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Abstract: Cancer remains a significant challenge for public healthcare systems worldwide. Within
the realm of cancer treatment, considerable attention is focused on understanding the tumor mi-
croenvironment (TME)—the complex network of non-cancerous elements surrounding the tumor.
Among the cells in TME, tumor-associated macrophages (TAMs) play a central role, traditionally
categorized as pro-inflammatory M1 macrophages or anti-inflammatory M2 macrophages. Within the
TME, M2-like TAMs can create a protective environment conducive to tumor growth and progression.
These TAMs secrete a range of factors and molecules that facilitate tumor angiogenesis, increased
vascular permeability, chemoresistance, and metastasis. In response to this challenge, efforts are
underway to develop adjuvant therapy options aimed at reprogramming TAMs from the M2 to
the anti-tumor M1 phenotype. Such reprogramming holds promise for suppressing tumor growth,
alleviating chemoresistance, and impeding metastasis. Nanotechnology has enabled the development
of nanoformulations that may soon offer healthcare providers the tools to achieve targeted drug
delivery, controlled drug release within the TME for TAM reprogramming and reduce drug-related
adverse events. In this review, we have synthesized the latest data on TAM polarization in response
to TME factors, highlighted the pathological effects of TAMs, and provided insights into existing
nanotechnologies aimed at TAM reprogramming and depletion.

Keywords: tumor-associated macrophage; M2 macrophage; macrophage repolarization; nanotherapy;
chemotherapy resistance

1. Introduction

Macrophages are essential immune cells that can be found in various tissues through-
out the body. They play a crucial role in our immune defense by performing functions such
as the direct clearance of invading pathogens through phagocytosis, presenting antigens
to activate specific immune responses, and producing cytokines to regulate the immune
response. Moreover, these cells participate in wound healing, tissue remodeling and re-
pair [1]. Macrophages dispatch their mission in various organs and tissues: they include
tissue Kupffer cells, microglia in the brain, alveolar macrophages in the lungs, Langerhans
cells in the skin, splenic macrophages, peritoneal macrophages, etc. [2].

Tumor-associated macrophages (TAMs) are defined as a separate population of
macrophages, making up the majority of non-cancerous cells in the tumor protective
and supportive microenvironment (TME), which also includes fibroblasts, myelogenic
suppressor cells, lymphocytes, the extracellular matrix components and surrounding tumor
tissues blood vessels [3]. Tumor-associated macrophages are classified as pro-inflammatory,
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or classically activated M1 macrophages, and anti-inflammatory, or alternatively activated,
M2 macrophages, which play in important role in cancer progression, in particular in
tumor angiogenesis, chemotherapy, and immunotherapy resistance and metastasis [4].
As the tumor progresses, M2 macrophages become the dominant cell type in the tumor
microenvironment, and, consequently, further accelerate the advancement of the disease
with their activity. In this context, there is a need to fine-tune the TAM phenotype and
re-educate them towards the M1 phenotype. This reprogramming could boost a patient’s
immune system and improve the ability to combat cancer.

In this review we will take a close look at the phenotypes of TAMs, their modulation un-
der the effect of TME factors, such as hypoxia and acidosis, and different available therapy
options—in particular, selective and targeted therapy options provided by nanomedicine.
Nanotechnology has revolutionized the field of cancer therapy by offering innovative tools
for targeted drug delivery and controlled drug release, encapsulation of therapeutic agents
and therefore, mitigation of systemic toxicity. With the advancement of nanotherapeutics,
precise manipulation of the TME components like TAMs has become a plausible strategy.
Nanocarriers can be designed to specifically target TAMs, modulating their phenotype from
pro-tumorigenic (M2-like) to anti-tumorigenic (M1-like), thus inhibiting cancer progression
and metastasis and preventing the development of chemoresistance in cancer cells.

This review provides state-of-the-art knowledge about polarization of TAMs under
the effect of TME factors, the pathogenic role of TAMs in cancer progression, and special
attention is paid to development of various nanotherapeutic options to reprogram TAMs in
more benign phenotype to combat cancer progression.

2. Macrophage Phenotype Plasticity

In the human body TAMs are derived mainly from the circulating blood monocytes,
which are recruited by signaling molecules, produced by tumor cells and TAMs, which have
already undergone activation and polarization [3,5]. These signaling molecules include
cytokines, such as IL-4, IL-13, M-CSF/CSF1, IL-10, IL-33, IL-21 and transforming growth
factor-β (TGF-β), and chemokines, such as CCL2, CCL3, CCL15, CCL18, CX3CL1, CXCL8,
and CXCL12 (Figure 1, for more information see review [6]). Depending on the functions
performed by macrophages, they are traditionally divided into two types: classically ac-
tivated by inflammatory stimuli, such as bacterial liposaccharide (LPS) and IFNγ, M1
macrophages, which participate in Th1-mediated immune response, provide antibacterial
protection, and present of antigens using MHCII. To protect tissues against bacteria M1
macrophages induce the inflammation process by producing inflammatory cytokines, such
as tumor necrosis factor α (TNF-α), IL-1α, IL-1β, IL-6, IL-12, IL-23, producing increased
amounts of inducible nitric oxide synthase (iNOS), and, consequently, increasing concen-
tration of NO in extracellular matrix, and producing reactive oxygen species (ROS). The
distinctive phenotypic markers of M1 are HLA-DR, CD80, CD86, and MHCII [7]. M1
polarization is also characterized by activation of the transcription factor signal transducer
and activator of transcription 1 (STAT1).

Alternatively activated M2 macrophages are polarized by cytokines, such as IL-4,
IL-10, IL-13, and transforming growth factor β (TGF-β). These type of cells are also
called anti-inflammatory and are responsible for Th2-mediated humoral response against
helmints. Another main function of M2 macrophages is tissue healing and reconstruction,
for example reconstruction of bone tissue [8]. To realize this function cells overexpress
arginase 1, enabling utilization of arginine with the formation of polyamines and proline
which can be used during cell proliferation and protein, in particular collagen synthesis [7].
A distinctive feature of M2 is the expression of a number of scavenger receptors, such as
CD163, CD204, MARCO (macrophage receptor with collagenous structure) [9], mannose
receptor 1 (CD206, MRC1), folate receptor, transferrin receptor, on their cell surface, which
also serve as the phenotypic markers of M2 [10,11]. The signaling pathways underlying
polarization of M2 macrophages will be discussed in more detail in the next chapter devoted
to polarization under the influence of TME factors.
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Figure 1. Tumor-associated macrophage recruitment and polarization. Figure was created using
BioRender.com, according to [6].

