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Abstract: Macrophages play a crucial role in tissue homeostasis and the innate immune system. They perform essential functions
such as presenting antigens, regulating cytokines, and responding to inflammation. However, in diseases like cancer, cardiovascular
disorders, and autoimmune conditions, macrophages undergo aberrant polarization, which disrupts tissue regulation and impairs their
normal behavior. To address these challenges, there has been growing interest in developing customized targeted drug delivery systems
specifically designed for macrophage-related functions in different anatomical locations. Nanomedicine, utilizing nanoscale drug
systems, offers numerous advantages including improved stability, enhanced pharmacokinetics, controlled release kinetics, and precise
temporal drug delivery. These advantages hold significant promise in achieving heightened therapeutic efficacy, specificity, and
reduced side effects in drug delivery and treatment approaches. This review aims to explore the roles of macrophages in major
diseases and present an overview of current strategies employed in targeted drug delivery to macrophages. Additionally, this article
critically evaluates the design of macrophage-targeted delivery systems, highlighting limitations and discussing prospects in this
rapidly evolving field. By assessing the strengths and weaknesses of existing approaches, we can identify areas for improvement and
refinement in macrophage-targeted drug delivery.
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Introduction
Macrophages, discovered by Metchnikoff, are crucial immune cells that maintain overall health by engulfing and digesting
harmful microorganisms, dead cells, and foreign substances. They assist in tissue clearance and homeostasis.' Macrophages
differentiate into tissue-resident macrophages (RTMs) or monocyte-derived macrophages based on the tissue environment and
demand. RTMs establish long-term residence in tissues, while monocyte-derived macrophages are recruited to inflamed sites and
exhibit functional differences.”” Macrophages have diverse functions, including tissue homeostasis, immune response induction
and resolution, and tissue development and repair.* ® They can be activated into distinct cellular states in response to stimuli from
different tissues or cues.” Typically, macrophages can differentiate into classically activated M1 macrophages or alternatively
activated M2 macrophages. M1-type macrophages kill pathogens, while M2-type macrophages contribute to tissue remodeling
and healing. Dysregulated expression of M1 or M2 is implicated in diseases such as tumors and rheumatoid arthritis.**
Targeting macrophages using drug delivery systems holds promise for regulating disease progression and improving
therapeutic efficacy. These targeted delivery systems enable high selectivity in delivering nanomedicines, reducing distribution
in healthy tissues, and minimizing toxicity.' Various nanomaterials have been employed to target macrophages through different
routes.'" The intense phagocytic activity of macrophages leads to the passive targeting of conventional nanoscale carriers due to
their surface materials or serum conditioning-mediated effects.'? The liver, which contains a significant number of macrophages
as part of the reticuloendothelial system (RES), often accumulates a substantial proportion of nanoscale carriers, which are
subsequently recognized and metabolized by macrophages.'> However, if targeted macrophages are not resident in the liver, the
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carriers must cross the RES to reach the lesion site and bind with specific macrophages.'*'® For example, clodronate, a specific
macrophage-toxic drug, has been encapsulated in liposomes and shown promise in modulating various diseases, including
cancer, cardiovascular diseases, and autoimmune diseases.'® Although the concept of targeting macrophages with personalized
drug delivery systems for immune-related diseases is still in its early stages, it holds great long-term potential >’

This article summarizes active and passive targeting techniques for interaction between different carriers and
macrophages, elucidating the role of macrophages in specific diseases. Additionally, the article examines the obstacles
encountered by macrophage-targeted nanomedicine, including issues related to poor selectivity. Furthermore, it explores

the potential prospects of nanocarriers in modulating macrophage activity.

Influence of Physiological Environment on Macrophage-Nanomedicine
Interactions

Proteins, Biological Molecules
Proteins and other biomolecules play an important role in regulating the interactions between nanomaterials and
macrophages. Plasma is the most important biological medium, in which the total plasma protein concentration is
about 60-80 g/L.>' When the nanomedicine enters into the blood vessel for about 30s, it adsorbs a large amount of
proteins on its surface and forms a biocrown.”? The composition of the biocrown significantly affects the in vivo
biological properties of the carrier. First, the binding mode of nanodrugs to plasma proteins is a key factor affecting their
recognition by macrophages. It has been shown that adsorption of non-modulin proteins such as serum albumin and
apolipoprotein J (Apo J) reduces the carrier-cell membrane interaction and macrophage uptake, and incubation with
serum albumin significantly inhibits uptake by dendritic cells.”> On the contrary, when more conditioning agents, such as
complement and immunoglobulin, were adsorbed on the carrier surface, phagocytes could rapidly recognize the
nanomedicine, which in turn accelerated its clearance. Secondly, the adsorbed protein crowns can significantly affect
the targeting of nanocarriers such as liposomes, eg, Guan et al showed that liposomes modified with cation-rich peptides
adsorbed higher amounts of IgG and IgM, which inhibited the targeting of the formulations and enhanced the interaction
with immune cells.?* Therefore, reducing the content of protein crowns or adjusting the adsorbed species can effectively
regulate the interaction between carriers and macrophages. One approach is to modify nanomedicine with polyethylene
glycol (PEG).>>?’ PEG, as a hydrophilic long-chain polymer, effectively reduces protein adsorption on the surface of
nanocarriers.”® Increasing the density of PEG on gold nanoparticles was shown to significantly reduce serum protein
adsorption and uptake by macrophages.?’ However, Schottler et al discovered that the adsorption of a specific quantity of
serum proteins could actually enhance the carrier’s ability to inhibit macrophage uptake.’® This finding introduces
complexity and raises questions about how protein corona formation influences long-circulation properties. In addition to
PEG modification, biomimetic modifications have gained attention. Incorporating cell membranes or exosomes into
liposomes during preparation allows retention of self-recognition properties while achieving targeted delivery and high
drug loading capacity.’'* CD47, which interacts with SIRPa proteins on macrophages, is considered a basis for
achieving biocompatibility and efficient drug delivery in biomimetic systems. Interestingly, our preliminary validation
confirms that this modification strategy does not decrease accessibility for cell recognition and internalization, and thus,
there was no significant reduction in the distribution of carriers in the liver or on cell membrane surfaces.**

In conclusion, proteins and other biomolecules play a key regulatory role in modulating the interactions between
nanomaterials and macrophages. They can influence the interaction of nanomaterials with macrophages by way of
adsorption, immunomodulation and biocompatibility, which can have a significant impact on biological effects.

Physiological Fluids

Physiological fluids play an important influence in regulating the interaction of nanomaterials with macrophages. First,
the presence of physiological fluids changes the way nanomaterials move in biological systems. Nanomaterials exhibit
different behaviors in fluids due to the mechanics of fluid motion, such as shear and turbulence. In blood, different tissues
and organs in the body often have their own unique physiological microenvironments, allowing nanocarriers to have
different motions. For example, in the hepatic sinusoids of the liver, the flow rate of the nanocarriers is reduced by ~1000
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times relative to the blood vessels outside the liver, allowing them to passively aggregate in the liver, thus enhancing the
interaction with macrophages in the liver.*> However, as the particle size of the carriers increases to the micrometer scale,
they can significantly break through the limitations of the hepatic endothelial system to achieve aggregation in the
lungs.*® Lymph is a colorless, transparent fluid composed of plasma, lymphocytes, and other solutes. Its circulation rate is
significantly lower than in the blood. As a result, the interaction between nanomedicines and macrophages in lymph is
significantly enhanced. For example, based on the role of lymph in immune defense, Wang et al constructed a nano
vaccine targeting lymphatic sinus-associated SIGNR 1+ macrophages, which could effectively present antigens to B cells
after interaction with macrophages and promote the killing of chronic hepatitis B.*’

