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Abstract: Macrophages have been extensively used in the development of drug delivery systems,
as they can prolong the circulation and release of drugs, extend their half-life, increase their stability
and targeting ability, and reduce immunogenicity. Moreover, they have good biocompatibility and
degradability and offer abundant surface receptors for targeted delivery of a wide variety of drugs.
Macrophage-mediated drug delivery systems can be prepared by loading drugs or drug-loaded
nanoparticles into macrophages, macrophage membranes or macrophage-derived vesicles.
Although such systems can be used to treat inflammation, cancer, HIV infection and other diseases,
they require further research and optimization since they have been assembled from diverse sources
and therefore can have quite different physical and chemical properties. Moreover, potential cell-
drug interactions can limit their application, and the biological activity of membrane proteins might
be lost during membrane extraction and storage. In this review, we summarize the recent advances
in this field and discuss the preparation of macrophage-mediated drug delivery systems, their
advantages over other delivery systems, their potential applications and future lines of research.

Keywords: macrophage, macrophage membranes, drug delivery systems, inflammation,
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Introduction
Most drugs used in the clinic have short half-lives, their concentration in blood fluctuates
widely, they are not easily eliminated from the body, they show low targeting ability, and
they elicit adverse reactions. To address these disadvantages, several chemical and
biological carriers have been developed to serve as drug delivery systems. Among
them, nano-drug delivery systems have attracted particular attention as drug, gene, or
vaccine carriers because of their good biocompatibility, low toxicity, and controllable
release in vivo.! However, their applications have been limited so far because nanofor-
mulations, like other exogenous biomaterials, are recognized by the immune system as
invaders and are quickly eliminated from the circulation by the mononuclear phagocyte
system (MPS).Z’3 Currently, the most common method to reduce clearance by MPS is to
modify the surface of nanoparticles (NPs) with polyethylene glycol (PEG).* ® However,
PEGylated NPs may also induce the “accelerated blood clearance” (ABC) phenomenon
in experimental animal models, which can greatly reduce their safety and effectiveness.’
Therefore, several challenges that hinder the clinical application of nano-agents, such as
rapid clearance from the blood circulation and limited ability to overcome multiple
physiological barriers, still need to be addressed.

In recent years, new biomimetic carriers have been developed for drug delivery to
overcome the inherent limitations of nanomaterials, avoid recognition by the MPS, and
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prolong circulation time. In particular, cell-mediated drug
delivery using red blood cells, neutrophils, macrophages,
stem cells, lymphocytes and tumor cells has attracted extensive
attention,®” as these cells can target blood vessels while evad-
ing immune system clearance, they remain relatively inert in
the circulation, and they perform specific functions such as
nutrient delivery to tissues, pathogen elimination, and targeted
drug delivery.'” Biodegradable NPs coated with natural red
blood cell membranes have also been developed, which persist
in circulation for a long time and prevent the ABC effect of
PEG.11J2

The pathogenesis of most diseases involves innate and
adaptive immune responses, especially those related to the
infiltration
Macrophages are immune cells involved mainly in innate

and transport of immune tissue cells.
and adaptive immunity. In response to inflammation, macro-
phages are activated and they concentrate at the inflammation
site, where their main function is to phagocytose and digest cell
debris and pathogens, as well as activate lymphocytes or other
immune cells.”>'> A large number of macrophages infiltrates
the tumor microenvironment, significantly affecting tumor
growth, metastasis, and drug therapy.'®!’

These properties make macrophages good carriers of
small-molecule drugs or macromolecules such as proteins
and nucleic acids. Biomimetically modified drug delivery sys-
tems using macrophages, macrophage membranes or macro-
phage-derived vesicles harness the long circulation time,
abundant surface receptors, and active targeting ability of
macrophages. They show great potential to overcome the low
biocompatibility, short cycle time, and undesirable immuno-
genicity of common carrier materials. In this review, we sum-
drug-
loading methods, and potential clinical applications of macro-

marize the development, sources, advantages,
phage-mediated drug delivery systems. This may provide

a reference for further research.

Development of
Macrophage-Mediated Drug

Delivery Systems

A macrophage-mediated nanoparticle delivery system for anti-
retroviral drugs was first reported in 2006."® A similar
approach using mononuclear macrophages was also applied
to transport therapeutic NPs to tumor sites,'” as well as to
deliver drugs for the treatment of Parkinson’s disease.”’
Nanoporous silicon particles were later encapsulated with
purified mononuclear macrophage membranes, resulting in
materials with macrophage-like functions.”' Based on these

encouraging findings, the application of macrophages as car-
riers for the delivery of drugs with different properties has been
significantly expanded in order to study and treat various
conditions such as cancer,”” inflammation,”> and HIV
infection®* (Table 1).

