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ABSTRACT

Macrophages, being highly phenotypic changeable immune cells, have distinct functions in different clinical
situations. Modifying and managing macrophage morphologies is seen as a unique possible therapeutic
intervention. In the meanwhile, several transmembrane proteins that attach on the macrophage membrane's
surface remain comparatively preserved, maintaining its functional characteristics including tumor targeting and
inflammatory chemotaxis. As a result, a number of medication delivery mechanisms associated with certain
macrophage membrane proteins are often used to treat chronic inflammatory disorders. The regulation of
macrophage phenotypes and their polarization processes, the design and implementation of site-specific targeted
drug delivery systems in vivo based on macrophages and their derived membrane receptors, and a summary of
macrophage-based strategies for chronic diseases are all covered in this review. It seeks to advance knowledge
of macrophages' role in immunoregulation and suggests tailored therapy strategies based on macrophages for
chronic illnesses.
e Corresponding Author
Vamsi Krishna
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1. Introduction

Immune cells called macrophages are essential for controlling the inflammatory response, encouraging tissue
repair, and preserving dynamic homeostasis in the body via the regulation of innate immune responses [1]. The
immunomodulatory effects are used to eliminate infections, inhale allergens, and lessen infection once they
identify pathogen-associated molecules and link with pattern-recognition receptors to identify the damaged cells
[2]. The occurrence and development of a number of chronic diseases, such as cancers, inflammatory diseases,
metabolic diseases, and infectious diseases, are linked to the inappropriate activation or aberrant inflammatory
response of macrophages, which can disrupt their homeostatic functions and produce uncontrollable
inflammatory responses that can cause ongoing tissue and organ damage [3-8]. Macrophage-related
immunotherapies have been extensively developed lately to target this aberrant immune milieu and combat the
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processes of chronic illnesses, such as macrophage polarization, suppression of macrophage infiltration, and
removal of the damaged macrophages [9-12]. Macrophages may move to inflammatory areas in response to
certain chemotactic signals, including CCL2/CCR2, CSF-1/CSF-1R, and the a4integrin/VCAM-1axis [13,14]. To
target macrophages and mediate macrophage phagocytosis, membrane receptors such as scavenger receptors
and phosphati-dylserine receptors (PSR) are activated. Additionally, drug delivery systems that have been
altered to include the appropriate ligands may be able to precisely deliver medications by targeting macrophages
[15]. Due to the existence of particular receptors from the macrophage membrane (MM), macrophage-derived
extracellular vehicles (EVs) that load with contents also function as the targeted delivery tools for cell-cell
communication, including genes, endogenous proteins, and lipids [16,17]. Furthermore, to increase the
administration effectiveness, drug-loaded nanoparticle coating with MM or macrophage-derived extracellular
vesicle membrane (EVM), which may be passed off as macrophages or macrophageEVs, has been employed
extensively [13,18,19]. These functionalized drug delivery systems associated with macrophages also combine
the advantages of macrophages with nanoparticles to enhance effectiveness of drug delivery.
Here, we provide therapeutic approaches based on the modulation of macrophage phenotype in chronicillnesses.
We list the FDA-approved small molecule medications that influence macrophage polarization in light of our
understanding of how to modify the macrophage phenotype. In order to get a better understanding of
macrophage-based precise targeted drug delivery strategies for chronic inflammatory disorders, this review also
attempts to provide a succinct summary of the macrophage-related drug delivery system that has been recently
published. 2. Macrophages in the main illnesses Macrophages are very malleable cells that release a variety of
cytokines and chemokines and have a vast library of surface receptors that allow them to react to biological
stimuli. Macrophages may primarily differentiate into two phenotypes based on the cues from the
microenvironment: the alternative activated anti-inflammatory M2-like macrophages for anti-inflammation,
tissue healing, and remodeling; a) the traditionally activated pro-inflammatory M1-like macrophages for
phagocytosis and pathogen killing, tumor suppression, and tissue damage [20]. Because of the many
transcriptional processes and stimuli involved, M2 may polarize into M2a (wound healing macrophages), M2b
(regulatory macrophages), M2c (acquired inactivated macrophages), and M2d (tumor-associated macrophages,
or TAMs) [21-24]. Interleukin-4 (IL-4) and interleukin-13 (IL-13) trigger M2a, which suppresses inflammation,
stimulates T cell activation and angiogenesis, and releases paracrine substances to aid in tissue healing, cell
proliferation, and remodeling [25-27]. Pro-inflammatory cytokines like interleukin-1f (IL-1f), interleukin-6 (IL-
6), and tumornecrosis factor-a (TNF-a) are produced by M2b after being stimulated by immune complexes and
lipopolysaccharide (LPS). Additionally, M2b produces the anti-inflammatory cytokine interleukin-10 (IL-10),
which is primarily involved in immunomodulation and Th2 activation, with potent immunomodulatory, pro-
infectious, and pro-tumor effects [28-30]. Induced by transforming growth factor-f (TGF-f8), glucocorticoids, or
IL-10, M2c promotes tissue healing via angiogenesis and extracellular matrix remodeling and contributes to
immunosuppression by negatively regulating pro-inflammatory cytokines [31, 32]. Toll-like receptors (TLR),
adenosine receptors, and [L-6 all cause M2d, which increases immunosuppression, angiogenic tumor growth, and
tumor tolerance by inhibiting anti-tumor T cell activity [33, 34]. The great degree of variation in macrophages'
participation in pathogenic processes is due to their very changeable phenotype. Additionally, the body's immune
responses and the onset of illness are strongly regulated by the balance of the M1 and M2-like macrophage
phenotype [35]. Therefore, treatment approaches that modify the macrophage phenotype to influence the
development of illness are very desirable [36-38].
The importance of comprehending the diversity and pleiotropic roles of macrophages in both health and illness
has grown lately. In addition to having distinct functions in various tissues and organs, different macrophages
are also implicated in the same illnesses. Inflammatory illnesses are intimately associated with macrophages that
are drawn to the lesion site and remain in the tissue [39]. Here, we first go over the characteristics and
management of macrophage polarization in chronicillnesses in order to provide an efficient method for treating
inflammatory disorders. Macrophages in cancer Cytokines like IL-4, macrophage colony-stimulating factor-1
(MCSF-1), and granulocyte-macrophage colony-stimulating factor (GM-CSF) secreted by tumor cells cause
macrophages to polarize into M2-like TAMs, a pro-tumor trait. They also increase the secretion of transforming
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growth factor-31 (TGF-f1) and Arginase-1 (Arg-1) to suppress immune responses, promote tumor development,
invasion, and metastasis [40,41]. Targeting By inhibiting the release of KrasG12D protein from tumor cells, Dai
et al. were able to delay the development of pancreatic ductal adenocarcinoma by preventing macrophages from
polarizing into tumor-promoting M2-like TAMs [42]. Zhou et al. discovered that tumors that responded to
immune checkpoint inhibitors had much higher expression of SLFN11, a member of the schlafen (SLFN) family.
A tumor-specific SLFN11 loss exacerbated the development of hepatocellular carcinoma by increasing the
polarization and infiltration of M2-like TAMs [43]. As a result, controlling the macrophage phenotype has
emerged as a viable cancer immunotherapy strategy [44]. In inflammatory diseases, macrophages

Given the key role that macrophages play in the development of inflammatory disorders, targeting them to
suppress M1 or increase M2-like macro-phage polarization may be a viable treatment option for conditions
including atherosclerosis, colitis, and arthritis [45,46]. TLR and interferon (IFN) signaling dominate the
inflammatory milieu in which M1-like macrophage activation takes place, causing tissue damage and the
production of pro-inflammatory cytokines [45]. Conversely, M2-like macrophage activation encourages the
release of anti-inflammatory cytokines and growth factors, which results in the clinical remission of diseases [47,
48]. M2-like macrophages control the inflammatory process and release IL-10, TGF-3, and chemokine ligand 18
in the late stages of inflammation and tissue repair. These substances stimulate the growth of fibroblasts and the
production of collagen, which results in the development of organ fibrosis by creating a fibrous
microenvironment [45]. In order to treat bleomycin-induced idiopathic pulmonary fibrosis (IPF), Pan et al. found
that Sartl depression can reduce M2-like macrophage polarization and infiltration in the lung [49].
M1-like macrophages also contribute to the development of other diseases, including colitis, arthritis, and
atherosclerosis. Potential therapies for these illnesses include preventing M1-like macrophage infiltration and
polarization and/or encouraging M2-like macrophage polarization [45,50,51]. Spermidine was used by Yuan et
al. to slow the development of collagen-induced arthritis by reducing the polarization of M1-like macrophages
and encouraging the production of anti-inflammatory molecules [47]. Tollip, a crucial negative regulator of TLR-
mediated innate immunity, has been shown by Liu et al. to suppress the production of pro-inflammatory
cytokines in colon tissues, induce macrophage polarization into an M2-like phenotype, and preserve the integrity
of the mucosal barrier in the treatment of colitis [48]. In infectious diseases, macrophages

