocompatibility complex-
I (MHC-I). Research has shown that this therapy may significantly extend the longevity of animals
with tumors by as much as 70% (Figure 2).

Evidence also suggests a robust relationship between TAM status and cancer stage and
prognosis. In most cases, anti-tumor TAMs are often seen in early-stage tumors, while pro-tumor
TAMs are more commonly found in advanced-stage tumors. Hence, the TAM polarization index,
which measures the ratio of pro-tumor to anti-tumor TAMSs, has been suggested to predict cancer
outcomes and target potential treatments [56,57]. Upon analyzing the polarization spectra of TAMs
in 931 colorectal carcinomas, Vayrynen and colleagues found that a higher M1:M2 density ratio in
the tumor stroma was linked to improved cancer-specific survival probability [58]. Nevertheless, it
has been shown that the location of these cells is just as important, if not more so, for prognosis than
confirming TAMs in the TME [59].

Studying TAM:s inside the TME in a specific setting and using a particular approach might lead
to substantially different percentages [60]. Several cancers, including melanoma, breast, ovarian,
pancreatic, and lung cancers, are associated with a poor prognosis when these markers are present
[61]. Pancreatic cancer prognosis, vascularization, and disease progression correlate with TAM levels,
particularly CD163* and CD204* TAMs [62]. A poor prognosis and an increased risk of recurrence are
linked to high levels of TAM infiltration in breast cancer [63]. Based on their research, Jeong and
colleagues found that invasive breast cancer (IBC) patients had bigger tumors and a worse prognosis
when CD163* M2-like macrophages were infiltrated into tumor nests. This discovery also functioned
as a separate indicator of prognosis for decreased disease-free survival (DFS) and overall survival
(OS) [64]. This is mainly because, as previously shown in research [65], TAMs secrete matrix
metalloproteinases (MMPs) and other proteases, which aid tumor invasion and metastasis. In
contrast, individuals with IBC had an improved prognosis for OS and DFS when CD11c* M1-like
macrophages were seen infiltrating the tumor stroma [66]. Mei et al. similarly discovered in their
meta-analyses and systematic review that NSCLC patients' OS improved when the tumor islet
included a high density of M1-like TAMs. Still, it worsened when the tumor stroma contained a high
density of M2-like TAMs [67]. The patient’s overall survival was unrelated to the total CD68* TAMs
in the tumor islet or stroma, which is intriguing [67]. These results prove that the location of M1- and


https://doi.org/10.20944/preprints202504.0220.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2025

M2-like TAMs, rather than just the existence of these phenotypes in the TME, is a better indicator of
disease outcome.

Because TAM activities are context-dependent and highly changeable, it is essential to consider
the unique TAM phenotype and its interactions with the TME when targeting TAMs for cancer
treatment [68]. Cancer researchers are investigating potential ways to use TAMs as a therapeutic
target. These include reprogramming TAMs to be less tumor-promoting, preventing their
recruitment to tumor sites, and improving the immune response against tumors [69]. However,
further research is needed to comprehend the complex interaction between macrophages and the
TME fully [68,70].
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Figure 2. TAMs produce cancer-promoting IL-6, IL-8, and IL-10. Similarly, they produce T-cell-killing IL-8.
Multiple tumor cell-TAM juxtacrine connections restrain immunity. PD-1/L1 inhibits macrophages to hide
malignancy from the immune system, and through B7-H3, cancer immune evasion suppresses T cells. The "do-

not-eat-me" signal is sent via SIRPat/CD47 and CD24/Siglec-10 pathways. Tumor cells may overexpress CD47


https://doi.org/10.20944/preprints202504.0220.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2025

and CD24 to escape macrophages. LILRB1/MHC class I component (2-microglobulin is essential for tumor
defense against macrophages. Cells exchange circRNA, miRNA, IncRNA, ICAM-1, REG3b, lipids, proteins, and
mRNA via exosomes. TAM associate ApoE and other exosome-delivered chemicals activate PI3K-Akt, causing
EMT, cytoskeletal remodeling, and cancer cell migration. Eph44-Ephrin juxtacrine controls immune cell motility,
activation, survival, and death. CD44 affects phagocytosis, inflammation, and multidrug resistance and is an
effective phagocytic receptor due to HA binding and metabolization. Eph44-ephrin, CD90-CD11b, BTN3N3-L-
SECtin, and CD44-HA all have a role in keeping cancer stem cells alive. The paracrine system promotes TAM
proliferation, differentiation, and TGF-$ production, leading to tumor cell invasion and treatment resistance.
The autocrine relationship between IL-1RL1 and IL-33 preserves the tumor cell's stemness. Thus, the complex
TME interactions promote crosstalk. ApoE, Apolipoprotein E; CCL, C-C motif chemokine Ligand; EMT,
epithelial-mesenchymal transition; GM-CSF, granulocyte-macrophage colony-stimulating factor; HA,
hyaluronic acid; IL, interleukin; JAK, Janus kinase; IncRNA, long non-coding RNA; M-CSF, macrophage colony-
stimulating factor; MGF-ES8, milk fat globule-EGF factor 8; MHC, major histocompatibility complex; miRNA,
microRNA; PD-L1, programmed death-ligand 1; Siglec, sialic acid binding Ig-like lectin. Created by BioRender.

5. Macrophage in Immunoregulation

In TME, the balance between M1 pro- and M2 anti-inflammatory phenotypes in TAM
determines the immune response [71]. Figure 3 shows that M2-like TAMs decrease immune
surveillance and encourage tumor development, in contrast to M1-like TAMs, which enhance anti-
tumor immunological responses. In comparison to M2-like TAMs, which may block tumor-killing
cytotoxic T cells, M1-like TAMs attract regulatory T cells and other immunosuppressive cells to help
construct an immunosuppressive TME [72].

Another method TAMs contribute to immunosuppression and tumor development is by
releasing immunomodulatory chemicals such as PGE2, IL-8, IL-10, and TGF-f3 [73]. In times of
infection or inflammation, IL-10 plays an essential role in preserving tissue homeostasis by enhancing
innate immunity, reducing excessive inflammatory responses, and facilitating processes for tissue
repair [74]. When they are present in cancer, they suppress the functions of other immune cells, for
instance, NK and T cells, which help tumor cells survive by avoiding immune surveillance [75].
Recent research has shown that TAMs influence NK cell cytolytic activity in two ways. In a contact-
dependent mechanism mainly mediated by TGF-f3, TAMs reduce the cytolytic activity of NK cells.
The restoration of NK cell cytotoxicity was seen with suppression of TGF-f. Conversely, TAMs
encourage the CD27ovCD11high NK cell phenotype, characterized by reduced activation and tumor-
killing capabilities, adding to NK cell exhaustion [76]. By activating Foxp3, TAMs convert Th cells
into regulatory T cells (Tregs) in response to the release of TGF-{3 [77,78]. Tregs are activated by TAMs
via the release of TGF-y and IL-10, and they hinder the activity of CD8* effector T cells. Last, TAMs
secrete chemokines such as CCL5, CCL17, CCL20, and CCL22, which attract CCR4* Tregs and help
them enter the TME [47,79]. The immune suppression of CD8* cytotoxic T cells is intensified as a
result.