Sources of Macrophages

Monocytes circulate in the blood and can cross the endothelial
barrier to differentiate into tissue macrophages, also known as
mononuclear macrophages.”>*® Two major classes of macro-
phages have been studied: primary macrophages extracted
from animals, which include mainly bone marrow-derived

27,2 2 .
728 alveolar macrophages,”” and peritoneal

macrophages,
macrophages;*® and macrophages cultured in cell banks,
including mouse mononuclear macrophage leukemia cells
(RAW  264.7),>"*? mouse mononuclear macrophages
(J774A.1),>®> and human acute mononuclear leukemia cells

(THP-1).3

Advantages of
Macrophage-Mediated Drug
Delivery Systems

Prolongation of Drug Circulation Time
and Half-Life

Generally, the lifespan of macrophages ranges from several
months to years, which is longer than the circulation time of
conventional drug carriers in the body. Macrophages, as
immune circulating cells, are part of the MPS, so macro-
phage-mediated drug delivery systems can be recognized as
“self” by the host.”® Therefore, drug-carrying macrophages
can escape host defense mechanisms, thus extending a drug’s
circulation time and half-life. For instance, NPs encapsulated
in macrophage-derived microvesicles prepared for the tar-
geted treatment of rheumatoid arthritis remained at the lesion
site for more than 24 h after administration, significantly
longer than that of naked NPs, indicating that they can extend
the half-life of the drug.?® In another approach, gold nano-
shells coated with macrophage membranes were used to
enhance the photothermal treatment effect of tumors.*
Naked nanoshells disappeared nearly completely from the
blood by 24 h post-injection, but 30% of membrane-coated
nanoshells could still be detected after 48 h (Figure 1).
Therefore, macrophages can be used effectively as drug car-
riers to prolong the circulation time and half-life of drugs,
reducing the frequency of drug administration.
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Figure | (A) In vivo circulation time and (B) accumulation of naked or membrane-coated gold nanoshells at tumor sites.

Notes: Reprinted with permission from Xuan M, Shao J, Dai L, Li J, He Q. Macrophage cell membrane camouflaged Au nanoshells for in vivo prolonged circulation life and
enhanced cancer photothermal therapy. ACS Appl Mater Interfaces. 2016;8(15):9610-9618. Copyright (2016) American Chemical Society.>

Abbreviations: AuNS, naked gold nanoshells; MPCM-AuNS, gold nanoshells coated with macrophage membranes; PBS, phosphate-buffered saline.

Good Biocompatibility and
Biodegradability

Nano-drug delivery systems based on polymer materials have
always attracted attention for biomedical applications because
of their potential biocompatibility and biodegradability.
However, existing polymer materials are not completely
inert, which prevents their clinical application as drug
carriers.*® Therefore, macrophages have been used to replace
polymer materials due to their potentially higher biocompat-
ibility and ability to be fully metabolized into safe, non-toxic
products. For example, iron oxide NPs coated with macro-
phage membranes have been found not to affect body weight
or blood biochemistry of ICR mice up to 30 days after intra-
venous injection, nor did pathology reveal obvious toxicity to
major organs.”’

Improvement of Drug Stability and Low

Immunogenicity

Given that macrophages, as immune cells, can escape phago-
cytosis by MPS, loading drugs into those cells can also protect
the drugs from phagocytosis. In addition, the macrophage cell
membranes can protect the loaded drugs from premature inac-
tivation and degradation by endogenous factors. Studies have
shown that membrane-wrapped nanoporous silicon particles
can effectively escape immune system surveillance, avoid the
action of opsonins, delay uptake by MPS, bind preferentially to
inflammatory endothelial cells, and promote the transport of
drugs to endothelial cells while avoiding the lysosomal
pathway.?' Recently, loading doxorubicin (DOX) into meso-
porous silica nanocapsules encapsulated by macrophage cell

membranes was shown to reduce uptake of the drug and allow
the NPs to evade the immune response.®® Therefore, biomi-
metic drug delivery systems based on macrophage membrane-
wrapped drugs can increase drug stability and reduce
immunogenicity.

