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Abstract: Macrophages play a critical role in the immune response due to their ability to recognize and remove pathogens, as well as
present antigens, which are involved in inflammation, but they are also one of the most abundant immune cell populations present in
the tumor microenvironment. In recent years, macrophages have become promising cellular carriers for drug and nanoparticle delivery
to the tumor microenvironment, mainly due to their natural properties such as biocompatibility, degradability, lack of immunogenicity,
long half-life in circulation, crossing biological barriers, and the possibility of migration and accumulation at a site of inflammation
such as a tumor. For the effectiveness of this therapeutic strategy, known as “Trojan horse”, it is important that the nanoparticles
engulfed by macrophages do not affect their proper functioning. In our review, we discussed how the size, shape, chemical and
mechanical properties of nanoparticles influence their internalization by macrophages. In addition, we described the promising
research utilizing macrophages, their cell membranes and macrophage-derived exosomes as drug carriers in anticancer therapy. As
a prospect of the wider use of this therapeutic strategy, we postulate its future application in boron delivery to the tumor environment
in boron neutron capture therapy.
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Introduction

Cancer is one of the leading causes of death worldwide right behind cardiovascular disease. Globally, there were
19.3 million new cancer cases and 10 million cancer deaths in 2020. Moreover, the International Agency for Research
on Cancer predicts the global cancer burden will reach 28.4 million cases in 2040, an increase of 47% from 2020.'
Therefore, there is a global need to improve existing anticancer therapies and develop new ones that reduce mortality.
One promising area of research is the use of immune cells in cancer therapy. Innate immune cells are a diverse group
consisting of effector cells (natural killers) and professional antigen-presenting cells (monocytes, macrophages, dendritic
cells) considered to be helpful components involved in a new form of immunotherapy. An example of this application are
vaccines based on dendritic cells, which have great potential for use in the treatment of cancer, both in monotherapy and
in combination therapy.’

In recent years, the use of immune cells as carriers for drug delivery to the tumor microenvironment has
become a hopeful therapeutic strategy, due to their ability to engulf foreign particles, specific tissue tropism,
flexibility and low cytotoxicity.> Research into cell-based delivery systems includes red blood cells, neutrophils,
monocytes, T cells, natural killer cells, stem cells and macrophages. But safety and efficacy in clinical trials are
mainly tested on red blood cells, T cells, natural killer cells and mesenchymal stem cells.* However, macrophages
deserve special attention because of some specific advantages, namely their natural biocompatibility, degrad-
ability, non-immunogenicity, long circulation half-life, high load capacity, ability to cross biological barriers, as
well as migrate and accumulate at sites of inflammation and tumors.” Macrophages can deliver anticancer drugs
and can be applied as carriers of nanoenzymes such as nano-formulated catalase® or catalase and polyethylenei-
mine-poly(ethylene glycol) complex for delivery to the region of the brain affected by Parkinson’s disease.’
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Moreover, they can serve as carriers for a nanoparticle formulation of indinavir that induces significant inhibition
of human immunodeficiency virus type 1 (HIV-1) infection.®

It is still unclear how nanoparticle surfaces interact with the biological environment to influence recognition
and internalization by phagocytes. The search for correlations between the physicochemical characteristics of
nanoparticles and their uptake mechanism by macrophages would be a significant step in solving issues related to
the development of nanomedicine.” An important role in the speed and efficiency of nanoparticle internalization
by macrophages is played by their size, shape, surface chemistry and mechanical properties. Although macro-
phages as phagocytic cells show many features that enable them to engulf various types of nanoparticles and
migrate to the tumor environment, they have some limitations, such as heterogeneity, limited payload, phenotypic
changes, and interaction with non-target tissue. Extensive efforts to overcome these limitations may help in the
clinical translation of macrophage-based drug carriers.® Nevertheless, little is known about the mechanisms of
such kind of strategy, as well as the connection between experimental research and clinical translation. Hence, in
this review, we will assess the current knowledge on the use of macrophages, their membranes and macrophage-
derived exosomes as nanomedicine carriers and the perspective of their favor in clinical settings. In addition, we
propose the use of macrophages as carriers of boron-rich compounds in boron neutron capture therapy (BNCT),
which is targeted radiotherapy for patients with cancers located in hard-to-reach areas and unresponsive to
conventional treatment.

The Classification and Polarization of Macrophages

General Characteristics

Macrophages represent a large subpopulation of myeloid cells and as such, they are derived from bone-marrow
precursors and parent monocytes in the peripheral blood in postnatal mammals. Circulating monocytes have a half-life
of 1 to 3 days, but when they are localized in tissues and mature into tissue-specific macrophages, their half-life varies
from months to years depending on the type of tissue. They are distinguished by sizes ranging from 5 to 50 um and an
irregular shape.'® Macrophages populate all tissues and are responsible for tissue homeostasis, development and repair.
More importantly, macrophages play a critical role in the immune response due to their ability to recognize and remove
pathogens, as well as process and present antigens, which are involved in inflammation.'' The acquisition of appropriate
functions is possible due to the phenotypic plasticity of the macrophages in response to stimuli from the
environment.'*"?