In addition, the beneficial interaction between TAMs and Tregs has been extensively studied. By
aiding in the formation of an immunosuppressive TME, Tregs contribute to immune evasion in
cancer. Research has shown that TAMs may activate Tregs, encouraging monocytes to differentiate
into M2 phenotype cells [80]. Clinical trial results show that M2-like immunosuppressive TAM
infiltration at metastases suppresses clinically significant immune responses in the metastatic TME
(M-TME). Patients without neoadjuvant treatment for high-grade serous carcinomas (HGSCs) had
their transcriptome profile examined across 24 matched original and metastatic tumor tissues. The
study found that M2-like TAMs may cause T-cell exhaustion in the M-TME because they regulate the
expression of cytokine/chemokine signals, such as IL-10 and CCL22. Metastatic site inhibition of
immune responses was associated with poor prognoses in HGSC patients with robust M-TME
infiltration by M2-like TAMs. Immune effector cell infiltration did not significantly affect patient
survival, and 1468 genes showed differential expression between the primary-TME and M-TME of
HGSCs [81].
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In addition, it has been shown that DCs are impacted by TGF-f3 and IL-10 produced by TAMs.
Evidence shows that these anti-inflammatory cytokines cause antigen-presenting cells to die off,
reducing the number of DCs that can infiltrate tumor metastasized sites and migrate to lymph nodes,
weakening adaptive immune responses mediated by T cells [82,83].

Another way that TAMs might limit the immune response is via their interactions with other
immune cells. A critical component of immunosuppression is programmed cell death protein (PD-
1), which belongs to the CD28 superfamily. When regulating the immune system for objectives
including cancer prevention, infection control, autoimmune disease treatment, and organ transplant
recipient survival, PD-1 consideration is essential [84,85]. Programmed cell death-ligand 1 (PD-L1) is
a PD-1 ligand produced by antigen-presenting cells. Collaborating with PD-1 on T cells stops T cells
from targeting antigen-presenting cells [84,85]. The PD-1/L1 signaling pathway can restrict the
actions of T effector cells, DCs, and NK cells. As shown by the reduction of phagocytosis in TAMs
and the suppression of effects on T cell activation, proliferation, and cytokine production, this
limitation increases the possibility of tumor immune escape (Figure 3) [86,87].

To specifically decrease the immune response, TAMs may increase the expression of additional
surface proteins, including CD80/CD86 or death receptor ligands like Fas-L or TRAIL [88]. These
ligands bind to and activate inhibitory receptors on immune effector cells, namely CTLA-4, FAS, and
TRAIL-RI/-RIL Stimulating the PD-1 and CTLA-4 receptors reduces cytokine and protein production,
which aids cell survival by inhibiting the T cell receptor (TCR) signaling pathway. On top of that,
TAMs produce the enzyme Arg-1, which is responsible for L-arginine degradation. Several processes
rely on L-arginine, including developing immunological memory, lymphocyte proliferation, TCR
complex expression, and the antitumor response mediated by T cells [46,89,90]. Therefore, TAMs
reduce adaptive immunity against tumors by reducing immune responses pleiotropically.

Anergic and unresponsive T cells, as opposed to activated ones, might result from defective
immunological synapses during the presentation of antigen fragments by macrophages to T cells [91].
The M2-induced Treg population maintains this T cell anergy condition, most noticeable in the lymph
nodes that drain tumors [92]. Moreover, Kersten and colleagues show that CD8* T cells are prepared
to saturate following extended, antigen-specific engagement with TAMs, and this saturation is
amplified in a hypoxic setting, such as that seen in the TME [93]. This immune-excluded TME pattern
is further enhanced by persistent contact with TAMs inhibiting CD8* T cell tumor invasion. By
combining CSF-1R blockage with anti-PD-1 treatment, Peranzoni and colleagues demonstrated that
CD8+T cell tumor infiltration was improved, and tumor growth was delayed [94].
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Figure 3. The TAMs regulate tumors and polarize M1/M2 cells. The tumor stage, tissue, microenvironment, and
paracrine signals affect them. Macrophages recruit the support of T and NK cells to fight against cancers. Cancer
and tissue repair are two functions of macrophages that produce APCs like M1. Malignant M2 macrophages
cause tumors to develop. Macrophages in the hypoxic TME use immunosuppressive mediators to fuel tumor
development, angiogenesis, invasion, and metastasis. The same holds true for inflammation, cancer stem cell
(CTC) self-renewal, tissue remodeling, and the epithelial-mesenchymal transition (EMT). Moreover, to
coordinate CD8* T-cell responses, TAMs activate immunological checkpoints, downregulate antigen
presentation, and release regulatory factors. Additionally, TAMs inhibit dendritic cell antigen presentation and
invasion. TAMs release TGF-f and CSF-1, which boost myeloid-derived suppressor cell (MDSC) proliferation.
TAMs attract immune-suppressive Treg cells and impair NKT cell activity, suppressing. Furthermore, PD-L1 on
TAMs and tumor cells interacts with PD-1 on CTLs to reduce antitumor immunity. CD47-SIRPa interaction
between TAMs and cancer cells helps tumors avoid phagocytosis. Moreover, chemokines such as CCL1, CCL17,
CCL18, CCL22, and CCL24 are abundantly expressed by M2-like macrophages, along with CD163, CD206,
CD200R, CD209, and CD301. A variety of anti-inflammatory factors, such as TGF-3, IL-4, IL-13, IL-10, and IL-
1RA, are released by macrophages. Furthermore, M2-like TAMs have reduced amounts of the inflammatory
cytokines IL-6, IL-12, IL-23, and TNF-a. In addition to matrix metalloproteinases (MMPs), M2-like macrophages
secrete autocrine extracellular matrix components, including fibronectin, beating-h3 (BIG-H3), enzymes that
cross-link ECM, transglutaminase, and proteins that bridge gaps in bone [95]. M2-like macrophages increase
Arg-1 and VEGF expression, aiding proline and polyamine production. Proline promotes ECM formation, and
polyamines enhance cell growth. PDGF and IGF, which enhance cell proliferation, are also released by M2-like
macrophages and implicated in angiogenesis [96,97]. Created by BioRender.
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5.1. TAMs and CD8* CTLs

Among the many immunosuppressive components of the TME, TAMs have a role in tumor
initiation, progression, and immunotherapy resistance. Cancer development is accompanied by
fibrosis, which reduces antitumor immune infiltration. A TME, defined by nutritional depletion,
hypoxia, acidity, and metabolite buildup, develops due to the Warburg effect and the dysregulated
bioenergetic machinery of tumor cells. These factors reduce the antitumor responses of CD8* T
lymphocytes by lowering their effector activity [98].