However, it is widely accepted that this binary classification of macrophages on anti-
cancer M1 and pro-cancer M2 is oversimplified and can be seen only in vitro as a result
of stimulation of activated monocytes with bacterial LPS/IFNγ or IL-4. Single cell RNA
sequencing data indicate that TME is enriched by TAMs, expressing both M1 and M2
markers under the effect of tumor producing signaling molecules and different environ-
mental factors in the TME, such as hypoxia and acidosis (effect of hypoxia and acidosis is
discussed in Section 2 of this review) [12,13]. At the first stage of the tumor development
activity of M1 macrophages, in particular, increased levels of ROS, NO, and the active
inflammation process help them to destroy tumor cells, But as the tumor progresses and
produces recruiting and polarization factors, such as IL-34, colony stimulating factor 1
(CSF1), M2-like macrophages start to predominate in the TME, which prohibit anticancer
response and promote tumor growth and progression, contributing to proliferation and
migration of cancer cells, angiogenesis, and metastasis (see Section 3 of this review).

3. Factors Affecting Macrophage Polarization in Tumor Microenvironment
3.1. Hypoxia

Hypoxia, or oxygen deprivation, is a common characteristic of solid tumors and is
closely associated with their malignant progression. Under hypoxic conditions, the level of
hypoxia-inducible factor HIF1α increases; it translocates into the nucleus and dimerizes
with HIF1β, resulting in activation of HIF1 transcription factor. In turn, HIF1 activates
genes responsible for tumor angiogenesis, progression, and metastasis [14–16]. One of
the primary mechanisms driving tumor progression involves hypoxic conditions, which
prompt tumor cells to release extracellular vesicles containing various types of RNAs, in-
cluding micro, circular RNAs, and long non-coding RNAs. These vesicles, in turn, facilitate
the polarization of tumor-supporting M2 macrophages. An illustrative example is the
presence of miR-934 in exosomes originating from colorectal cancer cells [17], circ_001381,
miR3184-3p, and miR-1246, isolated from cells and cerebrospinal fluid in glioma [18–20]. Ex-
tracellular vesicles, isolated from glioma cells in hypoxic conditions, contained high levels
of IL-6 and miR155-3p, promoting M2 macrophage polarization via the IL-6-pSTAT3-miR-
155-3p-autophagy-pSTAT3 pathway and, consequently, glioma progression [21]. Exosomes,
derived from esophageal squamous cell carcinoma cells in hypoxic conditions, contained
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hsa-circ-0048117 [22], which can mediate TLR4 activation, and miR-21-5p, which mediated
downregulation of PTEN in cancer cells and co-cultured macrophages, resulting in activa-
tion of PI3K/AKT/STAT6 signaling pathway and polarization of macrophages towards
M2. The same signaling pathway is activated by miR-21, which is overrepresented in
the exosomes of bladder cancer cells [23]. The existence of feedback regulation was also
noted: extracellular vesicles, derived from M2 macrophages, also contained miR-21-5p,
which mediated the expression of EMT-associated genes: N-cadherin, α-SMA, Snail, and
p-SMAD2 in tumor cells [24]. Exosomes isolated from A549 lung cancer cells under hypoxic
conditions contain PKM2 protein, one of glycolysis regulators, that mediated activation of
AMPK/p38 signaling pathway in TAMs, contributing to M2 polarization [25].

3.2. Acidosis

One more distinctive feature of a tumor associated with oxygen deficiency is the
occurrence of aerobic glycolysis in tumor cells, resulting in the accumulation of lactate
as the end product and, consequently, the acidification of TME (the so-called Warburg
effect) [26]. According to estimations, lactate level in TME is about 40 times higher than
in normal tissues [27]. However, it is widely known that lactate is not only a glycolysis
byproduct in tumor but also plays an important signaling role. Increased acidity of TME
is associated with increased tumor progression, aggressiveness, and metastasis rate [28].
One of the mechanisms by which lactate enhances tumor aggressiveness is its ability to
reprogram TAMs towards M2 phenotype via the signaling pathway AKT/ERK [26,29,30].
M2 TAMs, in turn, promote the expression of genes responsible for proliferation, survival,
and EMT in cancer cells. For example, M2 macrophages polarized under the effect of lactate
produced by CRC cells released CCL8, which activated EMT genes in tumor cells via the
CCL8/CCR5/70S6K/4EBP1 axis [29]. In breast cancer (BC), M2 macrophages produced
CCL17 that induced EMT gene (N-cadherin, vimentin and PCNA) expression in tumors via
CCL17/CCR4/mTORC1 axis [31]. The same effect was observed for succinate—one of the
major metabolites of cancer cells: succinate induced M2 polarization via PI3K/AKT/HIF1α
signaling and promoted EMT and proliferation gene expression in pituary adenocarcinoma
cells [32]. Concerning the interaction of hypoxia and acidosis, stabilization of hypoxia
factor HIF1α was demonstrated in macrophages under the effect of tumor-derived lactate
and succinate in hypoxic and normoxic conditions, which results in production of VEGF
and, consequently, enhanced tumor angiogenesis [33,34]. Hepatocellular carcinoma (HCC)
and pancreatic cancer cells were shown to produce transcription factor Nuclear Factor
(erythroid-derived 2)-Like 2 (Nrf2) under the effect of lactate, which resulted in increased
expression of Nrf2 in TAMs, and VEGF production and VEGF stimulated expression of
Nrf2 and EMT genes in cancer cells [35]. Novel data disclose another mechanism of lactic
acid regulation of macrophage polarization: as a result of the metabolism of lactate in the
citric acid cycle, citrate and acetyl-CoA are produced, which contribute to histone H3K27
acetylation. H3K27 acetylation reduces the accessibility of chromatin in pro-inflammatory
gene locuses and suppresses the function of their enhancers, resulting in suppression of
macrophage inflammatory response [36]. Another mechanism which is supposed to follow
histone acetylation in macrophages is histone lactylation, which induces the expression
of homeostatic genes that are involved in wound healing, including Arg1 (the M2-like
phenotype) [37].

Mechanisms of TAM polarization under the effect of hypoxia and acidosis are schemat-
ically represented in Figure 2.
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Figure 2. Signaling pathways prompting M2 macrophage polarization under the effect of acidosis
and hypoxia in TME. MCT = monocarboxylate transporter 1; SUCNR1 = succinate receptor; see
Section 2 for more details. Figure was created with BioRender.com.

4. Pathological Effects, Related to Tumor-Associated Macrophage Activity
4.1. TAMs Promote Angiogenesis

TAMs are the major producers of different angiogenic factors, in particular, vascular
endothelial growth factor (VEGF) [38], placental growth factor (PIGF) [39], and platelet-
derived growth factor (PDGF)-BB [40]. VEGF contributes to early stages of angiogenesis
and neovascularization, resulting in formation of monolayer leaking endothelial tubes. The
later stage of angiogenesis—maturation of primitive vessels—is controlled by activation
of angiopoietin and tyrosine kinase Tie-2 system, while Tie-2 is expressed on the surface
of the so-called Tie2-expressing macrophages (TEM) [38]. TEMs are represented in tumor
regions, in particular, their distribution correlates with neovascularization regions but are
absent in non-cancerous regions. It was shown that targeting TEM (for example, using new
Tie2 inhibitor rebastinib) in combination with chemo- or immunotherapy is a promising
approach to mitigate tumor progression and metastasis [41,42].