The polarization and differentiation of macrophages into specific cell subpopulations depend on physiological
conditions and pathological states such as cancer, cardiovascular diseases, metabolic disorders, or neurological diseases.
The nature of macrophages is associated with the type of incoming signals involved in changes in surface markers, gene
expression profile, metabolic properties, and cytokine production giving rise to various biological functions
(Figure 1).'*'* The main function of classically activated macrophages (M1) is to remove pathogens, dead cells and
foreign bodies, but they also play a crucial role in anticancer response.'®!” M1 macrophages can be induced by products
of activated T-helper 1 (Thl) lymphocytes, such as interferon y (IFN-y), alone or in combination with bacterial
lipopolysaccharide (LPS) or tumor necrosis factor o (TNF-a).'"® They can secrete pro-inflammatory cytokines such as
interleukin (IL)-1p, IL-6, IL-12, IL-23 and TNF-a, C-C motif chemokine ligands (CCLS5), but also chemokines such as
C-X-C motif chemokine ligands (CXCL9, CXCL10, CXCL11, CXCL16) as well as reactive oxygen species (ROS) and
nitric oxide synthase (NOS).'”?! These cells express on their surface major histocompatibility complex IT (MHC II), but
also other specific markers: TLR-2 (toll-like receptor 2), TLR-4, inducible nitric oxide synthase (iNOS), costimulatory
molecules CD80 and CD86, and opsonic receptors such as FcyRIII (CD16), which are helpful in the presentation of
necrotic antigens.'>?!'*> M1 gene expression is regulated by transcription factors, such as NF-kB, STAT1, STATS, IRF3,
and IRF5.%* Macrophage cellular metabolism varies according to their activation. The M1 phenotype is mainly
characterized by glycolysis, fatty acid synthesis, flux through the pentose phosphate pathway, and shortened tricarboxylic
acid (TCA) cycle.”*
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Figure | Classification of macrophages depending on environmental stimulation. There are two main types: M| and M2 macrophages, among which we can distinguish: M2a,
M2b, M2c, and M2d subcategories. Each type of macrophage is characterized by a different cytokine and chemokine production profile, surface receptors, and biological
functions. The transition between M| and M2 cells under the influence of stimulation from the environment is called repolarization. M2 subpopulations occur as a result of
specific stimuli and differ in their cytokine production profile and function. M2a cells are classified as macrophages involved in wound healing and are activated by IL-4 or IL-
13, and express high levels of CD206, Argl, Ym| and FIZZI. They secrete IL-10, CCL17, CCLI8, and CCL22, but also pro-fibrotic factors such as fibronectin, insulin-like
growth factor (IGF), and TGF-, used in tissue repairing and remodeling processes, and also involved in cell growth, and endocytosis. M2b cells are induced by IC, LPS, TLR
ligands or agonists of IL-| receptors. The M2b macrophages secrete both pro- and anti-inflammatory cytokines such as IL-1p, IL-6, IL-10, TNF-o. and chemokine CCLI, which
regulate the strength of the immune response and inflammatory reactions. M2c macrophages also called inactivated macrophages, generated by IL-10, TGF-B and GCs, play
an important role in the phagocytosis of apoptotic and necrotic cells (efferocytosis), and release IL-10, TGF-B, CCL16, CCLI8 and CXCLI3. The last subtype, M2d
macrophages are common in the tumor microenvironment (TME) and are activated by the TLR ligands, A2 adenosine receptor (A2R) agonists, and IL-6. They secrete IL-10,
TGF-B and vascular endothelial growth factors (VEGF), which promote tumor progression and angiogenesis.' "%

Alternatively, activated macrophages (M2, among which we distinguish: M2a, M2b, M2c¢ and M2d subcategories)
can be generated by cytokines produced by T-helper 2 (Th2) lymphocytes, such as IL-4 and IL-13, but also IL-10,
transforming growth factor p (TGF-B), immune complexes (IC), glucocorticoids (GCs), and LPS."® M2 macrophages
have anti-inflammatory properties and attend to tissue repair and regeneration. They also demonstrate protumor activity
due to the production of extracellular matrix components, angiogenic and chemotactic factors that promote tumor
formation, progression, and angiogenesis.'****® M2 cells can secrete anti-inflammatory cytokines: IL-4, IL-10, and
IL-13. They overexpress non-opsonic receptors such as mannose receptors (CD206, CD209), but also scavenger
receptors (CD68, CD163), arginase-1 (Argl), TGF-B, epidermal growth factor (EGF), Yml, FIZZ1, indoleamine
2.3-dioxygenase (IDO1) and C-C motif chemokine ligands (CCL1, CCL16, CCL17, CCL18, CCL20, CCL22,
CCL24).19’22 M2 gene expression is regulated by transcription factors, such as STAT6, IRF4, JIMJD3, PPARS, and
PPARy.”® However, the metabolism of M2 cells is defined by fatty acid oxidation and the tricarboxylic acid cycle
coupled with oxidative phosphorylation.* It is noteworthy that under the influence of environmental stimulation
a transition between M1 and M2 cells (repolarization) has also been described.*

Tumor-Associated Macrophages as a Target in Antitumoral Therapeutic Strategies
Regardless of the above-mentioned subpopulations, macrophages present in tumor tissue are derived from

circulating bone marrow monocytes, which are transformed into tumor-associated macrophages (TAMs) under
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the influence of the tumor microenvironment (TME). In general, these cells are considered to be one of the most
abundant immune cell populations present in the tumor microenvironment, reaching up to 50% of the tumor
mass.?%°

Initially, TAMs were considered to be exclusively derived from C-C chemokine receptor type 2 positive (CCR2")
monocyte precursors recruited in a CCL2-dependent manner into the tumor microenvironment.®' This concept arose
when it was noticed that blocking the CCL2/CCR2 axis causes a substantial reduction in the size of the population of
TAMs in tumor tissue.>? One of the main sources of CCR2"* monocytes is located in the bone marrow,>> however, it was
revealed that the spleen might also constitute a significant reservoir of these precursors. Cortez-Retamozo et al demon-
strated that splenectomy in a mouse lung adenocarcinoma model resulted in a strong reduction of the TAM population.
Recent evidence suggests that another source of TAM precursors is tissue-resident macrophages, as observed in the
pancreatic ductal adenocarcinoma model®® and various lung cancer models.*® These macrophages, as well as circulating
monocytes, are recruited to TME upon the influence of various factors, such as inflammation, high levels of lactic acid
and several chemokines,”’® while the main factors causing conversion of these cells towards TAMs are macrophage
colony-stimulating factor (M-CSF), VEGF, CCL2 or IL-4.% 1t should be added that when the oxygen content in the
tissue is reduced (hypoxia) then myeloid-derived suppressor cells (MDSCs) transform into TAMs, which additionally
affects the size of this population.*” TAM diversity is associated with different cancer types and stages responsible for
tumor inhibition but also progression, metastasis, and resistance to therapy. For this reason, getting to know about the
sources and regulatory mechanisms of these macrophages is substantial as these cells play a crucial role in cancer
recurrence.”*!

As mentioned above, macrophages present in tumors differ depending on the prevailing environmental conditions. In
the initial stage of tumor growth, M1 cells are the predominant population and show antitumor activity. However, with
the further progression of cancer and the presence of cytokines such as IL-4, IL-10 and IL-13, macrophages polarize into
M2 cells supporting further tumor growth (Figure 2).** They are believed to be the main subpopulation of TAMs present
in the TME. For this reason, a high number of TAMs in a tumor is correlated with poor overall survival in several cancer
types.*?