Sustained Drug Release

Macrophage cell membranes are flexible, semi-permeable and
composed of phospholipids. Their main function is to selec-
tively exchange substances, absorb nutrients, discharge meta-
bolic waste, as well as secrete and transport proteins.®® The
loading of drugs into macrophages can result in slow and
continuous drug release. For example, loading DOX into
mesoporous silica nanocapsules resulted in sustained release
of the drug for more than 72 h due to the diffusion barrier
provided by the macrophage membranes.*® Loading the
enzyme catalase into a macrophage-nanozyme delivery sys-
tem, which may be a treatment against Parkinson’s disease,
allowed it to be released in a catalytically active form for more
than 24 h, whereas naked catalase was rapidly degraded.*’
Indeed, macrophages can serve as “nanozymes” to allow
slow release of enzymes into the blood.?” Therefore, macro-
phage-mediated drug delivery systems can be used to effec-
tively prolong the release time of a drug, significantly reduce
the fluctuation of drug concentration in the blood, and improve
drug efficacy.

Improvement of Drug Targeting Ability
The targeting ability of most drugs is low, causing a series of
toxic side effects. Loading drugs into NPs may reduce such
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effects, but naked NPs can be easily phagocytosed and cleared
by MPS, as they lack active targeting properties. Macrophages,
as circulating guards, can home to inflammatory sites and
tumors, while helping their cargo avoid the body’s defense
mechanisms.** Macrophage-mediated drug delivery systems
display the same surface receptors and proteins as the original
macrophages from which they were produced, and these sur-
face proteins can interact with desired targets. For instance, the
membrane  proteins CDI4 and TLR4  bind
lipopolysaccharide,”' and CD44 and Mac-1 bind inflamed
endothelium expressing abundant P-selectin and ICAM-1.%
Several membrane receptors bind proinflammatory cytokines:
CDI120a and CD120b bind tumor necrosis factor (TNF);
CD126 and CD130, interleukin 6 (IL-6); and CD119, inter-
feron-y (IFN-y).*! These interactions help recruit macrophages
to tumor sites, since the tumor microenvironment often resem-
bles a situation of chronic inflammation.** Through such sur-
face receptors, macrophage-mediated drug delivery systems
can deliver their cargo deep into the hypoxic regions of
tumors.* In one study, wrapping drug-loaded liposomes with
macrophage cell membrane led to anti-breast tumor activity
that was nearly double that of naked liposomes.** Another
study confirmed the ability of the macrophage membrane to
target NPs to tumors by comparing the intratumor fluorescence
signal between “upconversion” NPs with or without
a membrane wrapping.*’

Delivery of Various Substances

Several studies have demonstrated that macrophages can be
used to efficiently deliver a wide variety of substances. For
example, macrophage membranes can encapsulate poly (lac-
tic-co-glycolic acid) (PLGA) NPs,*' liposomes,** chitosan,*®
Au NPs,*® Fe;0, NPs,*” and SiO, NPs.*® Macrophages can
also be loaded with nanozymes™ and various natural small-
molecule drugs under conditions that preserve their biological
activity.

Drug-Loading Methods for
Macrophage-Mediated Drug Delivery
Systems

Direct Loading of Drugs or Drug-Loaded
NPs into Macrophages

Incubation

Incubation is the oldest and most commonly used method to
load drugs into macrophages. Macrophages are incubated
with drugs or drug-loaded NPs under appropriate culture

conditions, and the macrophages phagocytose the drugs.”’’

Adhesion

In order to develop drug delivery systems that can success-
fully encapsulate and release drugs in a controlled manner,
researchers used a phagocytosis-resistant “cellular back-
pack”, which is a thin film prepared via a layer-by-layer
spray deposition technique.*”*® Different backpack layers
were loaded with different substances and attached to
macrophages, forming cell nanocomplexes that not only
retained the native cell functions, but also targeted solid
tumors*’ and brain disorders.*® Backpack adhesion did not
affect macrophage health or proliferation, suggesting that
the approach does not show undesired toxicity.

Low Permeability Resealing

Target-specific delivery systems limit the in vivo degrada-
tion of antioxidant enzymes, which are good therapeutic
agents. For example, the membrane-impermeable enzyme
catalase was packaged into THP-1 cells using this
method.*” The enzyme’s antioxidant activity was boosted
by the resulting targeting ability.

Electroporation

Electroporation can increase drug loading without requir-
ing cells to phagocytose it. In one study, for example,
macrophages were suspended in electroporation buffer
containing DOX and transferred to an electroporation
tube.’® The cells were electroporated, and DOX diffused
into the cells through the small pores. This system can be
quite reproducible, fast and cost-effective.