Angiogenesis in tumor regions and vascular permeability are closely related to metas-
tasis: formation of vessels and increased permeability of new-formed vessel walls enable
migration of cancer cells and formation of distant metastases. The study [43] provides
evidence of an interaction between miRNA-23a-3p, downregulation of PTEN, EMT, and
metastasis. By targeting PTEN miR-23a-3p increased the expression of VEGF-A, the pro-
liferation and metastasis of HUVEC cells, and angiogenesis. MiR-23a-3p downregulated
TJP1, occludin, and claudin 5, leading to increased vascular permeability. The phenomenon
of increased vascular permeability in the presence of TAMs was also demonstrated in vitro
in 3D system [44]: in the presence of TAMs, in particular M2, endothelium permeability
increased 1.5–2 times in comparison with the vessel permeability in the absence of TAMs.

BioRender.com
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Co-culturing of endothelial cells and breast cancer cells with M2 macrophages were as-
sociated with increased vascular permeability, resulted from downregulated expression
of intercellular junction protein PECAM-1 in the endothelial cells. Enhanced vascular
sprouting resulted from increased levels of angiogenic factors, including TGF-β, bFGF, EGF,
VEGF-A, IL-8, increased levels of MMP9 in culture medium which was associated with
enhanced extracellular matrix porosity, and tumor emboli intravasation into the vessel [44].

Interaction between colorectal cancer cells and TAMs was described in [40]. According
to results of the analysis of database data and patient samples, a correlation between
increased levels of expression of the transcription factor RUNX1, involved in the control
of angiogenesis and hematopoiesis, chemokine CCL2 in CRC cells, and upregulation
of M2 expression markers was found. It has been empirically demonstrated that CRC
cells mediated TAM recruitment via overproduction of RUNX1, CCL2 and IL-10, and M2
polarization via Hedgehog signaling activation. M2 TAMs, in turn, produce platelet-derived
growth factor (PDGF)-BB, which contributes to angiogenesis in tumors and, moreover,
enhances production and nuclear translocation of RUNX1 in CRC cells [40].

4.2. TAMs Promote Chemotherapy Resistance

Among the mechanisms of cancer chemoresistance development metabolic reprogram-
ming, in particular, autophagy enhancement, activation of cancer stem cells, activation of
anti-apoptotic signaling (MAPK, PI3K-AKT, Notch, Wnt signaling) [45–47], and produc-
tion of anti-apoptotic proteins (i.e., Bcl-2) [48,49] are noted. Moreover, overexpression of
transporters—which eliminate drugs from the tumor cells, in particular, upregulation of
ATP-binding cassette (ABC) transporters—was demonstrated in breast cancer cells [50].

One of the simplest mechanisms that explain participation of M2 TAMs in chemore-
sistance development is the production of arginase-1 by M2-like macrophages, resulting
in depletion of arginine in TME and, consequently, inhibition of T-cells’ function [51].
It was also shown that co-culturing of M2 macrophages with HCC cells resulted in au-
tophagy enhancement in tumor cells and increased resistance to oxaliplatin. Inhibition
of autophagy-related 5 homolog (ATG5), a key contributor of autophagy, conversely, re-
versed the resistance and recovered sensitivity to oxaliplatin [52]. The similar mechanism
of chemoresistance development was demonstrated in work [53]: treatment of gastric
cancer with 5-fluoruracil (5-FU) was associated with activation of HIF1α signaling and
expression of damage-associated molecular patterns, HMGB1, in tumor cells, which, in
turn, enhanced macrophage recruiting and their polarization towards M2. M2 TAMs
release growth differentiation factor 15 (GDF15), a member of the transforming growth
factor beta (TGF-β) family, to stimulate fatty acid oxidation in tumor cells. Therefore,
fatty acids are used by tumor cells as a fuel, conferring chemoresistance [53]. Examples of
TAM-produced growth factors, contributing to chemotherapy resistance, include TGF-β1,
overproduced by M2 TAMs in glioma, which enhance stemness and resistance of glioma
cells via the SMAD2/3 signaling pathway [54]; milk-fat globule epidermal growth factor-
VIII (MFG-E8), discovered in TAMs of colon cancer and NSCLC, which activates STAT3;
and Sonic Hedgehog signaling in tumor cells resulting in increased tumorigenicity and
drug resistance [55]. In cisplatin-resistant ovary cancer, overexpression of circular RNA
circITGB6 was revealed. circITGB6 indirectly increase the stability of fibroblast growth
factor 9 (FGF9) mRNA that enhances M2 macrophage polarization and is associated with
supporting resistance to cisplatin [56]. Cytokines, released by TAMs, can also activate
signaling pathways, involved in proliferation and chemotherapy resistance in cancer cells:
TAM-derived CCL5 induced activation of signaling pathway STAT3/Nanog in prostate
cancer cells, which was related with enhanced resistance to paclitaxel. Addition of STAT3
inhibitor to paclitaxel therapy resulted in significant mitigation of chemotherapy resistance
in mouse model of prostate cancer and prolonged survival of animals [57]. In lung cancer
resistant to cisplatin and doxorubicin, overexpression of IL-34 by tumor cells enhanced
survival of chemo-resistant cells via activation of CSF1R-mediated AKT signaling and pro-
moted TAM polarization towards M2 enhancing macrophage immunosuppressive function
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through CCAAT/enhancer-binding protein β-mediated mechanism [58]. In breast cancer
TAMs-secreted CCL2 activated PI3K/AKT/mTOR signaling, associated with tamoxifen
resistance [59]. The same signaling pathway associated with upregulation of anti-apoptotic
protein Bcl-2, downregulation of pro-apoptotic protein Bax, and increase in resistance to
5-FU, was activated in gastric cancer cells under the effect of CXCL5, produced by TAMs.
Moreover, CXCL5 promoted recruiting of monocytes and their polarization towards M2,
forming the feedback loop [48]. In general, upregulation of anti-apoptotic proteins and, con-
sequently, prevention of apoptosis, is another mechanism of chemoresistance development,
involving TAMs. IL-10, produced by TAMs, enhanced paclitaxel resistance via activation
of STAT3 and upregulation of Bcl-2 in breast cancer cells [49]. In cisplatin-resistant gastric
cancer, production of miR-21 by TAMs was shown which decreased PTEN activation,
and enhanced activation of the PI3K/AKT pathway and production of Bcl-2, therefore,
decreasing apoptosis rate and cisplatin sensitivity of gastric cancer cells [60].

Signaling pathways associated with the development of chemotherapy resistance in
cancer cells are summarized in Figure 3.
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Figure 3. Schematic representation of signaling pathways associated with chemoresistance devel-
opment and immune escape of cancer cells (see Sections 4.2 and 4.3 for more details). Figure was
created with BioRender.com.