A recent study reported that in response to the solid fibrotic TME, TAMs initiate collagen
production via TGF-B. Collagen-synthesizing macrophages absorb ambient arginine, manufacture
proline, and release ornithine, which impairs CD8*T cell activity in female breast cancer. Thus, a solid
and fibrotic TME may inhibit antitumor immunity by physically excluding CD8* T cells and
mechano-metabolic programming TAMs, generating an unfavorable metabolic milieu for anticancer
immunotherapies [99].

Few TAM-targeting drugs work preclinically or clinically. To maintain CSF-1 receptor inhibition
and high anticancer immunity, the novel reagent FF-10101 formed a covalent link and decreased
immunosuppressive TAMs in the TME. Preclinical animal studies showed that FF-10101 decreased
immunosuppressive TAMs and boosted TME anticancer TAMs. CD8* T lymphocytes that target
tumor antigens also increased, inhibiting tumor development. FF-10101 with an anti-PD-1 antibody
destroyed tumors better than either alone. As in animal models, FF-10101 reduced TAM PD-L1
expression in human cancer tissues. By reducing immunosuppressive TAMs and enhancing tumor
antigen-specific T-cell responses, FF-10101 enhances TME. FF-10101 may work with PD-1/PD-L1
immune checkpoint inhibitors in cancer immunotherapy [100].

Xie et al. [101] found that E twenty-six variant transcription factor 4 (ETV4) elevated PD-L1 and
chemokine CCL2 production in hepatocellular carcinoma (HCC) cells. This, in turn, led to the
accumulation of TAM and myeloid-derived suppressor cells (MDSC) and the suppression of CD8*T-
cells, which facilitated the spread of HCC [102]. In another study, Luan et al. found aberrant
complement 5a receptor (C5aR) expression in human ovarian cancer (OC) and elevated C5aR
expression on TAMs, which activated TAMs to become immunosuppressive. C5aR deletion or
inhibitor therapy mitigated tumor development and restored TAM antitumor response.
Mechanistically, C5aR deficiency reprogrammed macrophages from protumor to antitumor,
upregulating immune response and stimulation pathways, which enhanced CTL’s antitumor
response in a manner dependent on CXCL9. Drugs that inhibit C5aR also enhance immune
checkpoint blockage. C5aR expression was linked to CXCL9 production and CD8* T cell infiltration,
and a high Cb5aR level indicated worse clinical outcomes and lower anti-PD-1 treatment benefits.
Their findings illuminate how the C5a-C5aR axis modulates TAM antitumor immune response and
suggests therapeutic uses for targeting C5aR.

Bader et al [103] reported that obesity increased TAM PD-1. When exposed to type I
inflammatory cytokines and obesity-related substances such as IFN-y, TNF, leptin, insulin, and
palmitate, macrophages express PD-1 via mTORCI and glycolysis-dependent approach. PD-1
negative feedback reduced TAM glycolysis, phagocytosis, and T-cell activation. PD-1 inhibition
increased macrophage glycolysis, which is necessary for TAM CD86, MHC I and II, and T cell
activation. Myeloid cell PD-1 deficiency reduced tumor growth, increased TAM glycolysis and
antigen presentation, and exhausted CD8* T cells. Inflammatory stresses and obesity-associated rise
in metabolic signaling TAM PD-1 expression, creating a TAM-specific feedback loop that suppresses
tumor immune surveillance. It may boost PD-1 therapy but increase obesity-related cancer risk.

In another study, lentiviral vectors (LVs) generated liver macrophages, including Kupffer cells
and TAMs, that transport IFNa to liver metastases. IFNa gene therapy reduces liver metastases in
colorectal and pancreatic ductal adenocarcinoma mice. TAM immunological activation, MHC-II-
restricted antigen presentation, and reduced CD8* T cell exhaustion result from IFN« response. IL-
10 signaling, Eomes CD4* T cell proliferation, Trl cell traits, and CTLA-4 expression increase with
treatment resistance. CTLA-4 immune checkpoint inhibition and IFNa LV infusion boost tumor-
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reactive T cells, leading to complete response in most animals. These data suggest an unmet medical
requirement for therapy [104].

5.2. TAMs and NK Cells

The innate and adaptive immune systems interact via macrophages, phagocytic and antigen-
presenting cells. There are two kinds of TAM: TAM1 and TAM2. TAMI has anti-tumor action,
whereas TAM2 promotes tumor growth. IFNy and LPS trigger TAM1 induction, producing cytokines
including TNE-a, IL-1p, IL-6, IL-12, nitric oxide synthase (iNOS), and reactive oxygen species (ROS).
In response to cytokines like IL-4, IL-10 and IL-13, TAM2 is activated, generating cytokines like IL-
10, TGF-B, and VEFG [105,106].

Initially, TAM1 enhances the expression of CD69, an activation marker, degranulation, and IFNy
secretion of resting autologous NK cells by both soluble factor secretion and direct interaction
[106,107]. When TAM produces IFN-y, it triggers the expression of IL-15Ra on NK cells and
subsequent production of IL-15 [108,109]. NK cells produce more IFN-y due to this cis-presentation.
The release of IL-13, IL-23, and IFN-{, as well as the up-regulation of NKG2D and NKp44 expression,
are mechanisms via which TAM1 enhances the cytolytic efficacy of NK cells [106]. Furthermore, the
cytotoxicity of murine splenic CD49b*NK cells and their increased NKG2D expression against several
tumor cell lines are both enhanced by macrophages treated with polyl:C. The inhibitory receptor
NKG2A identifies Qa-1, which these murine macrophages express, allowing them to evade NK cell
death [107,110]. IL-12 family cytokines are produced by monocyte-derived macrophages cultured
with IFN-A/LPS, which stimulates the production of IFN-y by human NK cells [111].

In one investigation, researchers examined how DCs and NK cells work together to eliminate
tumors. One receptor that macrophages and DCs produce, Dectin-1, can recognize N-glycan
complexes in tumor cells. This triggers the activation of IRF5, leading to gene transcription
downstream. Macrophages and DCs can trigger NK cell’s anti-tumor activity against tumor cells that
produce N-glycan due to these processes [112].