Encapsulation of Drugs or Drug-Loaded
NPs Within Macrophage Membranes or

Macrophage-Derived Vesicles

Encapsulation Within Macrophage Membranes

There are about 1000 types of proteins in the macro-
phage membrane, many of which recognize specific
inflammatory factors and tumor cells and play
a leading role in biological functions.’’ The structure
and activity of these proteins must be maintained during
extraction and purification of the membranes in order to
ensure that the resulting drug delivery system acquires
macrophage properties.*' Since macrophages contain
nuclei, numerous organelles, and lysozymes, the extrac-
tion of the macrophage membrane requires
a combination of hypo-osmotic swelling, mechanical
destruction, and several gradient centrifugation steps to
remove unruptured cells and cell contents. Protease

inhibitors should also be added to prevent degradation
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of the membrane proteins, while the entire extraction
process should be performed at low temperature to pre-

membrane 41

vent inactivation of the proteins.
Subsequently, the membranes are wrapped onto the sur-
face of the drug or drug-loaded NPs using ultrasonica-
tion and/or multiple mechanical extrusions, and the
spherical core—shell structure can be observed by trans-
mission electron microscopy. Hence, macrophage mem-
brane-mediated drug delivery systems combine the drug
core with the macrophage membrane, which not only
compensates for the rapid clearance of drugs in vivo,
but also exploits the functional properties of the
membrane.*'>?

Encapsulation Inside Macrophage-Derived Vesicles
In order to avoid the complex and inefficient macro-
phage membrane extraction method, which involves cell
fragmentation, density gradient centrifugation, and ultra-
centrifugation steps, macrophage-derived vesicles can be
used.>->* Macrophages are cultured in serum-free med-
ium and stimulated using cytochalasin B to secrete
macrophage-derived vesicles.”® The vesicles are purified
through multiple gradient centrifugation cycles. Using
this approach, researchers have encapsulated drug-
loaded NPs into vesicles for the treatment of rheumatoid
arthritis. Proteomic analysis showed that their membrane
proteins were similar to those of the macrophage mem-
brane, suggesting that their biological activities would
also be similar. Macrophage vesicle-encapsulated DOX
and paclitaxel (PTX) may be effective against triple-

: 53
negative breast cancer.

Applications of
Macrophage-Mediated Drug
Delivery Systems

Anti-Inflammatory Treatment

Inflammation is the body’s main defense against injury.
When inflammation occurs, a large number of monocytes
move to the lesion site and differentiate into macrophages,

which regulate inflammatory processes.

Macrophages
have been used as therapeutic agents or drug carriers to
target inflammatory sites and regulate the inflammatory

response.

Therapeutic Agents

When inflammation occurs, macrophages at the site of
inflammation produce a large number of pro-inflammatory
cytokines including TNF-qa, IL-6 and INF-y, which recruit

more macrophages in the circulatory system. Macrophage-
mediated drug delivery systems can retain the key membrane
proteins of the source cells, such as CD14 and TLR4, as well
as the related cytokine binding receptors, which can be con-
firmed using Western blot analysis. In fact, the membrane
derivatization process leads to the significant enrichment of
these molecules.*' Therefore, macrophage membrane-coated
empty NPs can, like the source macrophages, bind endotox-
ins and cytokines, inhibiting downstream inflammatory cas-
cades. Such NPs as therapeutic agents can, for example,
improve the survival of septic mice previously injected intra-
peritoneally with Escherichia coli*' In another study with
septic mice, macrophage-derived biomimetic NPs without
any drug, called leukosomes, interacted with macrophages
to down-regulate pro-inflammatory genes (IL-6, IL-1p, and
TNF-a) and up-regulate anti-inflammatory genes (IL-10 and
TGF-B), thereby prolonging survival.”

Drug Delivery

A dexamethasone-loaded drug delivery system, prepared
using the incubation method, inhibited NF-kB activity
and therefore inflammation to a similar extent as
a 5-fold higher concentration of dexamethasone.’® The
dexamethasone-loaded system also significantly reduced
kidney inflammation and fibrosis in mice with nephropa-
thy, and it significantly reduced the side effects of chronic
glucocorticoid therapy. Li et al prepared macrophage-
derived microvesicle-coated tacrolimus-loaded nanopar-
ticles (MNPs).?> CD44 and Mac-1 on the surface of the
MNPs bound to P-selectin and ICAM-1 on endothelial
cells in a mouse model of rheumatoid arthritis (Figure 2).
In this way, MNPs increased the anti-inflammatory effect
of tacrolimus and significantly inhibited arthritis progres-
sion. These results illustrate how macrophage-mediated
drug delivery systems can enhance the anti-inflammatory
efficacy of drugs.