4.3. TAMs Promote Tumor Immune Escape

Tumor immune escape is closely related to the therapy resistance and it may be real-
ized via the following mechanisms, involving TAMs: attraction of immunosupressive cells
to the TME, (via CCL22 [61], TGF-β and IL-10 [62]) stimulation of effector T-cells exhaustion
and dysfunction [63–65], expression of immunosuppressive molecules or their receptors,
including programmed death-ligand 1/programmed death-1 (PD-L1/PD-1), LAG-3 and
CTLA4, or ‘do-not eat me’ signal (CD47) on the surface of the tumor cells [62] that can in-
hibit the activation of effector T-cells. A number of research groups have demonstrated the
presence of spatiotemporal correlation between effector CD8+ T-cells and tumor-associated
macrophages, moreover, expression levels of M2 markers (CD163+, CD206+, etc.) closely
correlated with T-cell exhaustion—condition, characterized by dysfunction of effector cells

BioRender.com
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and marked by the upregulation of inhibitory receptors (such as programmed cell death-1
(PD-1), T cell immunoglobulin and mucin domain-3 protein (TIM-3), etc.) [66,67]. Therefore,
TAMs play an important role in stimulation of CD8+ T-cell exhaustion. Data of microscopy
analysis and calcium imaging showed that TAMs form long-lasting contacts with CD8+

cells, stimulating weak prolonged Ca2+ flux in CD8+ T-cells, which fail to support their pro-
liferation, but can result in their exhaustion [68]. CD8+ T-cells exhaustion could also occur
under the effect of different factors, produced by TAMs, in particular, under the effect of
TAM-derived CCL23. Treatment of CD8+ cells with CCL23 in in vitro experiments resulted
in a dose-dependent increase in exhaustion markers. This CCL23 effect was mediated by
glycogen synthase kinase 3β signaling [63]. TAM-derived extracellular vesicles contain
overexpressed miR-21-5p, which promotes CD8+ T-cell exhaustion via a pathway, including
the components of the Hippo signaling pathway, YAP and YOD1, and β-cathenin [65].
Another example of TAM-mediated immunosuppression M2-like TAMs, activated under
the effect of radiotherapy-induced damage-associated molecular patterns, created an im-
munosuppressive niche by releasing TGF-β and IL-10 and recruiting regulatory T-cells
and myeloid-derived suppressor cells into TME. However, knockout of signal-regulatory
protein α (SIRPα)—regulator that inhibits phagocytosis of tumor cells via interacting with
the self-recognition marker CD47 (the so-called ‘do not eat me’ signal)—resulted in infil-
tration of cytotoxic T cells, NK cells, and inflammatory neutrophils, therefore, enhancing
radiotherapy efficiency and promoting tumor elimination [62].

4.4. TAMs Promote EMT and Metastasis

M2-like macrophages release into TME large amounts of serine proteases, cathep-
sins [69], and metalloproteases [70], as well as pro-angiogenic factors such as VEGF-A and
VEGF-C [71]. Proteases released into the tumor microenvironment destroy intercellular
contacts and cleave the components of the extracellular matrix, thereby promoting cell
migration and, as a result, tumor metastasis. The release of proangiogenic factors into the
extracellular space enhances angiogenesis and increases vascular permeability, facilitat-
ing the migration of tumor cells and tumor metastasis [72]. In particular, TAM-derived
cathepsin B, a papain-like cysteine protease, is able to cleave components of the extracel-
lular matrix such as laminin, collagen V, collagen I, cell adhesion molecules (E-cadherin)
and degrade tight cell junctions, thereby promoting migration, epithelial-mesenchymal
transition of cells, and also metastasis [73,74].

Data have also been obtained indicating the release of certain signaling molecules by
TAMs that trigger EMT-related pathways in cancer cells. In particular, analysis of data
obtained from patients with metastatic and non-metastatic colorectal cancer as well as data
obtained in animal models showed that TAMs overproduce TGF-β, which contribute to
EMT by activation of the Smad2,3-4/Snail/E-cadherin pathway [75]. Another example
of stemness and migration under the effect of TGF-β was shown in work [54]: in glioma
cells, TAM-derived TGF-β1 upregulated EMT markers (vimentin and N-cadherin) via the
Smad2/3 pathway. In in vitro experiments with co-cultured TAMs and hepatocellular
carcinoma cells it was shown that M2-like cells produce IL-8 which upregulates EMT
markers in HCC cells via the JAK2/STAT3 pathway [76].

5. Non-Targeted Cancer Therapy Related to TAMs

Therefore, we can see that TAMs are involved in all pathological processes leading
to cancer progression. In this regard, a number of clinical trials of the drugs affecting
TAMs are currently being conducted. Some studies have already been completed, and
results are available. Strategies to impact the TAMs include the depletion of TAMs (in
particular, inhibition of signal molecules, that recruit monocytes and macrophages), re-
education of TAMs towards M1-like phenotype, and blocking the activity of TAM-derived
molecules with immune-suppressive functions (such as TGF-β and IL-10). In this review
we summarized novel data about various non-targeted interventions for tackling TAMs,
which have been tested in recent and ongoing clinical trials.
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Conventional option for TAM depletion is the inhibition of CSF-1/CSF-1R recruiting
axis. Among the novel CSF-1R inhibitors emactuzumab, recombinant, humanized mon-
oclonal antibody against CSF-1R, was tested in phase 1 trials in patients with urothelial
bladder cancer (NCT01494688) [77] and diffuse-type tenosynovial giant cell tumors (dTGGT,
NCT02323191) [78]. Treatment of patients with dTGGT with emactuzumab resulted in the
pronounced response associated with symptomatic improvement and a manageable safety
profile [78]. In both studies emactuzumab treatment resulted in a significant decrease in
M2-like TAMs and increased the density of activated CD8+ T-cells. However, in comparison
with paclitaxel monotherapy, the combination of paclitaxel and emactuzumab failed to
increase anticancer activity of therapy in patients with advanced solid tumors. Moreover,
no patients on emactuzumab monotherapy showed an objective response [79]. In this case
the anticancer activity of emactuzumab is limited only by tenosynovial giant cell tumor
indication [78,80]. Anti-CSF-1 mAb, lacnotuzumab, was shown to enhance CD8+ T-cell
tumor infiltration and sensitivity to paclitaxel in preclinical experiments and xenograft
models. However, in a randomized phase 2 clinical trial of lacnotuzumab in combination
with gemcitabine and carboplatin versus gem-carbo combination therapy in advanced
triple-negative breast cancer, both treatments showed comparable outcomes [81]. A small
molecule inhibitor of CCR2 (CCR2-CCL2 signaling axis), PF-04136309, was tested in a
phase 1 trial (NCT01413022) in combination with FOLFIRINOX (combination of oxali-
platin, irinotecan, leucovorin, and fluorouracil) in patients with borderline resectable and
locally advanced pancreatic adenocarcinoma. In this study, the addition of PF-04136309 to
FOLFIRINOX did not enhance toxicity of therapy, but resulted in reduction in the TAM
infiltrate, increased the amount of CD8+ and CD4+ cells, reduced the presence of Tregs, and
induced an endogenous anti-tumor immune response [82].