On the other hand, TGF- produced from TAM hinders NK cell’s abilities by reducing cytokine
production and degranulation in humans [113], and cytotoxicity in mice [114,115]. TAM also
promotes the exhausted phenotype CD27'ow CD11bhgh in mice [115]. Targeting VEFG-A in myeloid
cells enhances chemotherapy transport to the tumor nest and subsequent NK cell recruitment, as
shown in a mouse model by Klose et al. [116].

NK cells can impair macrophage’s ability to fight tumors. An exhausted phenotype, defined by
a rise in PD-1 and TIM-3 expression and a reduction in NKG2D, is seen, for instance, in prostate
cancer patient’s peripheral blood NK cells [117]. Two inhibitory surface molecules worth mentioning
are PD-1 and TIM-3. When PD-1 and its ligands, PD-L1 and PD-L2, are overexpressed in some
malignancies, they decrease the anti-tumor activity of NK [117,118]. Patients with prostate cancer
consistently have NK cells with a significantly reduced degranulation capability [119]. Figure 3 shows
that these NK cells release soluble mediators such as CCL2 and IL-10, which play a role in monocyte
recruitment and M2-polarization [120].

5.3. TAMs and NKT Cells

TME NKT cell investigations have increased in recent years. Natural killer T cells (NKTs) with
decreased CD1d expression may be classified into many types, including Th1-like, Th2-like, Th17-
like, Treg-like, and T-follicle-assisted (TFH)-like [121]. NKTs attack tumor cells like NK cells but flip
between inflammatory and immunosuppressive characteristics. The central subgroup explored is
iNKT (invariant natural killer T). iNKT cells possess inherent characteristics and secrete several
cytokines from the Thl and Th2 groups, such as IFN-y, IL-4, and GM-CSF, which may control
activated APCs [122]. High cytolytic activity, the release of cytotoxic particles including perforin and
granzymes, and the activation of death receptor pathways involved in the Fas-FasL-TRAIL-DR5
connection were additional features of iNKT cells, which were unique from other cell types [123].
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Recently published research has shown that crosstalk between iNKTs and macrophages helps
better understand immune cell interaction in TME. While CD68* macrophages enhanced
periampullary malignant adenoma survival, co-localization of NKp46* NKT cells with CD163*
macrophages reduced it [124,125]. While NKp46* NKT cells are abundant in the tumor region close
to tumor cells, CD68* macrophages are primarily found in the stroma, far from tumor cells, in
malignant tumor tissues; this limits their capacity to interact [125]. Inmunosuppressive macrophage
co-localization reduces NKT function (Figure 3). A current study shows that iNKT cells control
TAMs. Using CD1d and Fas-FasL, iNKT cells kill M2 TAMs, whereas M1 TAMs with CD40 are
protected [126]. A mechanism involving microsomal prostaglandin E synthase-1 (mPGES-1) and 5-
lipoxygenase (5-LOX) is proposed by iNKT cells to inhibit M2 TAMs in the pancreatic cancer model
[127]. However, iNKT cells improved TAMS M2 polarization, FoxP3 protein expression, Treg
frequency, tumor growth, and intestinal adenomatous polyps in colon cancer transgenic mice
[121,128]. Few studies have examined the interaction between NKT cells and TAMSs, which may vary
significantly amongst tumors. More research on the process is needed.

A potential cell platform for CAR treatment in solid malignancies is human NKT cells. Li et al.
[129] recently generated universal CAR-engineered NKT (VCAR-NKT) cells that selectively deplete
immunosuppressive TAMs to change the TME. VCAR-NKT cells also have fewer challenges with
cytokine release syndrome and graft-versus-host disease. To pave the way for the translational and
clinical development of VCAR-NKT cell products, preclinical investigations prove their viability and
therapeutic potential.

In another study, researchers Zhou et al. [130] discovered that CAR-NKT cells can eliminate M2-
like macrophages that express CD1d. Additionally, CAR-NKT cells stimulate endogenous T cells to
combat neoantigens linked with tumors and spread epitopes. The findings assist the clinical
development of CAR-NKT treatments by showing their multimodal action in solid tumors.

5.4. TAMs and CD4 T Cells

Recent research has focused on CD4* T cell function in tumor immune evasion and anti-tumor
immunity. CD4* T cells vary like macrophages. Effective CD4* T cells are regulatory (iTreg and nTreg)
or helper (Thl, Th2, Th17, Th9, Th22) in the TME [131,132]. Heterogeneity casts doubt on cancer
immunity. CD4* T cells cannot recognize most cancer cells because they lack MHC class II molecules
(HLA-DR). Necrotic tumor cells or cancer cell vesicles eaten by tumor stromal cells usually cross-
present tumor antigens via the classical MHCII (HLA-DR) processing pathway [133,134]. MHCII-
positive monocytes/macrophages are found in most solid tumors; therefore, CD4* T cell
immunological recognition relies on them. TAMs increase MHCII genes and transmit antigens to
CD4+ T cells in early NSCLC lesions [135]. Curiously, one research discovered that CXCL13* CD4* T
cells are encouraged to invade by activated macrophages via IL15, CXCL9, CXCL10, and CXCL11.
Only in the microenvironment does this percentage of T cells boost melanoma patient survival [78].
The elimination of MHC deletion and non-responsive cancer cells is triggered by inflammatory cell
death, which is initiated by CD4* effector T cells and activated iNOS-expressing tumor-killer
monocytes and macrophages [136]. There is a distinct opportunity for targeted treatment targeting
this small subset of CD4+ effector T cells.

Macrophage-CD4+ T cell interactions may not always kill tumor cells. In cirrhosis, macrophage-
induced CD4* T cells may become TREGs, leading to immunosuppressive TME and HCC [137].
Additionally, TAMs increased Treg cell proliferation and the Treg/CD8* T cell ratio [138]. In addition
to expressing PD-L1 on the cell membrane, TAM in the tumor’s core may recruit invasive Tregs from
the tumor’s periphery into the TME, therefore suppressing the immune response (Figure 3) [139,140].
Around tumor cells in stomach cancer models, you can find CD4*FoxP3- T cells, CTLA-4 T cells, and
PD-L1 T cells. However, to successfully transfer antigens, CD68*CD163-HLA-DR* (M1) macrophages
are too far away [141]. Patients with head and neck squamous cell carcinoma with PD-1* helper T
cells and CD163* TAMs outlived those in other subpopulations [142].
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Regarding tumor development, immunological homeostasis, and regulating other immune cell
functions, macrophages and Tregs play a pivotal role. New research shows that metabolic alterations
in Tregs and macrophages regulate signaling cascades and epigenetic reprogramming, affecting their
pro- and anticancer activities. So, they are being acknowledged as potential targets for cancer
immunotherapy more and more. Some metabolites in the TME may influence their pro- or anti-tumor
activities via metabolic machinery interference [143]. Zhang et al. found that colorectal cancer
included two main TAM subgroups: C1QC* and SPP1*. The first subtype is associated with tumor
angiogenesis and vascular markers, whereas the second subtype upregulates genes that are involved
in complement activation and antigen presentation [144]. A further study found that GITR*CD25*
effector Tregs, which express the scavenger receptor CD36, are the most suppressive subgroup of
Tregs in human melanoma tumors [145].