Second, physiological fluids can modulate macrophage response to nanomaterials. Through hydrodynamic stimula-
tion, physiological fluids can affect macrophage morphology, degree of activation, and functional expression. One of the
key effects is that mechanical stimulation under physiological flow conditions induces macrophages to secrete specific
cytokines that modulate their interaction with nanomaterials. The work of Hyojae Son et al showed that shear stress
induces monocyte/macrophage to undergo M1-type polarization and increase secretion of pro-inflammatory factors such
as CCL2, TNF-q, and IL-1p. and IL-1p.>® Yazdimamaghani et al produced four types of silica nanoparticles (NPs) with
different densities and surface charges and tested the cytotoxicity and uptake on RAW 264.7 macrophage cells after 24
hours of incubation with the cells, in static or under flow conditions. They found that the cell viability is enhanced under
flow conditions, compared to static culture. Authors also found that, cellular uptake of silica NPs was more in static
conditions compared to dynamic conditions. Furthermore, low-density particles, showed lower uptake under flow
conditions compared to high-density particles.*

Local Pathology on Nanomedicine-Macrophages Interactions
When exposed to various microenvironmental stimuli, macrophages are highly plastic and differentiate predominantly
into pro-inflammatory M1 and anti-inflammatory M2 types, both of which almost always have completely opposite
functions. Due to this feature, macrophages perform different functions at different stages of immunity and inflammation.

The inflammatory state is a complex physiological response that is a nonspecific defense and repair process of the
body against injury, infection, or other stimuli.*” Undue chemokines, cytokines, and proinflammatory mediators from
macrophages are closely associated with many human diseases, such as pneumonia and rheumatoid arthritis.*' In an
inflammatory environment, macrophages often present as pro-inflammatory M1-type macrophages. They constitute the
first line of defense against intracellular pathogens and promote Thl polarization of CD4 cells, in addition to releasing
inflammatory mediators such as cytokines, chemokines, and oxygen free radicals, affecting the surface properties and
stability of nanomaterials and promoting their interaction with macrophages.** >

M2-like polarized populations are particularly important during parasitic, helminthic, and fungal infections, where they are
induced in response to a Th2 response. Macrophage colony-stimulating factor (M-CSF), IL-4, IL-10, IL-13, or a combination of
these factors are able to polarize macrophages toward an M2-like phenotype.*®*” M2-like macrophages are identified primarily
based on the expression of CD64 and CD209 (a C-type lectin).* In contrast to classically activated M1-like macrophages, M2-
like macrophages have negatively regulated pro-inflammatory cytokines and induce the production of anti-inflammatory
mediators such as IL-4, IL-10, and TGF-B.*** Indeed, they are highly endocytosed and partially phagocytosed and are involved
in a wide range of functions, including repair mechanisms, homeostasis, metabolic processes, and pathogenesis.*

Toxicity of Nanomaterials

The toxicity of macrophage-targeted nanoparticles (NPs) is an important consideration in their clinical application.
Macrophages play a crucial role in the immune response and are responsible for the phagocytosis of foreign substances,
including nanoparticles. However, the interaction of nanoparticles with macrophages may lead to potential toxicity
issues. First, when macrophages phagocytose nanoparticles, they may trigger cellular stress and inflammatory responses,
which in turn produce reactive oxygen radicals (ROS) and pro-inflammatory cytokines. Excessive ROS production may
lead to oxidative stress and damage cellular structures, while high levels of pro-inflammatory cytokines may lead to
tissue damage and immune dysregulation. For example, Aaron Lee et al demonstrated that polylysine modification

. . 1
increased TNF-a secretion.’
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In addition, macrophages are important regulators of the immune system. The interaction of nanoparticles with
macrophages may modulate their normal immune functions, such as antigen presentation, cytokine production, and
phagocytic activity. Depending on the nature of the nanoparticles, this altered immune response may have systemic
effects and influence overall immune homeostasis. For example, inhalation of carbon nanotubes can suppress the humoral
immune response through the production of transforming growth factor B (TGF-f) by alveolar macrophages and the

subsequent production of prostaglandins by splenocytes, leading to systemic immunosuppression.>?

Targeting Strategy

Nanomedicine targeted delivery involves precise drug transportation to specific body sites by manipulating nanoscale
drug carriers. It allows drugs to bypass tissue barriers and accumulate selectively in diseased tissues or organs. Targeted
delivery operates on two main mechanisms: the affinity between target receptors and drug carriers for precise drug
localization, and strategies like surface modification to enhance targeting delivery. This approach enhances drug efficacy,
reduces side effects, and improves patient quality of life. As a result, targeted delivery has emerged as a major focus of
research in the field of drug delivery. In this context, we aim to explore the interaction between nanocarriers and

macrophages from both passive and active targeting perspectives.

Passive Targeting

Passive targeting is one of the important strategies for nanodrug-targeted therapy. It is a non-specific targeting approach
that does not require specific targeting molecules. Instead, Passive targeting relies on the preferential accumulation of
NPs modified with specific physical properties (such as size, shape, and charge), which significantly impact the rate and
range of macrophage uptake.’® Therefore, we will provide an overview of these specific conditions (Figure 1).
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Figure | The impact of nanoparticle size, shape, and surface charge on interactions with macrophages. (A) Nanoparticle carriers quickly adsorb complement components
from the plasma upon entering the vascular system, enhancing their recognition by macrophages. (B) Spherical particles of different sizes affect their interaction with
macrophages. Particle sizes ranging from 30 to 3000 nm have been shown to increase macrophage recognition. Conversely, smaller nanoparticles below 30 nm or larger
nanoparticles above 3 im tend to reduce their interaction with macrophages. (C) Distinct nanoparticle shapes exhibit unique properties that significantly affect interaction
with cell membranes, and uptake by macrophages. (D) The charge carried by nanoparticles, resulting from various surface chemistries, also affects their interaction with
macrophages. Positively charged particles have a greater tendency to be captured by macrophages.
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Particle Size
The shape of nano-carriers plays a significant role in macrophage uptake, influencing the mechanism and rate of macrophage
engulfment. Generally, particles with sizes ranging from 30 nm to 3 um can be specifically recognized and phagocytosed by
macrophages, while outside this range, the phagocytic activity towards the particles decreases.”* > Moreover, within a certain
range, macrophages seem to preferentially internalize larger-sized carriers. For instance, a previous study demonstrated that in
cultured primary peritoneal macrophages, they exhibited higher uptake of approximately 500 nm polymer nanoparticles
compared to those sized 150 or 300 nm.>” In other studies, J774A.1 macrophages showed the highest uptake of nanoparticles
with a diameter of 1.9 pm compared to sizes of 430 nm and 4.8 pm.>®

Macrophages are capable of internalizing and engulfing particles of various sizes through different mechanisms. For
larger particles, their micrometer scale allows for active binding and phagocytosis, while smaller particles can be taken
up by macrophages through various mechanisms. Therefore, the particle size of nanocarriers not only affects their uptake
efficiency but also determines the internalization mechanisms of nanoparticles. Experimental studies have compared the
absorption mechanisms of particles by macrophages. Kuhn et al conducted cellular experiments using different-sized
polystyrene particles in macrophages (J774A.1).°° In J774A.1 cells, 1 pm particles were internalized via phagocytosis/
macropinocytosis, while 40 nm polystyrene particles were taken up through clathrin-mediated or caveolin-mediated
endocytosis as well as phagocytosis. Furthermore, Yue et al demonstrated that macrophages solely employ the lysosomal
pathway when engulfing nanosized carriers.”® These findings underscore the significance of considering particle size in
comprehending the mechanisms of nanoparticle uptake by macrophages.