Anti-Tumor Therapy

Macrophages can phagocytose and digest foreign sub-
stances, thus removing harmful substances, including cell
debris and tumor cells. The tumor microenvironment
includes a large number of infiltrated macrophages, known
as tumor-associated macrophages, which significantly affect
tumor growth, metastasis, and drug therapy.**>’ At present,
clinical anti-tumor drugs lack tumor targeting and cause
substantial side effects. To limit these disadvantages, the
encapsulation of common anti-tumor drugs such as PTX

and DOX into macrophages has been investigated.’*~*>°
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Figure 2 Schematic of the macrophage-derived microvesicle-coated tacrolimus-loaded nanoparticles (MNPs). MNPs could target sites of rheumatoid arthritis through

bound to P-selectin or ICAM-I| on endothelial cells.

Notes: Reprinted with permission from Li R, He Y, Zhu Y, et al. Route to rheumatoid arthritis by macrophage-derived microvesicle-coated nanoparticles. Nano letters. 2019;

19(1):124-134. Copyright (2019) American Chemical Society.”?

Macrophages on their own have been explored as therapeu-
tic agents. Appropriately loaded macrophages have also
been explored for drug delivery, photothermal therapy
(PTT) against tumors and for tumor imaging.

Anti-Tumor Therapeutic Agents

Macrophages are highly plastic and have different pheno-
types in different environments, leading them to different
functions. M1
macrophages.®' M1 macrophages initiate cytokine produc-

and M2 are important phenotypes of

tion in the tumor microenvironment, recruiting immune cells
that promote an immune response against tumor cells. In
contrast, M2 macrophages regulate the extracellular matrix,
promote angiogenesis and suppress immune responses and
thereby promote tumor progression and metastasis.

Sun et al demonstrated how macrophage phenotype could
be exploited to exert anti-tumor effects: treating macrophages
with an inhibitor of the colony-stimulating factor-1 receptor
polarized them to the M1 phenotype, stimulating phagocytosis
of tumor cells.®” Bioinformatics studies have suggested that
macrophages can influence multicellular gene networks in the
microenvironment of gliomas.**** Transmembrane TNF-o. is
an important cytokine with anti-proliferation activity. In one
study, empty chitosan NPs were encapsulated inside the mem-
brane of TNF-a-expressing macrophages, and the resulting
particles significantly inhibited cancer proliferation.*® These
examples illustrate how macrophages on their own can act as
therapeutic agents in the tumor microenvironment.

Anti-Tumor Drug Delivery

Due to the intrinsic homing characteristics of macrophages,
they can pass through the endothelial barrier and migrate to
tumor sites. DOX has been loaded into a macrophage biomi-
metic delivery system to allow its controlled release without

affecting its activity, and this system effectively inhibited
growth and metastasis of 4T1 breast cancer cells in mice

and prolonged their survival.®®

Macrophage membrane-
camouflaged liposomes and hollow bismuth selenide NPs
were prepared as drug delivery systems and shown to effec-
tively inhibit breast cancer lung metastasis.***° An M1
macrophage-biomimetic drug delivery system was able to
treat glioma, and its efficacy reflected the strong phagocytic
ability and good drug loading characteristic of the Ml
phenotype.®’” By exploiting the extracellular vehicles known
as exosomes, which are secreted by nearly all cells and have

specific surface markers,*®

one study prepared exosomes
from M1 macrophages and loaded them with PTX to prepare
the nano-formulation PTX-M1-Ex0s.* The formulation
enhanced the antitumor efficacy of PTX by activating the
nuclear factor-kB pathway and creating a proinflammatory
environment. Another study used electroporation to prepare
cisplatin-loaded exosomes from M1 macrophages, which

enhanced the free drug’s efficacy against lung cancer.”