5.5. TAMs and DCs

Standard dendritic cells are cDC and pDC [146]. The cDCls preferred MHC-I cross-presentation
on CD8* T cells due to its particular antigen-capturing capabilities, whereas the cDC2s opted for
MHC-II on CD4* T cells [147]. TLRs activate pDC, a DC subgroup, to release vast amounts of type I
IFNs, which fight cancer. Correctly activated pDC stimulates T cells in vitro [148]. In vivo, studies
demonstrate that pDC kills cancer [149]. According to specific research, pDC is associated with poor
clinical outcomes caused by tumor suppression resistance and has unfavorable immunomodulatory
effects on the TME [150]. Regulatory pDC lacked type I IFN; costimulatory molecules were
downregulated, while IDO and PD-L1 were upregulated [151].

The extra-tumor stroma is where PD-L1* DC and TAMs are most often seen in esophageal cancer
patients, and their prognosis is dismal, according to studies [152,153]. Macrophage-DC co-
localization may inhibit DC invasion or antigen presentation. In the B78ChOV A melanoma model,
TAMs were more invasive and CD103* cDC1 and CD11b* cDC2 decreased [121]. Preventing antigen
presentation may inhibit CD4* and CD8* T cell activation. TAM suppresses CD103+ DC IL-12
production and T cell activation in breast cancer by secreting IL-10 [154] (Figure 3). Unfortunately,
previous studies have revealed that the TAM-DC connection does not improve tumor prognosis.
Little is known about this interaction, so the mechanism is uncertain.

5.6. TAMs and Neutrophils

Neutrophils first combat infection and inflammation. Vascular chemotaxis transports them into
tissues to fight infections. TME neutrophil activation and function vary by numerous parameters.
These neutrophils become tumor-linked. Like TAM, TANs have two main polarizing types: NITANS,
which fight cancer, and N2TANs, which promote it. Many studies have studied TAN’s anticancer
effects. TANs penetrate cancer cells, expressing co-stimulatory receptors such as 4-1BBL, OX40L, and
CD86, activating active T cells and secreting IFN-y for antitumor activity [121]. Interestingly, IFN-y
activates NK cells by causing TANs to generate IL-18 [155,156]. Furthermore, DC and CD8* T
lymphocytes are stimulated by TAN’s production of TNF-a [157]. TANs may kill cancer cells by
secreting ROS, NO, and NE, reducing tumor growth and metastasis [158]. TANs can potentially
enhance tumor development by increasing cancer cell proliferation, invasion, angiogenesis, and
immunosuppression. The Akt/p38 pathway is activated by TANs, which turn MSCs into TAFs and
promote tumor cell proliferation and metastasis via the production of cytokines such as IL-17, IL-23,
and TNF-a [159,160]. Like macrophages, TANs increase angiogenesis and cancer cell aggressiveness
by producing VEFG, HGF, and MMP?9 [161,162]. After G-CSF and TGF-f stimulation, TANs release
arginine-1, reactive oxygen species, and nitric oxide, which limit T cell activation [163,164].

In intrahepatic cholangiocarcinoma, most CD66b* TANs were near CD68* TAMs and formed
small cell clusters in two-thirds of the samples [165]. Tans-Tams clusters boosted HuCCT1, RBE, and
SG231 cell proliferation, invasion, colony formation, and lung metastatic tumors compared to TANs
or TAMs alone [166,167]. TANs preferentially create OSM (oncostatin M), and TAMs preferentially
express IL-11, which promotes STAT3 signaling in ICC cells and tumor development [121,165]. TANs
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released CCL2, CCL5, and CSF1, which may recruit macrophages to TAMs [168]. TAMs release
CXCL8 and CSF3, TAN-related chemokines [168]. A positive feedback loop between TANs and
TAMs boosted CSF1 and CXCL8 secretion after co-culture, substantially overlapping geographically
and synergistically (Figure 3).

Recently, it was found that CD89MCD32'°CD64'" peripheral blood neutrophils (PBN) and TAN
supported tumor cell development in the presence of cetuximab. In contrast, IgA anti-EGFR Abs
produced PBN tumoricidal and removed TAN's stimulatory action. This work illuminates how
myeloid effectors kill or resist tumor cells during tAb treatment [169]. Lei et al. [170] showed CXCL5-
induced neutrophil NETosis. CD8* T cells treated with neutrophil extracellular traps (NETs)
upregulated exhaustion-related and cytosolic DNA sensing pathways and downregulated effector
genes. However, A2AR inhibition dramatically decreased CXCL5 expression and neutrophil
infiltration, improving CD8* T cell dysfunction. According to the results, the complicated connection
between tumor and immune cells may be a therapeutic target. Schmidt et al. [171] identified poor
prognoses in central tumor samples with high stromal and intraepithelial CD66b* TAN density.
Higher neutrophil density in lymph nodes and adjacent normal breast tissue decreased disease-free
survival. They previously linked TAN density to CD163* M2-like TAM density. Low M1/M2 TAM
ratios did not negatively prognosticate TANs, whereas high ratios did. TAM polarization state was
the only independent predictor in a multivariate TAM and TAN density study. In single-marker
analysis of early-stage luminal breast cancer, CD66b* neutrophils were adverse. Future studies may
require TAM analysis to estimate their predictive impact correctly. Malignancies that cannot attract
and polarize TAMs may compensate for immunoevasion and disease progression by recruiting
TANSs. Pan et al. [172] showed that TAMs lacking VSIG4 produced less lactate and histone H3 lysine
18 lactylation, which lowered STAT3-mediated transcription of SPP1, disrupting TAM-neutrophil
cell-cell connections. VSIG4 and SPP1 inhibition synergistically increased anti-tumor action.
According to the study, VSIG4's epigenetic regulatory function allows TAMs to construct the
immunosuppressive TME and hinder antigen-specific immunity against aggressive tumors, in
addition to their checkpoint role.

5.7. TAMs and MDSCs

Bone marrow MDSCs produce DC, macrophages, and granulocytes. To create the
immunosuppressive tumor myeloid microenvironment, CCL2 and CCL5 draw it to the tumor center
[140]. The positive feedback impact of TAM secreting TGF-f3 has been shown in recent research. The
amplification of MDSCs might be enhanced by continuous exposure to TGF- and CSF-1 [76]. TAMs
and MDSCs co-localize at colorectal cancer's aggressive border [173]. HCC also demonstrated TAM
and MDSC-induced CD8* T cell suppression along the tumor border [174,175].