Particle Shape

The shape of nanocarriers is a factor that is easily overlooked, as conventional nanocarriers such as liposomes, polymer
micelles, and polymer nanoparticles are spherical in shape. However, emerging nanocarrier preparation technologies,
such as lipid nanodiscs and membrane-encapsulated carriers, offer the possibility to modulate carrier morphology and
optimize carrier performance.

In general, spherical particles are more readily phagocytosed by macrophages compared to elliptical, rod-shaped, or
cylindrical particles. When the curvature of a particle exceeds 45 degrees, it cannot be completely internalized by
cells.®®®! Some studies have found that worm-like elongated nanoparticles or ellipsoids can reduce or inhibit the rate of
phagocytosis, allowing them to evade immune responses.®*®* For instance, Champion et al conducted studies on the
phagocytic mechanisms using different shapes of polystyrene nanoparticles, including spheres, ellipsoids, and oval or
rectangular disks.®* The results showed that, the curvature of the particles plays a crucial role in the internalization
process, independent of their size. Furthermore, other studies indicate that a high aspect ratio leads to reduced
internalization. Different morphologies of carriers may have different hemodynamic parameters, and their behavior in
the vasculature can influence their interactions with macrophages.*” Indirectly, the interaction between carriers and organ
macrophages in the hemodynamic environment of the liver is also affected. Additionally, highly curved regions such as
carbon nanotubes or graphene edges have penetrating abilities and can puncture the cell membrane to enter the cell.

These differences in uptake mechanisms enable macrophages to selectively internalize particles of different shapes.®>-%

Particle Stiffness

Stiffness can affect the mechanical properties and rigidity of nanoparticles, thereby influencing their interactions with
cells.®” For example, Aaron Lee et al evaluated the uptake of poly(N-isopropylacrylamide) with different degrees of
crosslinking by primary human monocyte-derived macrophages (MDM) and observed a preference of MDM for
removing highly crosslinked (stiffer) particles over less crosslinked (softer) particles.”' Furthermore, there are variations
in the response of different shapes of carriers to stiffness. In reducing macrophage internalization of spherical particles,
increasing size was more effective than reducing the stiffness of immunoglobulin G-functionalized poly(acrylic acid)
(PAA) particles. On the other hand, the internalization of rod-shaped but non-spherical PAA particles critically depended
on stiffness.®* In addition, Palomba et al demonstrate that compared to rigid nanostructures, softer nanostructures
achieved up to five-fold higher efficiency in evading cellular uptake by bone marrow-derived monocytes. Soft circular
and square nanostructures were similarly absorbed by professional phagocytic cells (<15%); however, soft elliptical
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particles were more easily internalized (<60%), possibly due to their larger size and elongated shape, while any shape and
size of rigid nanostructures were taken up by over 70% of macrophages.®®

Particle Charge

The charge associated with nanoparticles, which arises from diverse surface chemistries, influences opsonization,
circulation times, and interactions with macrophages in organs. Typically, cationic nanoparticles are more easily taken
up by phagocytes compared to neutral or negatively charged nanoparticles. The positive charge on nanoparticles can
interact with the negatively charged phospholipid compositions of cell membranes, leading to increased nonspecific
interactions with biological cells and circulating proteins. However, it is crucial to acknowledge that the positive charge
of nanoparticles can also induce adverse biological reactions including enhanced complement system activation and
cytotoxicity. Therefore, careful consideration must be given to balancing the benefits of improved cellular uptake against
potential harmful effects when utilizing cationic nanoparticles for macrophage targeting.®” "' The role of charge in
macrophage uptake remains a topic of debate. For instance, Oleg Lunov et al conducted an analysis involving THP-1
cells and macrophages differentiated from human monocytes using nanoparticles with different surface charges: PS-
COOH (negative charge) and PS-NH, (positive charge). After incubation with these nanoparticles in a buffer for 3 to 6
hours, both types of nanoparticles were taken up by the cells. However, THP-1 cells absorbed approximately 38% more
PS-COOH nanoparticles than macrophages did, whereas both cell types displayed similar levels of cellular internaliza-
tion with PS-NH, nanoparticles. Interestingly, when the analysis was conducted in HBSS solution, both cell types
exhibited lower uptake of PS-NH2 nanoparticles compared to PS-COOH nanoparticles.”? Additionally, in the case of
RAW 264.7 cells, a specific type of consuming cells, the intake level of negatively charged AuNPs is similar to that of
positively charged AuNPs.”

Active Target

Active targeted therapy relies on specific molecular recognition to deliver substances to specific tissues and cells while
minimizing accumulation in healthy tissues. In the case of targeting macrophages, challenges arise due to varying
receptor expression among different macrophage phenotypes. For example, in tumor-associated macrophages (TAMs), it
is essential to target M2-type TAMs specifically. However, distinguishing receptor expression across macrophages
throughout the body can be difficult. Research has identified highly expressed receptors in macrophage populations,
providing insights into ligands used for macrophage targeting and the receptors involved (Figure 2 and Table 1). These

findings contribute to understanding the strength and specificity of receptor-ligand interactions.
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Figure 2 Graphical representation of surface proteins utilized for macrophage targeting.
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Table | Affinity Analysis Between Receptors and Ligands

Ligand Macrophage Receptor Affinity (Kd) Macrophage subtype Ref.
Mannose Mannose receptor (CD206) ~l4%x108M M2 [74]
UNO peptide (CSPGAKVRC) Mannose receptor (CD206) M2 [75]
RP-182 peptide (KFRKAFKRFF) Mannose receptor (CD206) ~8 uM M2 [76]
RP832c peptide (RWKFGGFKWR) Mannose receptor (CD206) ~5.64 pM M2 [77]
Bletilla striata polysaccharide Mannose receptor (CD206) M2 [78]
Galactose Galactose type c Lectin ~0.4 uM M2 [79]
Folate Folate receptor ~10°M [80]
Antibody CDI163 M2 [81]
CD47 SIRPa ~0.7uM [82]
CRV peptide Retinoid X receptor beta >ImM [83]
M2pep (YEQDPWGVKWWYGGGSKKK) M2 Macrophage ~90 uM M2 [86]

Antibody Antigen Interaction

Antibodies are highly specific and diverse protein molecules produced by the immune system. They play a crucial role in
targeted therapy for macrophages in two ways: 1) Regulating macrophage signaling pathways: Antibodies selectively
bind to receptors or antigens on macrophages, modulating their functions including inflammation regulation, immune
responses, phagocytosis, and cytokine production. 2) Serving as targeting ligands: Antibodies recognize and bind to
specific antigens on macrophages, enhancing drug delivery specificity and allowing efficient and targeted delivery of
therapeutic agents. However, challenges such as systemic toxicity and limited specificity exist with current antibody-
based targeting strategies.

CSF-1 is a signaling protein that binds to its receptor CSF-1R and plays a crucial role in regulating macrophages.®
Inhibiting CSF-1R has shown promise in preclinical cancer models but can cause systemic toxicity.***® The CD47/
signal regulatory proteins-o (SIRP o) axis is another therapeutic target where blocking CD47 using anti-CD47 antibodies
enhances macrophage function against cancer cells.*” % Antibodies targeting macrophage surface proteins facilitate
targeted delivery of nanoparticles, but their efficacy can be hindered by overlapping expression and non-specific uptake
by macrophages.”>*> Nanobodies, smaller fragments without the Fc domain, have been developed to overcome
limitations but still face challenges.”®”” Considering these limitations, research is focused on finding alternative ligands
that are more efficient and specific in enhancing drug delivery to macrophages.