Multikinase inhibitors, such as sorafenib (inhibitor of RAF/MEK/ERK pathway and
receptor tyrosine kinases) [83] and lenvatinib (inhibitor of various kinase receptors in-
cluding VEGFR1–3, fibroblast growth factor receptors 1–4, platelet-derived growth factor
receptor α etc.) [84] are FDA approved drugs as a first-line therapy for advanced cancer,
such as unresectable HCC [85]. It was demonstrated that lenvatinib modulates TAM ac-
tivity: RNA sequencing results showed that lenvatinib treatment resulted in increased
production of CXCL9 by TAMs and recruitment of CD8+ cells. However, the addition of
lenvatinib to ICI pembrolizumab failed to show the synergy in anticancer activity, probably
due to entrapment of CD8+ cells in tumor stroma (NCT03713593) [84].

Downregulation of CD47, checkpoint expressed in monocytes, macrophages, dendritic
cells and neutrophils, is another mechanism that results in macrophage reprogramming
towards M1. Bromonitrozidine (RRx-001) is an inhibitor of inflammasome component
NLRP3, which also inhibits CD47 and showed preliminary anticancer activity in combina-
tion with ICI nivolumab. (NCT02518958) [86]. RRx-001 was also evaluated in phase 2 trials
as an adjuvant therapy of advanced colorectal cancer (NCT02096354) and metastatic brain
cancer (NCT02215512), but results of these trials are not available yet.

Another tool for TAM reprogramming towards M1-like phenotype is activation of
CD40, a member of the TNF receptor superfamily, which is expressed on myeloid cells,
including macrophages. Selicremumab, agonistic monoclonal antibody (mAb) to CD40,
showed promising results along with acceptable toxicity. In an open phase I clinical trial
(NCT02588443), treatment with selicrelumab in combination with gemcitabine and nab-
paclitaxel resulted in T-cell enrichment and a decrease in M2 macrophages in TME in
comparison with chemotherapy alone [87]. Another agonistic antibody to CD40, ABBV-428,
targeted on tumor antigen mesothelin, was tested on patients with advanced mesothelioma
and ovarian cancer in a phase I clinical trial (NCT02955251); however, its anticancer activity
was minimal [88].

Concerning the downregulation of immunosuppressive molecule production, it was
shown that treatment with apatinib, a small molecule inhibitor of VEGFR2 approved
by National Medical Products Administration (NMPA) of China as a third-line therapy
of advanced gastric cancer, significantly improved overall survival and progression-free
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survival in comparison with placebo in a phase 3 trial [89]. Apatinib indirectly decreased
the level of TGF-β, produced by TAMs, that could correlate with the anticancer activity
of the drug [90]. A number of phase 2 clinical trials were completed in China to study the
efficiency of apatinib in advanced tumors (such as platinum resistant recurrent ovarian
cancer (NCT03587129), advanced colorectal cancer (NCT01531777), non-triple-negative
metastatic breast cancer (NCT01653561)). However, the results of these trials are still
not available.

Bintrafusp alpha is a first-in-class bifunctional fusion protein targeting both TGF-β
and PD-L1. In phase 1, an open-label clinical trial in patients with NSCLC, the best outcome
was the confirmed partial treatment response; that was achieved in 27.8% of ICI-naïve
patients and 0% of ICI-experienced patients with NSCLC (NCT02517398). [91] In this study
bintrafusp alpha decreased the M2/M1 ratio in responders and increased this ratio in
non-responders; that highlights the role of M2 macrophages in tumor resistance to immune
therapy. In a phase 3 clinical trial of bintrafusp alfa versus pembrolizumab in patients
with treatment-naïve advanced NSCLC, first-line treatment with bintrafusp alfa failed to
demonstrate superior efficacy compared with pembrolizumab.

An innovative approach is the development of chimeric antigen receptor macrophage
therapy (CAR-M). Use of CAR-T cell therapy is already established in clinical practice
nowadays. But natural phagocytosis capability of macrophages provides an outstanding
opportunity to construct CAR-Ms targeted on tumor antigens. One example of such therapy
is the construction of CAR-Ms that target HER2 and CD47 on the surface of tumor cells.
The resulting macrophages were shown to phagocytose ovarian cancer cells in in vitro and
in vivo experiments. Moreover, activation of CD8+ T-cells was demonstrated [92]. At the
time of writing this review, patient enrollment in phase 1 clinical trials of CAR-M therapy
of HER2-overexpressing solid tumors starts (NCT04660929, NCT06224738).

In conclusion, the efficiency of the existing cancer treatment tools is not optimal. It is
necessary to narrow indications for treatment and define the target population of patients
that could benefit from the use of these therapeutic options. There still exists the unmet need
in enhancement of anti-cancer armamentarium. In particular, methods of nanomedicine
could enable scientists an opportunity to achieve a more selective effect on M2-like TAMs
and provide controlled release of the drug to mitigate adverse events. In the next section
we will briefly discuss currently ongoing studies in nanotechnology and nanomedicine
aimed at targeting TAMs.

Some of the therapy options are schematically represented in Figure 4.

1. Depletion of TAMs 2. Reprogramming TAMs
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Figure 4. Therapeutic options aimed at targeting TAMs (see Sections 5 and 6 for more details). Figure
was created using BioRender.com.
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6. Nanotherapy Options Aimed at Targeting TAMs
6.1. TAM Reprogramming to Prevent Tumor Angiogenesis

As previously mentioned, the formation of new blood vessels in the TME is stimulated
by hypoxia and is closely linked to tumor progression and metastasis. Hence, antian-
giogenic therapy holds significant importance in cancer treatment. Presently, drugs like
sorafenib, sunitinib, and regorafenib are utilized for antiangiogenic purposes. Specifically,
sorafenib diminishes the expression of key factors such as vascular endothelial growth
factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR-β), and hepa-
tocyte growth factor receptor (HGFR) [93–95]. However, disadvantages of such drugs
include rapid development of drug resistance [94,96], enhancement of hypoxia in TME,
and risk of oncogene expression activation [95]. Hence, there is a pressing need to explore
alternative anti-angiogenic therapies, particularly those targeting TAMs, as they are the
primary producers of VEGF-A, VEGF-C [10], MMP-7, and MMP-9 [70].

In an effort to enhance sensitivity to sorafenib, nanoparticles were developed contain-
ing sorafenib and a modified TAM repolarization agent, resiquimod. These nanoparticles
were formulated using a pH-responsive block copolymer, methoxyl-PEG-Dlinkm–PLGA.
pH-triggered PEG detachment enabled NPs the opportunity to efficiently accumulate
in HCC cells and in TAMs after intravenous injection to mice. Systemic treatment with
nanoparticles resulted in TAMs’ repolarization towards M1, suppression of VEGF and,
consequently angiogenesis, and reduction of tumor growth [95]. A successful attempt
to downregulate VEGF, an angiogenic factor, responsible for tumor neovascularization
and lymphangiogenesis, was made in a lung adenocarcinoma mouse model. Gold core
NPs, covered with thiolated PEG-COOH polymer, thiolated anti-VEGF siRNA, and M2
peptide, targeting the M2 MARCO scavenger receptor, were instilled intratracheally to
mice resulting in efficient decrease in VEGF expression level in lungs and ~95% reduc-
tion of TAMs that mediated a delay in lung cancer progression and survival increase [9].
Another attempt to downregulate VEGF along with placental growth factor (PIGF) in
M2 macrophages was made [39]. PEGylated chitosan-based nanoparticles coated with
mannose residues and containing anti-VEGF and anti-PIGF siRNAs were efficiently tar-
geted and provided simultaneous downregulation of VEGF and PIGF, which resulted in
the remodeling of the tumor microenvironment with an enhancement of the antitumor
immune response and, as a consequence, decreased tumor growth and decreased incidence
of lung metastases formation.