According to the suppressive properties of most TAMs, they should be considered to play a significant role in
suppressing the anticancer response. One of the suppression mechanisms used by TAMs is limiting the availability of
amino acids in the environment. By secreting arginase 1 and indoleamine 2.3-dioxygenase into the environment, they
contribute to the inhibition of the activation of effector T cells.*>*® In addition, by producing IL-10, TGF- and
prostaglandin E2, and through the interaction of the TAM’s surface ligands with T cell’s programmed death receptor 1
(PD-1) and cytotoxic T cell antigen 4 (CTLA-4) molecules, TAMs adversely affect the functions of cytotoxic CD8" and
CD4" T cells.*’ Considering the dominance of TAMs in the TME, and their ability to produce IL-10, it is believed that
these cells, along with MDSCs, constitute the main source of this cytokine in tumor tissue. Moreover, TAMs are
responsible for the increased influx of other tumor suppressor cells into this tumor tissue, and through the secretion of
chemokines such as CCL2, CCL20, and CCL22, they support further recruitment of regulatory T cells and MDSCs to the
TME 4850

Due to their role, TAMs became a promising target in potential antitumoral therapeutic strategies by blocking the
recruitment of TAM precursors into tumor tissue, increasing the ability of TAMs to eliminate cancer cells, as well as
TAM depletion by chemotherapeutic agents. Each of these solutions has many advantages and is currently being tested in
numerous clinical trials (Table 1). One of such trial is the inhibition of the influx of TAM precursors into tumors. This
can be achieved by interrupting crucial recruitment pathways, such as M-CSF/CSF-1R, CCL2/CCR2 and CCL5/CCRS.
Blocking the M-CSF-dependent axis may be realized by using small molecule inhibitors or blocking antibodies with
potent and selective activity against CSF-R1. A different approach is realized by converting TAMs already present in
TME into cells with anticancer potential. However, unlike the previous strategy, this one presumed an increase in the
ability of TAMs to eliminate tumor cells via the CD47-SIRPa pathway. This was associated with the observation that the
interaction of the tumor CD47 molecule with its signal regulatory protein o (SIRPa) expressed on macrophages leads to
the inhibition of the macrophages’ ability to eliminate cancer cells.”' A completely different solution in TAM-targeted
anticancer therapy is the selective depletion of these cells from the tumor milieu. This can be achieved with appropriate
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Figure 2 Polarization of tumor-associated macrophages to M| and M2 phenotypes according to stimuli in the tumor microenvironment. The M1 phenotype of macrophages
in TAMs is induced by pro-inflammatory cytokines (TNF-a, IFN-y) and these macrophages have antitumor activity promoting cancer cell killing. The M2 phenotype is induced
by anti-inflammatory molecules (IL-4, IL-10, IL-13, CCL2, M-CSF, PGE2) and secretes factors with protumor activity leading to tumor formation, progression and
angiogenesis.

Abbreviations: MMP, matrix metalloproteinases; PDGF, platelet-derived growth factor; PGE2, prostaglandin 3844

chemotherapeutics such as clodronate and zoledronate, which belong to the bisphosphonate group. It was reported that
besides the direct antitumor effect (cancer cell apoptosis and inhibition of angiogenesis etc.), bisphosphonates indirectly
support the effectiveness of therapy by triggering TAMs in the apoptotic pathway.”>>* However, due to the low
bioavailability of these drugs and the observed severe side effects, innovative bisphosphonate nano delivery systems
are being developed. For example, in a mouse sarcoma model, therapy with lipid-coated calcium zoledronate nanopar-
ticles effectively depleted TAMs, reduced angiogenesis, and prevented the suppression of the antitumor immune
response, thus contributing to the inhibition of tumor growth.>*

In summary, TAMs are abundantly present in the TME and have the ability to phagocytosis, and remain mobile
in the tumor mass (including hypoxic areas). Thus, TAMs can be considered for the delivery of anticancer drugs
due to their better biodistribution in tumor tissue. This application can enhance the therapeutic effect against drug-
resistant cells, such as cancer stem cells, which are poorly treated with conventional chemotherapies.”"
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Table | TAMs as a Target in Potential Antitumoral Therapeutic Strategies

Therapeutic Target Inhibitor Type Name Cancer Type Clinical Trial No. Ref.
Strategy
Blocking recruitment CSF-1R Small molecule Pexidartinib/ Tenosynovial giant cell NCTO02371369 [55]
of TAM precursors PLX3397 — tumor
approved by
FDA
Chiauranib/ Solid tumors NCTO02122809 [56]
CS2164
Ovarian cancer NCTO04921527 [57]
Small cell lung cancer NCTO04830813 [58]
Monoclonal antibody RG7155 Advanced solid tumors NCTO01494688 [59]
CCR2 Small molecule PF-04136309 Pancreatic neoplasms NCTO01413022 [60]
CCR5 Monoclonal antibody Leronlimab Triple negative breast NCT03838367 [61]
cancer
Small molecule Maraviroc Colorectal cancer NCTO01736813 [62]
Repolarization of CD47 Monoclonal antibody Hu5F9-G4 Solid tumors and NCT02216409 [63]
TAMs from M2 into lymphomas

MI phenotype
SRF231 Advanced solid tumors NCT03512340 [64]

hematological cancers

SIRPa Monoclonal antibody Bl 765063 Solid tumors NCT03990233 [65]
Head and neck NCT05249426 [66]
squamous cell
carcinoma
Depletion of TAMs - - Clodronate Breast cancer NCT00009945 [67]
Breast neoplasms NCTOI 198457 [68]

prostatic neoplasms
multiple myeloma

Zoledronate Multiple myeloma NCTO01345019 [69]

Brain tumors NCTO00301873 [70]

Macrophages in Anticancer Therapy — Novel Carriers in Nanoparticle

Delivery

Nanoscience is a promising field of research based on the design, characterization, and production of materials by
controlling their shape and size at the nanometer scale. Their application has become important in nanomedicine,
especially in anticancer therapies. The use of nanometer materials such as nanoparticles has pharmacokinetic benefits
and demonstrates high efficiency, safety, and targeting properties. However, their toxicity, rapid blood degradation, and
accurate characterization pose challenges. Therefore, various nanoparticle delivery systems have been developed, and

one promising approach is the use of macrophages as carriers in anticancer therapies.”* "