Furthermore, the TRAMP/MICB spontaneous prostate tumor model's flow cytometry revealed
a high association between MDSCs in the tumor-infiltrating region and serum soluble MHCI chain-
related molecules (SMIC), an NKG2D ligand that activates STAT3, increases MDSCs and polarizes
TAMs M2 [176]. Hypoxia improved sialic acid transport and CD45 binding when recruited MDSCs
moved to tumors, activated CD45 protein tyrosine phosphorylase, dephosphorylated, and down-
regulated STAT3. It accelerated TAM differentiation without hypoxia-inducible factor 1 (HIF-1)
[177,178]. Though paradoxical, tumor tissues may up and down-regulate myeloid cell STAT3 activity
due to time and space. The above method may upregulate STAT3 to enhance MDSCs from blood
arteries entering tumor tissue. When recruited and amplified MDSCs penetrated tumor tissue in the
deep vascular deficit area, hypoxia downregulated STAT3 and expedited MDSC differentiation into
TAMs. This positive space-time feedback may assist macrophages and MDSC in growing tumors.

Xie et al [102] showed in HCC cells that overexpressing ETV4 stimulated PD-L1 and CCL2
expression, leading to an upregulation of TAM and MDSC infiltration and a downregulation of CD8*
T cell accumulation. Lentivirus- or CCR2-inhibitor CCX872-mediated CCL2 knockdown reduced
ETV4-induced TAM, MDSC infiltration, and HCC metastasis. In addition, the ERK1/2 pathway was
used by both FGF19/FGFR4 and HGF/c-MET to enhance ETV4 expression. Moreover, a positive
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feedback loop was established between FGF19, ETV4, and FGFR4 when ETV4 increased FGFR4
expression and FGFR4 downregulation reduced ETV4-enhanced HCC metastasis. Finally, anti-PD-
L1, in conjunction with either the FGFR4 inhibitor BLU-554 or the MAPK inhibitor trametinib,
significantly reduced the spread of HCC produced by the FGF19-ETV4 signaling pathway. The
authors conclude that an effective strategy to suppress HCC metastasis might be to use anti-PD-L1
paired with the FGFR4 inhibitor BLU-554 or the MAPK inhibitor trametinib since ETV4 is a predictive
biomarker.

Using scRNA-seq analysis, Tang et al. [179] identified two states of macrophage cells: MDSC-
like (expressing CD300E, VCAN, EGFR, FCN1, and CCL20) and TAM-like (expressing C1QA, APOE,
CD163, MRC1, and FOLR2). Additionally, they discovered that macrophages resembling MDSCs and
TAMs increased levels of proteins that inhibit the immune system and promote cancer development,
including SPP1, CCL20, and TIMP1. Additionally, increased MDSC- and TAM-like macrophages
indicate an immunosuppressive milieu that promotes tumor development and immune evasion.
Immunosuppressive myeloid cells, including TAMs and MDSCs, and immune-inhibitory factors
may reduce the effectiveness of ICB in gastric cancer liver metastasis. Findings from the research
highlight the need to investigate the liver microenvironment for tumor cell and immune system
interactions to improve liver metastasis therapies, circumvent immune resistance, and improve
patient outcomes. Tabachnick-Cherny et al. [180] used a single-cell technique to investigate MCC
myeloid signatures. The authors then confirmed markers in tumor samples before PD-L1 blockade
using myeloid spatial biology. Researchers identified and characterized MCC's dominant myeloid
cells, TAMs, which show M-MDSC traits such as increased S100A8 and S100A9 genes and
immunosuppressive cytokines like IL-10 and VEGF.

Zhang et al. [181] showed that C3 of RCC cell-derived EVs aids metastasis by attracting
polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) and polarizing TAMs into an
immunosuppressive phenotype. From a mechanistic standpoint, EV C3 increased TAM polarization
and PMN-MDSC recruitment by inducing lung macrophages to secrete CCL2 and CXCLI.
Significantly, in a mouse model of RCC-induced C3-induced lung metastasis, the inhibitors RS504393
and Navarixin, which target the CCL2/CCR2 or CXCL1/CXCR2 axis, respectively, successfully
decrease the metastasis. From a clinical standpoint, the prognosis is not suitable for RCC patients
who exhibit a high level of C3. They found that RCC metastasis is facilitated by tumor-derived EV
C3, which produces an immunosuppressive TME via TAMs.

5.8. TAMs and y6 T Cells

The subgroup of T lymphocytes known as yd T cells, which contribute to the immune cells that
infiltrate tumors, constitutes 1% to 10% of the T cells in the peripheral blood of healthy individuals
[182]. These T cells express T-cell receptors (TCRs) with y and d chains, distinguishing them from
those with a and 3 chains [182]. While most T cells in the body express aff TCRs, Y0 T cells have
recently come to the forefront due to their unique characteristics, which make them promising targets
in cancer immunotherapy [183]. Y0 T cells deliver antigens without the aid of MHC, making them
unique. This is beneficial for immunotherapy since standard T cell-based treatments are hampered
by cancer cell’s ability to downregulate MHC-I expression to escape detection [184].

The results demonstrated that lipid formulations increased circulating yd T cells via MPS cells
and suppressed TAMs in a breast cancer mouse model [185]. TAMs may be responsible for the
reported anti-tumor activity in mice models lacking yd T cells by endocytosing n-BPs, which have
been proven to deplete these cells [185]. The ratio of M1:M2 TAMs in tumor models suggests that
liposomal ZOL may preferentially remove M2 macrophages. However, it may also remove M1 anti-
tumoral and M2 pro-tumoral TAMs in hepatocellular carcinoma and triple-negative breast cancer
xenograft mice models [186-188]. Adoptive immunotherapy using liposomal ALD-activated Vy9Vd2
T cells effectively treats mouse epithelial ovarian cancer [189,190]. In laboratory and animal studies,
Nanocarriers of lipids have shown excellent efficacy in stimulating yd T-cell-mediated lysis of cancer
cells. Still, toxicity and bioavailability difficulties remain in attaining therapeutic usefulness. The
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study by Gao et al. [191] demonstrated that BTNL2 stimulates y0T17 cells to release IL-17A and bring
in myeloid suppressor cells, leading to a rise in the quantity of TME mesenchymal stem cells, M2
macrophages, and TAMs.

6. Inmunotherapy Employing Macrophages and Anti-PD-1/PD-L1

Several immune checkpoint blockade therapies are available, but the two most common are anti-
PD-1 and anti-PD-L1 treatments. Cancer immunotherapy that inhibits PD-1 aims to counteract
immune suppression rather than boost immunity. Inhibitors of the PD-1/PD-L1 pathway have
enhanced the cytotoxicity of T cells and the treating cancer [192]. As a means of immune system
evasion and inhibition, TAMs express PD-L1 and PD-1. Inhibiting PD-1/PD-L1 may restore PD-1*
TAM phagocytosis, which in turn reduces tumor burden [193].

