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Simple Summary: Macrophages are the “big eaters” of the immune system who are in charge of
engulfing undesirable substances. Macrophages are vital for the human body as they are instrumental
in developing organisms, regulating immune responses, and maintaining a relatively stable internal
environment. When the phagocytic capacity of macrophages is impaired, the body is prone to disease.
In the context of tumors, tumor cells have their ways to escape from macrophage-mediated phagocy-
tosis. They masquerade as healthy cells by expressing “don’t eat me” signals to fool macrophages
and turn the initially anti-tumoral macrophages against the human body, which results in reduced
macrophage-mediated phagocytosis. Hence, promoting the phagocytosis of macrophages is an
important approach to improving the efficacy of anti-tumor treatment. In this review, we introduced
the underlying mechanisms of macrophage-mediated phagocytosis and reviewed the recent progress
in the area of application strategies on the basis of the phagocytosis mechanism.

Abstract: Macrophages are essential for the human body in both physiological and pathological
conditions, engulfing undesirable substances and participating in several processes, such as organism
growth, immune regulation, and maintenance of homeostasis. Macrophages play an important role
in anti-bacterial and anti-tumoral responses. Aberrance in the phagocytosis of macrophages may lead
to the development of several diseases, including tumors. Tumor cells can evade the phagocytosis of
macrophages, and “educate” macrophages to become pro-tumoral, resulting in the reduced phagocy-
tosis of macrophages. Hence, harnessing the phagocytosis of macrophages is an important approach
to bolster the efficacy of anti-tumor treatment. In this review, we elucidated the underlying phagocy-
tosis mechanisms, such as the equilibrium among phagocytic signals, receptors and their respective
signaling pathways, macrophage activation, as well as mitochondrial fission. We also reviewed the
recent progress in the area of application strategies on the basis of the phagocytosis mechanism,
including strategies targeting the phagocytic signals, antibody-dependent cellular phagocytosis
(ADCP), and macrophage activators. We also covered recent studies of Chimeric Antigen Receptor
Macrophage (CAR-M)-based anti-tumor therapy. Furthermore, we summarized the shortcomings and
future applications of each strategy and look into their prospects with the hope of providing future
research directions for developing the application of macrophage phagocytosis-promoting therapy.

Keywords: macrophages; phagocytic signals; immunotherapy; CAR-macrophage; nanomedicine

1. Introduction

Macrophages are crucial phagocytes of the immune system in both physiological and
pathological conditions as they assume the role of the forefront of innate immune defense
against invaders [1], silently engulfing foreign bodies, waste products, aging cells, and
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tumor cells [2-4]. Characterized by avid phagocytosis, macrophages are referred to as “the
big eaters” in Greek by Ilya (Elie) Metchnikoff, the father of cellular immunology [5]. The
process of the rapid and efficient elimination of undesirable cells by macrophages is mean-
ingful for several important functions, including organism growth, immunoregulation,
and tissue homeostasis maintenance [6,7]. Macrophages strategically dwell in all tissue
and engage in various stages of pathology [8] and play a pivotal part in anti-bacterial and
anti-tumoral responses by recognizing specific stimulus ligands, engulfing diseased cells,
and digesting internalized cargos.

According to mounting evidence, defects in macrophage phagocytosis are associated
with the development and progression of several diseases [6]. If not eliminated as they
should be, uncleared cells can be prone to secondary necrosis, release toxic intracellular
components to microenvironments, and cause harmful effects that potentially stimulate
inflammation, types of tumors, neurodegenerative disorders, kidney problems, asthma,
and so forth [6,7]. In the scenario of tumors, tumor cells can circumvent macrophage
phagocytosis in various modes, including the overexpression of “don’t eat me” signals
and mucins, as well as the “educational” nature of tumor microenvironment (TME) that
shifts macrophages from anti-tumoral to pro-tumoral status [9], resulting in the reduced
phagocytic ability of macrophages and a massive increase in tumor-associated macrophages
(TAMS) in tumor patients [10,11]. Additionally, TAMs abundant in TME are frequently
associated with bad prognoses [12,13].

Consequently, harnessing the phagocytosis of macrophages is an important approach
to bolstering the efficacy of anti-tumor treatment. In our review, we emphatically intro-
duced the underlying phagocytosis mechanism, such as the equilibrium among phagocytic
signals, receptors and their respective signaling pathways, macrophage activation, as well
as mitochondrial fission, which can directly augment macrophage phagocytosis. Our review
also covered the recent advancements in anti-tumor strategies for enhancing macrophage
phagocytosis including strategies targeting the phagocytic signals, antibody-dependent
cellular phagocytosis (ADCP), and macrophage activators. Furthermore, our review high-
lights Chimeric Antigen Receptor Macrophage (CAR-M) as the upcoming generation acting
as the link between innate and adaptive immunity, thereby promoting effective tumoricidal
immune responses.

2. Mechanisms of Phagocytosis

Phagocytosis is secondary to particle ligands binding to the phagocytic receptors, such
as Fc gamma receptor (FcyR) and complement receptor (CR), on the phagocyte cell surface
and this event requires actin assembly, pseudopod extension, and phagosome closure [14].
For phagocytosis events, extracellular players include the “find me” signal, “eat me” signal,
“don’t eat me” signal and their receptors, as well as phagocytic receptors, while intracellular
players include actin, pseudopod, and phagosome. Both enhancing macrophage phagocytic
capacity and regulating phagocytic signals can promote macrophage-mediated phagocytosis.