Mechanism of Nanoparticle Internalization by Macrophages
Phagocytosis is a primary mechanism for nanoparticle uptake by macrophages, which is a complex process, consisting of
several steps. The first stage is particle internalization initiated by the interaction of specific receptors, called pattern-
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recognition receptors on the phagocyte with ligands on the surface of the particle. These receptors include mannose
receptors, integrins, as well as scavenger receptors. In the next step, the cellular cytoskeleton in the cytosol is rearranged
during which actin is polymerized and particles internalized through an actin-based mechanism. Afterward, actin is
removed from the phagosome, which then matures to form the phagolysosome through processes that require the
coordinated interaction of the actin and tubulin-based cytoskeleton.”* Although this active phagocytosis enables engulf
of large particles, but it is limited to a size of 10 microns. Therefore, in some cases, nanoparticles are uptake by
pinocytosis, especially when they are fluid and solutes, or by receptor-mediated endocytosis. Pinocytosis can include
large volume extracellular clathrin-mediated internalization such as macropinocytosis and circular dorsal ruffles respon-
sible for 0.5-5 um of particle uptake and smaller volume internalization, such as clathrin and clathrin-independent
mechanisms, capable of 20500 nm internalization. Unlike phagocytosis, there is no uptake into phagocytic vesicles, the
cells encapsulate the foreign substance directly into the cytoplasm. Whereas the mechanism of clathrin-mediated
endocytosis is based on the formation of clathrin pits in the cell membrane, which envelops and draws particles inside.
The membrane fragment is then cleaved with dynamin to form internalized vesicles that enter early endosomes, then
mature into late endosomes and are finally transported to other intracellular sites such as lysosomal compartments.
However, this process is responsible for the internalization of particle size ranges from 100-350 nm. Therefore, smaller
particles from 20-100 nm are internalized via caveolin-mediated endocytosis. During this process, vesicles form by
indentation of the membrane and are usually transported to the Golgi apparatus or excreted from the cell, thus avoiding

lysosomal internalization, which is crucial for some nanoparticles.””>"°

Influence of Nanoparticle Properties on Their Internalization by Macrophages
The kinetics of internalization of nanoparticles by macrophages is influenced by their properties, such as size, shape,
surface chemistry and mechanical properties. It is not clear how particle size affects their uptake by macrophages.”’
Petithory et al demonstrated that silica physisorbed nanoparticles were internalized in two different size-dependent ways.
One way was observed for larger nanoparticles (300450 nm), cells internalized almost all of them. The second was
observed for smaller nanoparticles (50-200 nm), where only some of them were internalized by RAW264.7 macro-
phages, while these cells did not engulf 35 nm nanoparticles even after 12 hours of incubation. The authors suggested
that these two ways were associated with phagocytosis and endocytosis, respectively.”® Some research reported that
maximum internalization occurs in the size range of 1-3 pm, which corresponds to the size of bacteria.”” There is
evidence of a positive correlation between particle size and macrophage uptake. Walkey et al proved that the uptake of
gold nanoparticles by J774A.1 macrophages was size-dependent and was higher for the largest ones in serum-
independent conditions.®” Similarly, Alqahtani et al showed that the size of gliadin nanoparticles increases their uptake
by J774A.1 macrophages.®' Mendes et al demonstrated that the uptake of nanographene oxide by THP-1 cells during
short incubation periods was size-dependent. The size of the particles tested for the research ranged from 46—453 nm,
with larger flakes being more easily engulfed than smaller ones.®” Nevertheless, the opposite effect was noticed by Chang
et al, who proved that nanoparticle size was negatively correlated with their uptake by RAW264.7 macrophages, and
smaller ones were more effectively loaded into these cells.®

Taking into consideration that cells are unable to detect nanoparticle size as long as phagocytosis is not complete, then
size does not affect the initiation of internalization but the fundamental property governing this process is the shape of the
nanoparticles. Champion et al demonstrated that all nanoparticle shapes were able to initiate phagocytosis in at least one
orientation, but the shape of the surface at the point of initial contact dictates the type of uptake. One example is the
elliptical disk-shaped nanoparticles, which were internalized within a few minutes after the main axis was attached to
macrophages. While after attaching a minor axis or a flat size, they were not taken up even after several hours.®
Moreover, Sharma et al demonstrated that the phagocytosis of oblate ellipsoids is significantly greater than that of
elongated ellipsoids or spheres for particles up to 690 nm in size.*> Lu et al showed that spheres consisting of complexes
of cadmium telluride quantum dots and cystine were phagocytosed more efficiently than rods or needles.*® While Paul
et al pointed out that spherical nanoparticles, which were larger than ellipsoid nanoparticles were engulfed five times
faster than ellipsoids with smaller surface areas.®” In addition, it was shown that the mechanical properties of the
nanoparticles also have a significant impact on the internalization process. Modeling methods revealed that stiff
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nanoparticles are energetically more prone to complete wrapping than soft ones.®® As the elasticity of the nanoparticles
increases, their membrane wrapping gradually becomes less significant. In the case of macrophage phagocytosis and
receptor-mediated endocytosis, the elasticity of nanoparticles affects their cellular uptake.®

Surface chemistry also plays a dominant role in the uptake of nanoparticles by macrophages. Hydrophobic nano-
particles are much more susceptible to phagocytosis than their hydrophilic counterparts. The negative charge of the
macrophage cell membrane in mammalian cells enables the attachment of cationic nanoparticles to their surface via
passive adsorption, such as hydrophobic interactions, hydrogen bonds or electrostatic interactions, which gives them an
advantage over anionic ones. Whereas covalent and non-covalent bonds of compounds are possible due to the presence
on the cell surface of functional groups derived from proteins, lipids and polysaccharides that form the cell. However, the
use of positively charged particles may be limited by their toxicity to cells.”™”' Another property influencing the
internalization of nanoparticles is their surface coating. For example, higher coverage of the particles with PEG
(polyethylene glycol) reduced their uptake by macrophages.®*® Macrophages express surface receptors such as Fe-
receptors, mannose, galactose, fibronectin lipoprotein and others, therefore coating nanoparticles with the ligands for
these receptors may promote macrophage uptake.”” For example, mannose-functionalized nanoparticles were very
efficiently engulfed by macrophages that express the mannose receptor on their surface by receptor-mediated
endocytosis.”?

To ensure the successful design, modeling, and introduction of new nanoparticles, all of the aforementioned proper-
ties must be considered. In addition, they may be helpful during the process of recognition and internalization by
macrophages, and as a result, increase the specificity and selectivity of nanoparticle delivery and minimize their cytotoxic
effect.