Photothermal Therapy (PTT)

In photothermal therapy, materials with high photothermal
conversion efficiency are used to convert light into heat
energy after irradiation with an external light source (usually
near-infrared light), and the heat kills nearby cancer cells.”’
Various nanomaterials with good photothermal conversion
properties have been reported, such as graphene oxide
nanosheets,’> carbon nanotubes,””> and gold nanorods.”*
Encapsulating such materials with macrophage membranes
can lead to drug delivery systems with good photothermal
conversion ability, biocompatibility, ability to escape
immune responses, and ability to target tumors. This has
been demonstrated using gold nanoshells against breast can-
cer (Figure 3),%° and using reduced graphene oxide loaded
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Figure 3 (A) Schematic illustration of the preparation and (B) in vivo photothermal cancer therapy of macrophage cell membrane (MPCM)-camouflaged Au nanoshells

(MPCM-AuNS).

Notes: Reprinted with permission from Xuan M, Shao J, Dai L, Li J, He Q. Macrophage cell membrane camouflaged Au nanoshells for in vivo prolonged circulation life and
enhanced cancer photothermal therapy. ACS Appl Mater Interfaces. 2016;8(15):9610-9618. Copyright (2016) American Chemical Society.>

with DOX.” In the latter case, chemical modification of the
graphene oxide nanosheets increased their photothermal
conversion efficiency.

Tumor Imaging

Fluorescence-based imaging of tumors is of great signifi-
cance for the early detection of cancer and the study of cancer
metastases. However, traditional imaging agents rely mainly
on tumor penetration and retention effects to achieve passive
tumor targeting in vivo, which greatly limits the possibilities
for tumor imaging. Wrapping upconversion NPs with macro-
phage vesicles allows them to adhere to macrophages and
thereby target tumors, improving tumor imaging.*’

Anti-HIV Therapy

The HIV virus can decimate the population of CD4
T-lymphocytes in the human immune system, signifi-
cantly reducing immune function. Indinavir, a specific
inhibitor of HIV protease, has been encapsulated within
bone marrow-derived macrophages, and in one study in
mice, this formulation led to continuously increasing
drug levels in tissues, serum, and urine for 10 days,
giving rise to a sustained antiretroviral response and
immune reconstitution that lasted up to 14 days.'® This
formulation also reduced the load of HIV-1 virus in the
mouse brain,’® which may reduce the risk of neurologi-
cal complications of HIV infection.

Treatment of Other Diseases
Macrophages have been used for the delivery of catalase,
which effectively crosses the blood-brain barrier and

significantly reduces the neuroinflammation and degenera-
tion of substantia nigra in mice with Parkinson’s disease,
thus achieving active targeting therapy.”**”"”

Bacterial recognition receptors on the macrophage
membrane can recognize pathogen-associated molecular
patterns in bacteria. Therefore, macrophages have been co-
cultured with bacteria to significantly increase the expres-
sion of recognition receptors on the macrophage
membrane.”® These membranes were then wrapped around
gold-silver nanocages to generate a biocompatible nano-
drug delivery system that targeted those bacteria at sites of
infection after local or systemic injection.

Atherosclerosis is a typical vascular disease, and
macrophages play an important role in the pathological
progression of atherosclerosis.”” Macrophage-mediated
drug delivery can be targeted to atherosclerotic lesions
by exploiting the specific recognition between integrin
041 on the macrophage membrane and the atherosclerotic
vascular adhesion molecule VCAM-1. In one study, this
system targeted endothelial cells, in which it eliminated
than 90% of

Subsequently, macrophage membranes were found to

more reactive oxygen species.®’
improve not only the targeted delivery of NPs to the lesion
site, but also to scavenge pro-inflammatory factors and
thereby treat atherosclerosis.®

Amphotericin B has been encapsulated in macrophage
membrane vesicles for the treatment of intracellular
parasites.®' This system showed excellent biocompatibility
and reduced the drug’s inherent toxicity, while allowing

a lower dose to be used to achieve the same therapeutic effect.
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Summary

Macrophages are phagocytic cells in the human immune
system with key roles in injury, inflammation, and cancer.
Macrophage-mediated drug delivery offers many advan-
tages over traditional drug delivery methods, but the het-
erogeneity among macrophages used to build such
delivery systems has limited their clinical application. In
addition, how macrophages interact with drug cargo is
unclear, so it is difficult to predict whether the drug will
be degraded by endolysin. To ensure that macrophage-
mediated delivery systems retain the inherent functions
of macrophages, membrane surface proteins must be pro-
tected during extraction of the macrophage membrane, and
more research is needed into how to achieve this. Storing
macrophages in a way that preserves their biological activ-
ity remains a major obstacle to large-scale production.
Future work addressing these challenges may bring macro-
phage-mediated drug delivery closer to the clinic.
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