Macrophages can identify and absorb externally invading bacteria and viruses, and they may also release pro-
inflammatory mediators including TNF-q, IL-1f3, IL-6, interleukin 12, and nitric oxide (NO) to destroy pathogens,
according to emerging preclinical and clinical investigations of microbial or viral infection illnesses [52]. M1-like
macrophages mediate antimicrobial resistance and antiviral immune response, exhibit potent cytotoxic effects
on infected cells, and boost bactericidal activity and pro-inflammatory features in illnesses caused by
microorganisms or viruses. M2-like macrophages enhance tissue healing, exhibit an immunosuppressive
response, and block these effects [53-55]. Limetal discovered that M1-like macrophages produced more tumor
suppressor p53 during mycobacterial infection, and that p53 successfully prevented Mycobacterium tuberculosis
(Mtb) from surviving intracellularly in host cells [53]. Mannose-modified chitosan nanoparticles loaded with
imatinib were developed by Gao et al. to efficiently target and induce macrophage siture modeling, boost M1, and
block M2-like macro-phage polarization in order to eliminate the infection caused by the fungus Candida albicans
[54]. Gengetal discovered that by encouraging M1-like macrophage polarization, baicalin can prevent influenza
A virus infection [55]. As a result, preventing M2-like macrophage polarization and/or encouraging M1-like
macrophage polarization have emerged as viable strategies for infectious disorders caused by microbes or
viruses. Collectively, M1 and M2-like macrophages play distinct roles andmaintain the balance between each
other through polarization. Based onthe significant plasticity of macrophages in phenotypes, an immuno-therapy
that modulates macrophage phenotypes to maintain a coordi-nated inflammatory and anti-inflammatory balance
has became anessential direction of various disease treatment researches.
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2. CurrentstatusofFDA-approveddrugstargetingmacrophages

FDA-approvedsmallmoleculedrugsthatcouldregulatethe

Tablel
Summary of small molecule drugs with their corresponding FDA-approved dis-ease applications, and their

Drugs FDA- I g IMacrophagepol Corl:espondingdiseas Ref.

approvedappli arization e
cation
ofdisease
Cabazitaxel Prostatecancer M1 Triple-negative [56]
breastcancer
Mebendazole Anthelmintic M1 Coloncancer [57]
Itraconazole Anti-fungal M1 Candidaalbicans [58]
infection
Zoledronic Osteoporosis M1MM24 Osteonecrosisof [59]
acid thejaw
VitaminC Scurvy M1M™M2J Bladdercancer [60]
Pexidartinib Tenosynovial M2 Osteosarcoma [61]
giantcelltumor
Imatinib Chronic M2 Lungcancer [62]
myelogenous metastasis
leukemia
Pirfenidone Anti-fibrotic M2 Pulmonaryfibrosis [63]
Niclosamide Anti-helminthic M2 Pulmonaryfibrosis [64]
Penfluridol Schizophrenia M1l Arthritis,Colitis [65]

Table 1 summarizes the macrophage phenotype [56-79]. To treat disorders like cancer and organ fibrosis, some of them
encourage the polarization of M1-like macrophages or prevent the polarization of M2-like macrophages. To successfully
treat triple-negative breast cancer (TNBC), for instance, Cabazitaxel activates macrophages to the M1-like phenotype, which
enhances its anti-tumor potential of programmed cell elimination [56]. Furthermore, vitamin C, a substance that is
necessary for human health and can only be acquired via diet, may prevent bladder cancer by encouraging the polarization
of M1-like TAMs [60]. Pirfe-nidone inhibited the infiltration and polarization of M2-like macrophages via the TGF-
1/Smad3 axis to improve pulmonary fibrosis, in addition to treating cancer by controlling macrophage phenotype [63].
Conversely, certain FDA-approved small molecule medications treat associated diseases including atherosclerosis, colitis,
and arthritis by blocking M1 or encouraging the polarization of M2-like macrophages. Certain antihypertensive
medications, such as Losartan [70] and Guanabenz [69], may prevent M1-like macrophage polarization. However, research
has shown that medications used to treat type Il diabetes, such as Gliclazide [67], Metformin [75], Glibenclamide [76],
Dapagliflozin [77], and Sax-agliptin [78], may enhance M2-like macrophage polarization, while some of them can also
decrease M1-like macrophage polarization. Therefore, preventing obesity or diabetes-related disease may be achieved by
managing the repolarization of macrophages from the M1 to M2-like phenotype [80]. Sclerosis fumarate Developments in
the use of medication delivery methods associated with macrophages

Cell surface receptor-based drug delivery systems have the potential to enhance drug bioavailability, decrease medication
toxicity and adverse effects, and alter the immune microenvironment's equilibrium [81-83]. We separated these targeting
systems into three primary groups based on the various macrophage components used in the development of delivery


http://www.iajlb.com/

\ ISSN 2347-2243

www.iajlb.com
Indo-Am. J. of LifeSc & Bt.,,.2024 Vol.21 Issue.1, Jan 2024

Indo-American Journl of Lt Scinces and Biotechnology

systems (Fig. 1): (1) Drug delivery system targeted by macrophages Gliclazide treats Type Il diabetes M1l Atherosclerosis
[67] by altering the ligand on drug delivery systems that can identify the receptor on macrophage surfaces, which can scan

Doxycycline Antibiotics M1l Hypertension of the pulmonary arteries [68] specifically target macrophages at the target
locations to influence their Anti-hypertensive Guanaben M1!, M2— Autoimmuneencephalomyelitis M1, M2T Losartan
Anti-hypertensive Heart disease caused by sepsis. [69] [70] pathological process and halting the advancement of the illness;
(2) Macrophage-based drug delivery systems that possess the traits of home and inflammatory microenvironment
targeting, adapting to the macrophage or after functional modification as living macrophage drugs Chronic myelogenous
leukemia with bosutinib MM coated biomimetic drug delivery system based on MM targeting and camouflage capabilities,
as well as M1l, M27 Silicosis [71] delivery system; (3) Ibrutinib Long-term lymphocytic leukemia M1!, M2T [72] Chronic
lymphocytic leukemia Extracellular vesicles (EVs) released by macrophages may be used as gene/drug targeted delivery
systems or membrane-coated biomimetic drug delivery systems. Sulfasalazine Crohn's disease, ulcerative colitis, and
rheumatoid arthritis M1{, M2T Melanoma [73] can be built by doping or coating EV particles of mitonan. Mannose-modified
nanoparticles were created by Ponpipom and Robbinsetal as early as the 1980s in order to increase the effectiveness of the
particles’ absorption by alveolar macrophages [84,85] (Fig.2). And
Miconazole Fungicide M1{, M2T Damage to the peripheral nerves Metformin Type II diabetes M1l, M2T Mellitus
inflammation linked to obesity [74] [75] Other drug delivery methods linked to macrophages have also been recently
created and implemented [86-90]. More selectivity and treatment options are offered by these drug delivery methods,
where

Diabetes mellitus Type I Glibenclamide Diabetes mellitus, chronic kidney disease, and dapagliflozin type II M1, M2T TB
[76] M2T Fibrosis of the heart [77] Below, a detailed description of how to create and identify ligand-receptor
responsiveness will be provided. Drug delivery systems that target macrophages and are built via ligand-receptor specific
binding

Type I diabetes mellitus with saxagliptin Fingolimod Multiple sclerosis with relapses M2T Non-alcoholicfattyliver disease
M2T Damage from ischemic white matter Drug delivery systems that target macrophages are based on decorated
nanoparticles that bind to cell surface receptors such as CD206, CD44, and Siglec-1 receptors with particular ligands. The
decorated ligand on thenanoparticles such as mannose, chondroitinsulfate, and sialic "T"meansup-regulation;
"!"meansdown-regulation; and "—"meansun-changed" are the notes. -dextran, human ferritin, and acid may all bind to

macrophagemembranereceptors|13,15].Assuchactivetargeteddeliverysystem
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A: Macrophage-targeted drug delivery systems
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Fig. 1.Macrophage-related drug delivery system. (A) Macrophage-targeted drug delivery systems; (B)
Macrophage-based drug delivery systems. a) Macrophagemembrane coated delivery system and b)
Macrophage extracellular vesicle delivery system; (C) Macrophage-secreted drug delivery systems. a)
Macrophageextracellular vesicle and b) Macrophage extracellular vesicle membrane coated delivery
system.