Reprogramming of TAMs in combination with paclitaxel chemotherapy was attempted
in a non-small cell lung cancer model [97] and in a syngeneic ID8-VEGF ovarian cancer
mouse model [98] using intra-peritoneal injection of hyaluronic acid-PEI NPs containing
regulatory miR-125b. HA in NPs was used as a tool to target constructed NPs to CD44
receptor, expressed on the surface of TAMs. Treatment with NPs in combination with
paclitaxel resulted in significant reduction of ascites volume, a decrease in VEGF level and
an increase in the M1 (CD80+ cells)/M2 (CD206+ cells) TAMs ratio in comparison with NP
or paclitaxel treatment alone.

G5-dendrimer nanoparticles loaded with methotrexate were used to target folate
receptor-2 on the surface of TAMs in ovarian cancer [10]. Intraperitoneal injection of
the obtained G5-MTX nanoparticles to mice with ID8-VEGF ovarian tumors resulted
in efficient depletion of TAMs, significant reduction of microvessel density, decrease in
expression levels of VEGF-A, VEGF-C, mitigated resistance to anti-VEGF therapy, and
improved survival.

In another study [99], exosomes derived from macrophages were electroporated with
extremely small iron oxide nanoparticles (ESIONPs@EXO) which induce ferroptosis. It was
shown that treatment with ESIONPs@EXO resulted in M2 to M1 reprogramming, signifi-
cantly inhibited vessel formation, reduced endothelial cell sprouting, and suppressed patho-
logical angiogenesis in vivo via VEGF-independent mechanism in the ocular melanoma
model, also prohibiting tumor cell proliferation and migration.
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Another innovative nanoformulation was applied to combat angiogenesis in the
melanoma model: IL-13-conjugated long-circulating liposomes, loaded with the chemother-
apy drug simvaststin (IL-13-LCL-SIM) and PEG-coated extracellular vesicles derived from
melanoma cells and loaded by doxorubicin (PEG-EV-DOX), were used in combination and
demonstrated effective targeting both to TAMs and melanoma cells and strong suppression
of a number of pro-angiogenic factors (VEGF, bFGF, MCP1 and endothelial cell prolifer-
ation marker CD31), resulting in hindered tumor growth [100]. A brief description of all
nanotherapy approaches used for TAM reprogramming in the context of cancer therapy is
summarized in Table 1.

Table 1. Cancer nanotherapy options for TAM reprogramming.

NP Composition Active Payload Target on TAMs Targeting Moiety Cancer Type/Effect Ref.

Methoxyl-PEG-Dlinkm–
PLGA

Sorafenib and
resiquimod

HCC/suppression of VEGF,
angiogenesis, tumor growth [95]

PEGylated gold Anti-VEGF siRNA MARCO M2 peptide

Lung adenocarcinoma/
suppression of VEGF, ~95%
reduction of TAMs, delay in
lung cancer progression,
survival increase

[9]

PEGylated trimethyl chitosan
with citraconic anhydride
grafted poly (allylamine

hydrochloride)

Anti-VEGF and
anti-PIGF siRNAs CD206 Mannose

BC/suppression of VEGF and
PIGF, decrease in tumor growth
and lung metastasis

[39]

HA-PEI miR-125b CD44 HA

NSCLC, ovarian cancer/
suppression of VEGF, increase
in M1/M2 ratio, reduction of
ascites volume

[97,98]

G5-dendrimer Methotrexate Folate receptor-2 Methotrexate

Ovarian cancer/suppression of
VEGF-A, VEGF-C, suppressed
resistance to anti-VEGF therapy
and improved survival

[10]

Exosomes from TAMs
incorporated with extremely

small iron oxide
nanoparticles

Ferroptosis TAM membrane TAM membrane

Ocular melanoma/suppressed
vessel formation, endothelial
cell sprouting, angiogenesis,
tumor aggressiveness

[99]

IL-13-conjugated
long-circulating liposomes

and PEGylated
extracellular vesicles

Simvaststin, doxorubicin IL-13 receptors IL-13
Melanoma/suppression of
VEGF, bFGF, MCP1, CD31,
decrease in tumor growth

[100]

PEGylated calcium NP Bisphosphonates,
32P isotopes

BC/increased efficiency of
isotope therapy, significant
reduction of hypoxia and
tumor growth

[101]

Lipids, predominantly
phosphatidyl-choline + PEG

Inhibitors of CSF1R
and SHP2 CD206 Antibodies to CD206

BC, melanoma/increase in
M1/M2 ratio, improved
therapy efficiency

[102]

Methoxy-PEG-poly(lactic
acid) Paclitaxel Tumor-homing LinTT1

peptide

Lung cancer/improved therapy
efficiency, 90% inhibition of
tumor growth, significant
prolongation of survival

[103]

Peptide hydrogel
Pro-apoptotic peptide

Smac and Toll-like
receptor TLR7/8 agonist

Melanoma/increase in M1/M2
ratio, overcoming of
radiotherapy resistance

[104]

MnO2, covered with
hyaluronic acid Hyaluronic acid CD206 Mannan

BC/suppression of HIF1α and
VEGF, increased the efficiency
of doxorubicin

[105]

DOPE, DOPC, cholesterol,
DOPE-PEG

Hydrazino-curcumin
and legumain inhibitor

BC/suppression of STAT3,
MMP2, MMP9 and VEGF,
delayed tumor growth,
prolonged survival, reduced
metastasis incidence

[106]

PLGA nanoparticles covered
with polydopamine

Baicalin, melanoma
antigen Hgp peptide

and CpG-ODN

MARCO, scavenger
receptor B type 1 M2pep and α-pep

Melanoma/increase in M1/M2
ratio, significant reduction of
tumor growth and metastasis

[107]
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Table 1. Cont.

NP Composition Active Payload Target on TAMs Targeting Moiety Cancer Type/Effect Ref.