Peptide Ligands

Peptide ligands offer specific recognition of their corresponding receptors and come with several advantages over
antibodies, including smaller size, lower immunogenicity, and reduced manufacturing costs. These ligands often target
macrophage surface receptors that are highly expressed. Cieslewicz et al conducted a study where they discovered
a unique peptide sequence called M2pep. This peptide demonstrated a preference for binding to M2 macrophages rather
than M1/MO macrophages or other white blood cells.”® In a subsequent study, Conde et al conjugated M2pep to gold
nanoparticles to achieve targeted delivery of small interfering RNA (siRNA) for the inhibition of VEGF expression. The
researchers demonstrated the high selectivity of this delivery system towards M2 macrophages in lung tissue and lavage
fluid.”® Qian et al also utilized M2pep as a targeting ligand for TAMs by delivering siRNA against anti-CSF-1R. This
approach resulted in anti-tumor activity in mouse tumor models.'” Furthermore, Ngambenjawong et al synthesized
bivalent and tetravalent display bodies ([M2pep]2-Biotin and [M2pep]4-Biotin) based on M2pep. Compared to the
monovalent form, [M2pep]2-Biotin showed higher affinity and selective binding to M2 macrophages. However, [M2pep]
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4-Biotin decreases the binding activity and selectivity. Interestingly, both the bivalent and tetravalent forms of M2pep
displayed selective toxicity towards M2 macrophages without any cytotoxic drug loading, while this effect was not
observed in monovalent M2pep treatment.'*’

In the case of CD206, also known as the Mannose Receptor (MMR), the peptide UNO has shown selective binding to
this receptor and has been used for targeted drug delivery. The UNO-mediated delivery system has exhibited significant
therapeutic efficacy in various tumor models such as breast cancer, melanoma, glioblastoma, and gastric cancer.”” This
system outperforms other CD206-targeting peptides or mannose-like compounds by avoiding binding to additional
receptors like SIRPa or CD209. Another peptide, CRV, which interacts with the extracellular retinoid X receptor 3
(RXRB) found on CDI11b+F4/80+ macrophages, specifically binds to macrophages and can rapidly extravasate into
tumors.® Nevertheless, peptide delivery systems face challenges such as reduced binding affinity compared to antibodies
and increased susceptibility to protein degradation.'®
Carbohydrate Ligands
Carbohydrate-targeting ligands indeed offer advantages such as high specificity, high affinity, high water solubility, and
low cost. The macrophage mannose receptor (MMR/CD206) is prominently expressed on M2 macrophages, making it an
attractive target for specific delivery. Modifying the surface of carriers with mannose can effectively facilitate recognition
by M2 macrophages, leading to significant colocalization of mannose-modified carriers with M2 macrophages.'®>'%*
Besides monosaccharides, polysaccharides related to mannose can also exhibit similar recognition effects. These longer
chain polysaccharides can effectively reduce plasma protein-mediated inhibition of carrier targeting. An example is Beta-
glucan from Grifola frondosa (BSP) and its conjugates, which have been shown to reduce tumor angiogenesis through
their effects on macrophages, exhibiting inhibition of sarcoma development.”® In addition, we have reported the targeting
of galactose-type C-type lectins, which are highly expressed receptors on M2 macrophages. By utilizing galactose-
modified liposomes, the recognition of M2 macrophages can be enhanced.'®

However, it’s important to note that carbohydrates can be recognized by various lectins, and their antibody counter-
parts exhibit high specificity towards their homologous receptors. For instance, the mannose fraction can be recognized
by other mannose-binding receptors, including DC-SIGN, L-SIGN, Endo180, or mannose-binding lectin.'®® While
carbohydrate ligands offer advantages such as high solubility and low cost, they may lack the specificity exhibited by
other ligands toward their target receptors.

Nucleic Acid Aptamers

Nucleic acid aptamers, including both RNA and DNA oligonucleotides, exhibit unique secondary structures that enable them
to interact with target molecules effectively. These aptamers possess distinct advantages such as simple structure, easy
synthesis, and good chemical and biological stability.'”"'*® Sylvestre et al, identified a specific aptamer selectively bound to
CD14+ monocytes rather than CD16+ monocytes and was rapidly internalized by these cells.'” Additionally, Qian et al
constructed a DNA tetrahedral framework nucleic acid (tFNA) nano-delivery system to convert TAMs from an M2 phenotype
to an M1 phenotype within the tumor microenvironment, thereby exerting significant anti-tumor effects.''® Moreover, they

also proposed an aptamer-engineered M1 macrophage (ApEn-M1) which demonstrated outstanding anti-tumor efficacy.'"!

Interactions Between Different Carriers and Macrophages
In this context, we delve into the complex interplay between carriers and macrophages, with a primary focus on the
diverse types of carriers employed in drug delivery research (Figure 3).

Liposomes

Liposomes are artificial vesicles that mimic the structure of cell membranes and can effectively deliver drugs.>>''>!"3
The interaction between liposomes and macrophages is mainly related to the nature of their carrier materials. Tang et al
compared the effects of liposome size, charge, and lipid composition on their interaction with macrophages, and their
results showed that compared with 100-nm neutral 1,2-dipalmitoyl-sn-glucose-3-phosphatidylcholine (DPPC) liposomes,

macrophages internalized the cationic liposomes and 1.2-di olive acyl-sn-glucose-3-phosphatidylcholine (DSPC)
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Figure 3 Overview of commonly used carrier types: classified as organic or inorganic nanoparticles. Created with BioRender.com.

liposomes to a greater extent, and the primary mechanisms were phagocytosis and lattice protein-mediated
endocytosis."'* In addition, phosphatidylserine (PS) is a common major cell membrane component and acts as
a “phagocytic signal” for macrophages. Therefore, phosphatidylserine-constructed liposomes can mimic this exposed
phosphatidylserine and trigger phagocytosis by macrophages.''> However, Riki Toita et al showed that

Phosphatidylserine liposome has the potential to promote the polarization of M1-type macrophages to M2-type macro-
phages in bone regeneration and repair.''®

Exosomes

Cellular communication primarily occurs through chemical messengers, among which extracellular vesicles (EVs) are
a common form. Exosomes are the smallest type of EVs, with diameters ranging from approximately 30 to 150 nm, and
they play important roles in intercellular interactions.''” Based on the protein composition anchored on the surface of
exosomes, they can achieve various biological functions. Firstly, exosomes can achieve long-circulating delivery through
the expression of immune recognition proteins such as CD47 on their surfaces.''® Furthermore, although both liposomes and
exosomes consist of phospholipid bilayers, liposomes are often composed of synthetic materials, which have been found to
have a potential risk of inducing hypersensitivity reactions.'’ In addition, exosomes derived from endogenous cells can
maintain the drug-loading capabilities of liposomes while achieving targeted delivery, thus improving the efficiency of
targeted drug delivery.