Macrophage targeting Macrophage extracellular Macrophage extracellular vesicle

delivery systerm ‘ vesicle delivery system v membrane modified delivery system

G
@
v lkehara Y, et al.2006 [86] Parodi A, et al. 2012 [89]
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Ponpipom MM, et al. 1981 [84] Ramachandra L, et al. 2010 [87] 4 LiR, et al. 2019 [90]

Robbins JC, et al. 1981 [85] Akao Y, et al. 2010 [88]

v &

. Living macrophage @ Macrophage membrane @
v delivery systerm y modified delivery system

Fig. 2.Historical milestone for macrophage-related drug delivery systems. References: Ponpipom MM,
et al.[84]; Robbins JC, et al.[85]; Ikehara Y, et Akao Y et al. [88]; Parodi A et al. [89]; Ramachandra L et al.
[87]; LiR et al. [90]. capitalizes on the robust ligand-receptor interaction to perform controlled drug release,
imaging of cells, tissues, or organs, and active targeting of macrophages through receptor-dependent
internalization, further achieving the goal of disease tracking and treatment. These particular ligands were



http://www.iajlb.com/

\ ISSN 2347-2243

www.iajlb.com
Indo-Am. J. of LifeSc & Bt.,,.2024 Vol.21 Issue.1, Jan 2024

Indo-Amerian oumal o Lfe Siences and Biotechnology

categorized and shown in Table 2 and Figure 3. These consist of proteins and polypeptides, lipids, vitamins, and
mono- and poly-saccharides. Both mono- and polysaccharides Monosaccharides and polysaccharides are
examples of carbohydrate-based ligands that have the ability to selectively target macrophages. A common
monosaccharide-targeting ligand that binds mannose receptors (MR/CD206) is mannose. Wang et al. placed
mannose-modified magnetic nanoparticles on the surface of the drug-loaded liposomes to create a functionalized
dual-targeted drug delivery system with magnetic targeting and macrophage targeting for the treatment of IPF
[91]. Certain mannose derivatives, such as galactomannans, and mannose residues, such as methyl o-D-
mannopyranoside, may also selectively target the CD206 that macrophages express [112,113]. Tang et al.
synthesized functionalized liposomes modified with a galactose ligand that could target the galactose-specific C-
typelectin (MGL) expressed on M2-like TAMs and a CD47-derived self-peptide ligand that demonstrated active
escape from M1-like TAMs. The surface of liposomes was altered to include higher amounts of galactose (0.5%,
1%, and 2%), and M2-like macrophages subsequently absorbed these liposomes more readily [92]. In order to
connect with sialic acid-binding type Ilectin receptor (Siglec-1), which is overexpressed on M2-like macrophages,
Qiu et al. created sialic acid (a 9-carbon monosaccharide derivative) modified nanocarriers. When compared to
unmodified sialic acid nanoparticles in vivo, it accumulated almost three times as much in tumors. It then
preferentially transported medicines to TAMs for controlling the immune responses against cancers [93].
Additionally, polysaccharides can be altered on the surface of nanoparticles.
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Table2
Summaryofmacrophage-targeteddrugdeliverysystems.
Functio Ligandtypes Targetedmacrophages(T Recept Ligand Disease Ref.
n ype) or
For Monosaccharides RAW264.7,invivo(M2) CD206 Mannose IPF [91]
and
deliver polysaccharides RAW264.7,BMDMs(M2) MGL  Galactose Lymphoma [92]
y
RAW?264.7,invivo(M2) Siglec-1Sialicacid Sarcoma [93]
RAW264.7,invivo(M1) CD44 ChondroitinsUlcerativecoliti [94]
ulfate S
RAW264.7,invivo(M1) CD44 HyaluronicacColitis [95]
id
RAW264.7,invivo(M1) SR-A  B-Dextran Gliomas [96]
Polypeptides Invivo(M) p32 LyP-1peptide Atherosclerosis [97]
BMDMs(M) Stabilin S2Ppeptide Atherosclerosis [98]
-2
BMDMs(M) / NWpeptide Fracture [99]
Peritonealmacrophages,invi CD206 UNpeptide Breastcancer [100]
vo(M2)
Humanprimarybloodmonon CD206 mUNOpeptid Breastcancer [101]
uclearcells e
(M2)
BMDMs,invivo(M2) / M2peppepti Melanoma [102]
de
M) SR-B1 a-
J774A.1,RAW264.7,invivo( SR-B1 peptide37pA Atherosclerosis [103]
M) peptide
RAW264.7(M) SR-B1 R4Fpeptide Breastcancer [104]
Invivo(M) Legum AANpeptide Breastcancer [105]
ain
NRP-1 Tuftsinpeptid
e
BMDMs(M2) IL-4 ILARPep-1  Breastcancer [106]
proteins Humanprimarybloodmonon CD163 Anti-CD163 / [107]
uclearcells
(M2) antibody
BMDMs,invivo(M1) LRP-1 Lactoferrin Inflammatoryb [108]
owel
diseases
Lipids RAW?264.7,invivo(M) PSR Phosphatidyl Atherosclerosis [109]
serine
Vitamin RAW264.7(M1) FR Folicacid Rheumatoidart [110]
hritis
For Polypeptides Invivo(M) p32 LyP-1peptide Atherosclerosis [97]
imaging Peritonealmacrophages,invi CD206 UNpeptide Breastcancer [100]

vo(M2)
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Humanprimarybloodmonon CD206 mUNOpeptid Breastcancer [101]

uclearcells e
(M2)
proteins Invivo(M) TfR1  Ferritin Atherosclerosis [111]

acting as nanoparticles for oral delivery that target macrophages. After incubating modified silk fibroin
nanoparticles for 1, 2, and 4 hours, the cell internalization efficiency increased by 1.5-, 1.3-, and 1.1-folds
compared to non-modified silk fibroin nanoparticles. Gouet al. synthesized chondroitin sulfate, a
glycosaminoglycan, modified silk fibroin nanoparticles that could target CD44 on the macrophages. Additionally,
intravenous injection of NPs resulted in a larger buildup of curcuminin than oral administration of NPs.

the colon and considerably extended the duration of curcumin's retention in the bloodstream [94].
Polysaccharides, such -dextran (a homopolysaccharide made of glucose as a monosaccharide) and hyaluronic
acid (HA, a glycosami-noglycan) nanoparticles, may be employed as a structural foundation to create
nanoparticles due to their significant molecular weight. In order to control the dysregulated intestinal barrier,
microbiota, and immunological responses in colitis, Lee et al. created HA-bilirubin nanomedicine, which targeted
CD44 and delivered bilirubin to the inflammatory colonic epithelium and M1-like macrophages [95]. Miao et al.
used a prodrug coupled with dextran that specifically targeted intestinal macrophages and was subsequently
phagocytized by these cells. In order to treat gliomas specifically, the macrophages were then delivered to the
circulatory system via the lymphatic system and penetrated the blood-brain barrier (BBB) [96]. Proteins and
polypeptides Macrophage-expressed receptors, such as CD206 and folic acid receptors, are also extensively
expressed on dendritic and epithelial cells. On the other hand, macrophage-targeting peptides are more precise
[114]. The structural units that adorn the surface of drug delivery systems are peptides made of amino acids (Aa),
which are primarily made up of dozens or even hundreds of amino acids. One cyclic and tumor-homing peptide
that may preferentially bind to the p32 receptor protein, which is overexpressed on the macrophages in
atherosclerotic plaque, is the LyP-1 peptide (amino acid (Aa) sequence: CGNKRTRGC) [97]. Based on the
trifunctional simian virus 40, Sun et al. created an ananocarrier that was loaded with quantum dots and the
thrombin inhibitor Hirulog. This ananocarrier was able to effectively target the macrophages in the vascular wall
and increased by 3.4 times after being modified with LyP-1 peptide for imaging and drug-targeted delivery to
atherosclerotic plaque [97]. Tao et al. created poly (lactic-co-glycolic acid) (PLGA) nanoparticles loaded with
siRNA and modified with S2p peptide (Aa sequence: CRTLTVRKC) that could target macrophage-expressed
scavenger receptor stabilin-2 and increase macrophage uptake of PLGA by almost three times. By silencing genes,
they were able to prevent atherosclerotic plaque necrosis [98]. Zhou et al. created magnetic mesoporous silica
nanoparticles modified with the NW peptide (Aa sequence: NWYLPWLGTNDW) to target macrophages at the
fracture site, control the polarization of M2-like macrophages, and stimulate the differentiation of bone marrow
mesenchymal stem cells in conjunction with magnetic targeting and macrophage targeting [99]. According to
other research, NW peptide may interact with the surface of macrophages' PHB1 (prohibitin) [115]. Scodelle et
al. examined a number of peptide phages in the mouse model of metastatic breast tumors and discovered that
UNO peptide (Aa sequence: CSPGAKVRC), a redox-responsive peptide that targets CD206, may specifically target
TAMs that express CD206 [100]. Nevertheless, the reducing tumor microenvironment had to linearize the UNO
peptider, a reducing capacity absent from smaller tumors. Thus, based on the proposed UNO peptide, the
mUNOpeptide (Aa sequence: CSPGAK) may also target the CD206 without the need for a decreasing tumor
microenvironment [101]. Similarly, the same receptor on the surface of macrophages may be targeted by
peptides with entirely distinct sequences [102-105]. Qian et al. created a new M2-like TAMs dual-targeted nasal
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cavity that included M2pep (an M2-like macrophage binding peptide, Aa sequence: YEQDPWGVKWWY) and a-
peptide (ascavenger receptor Btypel (SR-B1) targeting peptide, Aa sequence: FAEKFKEAVKDYFAKFWD). When
bone marrow-derived macrophages (BMDMs) were exposed to these nanoparticles at concentrations of 0.1, 1,
and 10 pM, they produced M2-like macrophages that were noticeably greater than M1-like macrophages. This
led to the accumulation of 7.9-, 7.2-, and 5.3-folds, respectively. For the treatment of melanoma, it may precisely
suppress the survival signal of M2-like TAMs and target the distribution of siRNA [102]. Furthermore, the
apolipoprotein A-I was the source of 37pA peptide (Aa sequence: DWLKAFYDKVAEKLKEAFPDWLKA-
FYDKVAEKLKEAF) and R4F peptide (Aa sequence: FAEKFKEAVKDY-FAKFWD), which may also target the SR-B1
receptor [103,104]. When many polypeptides are modified at the same time, the nanoparticles perform more
complex tasks than when just one kind of peptide is modified. To improve drug absorption efficiency, Peng et al.
combined tuft-sin peptide (Aa sequence: TKPR) with alanine-alanine-asparagine (AAN, Aa sequence: AAN)
peptide. The AAN peptide may target legumain that is overexpressed on TAMsand then cleaved by pod protease,
and then the exposed tuftsin peptidetargeted neuropil-1 (NRP-1) receptor to induce the phagocytosis of TAMs
[105].