Advantages and Limitations of Using Macrophages as Carriers

The strategy of using macrophages as carriers has many advantages closely related to the natural features of these cells,
such as the ability to uptake foreign particles, their presence in many tissues, the ability to modulate the tumor
microenvironment, non-immunogenicity and a long half-life.”* In addition, it is a native targeting system due to the
properties of macrophages to extravasate through the tight vascular wall into tumors and migrate to their hypoxic regions,
such as sites of inflammation, injury, and tumors mediated by various chemoattractants. In the case of a macrophage-
encapsulated drug, these properties enable its active accumulation in the tumor in a manner independent of the enhanced
permeability and retention (EPR) effect, as well as lower cytotoxicity, and increased efficacy through controlled release
and a longer circulating half-life. In contrast, systemically administrated drugs are rapidly eliminated from the blood-
stream by phagocytes of the reticuloendothelial system (RES), therefore loading into macrophages may protect them
from rapid degradation in the blood, interaction with non-target tissue and minimize the side effects>**°> One of the
most frequently considered cases is effective drug delivery to brain tumors, which is prevented by the blood-brain barrier
(BBB) impermeable to many substances. As a result, many agents do not reach the tumors located in the brain, thus
failing to achieve the intended therapeutic effect.”® With the tumor progression (eg in glioma) the integrity of BBB is
compromised due to the EPR effect responsible for leakiness of the tumor vasculature and poor lymphatic drainage.
However, the increased interstitial fluid pressure inside the tumor and the blood-tumor barrier still impede the delivery of
therapeutic agents into the tumor. Only by actively overcoming these barriers, the drug may be successfully delivered to
the diseased site.”” However, inflammation arising in tumors can induce overexpression of cell adhesion molecules on the
endothelial surface, allowing interaction between macrophages and endothelial cells, facilitating the initial process of
macrophage rolling, strong attachment, and transmigration. As a result of this phenomenon, macrophages can cross the
blood-brain barrier and enter the parenchyma of the brain from the peripheral circulation.””® These cells, constituting
the largest population of immune cells infiltrating glioblastoma,”® may become promising carriers for nanoparticle
delivery to the brain tumor environment.

Despite many advantages, the use of macrophages as carriers has some limitations that pose a challenge in their
further development and clinical translation. One potential limitation is the influence of engulfed drugs on the impairment
or disruption of innate cellular functions. The particles should not affect the ability of macrophages to migrate and be
efficiently delivered and released at the target site. Therefore, it is essential to define the toxic and destructive effects of
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the internalized drugs and to confirm their safety both for the cellular carrier and the organs.'® The challenge is also the
lack of control over the loading quantity of payloads and the limited payload of macrophages, which means that they can
only uptake a limited number of particles. Another limitation is the unspecified stability of macrophages loaded with
fragile, biodegradable drugs that may undergo intracellular biodegradation or inactivation leading to their premature
release. The solution to the above problems may be to encapsulate molecules in protective nanocarriers (eg liposomes)
and only then load them into macrophages, or to use only macrophage cell membranes to wrap the particles. In turn, it
can also be the attachment of such molecules to the surface of macrophages and the simultaneous prevention of their
phagocytosis through chemical conjugation or using a “cellular backpack”.'®’ Due to the high heterogeneity among
macrophages and sensitivity to local environmental changes, the challenge is to control the behavior of macrophages
during the transport of particles, ie changes in their phenotype and activation state. In this case, it can be overcome by
loading into the “cellular backpack” with factors that maintain the macrophage phenotype in the immunosuppressive
environment of the tumor.*'%? Another limitation can be the accumulation of particle-loaded macrophages in the liver,
spleen, brain, kidney and even lung, which may result in drug release at an undesirable site and interaction with non-
target tissue. Therefore, to avoid interaction with non-target tissues and to increase the homing of cellular carriers to the
tumor tissue, modulation of the tumor environment is used. This is achieved by injecting a chemoattractant into target
tissues to create a chemokine gradient that increases the influx of cellular carriers expressing receptors for these
chemokines. Such strong chemokine signals, resulting in increased recruitment of macrophages, can also be generated
by the treatment of the target tissue with chemical or physical stimuli, such as photosensitizer, radiation or hypoxia. It is
worth emphasizing that the selection of the optimal route of administration is an important factor in ensuring the specific
accumulation of cellular carriers in the tumor tissue because intravenously administrated macrophage carriers tend to
accumulate in non-target tissues more than when injected locally. Among the strategies that increase the selectivity of
cellular carriers toward the target tissue, are the methods of forced overexpression of chemokine receptors and adhesion
molecules using genetic engineering, as well as surface modification of these carriers with targeting ligands or guiding
materials.* Equally important for achieving a therapeutic effect is that macrophages loaded with drugs should migrate to
the tumor site in substantial quantities. Therefore, the key challenge may be to scale up the production of macrophages
loaded with drugs to deliver a large number of them to the patient’s body. One solution can be the immortalization of
macrophages obtained from patients and their propagation so that populations with particular properties can be
established.'” However, it is still not known how macrophages should be stored to preserve their biological activity
and for how long to avoid their changes affecting undesirable results. Another challenge is to control the immunomo-
dulatory effect of nanoparticles on macrophages. In some cases, the nanoparticles are specifically designed to activate
cytokine expression to promote an immune response. However, undesirable changes in cytokine expression can result in
immunostimulation, which induces toxic effects on cells, tissues, and even the whole organism, leading in extreme cases
to disseminated intravascular coagulation and cytokine storm. The exact mechanisms by which the physicochemical
properties of nanoparticles induce the upregulation of inflammatory genes and at which stage of the nanoparticle-
macrophage interaction occurs are poorly understood. In most cases, in vitro studies on macrophages correlate well with
in vivo results, which allows to establish the dependence between the properties of nanoparticles and the induction of
inflammation. The most frequently described changes in the cytokine expression profile are the upregulation of TNF-a,
IL-1B, IL-6 and/or IL-8. However, the development of methods to control macrophage immunomodulation by nanopar-
ticles may become crucial for the future introduction of macrophage-based carriers to patient studies.'®*'%

The above-mentioned limitations pose a challenge to clinical translation, therefore clinical trials using macrophages
as a drug delivery system have not yet been reported. However, due to the dynamic progress in research into cellular drug
delivery systems and the increase in clinical trials using cells such as red blood cells, T cells, natural killers and stem
cells, there is a chance that macrophages will soon be used in the clinic.