6.1. Effects of TAMs on PD-1/PD-L1 Expression

Immunotherapy targeting PD-1/PD-L1 has been used or attempted in the treatment of many
solid tumors, such as lung cancer, advanced metastatic melanoma, esophageal cancer, and colorectal
cancer. [194,195]. The PD-1/PD-L1 pathway was aberrantly activated in several cancers [13,196].
Nevertheless, PD-1 inhibitors failed to improve outcomes for many patients despite strong PD-L1
expression, and the exact reasons behind this are still poorly understood.

As previously shown in studies, TAMs activate many signaling pathways that influence PD-
1/PD-L1 expression, which impacts the effectiveness of PD-1/PD-L1 inhibitors. There is a positive
connection between CD163* TAMs in the TME and PD-L1 expression in many tumor types, including
pancreatic and liver tumors. Multiple signaling pathways being activated, such as phosphoinositide
3-kinase (PI3K)/AKT, NF-«xB, Janus kinase (JAK)/STAT3, or Extracellular signal-regulated kinase
(ERK) 1 and 2, may lead to upregulation of PD-L1 expression by various cytokines generated by
TAM, such as IL-6 and TNF-a [197,198]. Moreover, TNF-aa may potentially upregulate PD-L1
expression of proteins by post-translational regulation [197].

6.2. TAMSs and Resistance to Anti-PD-1

Several factors have been associated with anti-PD-1 resistance, including TME and PD-L1
expression on tumor cells. As mentioned earlier, regulating PD-L1 protein expression by TAM's
cytokine is a notable indicator for anti-PD-1/PD-L1 treatment. The TME now contains many immune
cells, and the cancer ecology has changed over the years, impacting cancer growth intricately
[199,200]. The response to immunotherapy was shown to be associated with the interaction between
macrophages and other immune cells [199]. Researchers found that immunotherapy is less effective
when FAP- fibroblasts and SPP1* macrophages interact, leading to the development of immune-
excluded desmoplasic structures and a restriction of T-cells [199]. The therapeutic benefit of
checkpoint inhibitors may be predicted in triple-negative breast cancer patients with high numbers
of CXCL13+ T cells, which are linked to the pro-inflammatory characteristics of macrophages [200].

A few biological processes in cancer rely on exosomes, which are tiny extracellular vesicles.
Metastasis and tumor development are supported by pre-metastatic niches, which may be enhanced
by exosomes produced by macrophages, according to recent research. Depending on their source,
EVs produced by M2 macrophages may influence the immune cell spectrum in the TME, induce
resistance to anti-PD-1/PD-L1 treatment, or increase the expression of drug-resistant genes in tumor
cells [201,202]. Therefore, cancer patients may acquire resistance to anti-PD-1 therapy because of the
interaction between TAMs and TME. This discovery lends credence to integrating anti-PD-1/PD-L1
treatment with macrophage targeting.

6.3. Macrophage Immune Responses to Anti-PD-1/PD-L1 Therapy

According to prior investigations, the TME is affected by PD-1 inhibitors in several tumors [203].
Researchers used single-cell RNA sequencing to demonstrate that the TME in NSCLC patients treated
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with neoadjuvant PD-1 blockade and chemotherapy transformed. TAMS shifted from an anti-tumor
phenotype to a neutral one [204]. In addition, anti-PD-L1 treatment may inhibit tumor growth by
lowering PD-L1 expression and raising the levels of two co-stimulatory molecules, CD86 and MHC-
IT [205]. Furthermore, anti-PD-L1 treatment improved macrophage phagocytic capacity and
immunological function, activating T cells in the TME and eliminating cancer cells [205]. Hence, in
specific individuals, anti-PD-L1 treatment has the potential to repolarize macrophages, improve their
phagocytic capacity, and alleviate TME.

7. Targeting TAM Immunotherapy

Future research into TAM might provide fruitful results due to its role in tumor immunity and
progression. There are now two main approaches to treating macrophages: reducing the amount of TAM
or reprogramming it. Combinations of immunotherapy, chemotherapy, and radiation were prevalent in
clinical trials aiming to increase the effectiveness of treatment by targeting TAMs (Table 1) [206-217].

Table 1. Clinical studies of several drugs that target TAMs.

Drug Phase Cancer type Combination therapy NCT

identifier

Chemokine inhibitors

Carlumab (anti-CCL2 Phase II Prostate cancer NA NCT00992186
antibodies; Centocor) (completed)
BMS-813160 (CCR2/CCR5 Phase II Renal cell carcinoma Nivolumab (OPDIVO) in NCT02996110
antagonist; Bristol Myers (completed) conjunction with
Squibb) ipilimumab (Yervoy)
Phase I/Il Pancreatic cancer, Nab-paclitaxel with NCT03184870
(completed) colorectal cancer, non- nivolumab

small cell lung cancer

Phase II Hepatocellular carcinoma  Nivolumab NCT04123379
(ongoing)

PF-4136309 (CCR2 antagonist; Phase I PDAC Nab-paclitaxel, gemcitabine NCT01413022

Pfizer) (completed)

CSFIR inhibitors

PLX3397 (Plexxikon) Phase I/’ Tumors of the nerve sheath Sirolimus (Rapamune) NCT02584647
(ongoing) and sarcoma

Phase I/Il Melanoma and  solid Pembrolizumab (Keytruda) NCT02452424
(Terminated)  tumors, both at advanced

stages

Phase I/IT Breast carcinoma Eribulin (Halaven) NCT01596751
(Completed)
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Drug Phase Cancer type Combination therapy NCT
identifier
Phase I/l Glioblastoma Radiotherapy, NCT01790503
(completed) temozolomide (TMZ)
BLZ945 (Novartis) Phase I/l Solid tumors PDRO01 (anti- PD1) NCT02829723
(Terminated)

Antibodies targeting CSF1R

LY3022855 (Eli Lilly's IMC-C Phase I/l Melanoma MEK/BRAF inhibitors NCT03101254
54) (completed)
Emactuzumab Phase II Gynecological neoplasms Gynecological —neoplasms NCT02923739
(RO5509554/RG7155; Roche)  (Terminated) and ovarian cancer and ovarian cancer
Phase I/l PDAC Nab- paclitaxel, gemcitabine NCT03193190
(ongoing)
AMG820 (Amgen) Phase I/Il Pancreatic cancer, CRC, Pembrolizumab NCT02713529

(completed) NSCLC

ARRAY-382 (Pfizer) Phase I/I Solid tumors Solid tumors NCT02880371

(terminated)

Agonist anti-CD40 antibodies (cont.)