Peptide-based proteins may also be used to target macrophages. A long-circulating liposome modified with a
monoclonal anti-CD163 antibody was created by Rafique et al. in order to target the CD163 receptor expressed
on macrophage membranes [107]. For the treatment of inflammatory bowel disease, Zhao et al. made lactoferrin-
modified drug-loaded liposomes that actively target M1-like macrophages at the disease site (low-density
lipoprotein receptor-related protein-1, LRP-1), lower inflammatory cytokine and reactive oxygen species (ROS)
levels, and block the MAPK/NF-kB pathway. The uptake efficiency of M1-like macrophages is 2.5 times higher in
vivo and 2.2 times higher in vitro following lactoferrin modification [108]. Some proteins can be used directly as
nanoparticles for drug delivery because of their significant molecular weight, similar to the polysaccharide-based
nanoparticles we discussed above. A technetium-99mlabeled natural human ferritin (Hfn) nanocage was built by
Liangetal. By targeting transferrin receptor 1 (TfR1), Hfn facilitated macrophages' selective absorption of
neutrophils in atherosclerotic plaque. Using a combination of computed tomography imaging and single-photon
emission computed tomography, the atherosclerotic plaque infiltrates with macrophages in livingmice [111].
Lipids The phospholipid bilayer cell membrane depends on phosphatidylserine (PS). When macrophages identify
and phagocytize apoptotic cells, it may exhibit a "eat me" signal on their surface [109]. PS may attach itself to
soluble bridging protein receptors and the phosphatidylserine receptor (PSR) on macrophages [109]. A carrier-
free nanomotor powered by NO and modified with PS was created by Wu et al. Atherosclerosis locations with
high ROS and iNOS expression function as chemotactic agents to trigger the chemotactic activity of nanomotors.
PS then sends "eat-me" signals to specifically target macrophages in atheroscle-rosis plaques [116]. Vitamin Four
members of the folate receptor (FR) gene family—FRa/FOLR1, FRB/FOLR2, FRy/FOLR3, and FR§/FOLR4—have
a strong affinity for folicacid, often referred to as vitamin B9, a water-soluble vitamin [15]. Silver nanoparticles
modified with folic acid were created by Yang et al. to specifically target M1-like macrophages, which
demonstrated a five-fold increase in absorption compared to MO macrophages. Theinternalized silver
nanoparticles without any medication lowered the numberof M1-like macrophages and M1 polarization,
significantly retardingrheumatoid arthritis [110]. Macrophage-based drug delivery systems: development of
livingmacrophage delivery system and macrophage membrane coated deliverysystem Some specific membrane
proteins expressed on the surface of themacrophagemembrane (MM)liketheintegrin(a4anda4f1lintegrin),C-C
chemokine receptor type 2 (CCL2), and colony-stimulating factor-1receptor (CSF-1R), make macrophages have
the ability to chemotacticmigration to inflammatory and tumor microenvironment sites. There-fore, using living
macrophages as a delivery system and MM-coated drugdelivery systems possess this functionality of targeting
and inflamma-tory chemotaxis [13,117]. Delivery system for living macrophages


http://www.iajlb.com/

\ ISSN 2347-2243

www.iajlb.com
Indo-Am. J. of LifeSc & Bt.,,.2024 Vol.21 Issue.1, Jan 2024

Indo-American Journl of Lt Scinces and Biotechnology

Functional nanoparticles are modified on the surface of the MM, or drugs or nanoparticles are delivered into
macrophages via incubation, infiltration, and electroporation. Infrared light irradiation and enzyme activation
trigger the release of the medication, and living macrophages are used as direct carriers. The gathered
macrophages are then administered intravenously [118-120]. Macrophages often co-incubate with medicines or
nanoparticles and load them by endocytosis due to their solid phagocytic capabilities. Compared to adhesion or
electroporation techniques, the co-incubation approach will not harm the cell membrane and will prevent any
potential off-target interactions with various biological components in vivo [118,119]. However, we should keep
in mind that excessive drug loading may impact the immune system, cause macrophage death, and compromise
the stability of medications within macrophages. Although these problems can be minimized by physically and
chemically altering drug-loaded nanoparticles on the surface of the macrophage membrane, this may obscure
membrane proteins and interfere with the regular operation of cell membranes [120].
Using living macrophages loaded with dexamethasone-loaded liposomes (Dex-LP), Sang et al. achieved maximum
effective uptake following a 4-hour incubation period. Approximately 2, 6, 13, and 25 pg/cell of macrophages
were loaded with the Dex-LP at 5, 25, 50, and
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Fig. 4.Living macrophage delivery system.

(A) Diagram showing how the microrobots used chemotaxis and a magnetic field to target the tumor spots before using

NIR-mediated medication release to eliminate the tumor. and (B) fluorescence pictures of mice with 4T1 tumors.
Reproduced [122] with permission. American Chemical Society, copyright 2021. (C) A schematic representation of
the supramolecular macrophage-liposome drug delivery system's production and characterization. Reproduced
[123] with permission. By John Wiley and Sons, copyright 2021. (D) ZMA ("zombie" macrophages) and MA (living
macrophages) suspended in PBS during 0, 14, and 38 days were observed using bright-field microscopy. Cy7.5-
labeled macrophage biodistribution in different mouse tissues and quantitative analysis. Reproduced [124] with
permission. American Chemical Society, copyright 2023. (E) Schematics of the increased tumor photo-thermal


http://www.iajlb.com/

ISSN 2347-2243

www.iajlb.com
Indo-Am. J. of LifeSc & Bt.,,.2024 Vol.21 Issue.1, Jan 2024

Indo-American Journl of Lt Scinces and Biotechnology

immunotherapy using the macrophage "hitchhike" drug delivery method. Reproduced [125] with permission.
American Chemical Society, copyright 2020.