NaYF4:Yb,Er@NaYF4 Photodynamic
immunotherapy

TAM-derived
cell membrane

BC/macrophage
reprogramming, significant
decrease in tumor growth and
number of pulmonary
metastatic nodules

[108]

Phospholipids Anti-CSF-1R siRNA MARCO, scavenger
receptor B-type

M2pep + α-helical
peptide

Melanoma/depletion of TAMs,
decreased tumor growth [109]

Man-P(MEO3MA)18-b-
P(PFPMA)30, spermine,

triethylamine
Anti-CSF-1 siRNA CD206 Mannose liver cancer/efficient targeting

to M2-like macrophages [110]

Poly(L-lysine)-b-PEG TLR3 agonist Poly I:C Galactose-specific
C-type lectin Galactose

Melanoma/increased M1/M2
ratio, ROS level,
downregulation of STAT3,
apoptosis of tumor tissues

[111]

Cationic konjac
polysaccharide and

PEG-His-modified alginate
miR-99b

HCC, Lewis lung
cancer/increased M1/M2 ratio,
increased phagocytosis and
antigen presentation ability of
macrophages, reduction of
tumor growth

[112]

Fe3O4 NP, covered
with polydopamine Anti-PERK siRNA

Macrophages derived from
murine peritoneal exudate/
inhibition of unfolded protein
response, increased
M1/M2 ratio

[113]

Tetrahedral framework
nucleic acid + CpG ODN

Agonist of TLR9 and
anti-PI3Kγ siRNA

BC/increased M1/M2 ratio,
delayed tumor growth,
prolonged survival

[114]

M1-derived extracellular
vesicles covered by fusogenic

glycoprotein of VSV
anti-PD-L1 siRNA

Colon carcinoma/
downregulation of PD-L1 in
tumor, increased M1/M2 ratio,
increased IFNγ level,
significantly increased survival

[115]

6.2. TAM Reprogramming to Increase Conventional Therapy Effect and Overcome
Therapy Resistance

It was previously discussed that an increased amount of M2 macrophages in the tumor
microenvironment may contribute to chemotherapy resistance and immune escape. Never-
theless, some novel scientific data show that TAM reprogramming can result in increased
efficiency of chemo- and radiotherapy and overcoming therapy resistance. One example of
increased efficiency of isotope therapy as a result of TAM reprogramming was shown [101].
In this study, NPs were produced from Ca2+ and bisphosphonates and covered by PEG.
The pH-dependent degradation of PEG facilitated in the acidic TME induced the release
of bisphosphonates, a cost-effective drug known for its ability to deplete the TAMs. Fur-
thermore, the incorporation of 90mTc or 32P isotopes to NPs provided an opportunity to
visualize a tumor by single-photon emission computed tomography imaging or induce
synergistic cancer radioisotope therapy, resulting in mitigation of hypoxia and a significant
reduction of breast cancer tumor growth.

One strategy to mitigate the development of therapy resistance involves the simulta-
neous administration of multiple therapeutic agents. In a recent study [102], co-delivery
of CSF1R inhibitor and the inhibitor of Src homology region 2 domain-phosphatase 2
(SHP2)—member of the signaling axis CD47-SIRPα (inhibitor SHP099)—was performed.
NPs were produced from co-formulated lipids, mainly phosphatidylcholine, PEGylated,
and functionalized with anti-CD206 antibodies to bind mannose receptors on the surface
of M2. Intravenous injection created NPs in aggressive 4T1 breast cancer, and B16/F10
melanoma mouse models resulted in enrichment of TME with M1 macrophages and im-
proved efficiency of combination anticancer therapy. Moreover, the authors suggested that
combining these novel nanotherapeutics with conventional chemo- or immunotherapy
holds promise as a synergistic treatment approach.



Pharmaceutics 2024, 16, 636 14 of 22

Another strategy to enhance therapy efficacy involves elevating drug concentrations
within tumor cells and the tumor microenvironment TME through targeted delivery and
controlled drug release using nanocarriers. For instance, NPs carrying paclitaxel (PTX)
were synthesized using methoxy-poly(ethylene glycol)-poly(lactic acid) as a base and func-
tionalized with cell-penetrating TAT-peptide and tumor-homing LinTT1 peptide, linked via
a metalloproteinase-cleavable linker [103]. Introduction of linkers, cleavable by proteases,
enriched in acidic TME (i.e., cathepsins, metalloproteases etc.) is a widely used approach in
nanotechnology (for more information see review [116]). The resulting nanoparticles (NPs)
were efficiently internalized into tumor cells and tumor-associated macrophages (TAMs),
achieving a remarkable 90% inhibition of tumor growth in vivo compared to the control
PBS-treated group and a 60% inhibition compared to NPs carrying paclitaxel without
functionalization. This led to a significant prolongation of survival.

In another therapeutic approach, a peptide hydrogel was formed by combining the pro-
apoptotic peptide Smac with a Toll-like receptor TLR7/8 agonist. Systemic injection of Smac-
TLR7/8 hydrogel, either alone or in combination with radiotherapy or immunotherapy,
activated NF-κB signaling, resulting in a strong shift of the M1/M2 ratio toward M1
macrophages. This activation enhanced the antitumor effects of macrophages, increased
the rate of DNA breakage formation, thereby overcoming radiotherapy resistance, and
ultimately reduced tumor growth in vivo in the melanoma model [104].

Another therapeutic approach of highly hypoxic tumors was suggested to combine
NPs from manganese dioxide MnO2, which can produce oxygen to relieve hypoxia and be
used as a contrast agent for MRI tumor imaging and hyaluronic acid, which is reported
to enhance M1 macrophage polarization and increase NP biocompatibility. Mannan was
applied as a targeting agent to CD206 mannose receptors of M2. Intravenous injection of
the obtained nanoparticles resulted in macrophage reprogramming towards M1 and an
increase in the H2O2 level in TME of breast cancer. Moreover, NPs relieved tumor hypoxia
two times according to pimonidazole marker analysis and drastically decreased expression
levels of HIF1α and VEGF. This nanosystem for tumor detection and therapy also increased
the efficiency of doxorubicin, injected in 6 h after NP [105].

6.3. TAM Reprogramming to Prevent Metastasis Formation

The strategies employed to reprogram macrophages have demonstrated efficacy
in reducing tumor metastasis. This section presents several examples of the impact of
nanotherapeutics-induced macrophage repolarization on cancer metastasis. Hydrazinocur-
cumin was shown to inhibit STAT3—a key factor in M2 macrophage polarization. There-
fore, lyposomal NPs were produced from DOPE, DOPC, cholesterol, DOPE-PEG and
hydrazinocurcumin. In addition, legumain inhibitor was incorporated into nanoparticles
to inactivate legumain protease, overexpressed by M2 macrophages in order to reprogram
them towards M1 [106,117]. The obtained NP efficiently decreased expression levels of
STAT3, MMP2, MMP9 and VEGF, inhibited breast cancer growth, prolonged survival
of animals, and reduced pulmonary metastasis three times. Another study developed a
nanotherapeutic system to tackle highly invasive melanoma. PLGA nanoparticles were
covered with polydopamine and loaded with immune-modulatory agent baicalin and
melanoma antigen Hgp peptide fragment 25–33. Immune stimulator cytosine-guanosine
oligodeoxynucleotide (CpG-ODN) inducing macrophage repolarization towards M1 and
peptides M2pep and α-pep for dual targeting of NPs to M2 macrophages were adsorbed on
the surface of the NP via linking with polydopamine [107]. Systemically injected NPs were
effectively targeted to M2-like TAMs in melanoma tumors, induced efficient macrophage
reprogramming, and significantly decreased growth and metastasis of the B16 melanoma
tumor [107].