In targeted delivery to macrophages, exosomes can play two main roles: 1) direct targeting of macrophages, and 2)
targeting the communication processes between macrophages and other cells (eg, tumor cells). Engineered therapeutic

International Journal of Nanomedicine 2023:18 https:

6923

Dove:


https://www.dovepress.com
https://www.dovepress.com

Liu et al Dove

exosomes developed by researchers can provide targeted control of macrophage phenotypes through transcription factor
ASO (exoASO-STAT®6), effectively reprogramming tumor-associated macrophages (TAMs) into an M1 phenotype.lzo’12 !
Another approach involves bacterial outer membrane vesicles (OMVs), which are highly immunogenic nanovesicles that
can stimulate macrophages. To create a “tunable bidirectional adapter” based on OMVs, Feng et al fused CD47 nanobody
onto the surface of OMVs and encapsulated them with polyethylene glycol (PEG) containing diselenide bonds (PEG/Se).
They named this construct PEG/Se @ OMV-CD47nb. Through various stimulation pathways, this adapter activates
tumor-associated macrophages by inducing M1 polarization or blocking the “do not eat me” signal. Consequently, TAMs

are stimulated to engulf tumor cells.'*

Micelles

Micelles prepared from amphiphilic block copolymers have become a research hotspot in drug delivery due to their
unique core-shell structure. In recent years, there have been numerous studies utilizing hydrophilic polymers as shell
materials for micelles. Among these, polyethylene glycol (PEG) has emerged as the most commonly used hydrophilic
polymer due to its excellent biocompatibility, stealth behavior associated with its molecular structure, and ability to bind
a large amount of water through hydrogen bonding.'**'%*

Similar to other nanoparticles, the micelles themselves interact with macrophages mainly originating from the carrier
potential. Faezeh Sabzehei et al showed that conjugated branched PEI-2k and oleic acid (OL) as the building blocks of
the cationic micelle significantly increased uptake in RAW264.7 cells.'*> Hou et al evaluated the effect of PCL Chain
Length on the interaction of Poly(e-Caprolactone)-Methoxypolyethylene Glycol (PCL-MPEG)-based micelles with
macrophages, confirming that compared to PCL-MPEG, the uptake of the cationic micelle was significantly increased.
The effect of chain length on the interaction between PCL-MPEG-based micelles and macrophages confirmed that
protein adsorption was affected and dependent on chain conformation compared to PCL40-MPEG and PCL20-MPEG,
with the lowest adsorption and the least uptake in RAW264.7 cells.'*® Similar to liposomes, the incorporation of
phosphatidylserine into the carrier material can contribute to enhanced macrophage recognition.'*’

In addition, the micellar can be simultaneously modified with the corresponding ligand to improve targeting
efficiency. Sun et al developed hemoglobin-conjugated doxorubicin-loaded micelles (Hb-DOXM) that could bind with
endogenous plasma thrombin and achieve specific targeting of M2 TAMs.'?® Liu et al developed zinc protoporphyrin IX
(ZnPP)-grafted poly(l-lysine)-b-poly(ethylene glycol) peptide micelles (ZnPP-PM) for galactose-functionalized targeting

of macrophages.'*’

Polymer Nanoparticles

Polymer nanoparticles (P-NPs) are nanoscale particles that can encapsulate or adsorb active compounds. They offer

advantages such as easy manufacturing, surface functionalization, biodegradability, and biocompatibility.'**"'** Moreover,

P-NPs have shown promise as carriers for photodynamic agents, photothermal agents, and chemotherapeutic drugs.'**'3°
Some materials can modulate macrophage polarization, and their effects depend on various modifications and residues.

Carboxyl-modified and amino-modified polystyrene nanoparticles could inhibit M2 macrophage polarization by down-

regulating CD200R, CD163, and IL-10 expression without affecting M1 markers.'*® Similarly, hydrophilic polyurethane

nanoparticles could suppress M1 macrophage polarization by reducing inflammatory mediators like TNF-o and IL-1B."%’

Inorganic Nanoparticles

As mentioned previously, some nanoparticles have the ability to reprogram macrophages, and one notable example is iron
oxide nanoparticles. In a study by Saeid Zanganeh et al, it was discovered that clinically approved iron oxide nanoparticles,
specifically ferumoxytol, could polarize macrophages towards the M1 phenotype, leading to the inhibition of tumor growth.'®
Interestingly, subsequent research revealed that both feracarbotran and ferumoxytol, two clinically approved iron oxide
nanoparticles, could induce autophagy in macrophages and trigger inflammation through TLR4-mediated signaling and
oxidative stress.'*’ Additionally, other iron oxide nanoparticles have been reported to effectively convert macrophages into
anti-tumor phenotypes.'**"'*> Furthermore, studies have indicated that iron-related nanoparticles and calcium ions, could
promote the production of pro-inflammatory cytokines such as IL-1p. 146 Consequently, the use of calcium-based nanoparticle
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drugs may have a positive impact on M1 repolarization. For instance, He et al successfully increased the expression of several
M1 markers in J774A.1 macrophages by delivering plasmid DNA using peptide-modified calcium carbonate nanoparticle. 147
Nanomedicines have demonstrated the ability to induce repolarization of bone marrow-derived macrophages, leading to an
increased expression of M1 markers and a decreased expression of M2 markers.'*® Additionally, another study achieved
similar effects in macrophage repolarization by coating hyaluronic acid (HA) onto manganese dioxide nanoparticles.'®*
Furthermore, black phosphorus nanoparticles and mesoporous Prussian blue have been utilized to polarize M2 macrophages

through the loading of low molecular weight HA.'*"

The Regulatory Role of Macroscopic Targeted Nanomedicines in Different

Diseases

Macrophages have a pivotal role in maintaining physiological balance within the body, and any dysregulation or
impairment of their functions can contribute to the development of systemic diseases.”'>° For instance, in non-
alcoholic fatty liver disease, M 1-polarized macrophages create an inflammatory microenvironment by releasing cytokines
like TGF-B, thereby promoting hepatocyte steatosis and liver fibrosis. Conversely, in tumors, M2-polarized tumor-
associated macrophages are known to support tumor growth by participating in angiogenesis and aiding in tumor cell
metastasis. Therefore, Effective therapeutic interventions can be devised by understanding the state of macrophages in
diverse disease contexts. Additionally, we also summarize some of the nanomedicines that have entered clinical trials
from the relevant literature and the US National Library of Medicine'>' (Table 2).

Tumors

Tumors are a severe disease, causing harmful effects on organs, mortality, and societal implications.'*> Tumor-associated
macrophages (TAMs) play a critical role in cancer progression.'>*'>* They are classified into M1 and M2 subgroups. M1
TAMs promote an inflammatory response and exhibit anti-tumor effects during early stages, while M2 TAMs possess anti-
inflammatory properties that contribute to tumor growth and invasion. Targeting M2 TAMs can offer therapeutic benefits
(Figure 4). Therefore, targeting M2 TAMs offers therapeutic benefits and can be achieved through strategies such as inhibiting

recruitment, eliminating or depleting TAMs, and reprogramming them into an M1 phenotype.'3*'>>!¢

Table 2 Examples of Clinical Trials on Macrophage-Targeted Nanomedicine for Disease Treatment and Diagnosis

Nanoparticle Pharmaceutical Cohort Status Refs; Trial
Platform Ingredients Numbers
Polymeric nanoparticles Cetuximab and Colorectal cancer Phase | NCTO03774680
decorated with
somatostatin analogue

Liposome Lurtotecan KRAS positive or squamous cell non- small cell lung | Phase Il NCTO00010179

cancer Advanced or recurrent ovarian epithelial

cancer
Liposome Topotecan Small cell lung cancer Phase | NCTO00765973
Liposome Doxorubicin Desmoid tumor Phase IlI NCTO05561036
Silica nanoparticle Silica nanoparticle Head and neck melanoma Glima Phase I/l NCTO02106598
Liposomes Prednisolone Patients with severe inflamed carotid or aortic Phase I/11 NCTOI1601106

atherosclerosis
LDL-like nanoparticles Paclitaxel Patients with stable coronary artery disease Phase I NCT04148833
LDL-like nanoparticles Methotrexate Patients with stable coronary artery disease Phase I NCTO04616872
89Zr-labelled CER-001 8Zr Patients with atherosclerotic carotid artery disease | Observational, | NTR5178
HDL-like nanoparticles (>50% stenosis) single group (Netherlands

trial register)

Dextran-coated USPIO USPIO nanoparticles Patients with carotid stenosis >40% assessed by Observational, | NCT00368589
nanoparticles duplex ultrasonography double-blind
(ferumoxtran-10)

International Journal of Nanomedicine 2023:18

https:

6925

Dove!



https://www.dovepress.com
https://www.dovepress.com

Liu et al Dove

nes Anti.j
| eytoke il

Ml '\\\m\“\\'&“’“ b "mato ¥ Cytok; M2

pro-v IL-6 IL-10 ’:Cs

> >, TNFa TGF-p 4« ¢«

. »> >, iNos VEGF € <  « .