100 pM after a 4-hour incubation period, respectively. Dexamethasone (Dex) release characteristics from
macrophages also increased in a time-dependent way, reaching about 90% at 10 hours [121]. Additionally, it must
guarantee that macrophages are capable of accurately releasing medicines at the intended location. Nguyen et al.
used thermosensitive liposomes loaded with doxorubicin (DOX) and primary mouse spleen-derived macrophages
as carriers loaded with superparamagnetic nanoparticles modified with citric acid to increase the targeting
efficiency (Fig. 4A). The co-incubation approach was used to encapsulate 107 microrobots with 319.2 pg of Fe (EE%
=22.98%) and 56 ug of DOX (EE% = 12.45%). Through the use of a magnetic field controllability, active targeting,
and responsiveness to infrared radiation, the microrobot was able to successfully navigate through the 3D cancer
cell microspheres and, after applying a magnet, expanded the tumor site by about 1.5 times (Fig. 4B). Additionally,
the microspheres' migratory ability is lower than that of main macrophages, which may be because of nanoparticle
loading [122]. However, using macrophages' robust phagocytic ability to build the drug delivery system would be
vulnerable to intracellular enzyme breakdown, which might result in early drug leakage and cell death. Premature
deterioration may be prevented by altering the nanoparticles on the MM's surface by chemical bonding. By injecting
lipid-modified cucurbit[7]uril (CB[7]) into MM and then allowing host-guest interactions with adamantane (AD)
modified drug-loaded liposomes attached to the surface of living macrophage membranes, Gao et al. created a
unique supramolecular macrophage-liposomes drug delivery system (Fig. 4C). When compared to drug-loaded
liposomes, this supramolecular modified macrophage drug delivery system can remain stable for several hours and
increase the drug amount by approximately 3.02 and 4.1 times for pneumonia sites and tumors, respectively. This
has been shown to be an effective immunotherapy for treating acute pneumonia and melanoma [123]. Furthermore,
the activity and function of macrophages will not be impacted by surface alteration. Certain nanoparticles may
physically stick to the surface of macrophages in addition to modifying them chemically to achieve high bioactivity
[126,127]. In contrast to the traditional cellular loading via endocytosis, Zhu et al. created an adivalent metal ion-
phenolic network (MPN) that allows adhesion of PLA nanoparticles, which can adhere to the surface of MM by co-
incubating under an ice bath for just two minutes. This enhances the cell viability and migrating chemotaxisability
of the macrophages. In comparison to trivalent ions (Fe3+ and Cr3+), they discovered that MPN nanoparticles
containing divalent ions (Cu2+, Mn2+, Zn2+, and Co2+) showed reduced cellular absorption and improved cell
surface adherence over 10 days. Compared to intracellular loading by cell absorption for three hours, this approach
obtained greater drug loading (about 1 pg/106 cells). Furthermore, after being loaded onto macrophages, the
concentration of nanoparticles at the tumor location may rise by 3.7 times, thereby preventing lung metastasis and
tumor progression [127].
It's interesting to note that macrophages, as carriers, may accomplish targeted medication delivery while
simultaneously having immuno-modulatory effects at the target region. By loading polyinosinic-polycytidylic acid
(Poly I: C, PIC) encapsulated poly (lactic-co-glycolic acid) nanoparticles (PLP NPs) on the surface of BMDMs using
the maleimide-thiol conjugation, Zhou et al. created a biomimetic system that could effectively deliver PIC to re-
program BMDMs into tumor-killing M1-like macrophages and trigger insitu tumor-specific immune responses
[128].

Maintaining drug loading and macrophage activity over prolonged storage is a difficult task for living macrophage
drug delivery systems. Xu et al. used cyclodextrin-modified "zombie" macrophages supramolecularly attached to
adamantane-functionalized nanodrugs to create a cryo-shock macrophage-based drug delivery system in order to
overcome these problems. Over the course of a 38-day observation period, the "zombie" macrophages maintained
their full cell shape, membranes, and biological capabilities while demonstrating superior storage stability
compared to real macrophages (Fig. 4D) [124]. Rapid exocytosis of nanoparticles from live macrophages is possible,
particularly for tiny particles such as sub-5 nm Au nanoparticles, which may attain 45.6% exocytosis from live
macrophages in under 24 hours [129]. In order to assure the efficient transport of Au nanoparticles to the tumor,
Xu et al. obtained "half-dead" and "dead" macrophages loaded with Au nanoparticles. This significantly decreased
the exocytosis of Au nanoparticles below 5 nm in the live macrophage delivery system in vivo. When compared to
free Au nanoparticles, the "dead" macrophage delivery mechanism also considerably lowered the toxicity to
unwanted organs and reduced the number of Au nanoparticles that crossed the blood-brain barrier by about 39.2
times [129]. Furthermore, intracellular hydrogel technology may be used to transform live macrophages into hard
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gel macrophage particles while maintaining MM and capacity integrity [130].
Apart from exogenous macrophage delivery techniques, nanoparticles may also "hitchhike" into the body's
circulation to target lesion sites in vivo by using host macrophages [131]. By aggressively targeting and delivering
medications to the illness site, the macrophage "hitchhiking" technique may partially avoid the immune system's
clearance. Crucially, real-world bench testing is still a long way off [131]. Depending on the type of nanoparticle,
TAMs may actively move in the direction of the extravasated nanoparticles from blood vessels, engulfing and
redistributing them into the tumor stroma. The depth of penetration attained will then vary. For instance,
macrophages carrying nanoparticles were transported into the tumor site at a rate that was two to five times higher
than that of passive diffusion of nanoparticles [132]. Drugs encapsulated by apoptotic vesicles were reported by
Zheng et al. to be able to be taken up by monocytes or macrophages following intravenous injection and then actively
penetrating the central tumorsite in vivo (Fig. 4E) [125]. Sofias et al. made the significant observation that targeting
ligand-modified nanoparticles accumulated at the tumor site through a variety of targeting delivery methods,
including the "hitchhiking" of mono-cytes/macrophages, which is a crucial mechanism for active tumor targeting
[133]. Delivery system with macrophage membrane coating
The membrane camouflaged nanoparticles coated with MM can have or increase the ability of active targeted
delivery by using the antigen-antibody specific binding to intervene in the immune response and inherit the homing
and chemotaxis of macrophages. These nanoparticles typically exhibit higher tumor penetration and accumulation,
longer blood circulation time, and more effective immune escape [134]. Cell membranes are typically obtained by a
multi-step process thatincludes sonication, freeze-thaw, extrusion, hypotonic lysis buffer, and dounce homogenizer.
Sonication, co-extrusion, and microfluidic electroporation are then used to coat the cell membranes on drug-loaded
nanoparticles [135,136]. Drugs are often put into nanoparticles in this method, and the cell membrane is either
fused with drug-laden liposomes or coated to create a traditional core-shell structure. A thorough explanation and
comparison of MM extraction, separation, and coating methods were given by Khatoon et al. [136]. The coated
nanoparticles, not the method used to prepare the membrane-coated drug delivery systems, are the primary
determinant of the encapsulation efficiency.
Gaoetal. created a biomimetic MM-coated drug delivery device that changed its functionality in response to ROS.
MM gave nanoparticles the capacity to aggressively target inflammatory areas while avoiding their movement via
the ticuloendothelial system. Then the ROS responsivenanoparticles released the loaded medicines to
treatatherosclerosis [137]. Interestingly, MM may be changed using func-
tionalizedmembranecoatingsoflivematerials. Gaoetal. employed MM coated with modified drug-loaded liposomes
and live chlorella (Chl, green algae) on the exterior of the cell membrane via a host-guest interaction. Through
photosynthesis, the CHL might enhance the oxygen-deficient environment at the tumor location, and this delivery
mechanism  could have the inflammatory homeostatic function of macrophages [138].
Additionally, MM could act as membrane-based cellular nanosponge coatings. receptors on the surface that bind
viruses or cytokines [139-144]. Tan and Li et al. created alveolar MM-coated lopi-navir-loaded PLGA nanocarriers
(PLGA-LPV@M), as seen in Fig. 5A. These nanocarriers exhibited the same surface receptors, such as coronavirus
receptors and other cytokine receptors. PLGA-LPV@M were employed as baits that could inhibit coronavirusfrom
entering host cells and particularly bind pro-inflammatory  factorssuchaslL-6,IL-18,andTNF-
afortheadjuvanttherapyofanti-inflammatory and anti-viral (Fig. 5B) [139,140]. Interestingly,compared to
nanoparticles coated with MO and M1-like MM, nano-particles coated with M2-like MM may absorb more
inflammatory fac-tors, such as IL-1f3 and TNF-a [141]. This is comparable to the use of MM surface protein receptors
to adsorb and neutralize the globally prevalent severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-
2). An MM-coated PLGA cellular nanosponge was created by Zhang et al. to neutralize SARS-CoV-2, which was unable
to infect normal cells, demonstrating an antiviral effect that was observable in vitro (Fig. 5C). They discovered that
human angiotensin-converting enzyme 2 (ACE2) receptors are expressed by membrane-coated epithelial cells and
MM-coated nanosponges, and that CD147 receptors exhibit a higher capacity for neutralization against SARS-CoV-
2 infection than membrane-coated red blood cells (Fig. 5D) [143]. Through the spike glycoprotein S protein, which
may attach to ACE2 and glycosaminoglycans like heparin, SARS-CoV-2 attaches and penetrates cells [145]. In order
to increase the density of heparin on the surface of MM, Ai et al. functionalized the surface of MM using the cellular
nanosponge structure of MM-coated PLGA (Fig. 5E). While the IC50 was lower at 0.0254 pg/mL than that of MM-
coated PLGA, where it was 170 pg/mL (Fig. 5F), the heparin-functionalized MM-coated PLGA demonstrated a more
substantial binding ability with the virus S protein, which significantly enhanced the inhibitory effect on the
infection of SARS-CoV-2 [144]. It should be noted that there is no connection between the cellular nanosponge
platform and viral mutation or possible virus species. Oncethevirusinfectshost
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Fig. 5.Macrophage membrane coated delivery system.