“Trojan Horse” Delivery as a Promising Strategy in Anticancer Therapy
As mentioned previously, macrophages, due to their many advantages, are a promising candidate for drug delivery to the
tumor microenvironment. Furthermore, it was demonstrated that macrophages successfully accumulate nanoparticles in
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vacuoles and cytoplasm. The use of macrophages as carriers of therapeutic agents, genes, and nanoparticles for delivery
to the TME has been called a “Trojan Horse”.'

The source of macrophages for drug delivery in anticancer therapies can be primary macrophages harvested from
animals, such as bone marrow-derived macrophages, peritoneal, and alveolar macrophages, as well as commercially
available cells including murine macrophage-like RAW264.7 cells, J774A.1 macrophages or human THP-1 monocytic
leukemia cells.*® The procedure for obtaining cellular carriers in humans may consist in separating monocytes from the
rest of the cells circulating in the peripheral blood or harvesting stem cells from the bone marrow and differentiating
them in culture to obtain macrophages, followed by ex vivo incubation with the nanoparticles for the time necessary for
their internalization and reintroduction into the circulation of the obtained cellular carriers (Figure 3).'*

One of the most widely analyzed pairs is doxorubicin (DOX) with RAW?264.7 macrophages. Zhang et al designed
doxorubicin-loaded RAW264.7 macrophages with a loading efficiency of chemotherapeutic agents at 16.6 pg per cell.
A two-hour exposure resulted in efficient doxorubicin uptake, while prolonged incubation minimally increased their
content. In addition, an increased secretion of pro-inflammatory cytokines, such as IL-6, IL-12 and TNF-a, and
a decreased production of anti-inflammatory IL-10 was observed, proving that RAW264.7 macrophages have been
polarized towards the pro-inflammation M1 phenotype. Moreover, their intravenous injection into a U87MG xenograft
model showed tumor accumulation comparable to untreated macrophages.'®” Whereas Li et al used RAW264.7 macro-
phages to load doxorubicin, paclitaxel (PTX), and paclitaxel conjugated N-succinyl-N'-octyl chitosan (SOC), and
demonstrated that SOC-PTX-loaded macrophages had the greatest antitumor activity and inhibited the viability of
human MCF-7 and MDA-MB-231 breast cancer cells by 80% in vitro. Additionally, SOC-PTX-loaded macrophages
resulted in a significant reduction in tumor volume of ~93% in MCF-7 tumor-bearing mice.'® Another team, Fu et al
used RAW264.7 macrophages to load doxorubicin, which reduced the viability of mouse 4T1 breast cancer cells in vitro.

Blood collection

from the patient Macrophage

differentiation
and proliferation

Isolation of
monocytes

4 vz

Re-injecting the

patient with Incubation of
macrophages macrophages with
enriched in nanoparticles

nanoparticles

Figure 3 A scheme of an exemplary procedure of using macrophages as carriers of nanoparticles in anticancer therapy. Monocytes are isolated from peripheral blood
collected from the patient and then differentiated into macrophages using appropriate factors. Subsequently, macrophages are incubated with nanoparticles, eg, anticancer
drugs. The macrophages enriched in nanoparticles are re-injected into the patient.
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In addition, in vivo anticancer efficacy was demonstrated by tumor suppression, prolonged life and inhibition of

metastasis in 4T1-bearing mice.'®’

Macrophages can also be used in photothermal therapy (PTT). For example, Qiang
et al loaded doxorubicin into nanoparticles composed of reduced graphene oxide, branched polyethylenimine and
polyethylene glycol monomethyl ether, and then internalized into RAW264.7 macrophages. Following near-infrared
laser (NIR) irradiation, doxorubicin was released as a free drug and demonstrated toxic effects on mouse RM-1 prostate
cancer cells in vitro. Additionally, such loaded macrophages efficiently accumulated at the tumor site of RM-1-bearing
mice and significantly suppressed tumor growth after NIR irradiation. These results confirm the anticancer effect of
chemotherapy combined with photothermotherapy.''® A further example is Nguyen’s research on the use of RAW264.7
macrophages to load liposome-encapsulated doxorubicin and gold nanorods for synergistic photothermal-chemotherapy.
The results showed a significantly decreased viability of 4T1 cancer cells following in vitro NIR irradiation. Moreover,
loaded macrophages migrated to the tumor and reduced tumor growth in 4T 1-bearing mice compared to the other groups
after NIR treatment.'"'

Other types of macrophages have also been tested for use as drug carriers. Huang et al used peritoneal macrophages
as delivery carriers for SN38 (7-ethyl-10-hydroxycamptothecin) nanoparticles, which are a highly active metabolite of
irinotecan. The macrophages internalized SN38 nanoparticles within 2 hours. Such carriers showed toxic effects after 48
and 72 hours of incubation with human A549 lung cancer cells, as evidenced by the time-dependent increase in the
number of apoptotic cells. In addition, macrophage-SN38 nanoparticles accumulated more efficiently at the A549 tumor
site compared to normal tissue and inhibited tumor growth.''? Choi et al used liposome-encapsulated doxorubicin loaded
into mouse peritoneal macrophages to treat human A549 lung cancer. In vivo studies demonstrated the ability of
macrophages to efficiently deliver doxorubicin-loaded liposomes to the tumor site and confirmed their inhibitory effect
on A549 tumor growth.''> Pang et al prepared doxorubicin-loaded poly(lactide-co-glycolide) (PLGA) nanoparticles
encapsulated in primary M1 macrophages derived from mouse bone marrow cells. Cytotoxicity studies on human U87
glioblastoma cells showed a two-fold lower half-maximal inhibitory concentration (ICsy) of DOX-PLGA-loaded
macrophages than free doxorubicin and doxorubicin-loaded PLGA nanoparticles. Moreover, the anticancer effect of
DOX-PLGA-loaded M1 macrophages was observed in U87-bearing mice by significantly extending the lifespan and the
greatest apoptosis of tumor tissue compared to the control and other groups.''* While Madsen et al used rat alveolar
macrophages to encapsulate gold-silica nanoshells (AuNS) to treat rat C6 glioblastoma with PTT. After irradiation with
an 810 nm laser, in vitro the viability of C6 cells was significantly reduced compared to the control group, and in vivo
studies confirmed the antitumor effect of Au-NS-loaded macrophages by reducing tumor volume in C6-bearing rats.'">
Choi et al also confirmed that blood monocyte-derived macrophages loaded with gold-silica nanoshells accumulated in
intracranial metastatic deposits by crossing the blood-brain barrier in a mouse model of breast cancer metastatic to the
brain (MDA-MB-231 BR) when injected into the systemic circulation. Furthermore, these cells surrounded the metastatic
cells, delivering loaded nanoparticles less than a cell’s width from the nearest metastatic cell.''®