APX005M (Apexigen) Phase II Oesophageal cancer Radiation, paclitaxel, NCT03214250
(completed) carboplatin
Phase I/Il Pancreatic cancer Nab- paclitaxel, NCT03214250
(completed) gemcitabine, nivolumab

7.1. Reduced TAM Levels

One potential cancer treatment technique, whether used alone or in conjunction with
chemotherapy, is the depletion of macrophages in the TME. When the signal transduction axis of the
CSF1/CSFIR receptor is inhibited, macrophages undergo apoptosis. This axis is critical for the
survival of macrophages. To begin with, T-cell responses may be enhanced by blocking CSF-1R in
conjunction with radiation or chemotherapy. Glioblastoma brain tumors may have their survival
time extended by stimulating the CD8* T-cell response and depleting the immunosuppressive TAM
by blocking CSFIR signaling [218]. Some cancers, including orthotopic glioblastoma and localized
prostate cancer, are now undergoing clinical studies that combine chemotherapy with CSFIR
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inhibitors [218,219]. Moreover, specific immunotherapies, such as CD-40 agonists [220] and PD-1
inhibitors [221], maybe more effective by inhibiting CSF1/CSF1R.

Another way to decrease TAM in the TME was to prevent monocyte recruitment from the
circulation to the tumor site, as TAM was changed from monocytes. Transduction of signals between
C-C motif ligand 2 (CCL2) and CC chemokine receptor 2 (CCR2) is essential for the recruitment of
monocytes from bone marrow to the location of tumors [222]. When CCR? is inhibited, monocytes
stay in the bone marrow instead of circulating in the bloodstream. This decreases the number of
TAMs, which reduces the recruitment of monocytes to the tumor site and metastatic foci, reducing
the tumor and improving survival [223-225].

Macrophage recruitment also involves the CXCL12-CXCR4 and the angiopoietin 2 (ANG2)-TIE2
axis, among others [226-228]. Consequently, TEM depletion might lead to vascular deterioration,
ANG?2 neutralization could enhance the response to vascular VEGFA blockage, and TEM recruitment
inhibition could decrease tumor development [229].

7.2. TAM Reprogramming

After TAMs are eliminated, the immune-stimulating role of macrophages declines, as they are
the primary phagocytes and antigen-presenting cells in the tumor. Therefore, a better way to treat
cancer would be to repolarize or reprogram TAM such that it has more anti-tumor functions and less
tumor-promoting effects. For instance, in the breast cancer mouse model, blocking IL-10 signal
transduction greatly enhances chemotherapy effectiveness because TAM is the primary source of IL-
10. To counteract the anti-tumor effect of paclitaxel and carboplatin on CD8* T cells, TAM secretes IL-
10, suppressing the production of IL-12 by APCs [41]. Furthermore, TAM repolarization causes it to
produce the proinflammatory cytokine IFN-«a in a tumor setting, potentially activating NK cells and
T cells and considerably reducing tumor development in a mouse model [230]. Inhibiting histone
deacetylase (HDAC) may reprogram macrophage epigenetics and activate T cells for an
immunological response [231,232]. A specific class Ila HDAC inhibitor increased the efficacy of
chemotherapy and immune checkpoint inhibitors in a breast cancer model by inducing an anti-tumor
macrophage phenotype and enhancing the T-cell immunological response [231]. Furthermore,
macrophage immunosuppression in TAM may be driven by PI3K signaling activation, while T-cell
responses can be improved by reprogramming macrophages to decrease PI3K signaling [233,234].

7.3. Therapy Using Macrophages

In hematological cancers, CAR-T cells are beneficial, but in solid tumors, where T cell infiltration
is limited, the effectiveness of CAR-T treatment is still limited [235,236]. Nevertheless, this drawback
is circumvented by CAR-macrophages (CAR-M) since circulating monocytes may resupply the
macrophages in the TME. Macrophage polarization, anti-cancer activity, higher phagocytic capacity,
and antigen-dependent activities, including the production of cytokines, might be improved by CAR
expression [237]. CAR-M cells have anti-tumor effects in both primary and metastatic cancers,
support phagocytosis, and display M1 capabilities somewhat consistently [238]. The anti-cancer
effectiveness of CAR-M in various tumor types is now being investigated in many ongoing or
planned clinical studies.

7.4. Integrating Anti-PD-1 Treatment with Macrophage Targeting in Cancer

In vivo and in vitro studies on cancer treatment combining macrophage targeting with anti-PD-
1 therapy have been conducted [205,239-241]. In hepatocellular carcinoma, repolarization of TAM
might enhance the efficiency of anti-PD-1 therapy, as mentioned before, and is a potentially helpful
technique for cancer treatment [241]. Radiotherapy and chemotherapy can potentially improve the
effectiveness of immunotherapy for cancer by resetting macrophages to an M1 phenotype [240]. To
improve the survival result of tumor-based immunotherapy, vinblastine may activate NF-«B,
increase CD8* T-cell populations, and polarize TAMs to the M1 phenotype [240]. By reprogramming
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immunosuppressive TAMs, bi-target treatments like PD-1-IL-2 cytokine variation (IL2v) boost
therapeutic effectiveness [239]. IL2v uses anti-PD-1 as a target moiety fused with an immuno-
stimulatory IL2v. Ultimately, it seems that a potential approach to combating medication resistance
in cancer patients might include combining anti-PD-1 treatment with macrophage targeting.

8. Conclusions

Macrophages have a role in several cancer-related cellular processes, and tumor formation is
linked to the interaction of macrophages with cancer cells or other immune cells. Because of their
prominent role in TME, TAMs can potentially be a treatment-promoting target for cancer. It is
possible to achieve remarkable anti-tumor efficacy by targeting macrophages alone or in conjunction
with radiation, chemotherapy, and immune checkpoint inhibitors. Therapeutic targets include the
mechanisms upstream and downstream of macrophage function regulation. The therapeutic utility
of genetic engineering in reprogramming macrophages from tumor-promoting TAM to anti-tumor
macrophages is very high. While there has been some success in clinical trials and preclinical
investigations combining macrophage targeting with anti-PD-1 therapy in cancer, this therapeutic
method is still in its early stages and requires further research. The variety and adaptability of TAM-
targeted therapy's mononuclear phagocytes are challenges to its development and implementation
[70]. A justification for selectively depleting tumor-promoting macrophages and eliminating tumors
has been provided by demonstrating the variety of macrophages and their connection with other
immune cells via the single-cell level of TME dissection [40,199]. Cancer treatments that target
macrophages are in their early stages, and more research and clinical studies are required to prove
their effectiveness and safety.
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