(4) Schematic illustration of macrophage biomimetic nanoparticle-based drug delivery system (PLGA-LPV@M)
for anti-inflammation and targeted anti-viral treatment in COVID-19. And (B) the result of the binding capacity
of PLGA@M to recombinant pro-inflammatory factor of human IL-6 and IL-1B3. Reproduced with
permission[139]. Copyright 2021, Springer Nature. (C) Schematic mechanism of cellular nano-sponges inhibiting
SARS-CoV-2 infectivity. And (D) the result of neutralization against SARS-CoV-2 infection by epithelial cells
membrane-coated nanosponges(Epithelial-NS), macrophages membrane-coated nanosponges (M®-NS), and red
blood cells membrane-coated nanosponges (RBC-NS, used as a control). Reproducedwith permission [143].
Copyright 2020, American Chemical Society. (E) Schematic illustration of engineering surface glycans onto
cellular nanosponges to promoteSARS-CoV-2inhibition. And(F)neutralizationofliveSARS-CoV-2infectivitybyHP-
NS. Reproducedwithpermission[144]. Copyright2021,AmericanChemi-cal Society.
cells,thecellularnanospongecanneutralizethevirusshowingbroad-spectrum anti-viral potential applications
[146].

Taking advantages of a simple and efficient membrane modificationmethod, the lipidated modification of
peptides or protein can help themanchored on the cell membrane. Han et al. anchored lipidated rabiesvirus
glycoprotein and triphenylphosphine cation to the MM coated withsolid lipid nanoparticles (SLN). The MM
modified SLN could signifi-cantly cross the BBB more than un-modified SLN and then targetneuronal
mitochondria for the treatment of sporadic Alzheimer’s disease[147]. In addition, there is also an effective
membrane modificationmethod, employing an inducer that encourages macrophages to express
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specificreceptors to get the required function before the extraction of MM fromlive macrophages. Yan et al.
utilized LPS to stimulate macrophages to expresstoll-like receptor TLR2/1 complexes. The MM was coated on the
surfaceof the nanoparticles to give them the capacity to target porphyromonasgingivalis, which was encapsulated
in hydrogel for the treatment ofperiodontitis[148]. Similarly,Houetal.obtainedMM-PLGAthattheMM isolated
from the IFN-y stimulated macrophages produced largeamounts of programmed death-ligand 1 (PD-1), adhesion
molecule re-ceptors, and pro-inflammatory cytokine receptors. The MM-PLGA can beaccumulated to the arthritis
site show 3.6-folds higher than that of PLGAcoated with un-induced native MM, and stimulate effective
synergisticanti-inflammatory, immunosuppressive effects for arthritis treatment[149].
Furthermore, a large number of studies have shown that the mixedmembrane obtained by fusing cell membranes
from different cells couldbeusedtocamouflagenanoparticles,whichcouldgivefullplaytothe advantages and
integrate the benefits of various cell membranes, andincrease the functionality of nanoparticles [150-153]. For
example,Zhang et al. created a hybrid-sensitized nanosystem with a mixedbreast cancer cell membrane and MM.
By combining the homologousadhesion detection capacity of breast cancer cells and the immuneescape ability of
macrophages, this nanosystem may successfully targetedbreast cancer and increased the bioavailability of
photochlor in vivo[152]. Yin et al. designed a PLGA coated with MM and neutrophilmembrane by way of
sonication and extrusion (NMm-PLGA) (Fig. 6A,B),which combined the stimulating homing response of
macrophages withstrong inflammatory chemotaxis of neutrophils, which could effectivelycross the BBB (285.36-

folds over the standard condition that did not
addchemoattractantinBBBmodelinvitro),respondtoinflammatorystimuli and specifically accumulate 24.4-folds
than PLGA in mouse braininflammatorymodelinvivo(Fig.6A,C)[153].

Modifying diverse characteristics and functions of phospholipid mate-rials on the cell membrane coating to
manage the coating’s integrity,fluidity, and permeability is one of the most efficient techniques toimprove the
targeted delivery efficiency of cell membrane-coatednanoparticles.
Liuetal.foundthattheintegrityofcellmembranecoating influences the internalization process of biomimetic nano-
particles. Nanoparticles coated with cell membrane that a coverage areawas higher than 50% may enter cells
alone, and nanoparticles need togather together before internalization to achieve a reasonably largecoverage
area when the covering area of the cell membrane is less than50% (Fig. 6D, E) [154]. This is presumably owing
to the enormous quantity ofmembraneproteinsonthecellmembraneandsaturatedphospholipids,
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Fig. 6.The hybrid macrophage membrane coated delivery system and the endocytic entry mechanism
about the membrane coating integrity. (A) Schematicillustration of preparing a neutrophil-macrophage
hybrid membrane-coated PLGA/RAPA nanoplatform (NMm-PLGA/RAPA); (B) The representative
transmissionelectron microscope (TEM) images of nanoparticle and cell membranes before and after
extrusion. (C) Representative fluorescence images of NMm-PLGA/DiR (red)anda-SMA (green) in brain
tumor at 24 h after NMm-PLGA/DiR administration. Reproduced with permission[153]. Copyright 2022,
Elsevier. (D) TEM imagesshowing the process of cell membrane-coated nanoparticles being absorbed by
cells. (E) schematic illustration of a possible endocytic entry mechanism for partiallycell membrane-coated
nanoparticles. Reproduced with permission[154]. Copyright 2021, Springer Nature. resulting in low
membrane fluidity for the inability of adjacent cellmembrane segments to fuse spontaneously. The introduction
of exoge-nous phospholipids fused to cell membranes can improve cell membranefluidity, then promote the
fusion of cell membrane fragments and in-crease the percentages of nanoparticles that fully coated with
cellmembrane from 6% to 23%, thereby increasing the targeting efficiencyof the cell membrane coated
nanoparticles [155]. However, artificialphospholipids also need to be chosen with great care. Wang et al.
foundthat cholesterol depleting of cell membranes significantly enhanced
theenzymaticactivitywhentreatingwithfabricatedRBC-membrane-coated nanoparticles containing therapeutic
CAT en-zymes, which is possibly due to the enhanced membrane permeability[156].
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Macrophage-secreted drug delivery systems: construction ofmacrophage extracellular vesicles delivery system
and macrophageextracellular vesicle membrane coated delivery system
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Macrophage-secreted extracellular vesicles (EVs) are plasmamembrane-derived vesicles fusing and released
by macrophages into theextracellularspace,whichcontainspecificmembraneproteinsfromMM, they are capable
of inheriting the inflammatory chemotaxis, im-mune escape, and stimulating homing response ability of
macrophages.EVs show less immunogenic than their host cell membranes due to themore negligible number of
expressions of transmembrane proteins likemajor histocompatibility complex (MHC) on their surface, but the
exactamount depends on the cellular origin [157,158]. EVs carry a variety ofbioactivesubstances (such as
protein, lipid, and nucleic acid). As a wayof cell interaction, EVs are the primary chemical messengers of inter-
cellular communication and can affect the biological function of recip-ient cells. According to the source and
particle size, the EVs are mainlydividedintothreecategories:a)SmallEVswithadiameterof50-150 nm, such as
exosomes (Exos), small exosomes, and ciliaryectosomes; b) Medium EVs with a diameter of 200-800 nm, such

asmicrovesicles,FDC-derivediccosomes,and Tcellmicrovilliparticles;c)
LargeEVswithadiameterof>=1000nmincludeapoptoticbodies,large

oncosomes, and beaded apoptopodia, etc [159]. Similar to MM andmacrophages, the extracellular vesicle
membrane (EVM) prepared fromEVs secreted by macrophages has the same membrane protein as EVs, sothe
drug delivery system coated with EVM shows the same membranesurface characteristics as EVs.