Additionally, an effective strategy to reduce metastasis burden involves the applica-
tion of nanoparticles for photodynamic immunotherapy coated with a TAM-derived cell
membrane. These nanoparticles, comprising rare-earth-upconversion-nanoparticle-based
photosensitizer NaYF4:Yb,Er@NaYF4, covered with TAM-derived membrane, possess
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antigen-homing affinity capacity and immune compatibility, contributing to the depletion
of CSF1 secreted by tumor cells and blockade of the interaction between TAMs and cancer
cells [108]. Systemic injection of obtained NPs resulted in macrophage reprogramming,
and a significant decrease in tumor growth and number of pulmonary metastatic nodules
in the 4T1 breast cancer mouse model [108].

6.4. Other Strategies of TAM Reprogramming to Restrict Tumor Growth and Increase Survival

Qian et al. (2017) developed lipid nanoparticles carrying anti-CSF-1R siRNA using
a dual targeting strategy: they linked together M2-targeting peptide M2pep and ApoA1-
mimetic α-helical peptide binding to scavenger receptor B-type on the surface of M2. The
resulting nanoparticles were efficiently sequestered by M2 macrophages, depleted the
number of TAMs, and decreased the growth of melanoma tumors in vivo [109]. Blockade
of the same signaling pathway was obtained in [110] on the mouse model of liver fibrosis.
CSF-1R was downregulated in M2 TAMs using nanohydrogel formulation containing
Man-P(MEO3MA)18-b-P(PFPMA)30, spermine and triethylamine, and anti-CSF-1 siRNA.
Intravenous injection of mannose-functionalized nanohydrogel formulation resulted in
efficient accumulation of nanohydrogel in liver area and, in particular, its efficient seques-
tration by M2 TAMs. The resulting nanoformulation could be successfully applied for
immunomodulatory treatment of liver fibrosis and cancer.

Liu et al. (2018) created ROS-inducing polypeptide micelles comprising zinc proto-
porphyrin IX, covered by poly(L-lysine)-b-poly(ethyleneglycol), containing TLR3 agonist
Poly I:C, bound via electrostatic adsorption. NPs were functionalized with galactose in
order to target them to TAMs via galactose-specific C-type lectin. Intratumoral injection of
the obtained NP to tumor-bearing mice resulted in effective sequestration of polypeptide
micelles by TAMs and TAM reprogramming into M1 associated with an increase in the
ROS level and downregulation of STAT3, followed by apoptosis of tumor tissues [111].

Wang et al. (2020) performed systemic delivery of miR-99b, which is responsible for
regulation of myeloid cell differentiation and macrophage activation to TAMs of mice
with highly aggressive hepatocellular carcinoma (HCC) and Lewis lung cancer. miR-99b
was encapsulated in nanoparticles comprised of cationic konjac polysaccharide and PEG-
His-modified alginate. miR-99b downregulated expression of mTOR, its downstream
transcription factor IRF4, participating in M2 activation, and kB-Ras2 that resulted in
activation of NF-κB signaling and reprogramming of M2 macrophages into M1. It was
also shown that miR-99b did not affect transcription factor STAT3. Reprogramming was
associated with increased expression levels of MHCII in macrophages; increased levels
of inflammatory cytokines, such as TNF-α, IL-6, and IL-12; enhancement of macrophage
capability of phagocytosis and antigen presentation; and, consequently, reduction of tumor
growth [112].

D’Urso et al. (2023) provided delivery of siRNA targeting protein kinase R-like
ER kinase (PERK)—the main factor of unfolded protein response (UPR) in endoplasmic
reticulum of TAM—in primary murine macrophages using Fe3O4 magnetic nanoparticles,
covered with polydopamine which can bind siRNAs. Suppression of PERK resulted in
downregulation of other downstream effectors of the PERK pathway, contributing to UPR
(ATF4 and CHOP), and a decrease in level of M2 markers (in particular CD206) and an
increase in M1 markers (CD86 and inflammatory cytokines). Therefore, authors concluded
that modulation of UPR resulted in reprogramming of M2 to M1 [113].

In the work [114], the authors linked together tetrahedral framework nucleic acid
to cytosine-guanosine oligodeoxynucleotide (CpG ODN), which is an agonist of TLR9,
and anti-PI3Kγ (phosphatidylinositol triphosphate kinase) siRNA. Obtained NPs enabled
TLR9 activation in TAMs that resulted in activation of NF-κB signaling cascade which is
related to activation of inflammatory gene transcription (M1 phenotype). Simultaneous
downregulation of PI3Kγ enhanced this effect. Therefore, systemic injection of NPs to
tumor-bearing mice resulted in reprogramming of TAMs toward M1, tumor growth delay,
and prolonged survival.
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An elegant approach of immune checkpoint blockade therapy was used in work
in [115]. In this work extracellular vesicles were obtained from M1 macrophages, over-
expressing fusogenic glycoprotein of vesicular stomatitis virus (VSV) and electroporated
with anti-PD-L1-siRNA. The presence of VSV glycoprotein on the surface of extracellular
vesicles allowed them to bypass endocytosis pathways and release siRNA into cytoplasm.
Intravenous injection of the resulting extracellular vesicles to CT26 tumor-bearing mice
(colon carcinoma) resulted in downregulation of PD-L1 in tumor tissues, disruption of
PD-1-PD-L1 interaction, an increased amount of CD8+ cells, and an elevated M1/M2 ratio,
mediated by an increase in the IFNγ level, and, consequently, a significantly increased
survival of mice.

7. Conclusions and Future Perspectives

As discussed in this review, tumor-associated macrophages play an important role in
every single aspect of tumor progression, as well as in chemotherapy and immunotherapy
resistance. The existing therapy options aimed at combatting TAMs demonstrate limited
clinical efficiency and require careful selection of the target patient population and indi-
cations for the use of these drugs. Rapidly developing nanotechnology approaches are
designed to satisfy the unmet need for targeted delivery of the drugs, decreased adverse
events, and more selective effects on tumor-supporting M2-like macrophages, therefore,
overcoming limitations inherent in conventional therapies. As for the limitations of nan-
otechnology, the more sophisticated surface modifications of nanoparticles are created
to increase their circulation time and targeting efficiency. From the targeted delivery of
therapeutic agents to TAMs to the modulation of complex signaling pathways within the
tumor microenvironment, these approaches offer new avenues for improving patient out-
comes. Moreover, the synergy between nanotechnology and immunotherapy opens new
possibilities for personalized and combination therapies, paving the way for more effective
and tailored cancer treatments. As research in this field continues to evolve, the integration
of these innovative strategies into clinical practice holds great promise for revolutionizing
cancer care and improving patient survival and quality of life.
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