DN A dam, ROS PDGF’ o

86 Subsg - JUMOE CEILT v o
Better Survival Worse Survival

Figure 4 M| and M2 macrophages have distinct roles in tumor therapy. M| macrophages secrete pro-inflammatory cytokines like TNF-a, IL-6, and IL-12, which activate
immune responses, enhance anti-tumor effects, and promote tumor cell apoptosis. In contrast, M2 macrophages release anti-inflammatory or immunosuppressive cytokines
such as TGF-, IL-10, IL-13, and IL-4, which create an immunosuppressive environment, inhibit anti-tumor responses, and contribute to angiogenesis and tissue remodeling.
Therefore, activating M| macrophages and inhibiting M2 macrophage activation can reduce tumor growth, metastasis, and angiogenesis.

Monocytes/macrophages play diverse roles in immune regulation, angiogenesis, tumor metastasis, and invasion.'>

Macrophages in different tumor regions have distinct origins. Classical monocytes are the main source of macrophages in
tumor epithelial, perivascular, and hypoxic areas, while non-classical monocytes contribute predominantly to macrophages in
perivascular regions of tumors.'>’ Recruitment of monocytes/macrophages by tumors and other tissues is facilitated by
cytokines and chemokines such as CCL2, CCL5, VEGF, CSF-1.""* Modulating monocytes through a lipid nanoparticle
platform that silences CCR2 with siRNA has shown therapeutic effects in mouse cancer models.'>® Macrophage development
relies on the interaction between macrophage colony-stimulating factor (M-CSF) and its receptor M-CSFR or CD115, with
recruitment dependent on the CCL2-CCR2 axis.'>® Drugs like PF-04136309, a CCR2 antagonist, could block the migration of
CCR2+ monocytes from bone marrow to tumors, resulting in reduced numbers of M2 TAMs."®°

Targeted clearance of macrophages is another major modality, and modification of the surface of the carrier with
ligands specifically expressed on the surface of M2-type macrophages is effective in increasing the selectivity of
nanomedicines.'®’ However, carriers targeting M2-type macrophages also have high selectivity for M1-type macro-
phages. To address this issue, we propose to combine “eat me” and “don’t eat me” signaling to improve selectivity for
M2 TAMs. We have confirmed that “do not eat me” signaling is more inclined to suppress the uptake of M1 macrophages
compared to M2 macrophages. Therefore, surface modification of macrophages with CD47 and the utilization of
macrophage galactose c-type lectin as targeting ligands have shown promise in achieving precise selection of M2
macrophages (Figure 5).**'%'% In addition, while the non-specific uptake of nanoparticles by macrophages has
traditionally been considered a ‘drawback’ in circulation. Macrophages could actively migrate towards and engulf
nanoparticles extravasating from blood vessels, contributing to their accumulation within the tumor stroma.'®®

Targeting tumor-associated macrophages (TAMs) by repolarizing M2 anti-inflammatory macrophages into M1 pro-
inflammatory macrophages is an effective strategy for tumor therapy. This process, known as TAM reprogramming or
education, can convert the pro-tumor phenotype into an anti-tumor one. Small molecules and nanoparticle formulations,
such as toll-like receptor agonists, cytokines, antibodies, and RNA, have been investigated to achieve macrophage
repolarization. For example, B-cyclodextrin nanoparticles loaded with R848 (CDNP-R848) can activate TLR7 and TLR8
in TAMs, converting them into an M1 phenotype.'®* Some of the vectors can also assist in realizing the reprogramming
of M2 TAM by nanomedicines, such as biomimetic nanovesicles called phagocytosable cell wall-like (PCCW) systems

which could target TAMs and promote immune destruction of tumor cells.'''%>

Obesity
Obesity is a metabolic disorder characterized by excessive accumulation of white adipose tissue (WAT), leading to low-
grade systemic inflammation and associated complications. The presence of macrophages within WAT contributes to this

inflammation, with increased pro-inflammatory M1-like macrophages in obese individuals.'®®'®®
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Figure 5 Enhancing precise recognition of M2 macrophages through combined Eat Me and Do not Eat Me signals. The interaction between the CD47 protein-derived Self
peptide and the SIRPa protein on macrophage surfaces activates the Do not Eat Me signaling pathway, resulting in the inhibition of macrophage phagocytosis. Furthermore,
the Do not Eat Me signal exhibits a tendency to suppress phagocytosis specifically in M| macrophages. Conversely, the recognition of lactose by the highly expressed lactose
receptor (MGL) on M2 macrophages triggers the Eat Me signal. The recognition between receptors and ligands shows selective range specificity, wherein the interaction
between lactose and MGL indirectly creates spatial hindrance against the Self peptide-SIRPo protein interaction, consequently inhibiting the response of M2 macrophages to
the Do not Eat Me signal. Reprinted from Tang Y, Tang Z, Li P et al. Precise delivery of nanomedicines to M2 macrophages by combining “eat me/don’t eat me” signals and its
anticancer application. ACS Nano. 2021; 15(11): 18,100~18,112. Copyright 2021, with permission from ACS publications.'%

M1-type macrophages contribute to tissue inflammation and insulin resistance, while M2-type macrophages are more
prevalent in lean individuals. Su et al, utilizing a combined treatment approach involving PHB P3 peptide-modified
RHDL to enhance the expression of brown adipocyte markers, reduce adipocyte size, and inhibit weight gain caused by
a high-fat diet.'®® Additionally, ASXL2 gene plays an important role in regulating macrophage response to dietary
factors. Therefore, deletion of the ASXL2 gene has been shown to increase caloric expenditure in obese mice.'”® In
a study by Liang et al, using polysaccharide nanocarriers spliced with anti-inflammatory drugs (D-70-drug) and
demonstrated that more than 63% of the administered nanoparticles accumulated in visceral adipose tissue and then

taken up by M1 macrophages through receptor-mediated endocytosis (Figure 6).'”!