In addition, macrophages can be used in anticancer therapies to transfer genetic material. For example, based on the
knowledge that calcium integrin binding protein-1 (CIB1) promotes survival and proliferation in triple-negative breast
cancer, Wayne et al used small interfering RNA (siRNA) lipoplexes to CIB1 knockdown and load into mouse
macrophages IC21. The results showed that macrophages could horizontally transfer siRNA into human MDA-MB
-468 breast cancer cells in vitro and caused a dose-dependent reduction in cell viability and decreased tumor sphere
growth.''” While Muthana et al prepared macrophages from mononuclear cells isolated from buffy coat to selectively
deliver oncolytic adenovirus to hypoxic areas of prostate tumors. For this purpose, macrophages were co-transduced with
a hypoxia-regulated E1A/B construct and an E1A-dependent oncolytic adenovirus whose proliferation is restricted to
prostate tumor cells using a prostate-specific promoter element. After the migration of macrophages to regions of extreme
hypoxia, E1A/B proteins were expressed, activating the replication of the adenovirus that was released and infected
adjacent LNCaP prostate cancer cells. As a result, oncolytic adenovirus inhibited tumor growth in LNCaP-bearing mice
and reduced pulmonary metastases.''®

In anticancer therapies, instead of utilizing whole macrophages, their membrane can also be used to coat drugs and
nanoparticles. The application of a macrophage membrane can effectively improve the blood circulation of the drug and
increase its accumulation in the tumor due to the complete replication of surface antigens from natural cells to synthetic
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nanoparticles. For example, Meng et al used RAW264.7 macrophages to prepare a macrophage membrane in order to
coat iron oxide (Fe;0,) nanoparticles, which significantly affected tumor regression in MCF-7-bearing mice after PTT.'"’
Xuan et al developed macrophage cell membrane-camouflaged gold nanoshells for PTT in vivo, which exhibited good
biocompatibility, reduced opsonization, extended circulation time and increased accumulation in 4T1 breast tumor, and
tumor growth inhibition in mice after NIR irradiation.'?® Another approach was described by Bhattacharyya et al, who
isolated a TNFa-expressed membrane from human THP-1 monocytes differentiated into macrophages to coat chitosan
nanoparticles. These carriers showed a dose-dependent decrease in the viability of human HeLa cervical cancer cells,
MCF-7 and MDA-MB-231 breast cancer cells.'>' While Xuan et al formed macrophage cell membrane-camouflaged
mesoporous silica nanocapsules (MSNCs) loaded with hydrochloride doxorubicin, which accumulated at the site of the
4T1 breast tumor and inhibited tumor growth more efficiently than the components of this complex separately.'*
Similarly, in a 4T1 breast cancer model, Cao et al demonstrated effective uptake of emtansine liposomes coated with
macrophage membrane and reduced viability of 4T1 cells in vitro and in vivo inhibited lung metastasis in breast
cancer.'>> However, in other research, albumin nanoparticles coated with RAW264.7 macrophage plasma membranes
were loaded with paclitaxel, which demonstrated higher internalization efficiency, cytotoxicity and apoptosis rates than
uncoated albumin nanoparticles in B16F10 melanoma cells. Furthermore, such carriers demonstrated sustained blood
circulation and selective accumulation at the tumor site in the BI6F10 tumor model.'** Other studies on the use of
paclitaxel encapsulated in nanoparticles coated with macrophage membrane, which are gradually released in response to
pH differences in the tumor microenvironment, were reported by Zhang et al. The carriers obtained were tested on an
orthotopic mouse model of breast cancer and showed a favorable tumor-homing ability in systemic circulation and high
biocompatibility.'?

Another promising approach is the use of macrophage-derived exosomes as drug delivery carriers.'*® For example,
Kim et al used macrophage-derived exosomes vectorized with aminoethylanisamide-polyethylene glycol (AA-PEG) to
deliver paclitaxel for the treatment of lung metastasis. This complex showed a high ability to accumulate in tumor tissue
and was taken up by receptor-mediated endocytosis compared to non-vectorized exosomes. Moreover, the antitumor
effect of the designed complex was confirmed by inhibiting the growth of metastases and increasing the survival time in
mice with lung metastasis.'?’” While Haney et al proposed the use of macrophage-derived extracellular vesicles for the
delivery of doxorubicin and paclitaxel in the treatment of triple-negative breast cancer. In vitro studies proved the
efficient accumulation of these carriers in MDA-MB-231 cells and their antiproliferative activity against tumor cells.
Additionally in mice with T11 and MDA-MB-231 breast tumors, these extracellular vesicles loaded with chemother-
apeutics showed stronger tumor growth suppression than the free drugs.'*®

All these in vitro and in vivo studies confirm that the use of macrophages, membranes and macrophage-derived exosomes
as carriers for the delivery of therapeutic substances to the tumor environment is a promising therapeutic strategy.

Effect of Nanoparticles on the Tumor-Associated Macrophages
Similarly, as in the case of dendritic cells, a low risk of side effects and a high treatment efficacy make macrophage-mediated
nanodrug delivery systems a promising strategy combining tumor immunology and nano therapy. The use of nanoparticles is
attractive due to the EPR effect, which in the tumor tissue supports the accumulation of nanomedicines at the tumor site.'*%-'*
Recently, it has been discovered that nanoparticles have more advantages in immunological applications by targeting and
regulating TAMs. Some nanoparticles can polarize macrophages without reprogramming agents. Polyurethane nanoparticles
were found to have surface-dependent immunosuppressive properties, preventing polarization of M1 macrophages by
decreasing the production of TNF-o and IL-1."*' Fuchs et al found that carboxyl-modified polystyrene and amine-
modified nanoparticles could inhibit macrophage polarization towards M2 by downregulating the expression of CD200R,
CD163 and IL-10."*? The use of nanoparticles, such as silica, carbon, iron oxide, or gold to regulate the polarization states of
macrophages has been extensively studied.>* An interesting approach was to use engineered nanoparticles capable of
preferentially targeting M2 TAMs by delivering nanoparticles carrying M1 polarizing transcription factors and mRNAs for
IRF5. These factors were able to force M2 TAMs to polarize to a pro-inflammatory state and convert to the M1 phenotype.'*
Another study where researchers loaded the mannose-modified TAM repolarization agent (IMD-0354) into cationic lipid-