Macrophageextracellularvesicledeliverysystem

Macrophage-derived EVs are often used to target delivery drugs orgenes attributed to similar surface
membrane receptors from macro-phages. Kimiz Gebologlu et al. provided a detailed description andcomparison
of various methods for EVs isolation and drug loading effi-ciency [160]. They mentioned that pre-loading
contents into macro-phages is mainly via co-inclusion, transfer and electroporation methods.while separation of
EVs and post-loading methods of the drug are con-taining the ways of sonication, extrusion, surface treatment,
and hypo-tonic dialysis, while incubation, freeze-loading, and pH gradient [160].Compare to the pre-loading
methods, post-loading approaches are not sosimple and easy, and they may lead to EVs membrane damage,
inacti-vation of proteins, or EVs aggregation risk, but they can result incontrolled and higher drug loading

efficiency [160-162].
Whileselectingmacrophage-secretedEVsascarriers,itisnecessary

to consider the different phenotypes of macrophages. There are somevariabilities in the composition of EVs
secreted by macrophages withdifferentphenotypes,suchasprotein,lipid,andRNA.Dechantsreiteret al. taken the
proteomic analysis revealed significant differences inprotein profiles between large and small EVs from
macrophages, andbetween EVs secreted by macrophages with different phenotypes. HLA-DR (class 11 MHC
protein) was expressed on 40% of M1-like macro-phages secreted EVs (M1-EVs) which was 2-folds more than
that of MO-likemacrophagessecretedEVs(MO0-EVs)andM2-likemacrophages secreted EVs (M2-EVs). Some pro-
inflammatory related proteins such asIL-18 and IL-1B are only expressed on M1-EVs, while CD163, folate re-
ceptor B are only defined on M2-EVs [163]. Reinicke et al. used quan-titative mass spectrometry to determine
the differences in lipidcompositionofM1-EVsandM2-EVs.Theyfoundthatsomepro-inflammatory lipids like
tetranor-12-HETE and 8-HETE/12-HETEwere significantly decreased or not detected in the M2-EVs
[164].Pantazi et al. used small RNA sequencing revealed a different miRNAprofile in M1-EVs and M2-EVs, a
higher relative abundance of miRNAand a lower quantity of tRNA fragments in M2-EVs compared to M1-
EVs[165].

Since EVs secreted by different phenotypes of macrophages showdifferent surface receptors and contents,
different phenotypes ofmacrophage Exos can be used depending on the diseases. The EVssecreted by the
different phenotypes of macrophages used in the sub-sequent studies showed reverse inflammatory regulation
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and macro-phagepolarizationeffects[166-169].Lietal.isolatedExosfromM2-like  macrophages (M2-Exos)
transfected the IL-10 plasmid, and thenloaded with betamethasone sodium phosphate (BSP) using the electro-
porationmethod.Theencapsulationefficiency(EE%)was6.97%forIL-10 pDNA and 29.03% for BSP, and M2-Exo
releases about 75% of BSPwithin20 h.Importantly,theM2-ExosweresignificantlyuptakenbyM1-like
macrophages compare to MO-like macrophages. M2-Exos cantargete to inflamed joint sites and promote
M1polarize into M2-likemacrophagesbyreducingthesecretionofpro-inflammatorycytokinesto ~ retard
rheumatoid arthritis [168]. On the contrary, Wang et al.developed M1-like macrophage-derived EVs that loaded
hydrophobicagents and hydrophilic hypoxia-activated prodrug (Fig. 7A). The EVspenetrated the BBB, polarized
M2 into M1-like macrophages to modu-late the immunosuppressive tumor microenvironment, then
activatedthe prodrug to generate ROS to achieve chemiexcited photodynamictherapy [169]. Also, M1-like
macrophage-derived exosomes (M1-Exos)alonecanbeusedasacancervaccineadjuvantowingtoitspro-
inflammatory function [170].

After modifying macrophage-derived EVs with small-molecules,macro-
molecules,andpeptides,EVswillachievemorefunctions,suchashigher targeting efficiency and immuneregulation
ability [171,175].Li et al. designed M2-Exos modified with cell-penetrating peptide

R9peptide(Aasequence:RRRRRRRRR)loadedwithcurcuminbythe
methodofsonication(EE%=27.52%).TheExosshowedamorevital
ability to target inflammation sites after modifying the R9 peptide invitro and in vivo [175]. As shown in Fig. 7B,

Wei et al. developedmannose-modified macrophage-derived microvesicles (MVs)
loadedwithmetformintoeffectivelytargetM2-likeTAMsrepolarizedintoM 1-

likeTAMs,andreshapedthetumorimmunemicroenvironmentby
increasingtherecruitmentofCD8+ Tcells,reducedthe
immune-suppressive infiltration of myeloid suppressor cells, regulatoryT cells, promoted anti-PD-1 antibody

treatment, and enhanced memoryimmunity after the combined treatment [171].

In addition to the direct modification of Exos, exosome-liposomefusion strategies can be used as a potential
method to ameliorate theproblems of insufficient Exos loading efficiency, un-controllable poly-dispersity, and
difficulty in maintaining long-term stability [176,177](Lopes et al. compared the advantages and disadvantages
betweennatural Exos and synthetic liposomes [178]). Han et al. established theM1-
Exosfusewithphotothermalsensitiveliposomes(ELP)loadedwith

Granzyme B (GrB) and siSB9 (Fig. 7C). The EE% of GrB was 36.3 +4.3%and siSb9 was 49.9 +3.8% significant

improvement compared to pureM1l Exo (239 =+1.6% for GrB and 373 =+93% for siSb9.
Interestingly,B16F10and4T1tumorcellsinternalizedmoreELPthanliposomesthat

not fused with M1-Exos, but no significant differences in normal livercells, and significantly higher liposomes
cell uptake than ELP wereobserved in RAW 264.7 in vitro. The liposomes fused Exos helped thenanoparticles
targeting drug delivery to the tumor site and escapingcapture of macrophages in vivo [172]. Similarly, fused
liposomes can beusedforMMtoimprovethepropertiesandfunctionofnanoparticles.
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Fig. 7.Macrophage-secreted delivery system.

(4) Time-lapse two-photon pictures of the diffusion of M1EVs, MOEVs, EMVs (erythrocytes), and PEG NPs across
thebrain microvascular endothelial cells in vivo. blood vessels (red); M1EVs, MOEVs, and EMVs, PEG NPs tagged
with FITC (green). And immunofluorescence photos ofM2 and M1-like macrophages, and quantitative analysis of
M2/M1 ratios. Reproduced with permission[169]. Copyright 2022, Springer Nature. (B) Schematicillustration of
mannose-modified macrophage-derived microparticles loading metformin (Met-Man-MPs) to increase tumor
resistance of anti-PD-1 treatment. Reproduced [171] with permission. Copyright 2022, Springer Nature. (C) A
schematic representation of the nanoparticles that merged photothermally sensitive liposomes with M1-Exos.
Reproduced [172] with consent. Copyright Elsevier, 2022. (D) TEM comparison of M1-like macrophage exosome-
mimeticvesicles (M1NVs) and M1-Exos shape, number, and protein content. MINVs and themiRNAs. The
manufacture of M1NVs and their therapeutic effects, including their capacity to enhance the anti-cancer
effectiveness of checkpoint inhibitors in cancer treatment, are shown in (E). Reproduced [173] with permission.
American Chemical Society, 2018. All rights reserved. (F) Diagram showing the process of producing exosome-
mimetic vesicles for M1 and M2-like macrophages and the polarization ability of the macrophage phenotypes.
Reproduced [174] with permission. American Chemical Society, copyright 2020. Additionally, by altering the lipid
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bilayer composition of liposomes, cellular uptake behavior may be modulated [179].
The low yield of exos produced by macrophages is a challenge for macrophage-secreted exos, but this can be
addressed by creating macrophage-exos-mimetic vesicles [180,181]. The extrusion approach primarily creates
macrophage Exos-mimetic vesicles, however the starting material may be sourced from various macrophage
components, excluding extracellular vesicles [182,173,183,174]. The protein content of these macrophage Exos-
mimetic vesicles is much greater than that of Exos (Fig. 7D), and they exhibit a comparable structure and miRNA
to Exos [173]. In the colon cancer model, Jang et al. discovered that drug-loaded Exos-mimetic vesicles had a
greater transport efficiency than free drug, drug-loaded Exos, or drug-loaded microsized cells [181]. Beak et
al.found that macrophage Exos-mimetic vesicles generated from equalnumber of cells exhibited 25-folds greater
protein content thanmacrophage-secreted Exos [182], and comparable findings were also demonstrated inthe
work by Choo et al. (Fig. 7D) [173]. This might be one of the causes of the Exos-mimetic vesicles' increased
delivery efficiency. Like M1-Exos, M1-like macrophage Exos-mimetic vesicles may also polarize M1 and
repolarize M2-like macrophages, which is advantageous for treating organ fibrosis, cancer, and other illnesses
(Fig. 7E, F) [173,183,174]. On the other hand, in light of M2-like macrophages' anti-inflammatory properties
[174,184], Qiao et al. created novel particles that included M2-like macrophage