Non-Alcoholic Fatty Liver Disease
NAFLD is a prevalent metabolic syndrome in obese populations, with non-alcoholic fatty liver (NAFL) and non-
alcoholic steatohepatitis (NASH) as its subtypes. Hepatic resident macrophages have an important role in the progression
of NAFLD. First, MCP-1 secreted by non-parenchymal liver cells recruits monocytes, which differentiate into macro-
phages and promote fibroblast activation.'”>"'”* Secondly, inflammation plays a crucial role, triggered by LPS binding to
Kupffer cell receptors, resulting in the release of cytokines and chemokines like TGF-f and IL-1 that contribute to
NAFLD pathogenesis.'”> """ Therefore, targeting lipid metabolism, inflammation, and macrophages can offer effective
treatment strategies for NAFLD (Figure 7).'7%!7

Since liver macrophages are the largest group of phagocytes in the body, nanoparticles tend to co-localize with these
cells. This characteristic can be utilized to deliver therapeutic agents specifically to the liver and macrophages, potentially
improving the treatment outcomes for NAFLD.*>!7%!7 For example, the results of Muralidhara et al showed that
liposome-encapsulated lipophilic curcumin significantly attenuated the inflammatory polarization of macrophages.'®'
And results from Celia Martinez-Sanchez et al also show that the treatment with dextran—dexamethasone reduced the
secretion of inflammatory chemokines and directly attenuated the pro-fibrogenic response in HSCs and liver spheroids.'®?
In addition, in the context of liver iron deposition, a nano-antioxidant named Snoman-HSA has been developed to target
Kupffer cells. By delivering nitric oxide (NO) and thiol groups to the liver, this nanodrug exhibits hepatoprotective
effects comparable to combined treatment with other nano-antioxidants and NO donors.'®*'®* Traber and Zomer used
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Figure 6 (A) Proposed mechanism of dextran-dexamethasone conjugate accumulation in obese Visceral Adipose Tissue (VAT), macrophage uptake, and uncoupling of the
paracrine loop between M| macrophages and adipocytes: (a) In obese mice following intraperitoneal left-side injection, dextran conjugates (highlighted in green) accumulate
in the left perirenal adipose tissue (AT) and left gonadal AT. The anatomical depiction shows mice with different fat depots: one mesenteric, two perirenal, and two gonadal
AT depots. (b) A transverse cross-section of the mouse abdomen illustrates the localization of the green dextran solution after administration into the peritoneal cavity.
(cInflamed adipose tissue enables rapid association of dextran conjugates with M| macrophages by transport across the peritoneum to directly access interstitial cells. (B)
Dextran nanocarrier uptake by myeloid cells in the adipose tissue of obese mice. Obese mice were intraperitoneally injected with D-70-fluor. Twenty-four hours later; the
left gonadal adipose tissue was isolated, sectioned, and stained with Hoechst dye. Confocal laser scanning microscopy images show the Hoechst channel (top left), the
D-fluor channel (top right), bright-field microscopy (bottom left), and the overlay (bottom right). D-70 was observed within the interstitial space between adipocytes. Scale
bars: 200 pum. (C) In vivo anti-inflammatory effects of D-70-drug in obese mouse VAT. Representative hematoxylin-and-eosin-stained images of paraffin-embedded gonadal
adipose tissue isolated from each mouse group. Scale bar: 100 um. Reprinted from Ma L, Liu TW, Wallig MA et al. Efficient targeting of adipose tissue macrophages in obesity
with polysaccharide nanocarriers. ACS Nano. 2016;10(7): 6952-6962. Copyright 2016, with permission from ACS publications.'”'

galactin-3 inhibitors to target inflammatory macrophage functions in liver diseases in mice. The treatment with galectin-3
resulted in regression of NASH and fibrosis.'®® In conclusion, targeting macrophages holds promise as a treatment option
for the management of NAFLD and steatohepatitis.

Rheumatoid Arthritis (RA)

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease characterized by macrophage aggregation in
synovial tissue, autoantibody production, synovitis, joint swelling, and cartilage and bone destruction.'®*'®” The
increased number of macrophages in the synovium of RA patients sustains chronic inflammation by releasing pro-
inflammatory cytokines (TNF-a, IL-1B, IL-6) and mediators like prostaglandins and chemokines. This process leads to
pain, increased infiltration of inflammatory cells, synovial angiogenesis, and joint destruction.'®® Targeting macrophages
in the treatment of RA can be achieved through two strategies: directly killing macrophages or reprogramming pro-

inflammatory M1 macrophages into anti-inflammatory M2 macrophages.'®%"'*
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Figure 7 PLGA nanoparticle-based delivery of SYK pathway inhibitors for NASH treatment. This study utilized R406, a small molecule inhibitor, and synthesized PLGA
nanoparticles to block the Fc receptor signaling pathway, specifically inhibiting the SYK pathway and reducing immune complex-mediated inflammation. Reprinted from

Kurniawan DWY, Jajoriya AK, Dhawan G et al. Therapeutic inhibition of spleen tyrosine kinase in inflammatory macrophages using PLGA nanoparticles for the treatment of
non-alcoholic steatohepatitis. | Control Release. 2018; 288: 227-238. Creative Commons.'®°

One approach involves using clodronate, a bisphosphonate that induces apoptosis in macrophages. To target macro-
phages specifically, clodronate can be encapsulated in liposomes. Animal experiments using low-dose liposomal
clodronate injections have shown a temporary reduction in joint swelling and slowed the progression of RA. However,
clodronate may cause synovitis, and rapid clearance of nanoparticles by macrophages in the reticuloendothelial system
(RES) can lead to reduced drug availability. Overcoming these challenges in selectively delivering nanodrugs to targeted
organs remains a significant task.'*'"!

Alternatively, modulation of the inflammatory microenvironment within joints can convert M1 macrophages to anti-
inflammatory M2 macrophages to alleviate inflammation. Delivering IL-10 plasmid DNA nanoparticles can promote
macrophage polarization from an M1 to an M2 phenotype (Figure 8).'°? Folate-modified silver nanoparticles (FA
AgNPs) have been developed to actively target M1 macrophages and induce their reversion and polarization to M2
macrophages, effectively treating RA.'”> pH/ROS dual-responsive carriers loaded with glucocorticoids and surface-
modified with RGD peptide have also been used and demonstrated that these nanomedicines were readily phagocytosed
by macrophages and synovial cells, promoting the transformation of M1 macrophages into an M2 phenotype, thereby
reducing inflammation, swelling, and joint destruction in mice.'”*

Atherosclerosis
Atherosclerosis is a progressive inflammatory disease characterized by lipid accumulation and macrophage infiltration in
the arterial wall. It can lead to the formation of atherosclerotic plaques, narrowing the arteries. Macrophages play
a crucial role in atherosclerosis by absorbing lipoproteins, contributing to plaque formation, and secreting inflammatory
mediators.' %7

Nanomaterial-based therapies targeting macrophages in atherosclerosis show promise. Lowering lipid levels can
promote regression of atherosclerosis by inducing an M2-like phenotype in plaques. Therefore, strategies that induce
macrophages to transition into an M2 polarization state may be beneficial in treating atherosclerosis.'”®'*® Such as

amino-functionalized hyaluronic acid nanoparticles (HA-NPs) could selectively target macrophages associated with
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Figure 8 Engaging molecularly engineered M2 macrophage-derived exosomes with inflammation tropism and anti-inflammatory capabilities for co-delivery of IL-10 pDNA
and GCs to achieve rheumatoid arthritis (RA) treatment via M|-to-M2 macrophage repolarization. Reprinted from J Control Release, 341, Li H, Feng Y, Zheng X et al. M2-type
exosomes nanoparticles for rheumatoid arthritis therapy via macrophage re-polarization. 16-30. Copyright 2022, with permission from Elsevier.'*

atherosclerotic plaques, reducing inflammation, and transforming M1-type macrophages into M2-type macrophages.>*’

In addition, inducing M2 polarization by upregulating fatty acid oxidation (FAO) has shown the potential to reduce
atherosclerosis occurrence. Targeting scavenger receptor B type I (SR-BI) using a peptide ligand and a macrophage-
targeted lipid nanoparticle loaded with an inhibitor of the CD40-induced inflammatory NF-kB pathway could suppress
inflammation in plaques.”®'*°* In addition, specific drug delivery systems have been developed to promote cholesterol
efflux in macrophages/foam cells. This strategy could reduce cellular cholesterol accumulation, improving mobility,
decreasing lipid storage, and redirecting macrophages towards an M2 phenotype.>*®