based nanoparticles using the presence of mannose receptors on M2 TAMs. This led to the induction of potent antitumor
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properties of TAMs in Hepa 1-6-bearing mice.'* Chen et al used mannose as a ligand for the targeted delivery of nanoparticles
to M2 TAMs by conjugating bivalent mannose receptor ligands to nanoparticles. It was observed that these nanoparticles have
a significantly higher level of uptake by M2 macrophages compared to M1 or resting macrophages.'*® While albumin-based
nanoparticles expressing transferrin receptor binding peptide T12 and mannose were able to repolarize M2 TAMs to M1 and
remodel the tumor microenvironment to enable an enhanced antitumor response. In addition, due to the strong expression of
albumin-binding receptor SPARC (secreted protein acidic and rich in cysteine) and transferrin receptor by gliomas, and
SPARC and mannose by M2 TAMs, these nanoparticles contribute to a dual effect on both gliomas and M2 TAMs."*” Many
studies confirm that nanomedicines can be designed to remodel the tumor environment. When considering the use of
nanoparticles to facilitate and enhance macrophage-mediated phagocytosis, the following main approaches are of interest:

inactivation/elimination of M2 TAMs or reprogramming of M2 TAMs to acquire the pro-inflammatory M1 phenotype.'**

Promising Perspectives for Using Macrophages as Boron Carriers in BNCT
Macrophages, due to their natural ability to uptake various types of nanoparticles and deliver them to the tumor
microenvironment, may be promising carriers not only for compounds with direct anticancer activity but also for non-
medical compounds used in other anticancer therapies. An example of such use is boron neutron capture therapy
(BNCT). BNCT is based on the delivery of compounds rich in the boron-10 isotope to cancer cells and irradiation of
the tumor site with a neutron beam, causing the breakdown of the boron-10 nucleus. This leads to the formation of
lithium nuclei and alpha particles with high linear energy transfer, which destroys the cancer cells where boron was
accumulated.'*® This therapy is mainly intended for the treatment of patients with tumors located in hard-to-reach areas
such as brain tumors, melanomas, or head and neck cancers. The role of macrophages in BNCT would be to deliver
boron-rich compounds to the tumor environment, which in the case of brain tumors would be possible due to the ability
of these cells to cross the blood-brain barrier.”® Subsequently, after irradiation with a neutron beam, boron-10-containing
compounds accumulated in TME would undergo nuclear fission, destroying cancer cells.'*"

BNCT research has shown that peripheral blood mononuclear cells (PBMCs), including macrophages, delivered
boron to cancer cells and were not destroyed after irradiation with a neutron beam. Additionally, these cells demonstrated
immunomodulatory activity by increasing the production of the antitumor cytokine IL-12 while reducing the production
of IL-10, which negatively affects the antitumor response.'*' Other studies have investigated the interaction of macro-
phages with various boron compounds, which are promising candidates for boron delivery in BNCT. Kozien et al
obtained boron carbide nanoparticles functionalized with immunoglobulin G, which showed a higher level of binding to
RAW264.7 macrophages than to mouse MC38 colorectal cancer cells.'** Boron nitride nanotubes (BNNTs) are also
promising candidates for boron delivery. BNNTs proved no toxicity to RAW264.7 macrophages and did not affect their
morphology, as well as the production of the cytokines IL-6, IL-10 and TNF-a by these cells. Macrophages showed the
ability to internalize BNNTs, followed by the formation of small aggregates in the perinuclear regions of the
cytoplasm.'*® Exosomes released by macrophages were used to encapsulate boron-containing carbon dots (BCDs) and
demonstrated internalization by U-87-MG glioma cells and distribution around the nucleus in vitro. Moreover, studies in
tumor-bearing mice have proved the accumulation of these carriers at the tumor site due to their ability to cross the
blood-brain barrier, good ratio of boron in tumor to normal tissue for BNCT, and have shown prolonged survival after
neutron irradiation.'** Wu et al prepared boric acid-contained chitosan/alginate/polyvinyl alcohol nanoparticles, which
accumulated in SAS oral cancer cells, but also in RAW264.7 macrophages.'*’ Similarly, Nakagawa proved that the
boronophenylalanine—fructose (BPA-F) complex was taken up not only by tumor cells in C6 rat glioblastoma models but
also by activated macrophages in the brain. The authors suggested that the inhibition of activated macrophages after
irradiation results in a reduction in peritumoral edema.'® Preliminary studies on the use of macrophages and macro-
phage-derived exosomes to deliver boron-rich compounds to the tumor environment in BNCT appear to be a promising
therapeutic approach, but more research is needed on the safety and effectiveness of such treatment.

Conclusions
In conclusion, the use of macrophages as carriers for nanoparticle delivery is an increasingly promising strategy in
anticancer therapy. The properties of these specialized phagocytic cells are the key to the efficient and selective delivery
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of nanoparticles to tumor tissue, even across the blood-brain barrier. In addition, the abundant presence of TAMs in the
tumor microenvironment, their high plasticity, and the possibility of repolarization to the anticancer phenotype can be
used to enhance the therapeutic effect. However, in order to achieve the most effective delivery of nanoparticles to the
tumor environment using macrophages, it is important to select such nanoparticles whose size, shape, surface chemistry,
and mechanical properties will ensure their optimal internalization by these cells, and at the same time will not affect
their proper functioning. Although macrophages have many advantages as nanoparticle carriers, their limitations remain
crucial. The rapid development of the field of cell-based delivery systems is finding more new solutions to overcome
these limitations, giving macrophages an increasing chance of clinical translation. The aim of our review was to collect
information that has a significant impact on the study of interactions between macrophages and nanoparticles for use in
anticancer therapy. As a further step towards new applications of these carriers, we propose using them to deliver boron-
rich compounds in BNCT, which may contribute to the development of new-generation radioimmunotherapy. However,
there are still many unknowns about the mechanisms of this type of strategy and further experimental research is needed.
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