Exos-mimetic vesicles and liposomes, which could be phagocytosed by infiltrating neutrophils and macrophages
and target pneumonia symptomatic areas, drastically decreased inflammatory cell infiltration, accomplished
control of cytokine storm, and inhibited oxidative stress [184]. Different cell membrane functions may be merged
by fusion with cell membranes, and EVs can also go through the same functionalization modification. In order to
inherit the source cells, Rao prepared Exos-mimetic vesicles mixed with the membrane of cancer cells, M1-like
macrophages, and platelets could effectively accumulate at the surgical wound site, interact with circulating
tumor cells in the blood, repolarize TAM towards the M1-like phenotype, and block CD47-SIRPa interactions,
which in turn effectively inhibited local recurrence and distant metastasis of malignant melanoma [185]. Delivery
method influenced by the membrane of macrophage extracellular vesicles
Like cell membrane coatings, extracellular vesicular membranes (EVMs) are made from EVs and then applied to
the surface of nanoparticles. While overcoming their drawbacks, EVMsencapsulated nanoparticles combine the
pharmaceutical benefits of nanoparticles (higher drug-carrying capacity, ease of scalability, greater flexibility for
surface modification, and controlled drug release) with the advantages of endogenous EVs (improved
biocompatibility, decreased clearance by mononuclear phagocyte systems, and tissue specificity) [178,186,187].
Improved interfacial characteristics, enhanced cell/tissue targeting, immune evasion capacity, and a longer to-
body circulation length are all conferred to the nanoparticles by this modified approach with macrophage EVM
coating [187-190]. For example, in order to treat glioblastoma multiforme, Wu et al. created a membrane coating
for macrophage exosomes that was altered using AS1411 aptamers. This allowed catalase-encapsulated silica
nanoparticles to demonstrate efficient BBB penetration and cancer cell targeting capabilities [191].
Intrinsic targeting, cell-specific absorption, prolonged somatic circulation, improved biocompatibility, stability,
and immune evasion are only a few benefits of encapsulating nanoparticles with naturally occurring Exos
membranes [178]. Remarkably, the protein content of the MM was five times lower than that of the macrophage-
secreted microvesicle membrane (MMVs) from the same number of macrophages (Fig. 8A). These vital
membrane proteins, along with 151 other membrane proteins from the MMVs, were also discovered in the MM
and may provide them comparable biological activities (Fig. 8A,B). Following coating

In order to treat rheumatoid arthritis, PLGA nanoparticles with MMVs can efficiently target the inflammatory site
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of osteoarthritis [90]. Additionally, compared to the identical cell membrane coated nanoparticles, the cancer
cells' produced Exos membrane coated nanoparticles demonstrated superior homologous targeting ability. After
preparing A549 cells with both cell membrane and exos membrane, Liu et al. found that in A549 tumors in vivo,
exosmembrane-coated PLGA accumulated one-fold more than cell membrane-coated PLGA and 5.5 times more
than uncoated PLGA [192].
Depending mostly on the variable expression of membrane proteins, the functionalities of Exos membrane-
coated nanoparticles made from Exos released by macrophages with distinct phenotypes also vary. To load
suberoylanilide hydroxamicacid, Li et al. created mesoporous silica-modified upconversion (SUC) nanoparticles,
which were subsequently concealed by an Exos membrane made from M1-like macrophages. In order to produce
a superior anti-tumor effect, they discovered that the nanocarriers that retained the integrina4f31 expressed on
the Exos membrane could help target and homing the VCAM-1 on the tumor, exhibit temporal and spatial
resolution, and encourage drug accumulation in the tumor (Fig. 8C) [193]. Exos from M2-like macrophages were
obtained by Peiet al, who then coated the Exos membrane on the surface of PLGA nanoparticles loaded with
siRNA. By reducing lung inflammation, the biomimetic nanoparticles delayed allergic asthma by targeting M2-
like macrophages in the inflammatory region of the lung, downregulating their percentage and inflammatory
cytokine production via gene silencing [194]. According to cell membrane coating, the proteins expressed on the
surface of Exos membranes are also crucial. The integrity of membrane protein structure is maintained while
modulating the expression of Exos membrane proteins by adding appropriate inducers and modifying the
membrane with synthetic target ligands to achieve receptor or in-situ targeting functions. 3. Overview and
Prospect This research examines the immunomodulatory effects of macrophage phenotype and macrophage-
related treatment techniques with the control of phenotypic switching and the development of drug delivery
systems, based on the functional variety and phenotypic plasticity of macrophages. Using macrophage phenotypic
regulation as a basis, we first examined disease treatment approaches and macrophage heterogeneity. Next, we
included FDA-approved small-molecule medications in Table 1 and
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Fig. 8.Macrophage extracellular vesicle membrane coated delivery system.

(A)  Purified MMV and macrophage membrane (M-membrane) protein content and crucial protein extracted
from the same number of macrophages. Additionally, the pie charts in (B) display the MMV protein categorization
according to molecular function and cellular location, respectively. Reproduced [90] with permission. American
Chemical Society, 2019. All rights reserved. (C) Diagrammatic representations of the macrophage exosome
membrane-coated nanoparticle (EMS) production procedure and the in vivo biological effects. Reproduced [193]
with permission. All rights reserved. SpringerNature.

emphasized their clinical uses in the primary chronic illnesses. Finally, a number of drug delivery methods connected to
macrophages that are used to treat the condition were reviewed and presented. The drug delivery system can actively target
macrophages, inflammatory chemotaxis, tumor homing, immunomodulation, neutralization of viruses/inflammatory
factors, and more. These three types of macrophage drug delivery systems, as illustrated in Fig. 1, mainly use MM surface
receptors. In order to address associated disorders, this review attempts to provide a stronger scientific foundation for
regulating macrophage morphologies and precisely targeting medication delivery linked to macrophages.
The practical design of macrophage-based immunotherapy strategies includes, but is not limited to, the use of highly
biocompatible carriers and the sensible application of physical properties like light, heat, and magnetism because of the
intricate inflammatory microenvironment, macrophager recruitment, and polarization mechanism in various diseases.
Additionally, to increase the affinity between ligands and MM receptors, ligands' quantity, density, spacing, spatial direction,
and valence are optimized [15,112]. Additionally, improving the targeting efficiency and specificity of macrophages may be
achieved by real-time monitoring of macrophages to elucidate their dispersion and polarization process within the
inflammatory milieu [133]. The use of M1 or M2 dichotomies for naming macrophages may be overly simplistic, according
to a growing body of research, which suggests that macrophages have a comprehensive identity and activation status.
Instead, researchers suggest naming macrophages based on their behavior in their natural habitat, which may be more
reasonable [20,195,196]. A more accurate and detailed classification of macrophages might provide a more useful roadmap
for therapeutic approaches using macrophages. Despite the fact that different drug-loading strategies have their own
benefits and drawbacks [119,135,160], effort should be placed on increasing drug loading effectiveness and reducing
membrane damage to the surface functional proteins. In order to include the benefits of the aforementioned approaches and
minimize their drawbacks, it is advisable to broaden the area of the investigation.
Recent reviews have compiled a list of several macrophage-related targets and pharmaceutical drugs. We reclassified these
delivery mechanisms associated with macrophages into three primary delivery systems. Despite the widespread usage of
macrophage-derived vesicles, a few issues still need to be resolved in order to bridge the gap between the bench and the
clinic. 1) The ambiguous relationship between macrophages and loads, which might negatively impact physiological
processes as adhesion, migration, and cell signal transduction [13,117]. 2) Imminent issues include the diversity and variety
of macrophages as well as their potential immunoregulating and therapeutic roles [118,120]. 3) various phenotypes or states
of cells that express various membrane proteins, as well as non-standardized or inappropriate membrane extraction and
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coating techniques, may result in varying therapeutic outcomes [134,152,154]. 4) Effective methods are needed to address
the issues with the large-scale production, extraction, purification, screening, effectiveness, and safety assessment of
macrophages and their derived nanoparticles in biomaterials [158,192].
As of right now, targeting macrophages may be a promising immune-modulating response strategy for chronic diseases. If
these obstacles can be addressed and standardized procedures are established, the design of these kinds of drug delivery
systems related to macrophages will also offer more potential options for future clinical therapeutic applications.
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