The design of biomimetic nanocarriers based on cellular biological actions also has great potential in atherosclerosis
treatment. Gao et al designed ROS-responsive nanoparticles with lovastatin as a model drug and macrophage membranes
as the outer layer, which could target atherosclerosis based on macrophage inflammatory chemotaxis and also improve

the therapeutic effect on mouse atherosclerosis (Figure 9).2%*

While Wang et al coated macrophage membranes (MM) on
the surface of rapamycin-carrying PLGA nanoparticles (RAPNPs) to prepare bionic nanoparticles (MM/RAPNPs), MM/
RAPNPs can be effectively targeted and accumulated in atherosclerotic lesions, thereby slowing down the progression of
atherosclerosis.?> Second, the macrophage’s tropism for atherosclerosis makes it an effective carrier to target athero-
sclerosis. Hu et al constructed macrophages loaded with the Tetrapod PdH Nanoenzyme, which could be targeted to the
arterial plaques, thereby decreasing the level of ROS, and significantly inhibiting inflammation-associated pathological
processes. In addition, the tip-like morphology of the PdH nanoenzyme could further trigger a strong autophagic

response in macrophages, which could synergistically maintain intracellular homeostasis.**®

Inflammatory Bowel Disease (IBD)

Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), is a chronic inflammatory
disorder of the gastrointestinal tract. Macrophages play a protective role in the healthy intestinal epithelium by defending
against pathogens. Disrupted cytokine balance leads to monocyte infiltration and differentiation into tissue-resident
macrophages, releasing pro-inflammatory cytokines that exacerbate inflammation.”*” During steady-state, monocytes
recruited to the gut differentiate into mature tissue-resident macrophages with an anti-inflammatory M2-like phenotype.
These macrophages secrete cytokines like IL-10 and TGF-f, enhancing the epithelial barrier integrity and promoting
stem cell renew.”’” Therefore, IBD treatment methods always impact macrophage function by inhibiting inflammatory
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210,211

signaling or inducing M2 polarization.?*®?% Approaches like adoptive transfer of M2 macrophages, oral admin-

istration of Lupeol, tumor necrosis factor o stimulated gene 6, IL-33, and probiotic butyric acid bacteria to adoptive
transfer of M2 macrophages have shown benefits for IBD treatment.?'* '

Nanomedicines offer a potential solution for targeted drug delivery to macrophages in inflammatory bowel disease
(IBD), effectively reducing inflammation and reversing the actions of macrophages. The interaction between nanoscale
carriers and macrophages facilitates their recognition and phagocytosis, enabling targeted imaging. In the context of IBD,
tumor necrosis factor-alpha (TNF-a) plays a crucial role in its pathogenesis. Zhen et al have constructed nanocomplexes
using konjac glucan (cKGM) combined with anti-TNF-a antisense oligodeoxynucleotides, which effectively reduced
local TNF-a levels in the colon and suppressed inflammatory symptoms. These findings demonstrate the potential of
using nanocomplexes as an approach to alleviate inflammation and counteract the actions of macrophages in IBD
(Figure 10).2'* Another approach involves using mannose-glycosylated cationic bioreducible polymers encapsulating
RNA interference (RNA1) against TNF-a. Targeting macrophages with this method significantly reduces TNF-a levels in
colonic tissues.?'® Hyaluronic acid (HA)-bilirubin nanomedicine (HABN) has been developed as a drug specifically
targeting CD44 receptors. This nanomedicine helps clear reactive oxygen species and modulate the gut microbiota for
mucosal repair.”'” In addition, gelatin microspheres loaded with IL-10 have also been employed to enhance the

effectiveness of IBD treatment.>'®
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Figure 10 The microspheric vehicle, 3# KPM, composed of cationic konjac glucomannan (cKGM), phytagel, and an antisense oligonucleotide against TNF-a, showed anti-
colitis activity. (A) Body weight changes were observed over time. (B) Survival analysis. (C) Disease activity index was calculated to evaluate the severity of colitis. (D)
myeloperoxidase (MPO) activity determination. (E and F) Colon length was measured as an indicator of inflammation and tissue damage. (G and H) Colon sections were
stained with H&E and histopathological scoring was conducted to assess inflammatory cell infiltration and tissue damage. Scale bar: 100 um. (I) The levels of colonic
inflammatory cytokines (IL-1B, IL-6, IL-12p70, and IL-23) were determined in DSS colitic mice with different treatments. Results are expressed as the mean (SEM). *p<0.05.
Reprinted from Biomaterials; 48, Huang Z, Gan J, Jia L et al. An orally administrated nucleotide-delivery vehicle targeting colonic macrophages for the treatment of
inflammatory bowel disease. 26-36. Copyright 2015, with permission from Elsevier.2'®

Conclusion

In conclusion, macrophages play a pivotal role in immune responses and have emerged as crucial therapeutic targets in
various diseases. Macrophages are an important part of the body’s immune system. Therefore, the development of tumors
and inflammatory and immune-related diseases such as NAFLD, IBD and RA is accompanied by macrophage dysfunc-
tion and mis-polarization. Therefore, it is an important therapeutic target in these diseases. Relevant drug formulations
are already undergoing clinical trials. Compared with conventional drugs, nanomedicines show unique advantages in
improving the stability and solubility of drugs, and based on the characteristic of macrophage recognition of phagocytosis
of foreign substances, it makes nanomedicines can easily contact with macrophages and exert therapeutic effects.

In the physiological environment, carriers will adsorb serum proteins soon after entering the body, and the
conditioning elements in serum will enhance the recognition of carriers by macrophages. However, different carrier
materials have different properties, so their interaction with macrophages will be different. Here we have compiled a list
of the effects of physical and chemical properties of carriers such as particle size, hardness, traits and potential on their
interaction with macrophages, in general, in the range of 10~5000 nm, carriers with larger particle size, softer surfaces,

higher roundness and stronger positive potentials will enhance interaction with macrophages.
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In addition, targeted drug delivery systems offer a promising approach to delivering drugs specifically to macro-
phages, thereby enhancing efficacy while minimizing toxicity. Passive targeting exploits the phagocytic activity of
macrophages, allowing nanoscale carriers to accumulate in tissues abundant in macrophages. However, when macro-
phages need to be targeted outside these tissues, barriers must be overcome for carriers to reach the desired sites. Active
targeting strategies employ macrophage-specific ligands on carrier surfaces to enhance recognition and uptake by target
macrophages, thus improving drug delivery efficiency. While liposomal clodronate formulations have already found their
way into clinical applications, further research is needed to fully grasp macrophage targeting and develop personalized
drug delivery systems. Overcoming challenges such as heterogeneous macrophage populations, fluctuating marker
expression, and real-time monitoring of changes in macrophage phenotypes and functions remains critical.?'’

The role of nanomedicines in modulating the role of macrophages to enhance disease treatment is generally divided into
three main blocks, including 1) inhibition of macrophage recruitment, 2) direct killing of macrophages and 3) repolarization
(re-education) of macrophages. For the inhibition of macrophage recruitment, some drugs have been clinically validated and
have achieved some efficacy. However, the strategy is focused on the control of the disease. Direct killing of macrophages is
generally carried out by liposomes encapsulating clodronate, which is effective and simple. However, there are greater safety
concerns with this approach, as this killing is not selective. Re-education of macrophages, on the other hand, has better
expectations and has received a lot of attention because of its higher safety profile and its ability to convert pathogenic
macrophages into therapeutic macrophages. In this regard, it is worth noting that some of the nanomedicine carrier materials
themselves have certain macrophage re-education properties, and thus the organic combination of carrier material design and
encapsulated drugs may be a more valuable breakthrough direction in the future.
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