Taking FcyR-mediated phagocytosis as an example, IgG coated on the particle binds to
FcyR and triggers receptor aggregation, inducing actin aggregation at the site of ingestion
to produce the protrusive force for pseudopod extension [14]. To initiate the reshaping
involved in pseudopodia extension, it is necessary to partially disassemble the F-actin
networks, which support quiescent macrophages’ cytoskeleton. The disassembly also
promotes the lateral diffusion and free aggregation of receptors [15]. The next two steps
are phagosome closure and actin depolymerization from the phagocytic cup, which are
accompanied by the full extension of pseudopodia around the phagocytic targets [15].
Additionally, the depolymerization of actin filaments from the advanced phagocytic cup
may promote membrane curvature [15]. Some other intracellular players can trigger
the actinomyosin contractility involved in phagosome closure [14]. Subsequently, with
the coordinated interaction of the actin and tubulin-based cytoskeletons, the phagosome
undergoes maturation by a series of fusion and fission events [16] (Figure 1).
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Figure 1. Phagocytosis process of macrophages. After particle ligands bind to phagocytic receptors,
macrophages engulf the particle in a process involving actin assembly, pseudopod extension, and
phagosome closure. The phagosome fuses with the lysosome and becomes a phagolysosome, where
particle digestion takes place.

2.1. Phagocytic Signals

Phagocytic signals are not signals that transmit information, but a special class of
substances that act as phagocytosis switches, including “find me”, “eat me”, and “don’t eat
me” signals (Figure 2 and Table 1). These signals dictate whether the engulfment occurs.
“Find me” signals publicize the presence of apoptotic cells and recruit phagocytes. “Eat
me” signals are exposed to abnormal cells and promote phagocytosis. On the contrary,
“don’t eat me” signals put the brakes on phagocytosis. It is generally believed that the
balance between “eat me” and “don’t eat me” signals is essential to maintain normal
phagocytosis in vivo [17]. While “eat me” signals are not usually expressed in living
human cells, “don’t eat me” signals are expressed commonly among various cell types,
including tumor cells [17,18]. Of particular note is that the secretion of “find me” signals,
exposure of “eat me” signals, and deficiency of “don’t eat me” signals are known as the
three critical factors of apoptotic cell clearance [19].
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Figure 2. Interactions between macrophages and tumor cells in FcyR-mediated phagocytosis. The
phagocytosis of macrophages is related to phagocytic signals, phagocytic receptors, and macrophage
activators. Phagocytic signals, including “eat me” signals (a), “don’t eat me” signals (b), and “find me”
signals (c), function as phagocytosis switches. Macrophages recognize phagocyte-specific antigens
and ligands through various phagocytic receptors (d). The capability of macrophage-mediated
phagocytosis is influenced by macrophage activation (e).

Table 1. Phagocytic signals regulating macrophage-mediated phagocytosis.

Phagocytic Signals Ligands Targets Effects on Phagocytosis Refs
Nucleotides . Promote P2Y,-dependent
(ATP, UTP) P2Y Apoptotic cells recruitment of phagocytes (20]
. Control the clearance of
CX3CLL CX3CRI Bacteria entero-invasive pathogens by DCs (211
LPC G2A Apoptotic cells Migrate macrophages toward LPC [22]
S1P GPCR Apoptotic cells Attract phagocytic cells [23,24]
RP S19 C5aR Apoptotic cells Migrate monocytes/macrophages [25]
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Table 1. Cont.

Phagocytic Signals

Ligands Targets Effects on Phagocytosis Refs

Stimulate membrane ruffling, vesicle

PS (PtdSer) PSR (e.g., stabilin-2) Apoptotic cells formation, “bystander” uptake of [26,27]
cells, promote clearance

CRT LRP Viable or apoptotic cells Initiate clearance [28-30]

CD47 SIRP« Opsonized RBCs, etc. ~ egulate complement-mediated [31]
phagocytosis
SLAMF3 and Specific SFR members, mainly Hematopoietic cell Irllnhrlblth eat HLe ﬁgr}falsi, rr;ltlga}tet [32,33]
SLAME?2 SLAMF3 and SLAMF4 ematopoietic cells acrophage phagocytosis, regulate ,
signals transduced by TLR4

CD24 Siglec-10 Tumor cells Block cytoskeletal rearrangement [34]

PD-1 PD-L1 Tumor cells Inhibit phagocytosis [35,36]
MHC-I LILRB Cancer cells Inhibit phagocytosis [37]

Abbreviations: LPC, Lysophosphatidylcholine; DC, Dendritic cells; S1P, Sphingosine-1-Phosphate; GPCR, G-
Protein-Coupled Receptor; RP S19, Ribosomal Protein S19; C5aR, C5a Receptor; PS, Phosphatidylserine; CRT,
Calreticulin; LRP, Lipoprotein-Related Protein; SIRP«, Signal-Regulatory Protein «; RBC, Red blood cell; SLAMF,
Signaling Lymphocytic Activation Molecule Family; SFR, SLAM family receptors; TLR4, Toll-Like Receptor
4; Siglec-10, Sialic-acid-binding Ig-like lectin 10; PD-L1, Programmed Death-Ligand 1; LILRB1, Leukocyte
immunoglobulin-like receptor B1.

2.1.1. “Find Me” Signals

Common “find me” signals include nucleotides (ATP, UTP), CX3CL1, and LPC. Apop-
totic cells secrete “find me” signals to indicate their location and recruit macrophages.
Macrophages migrate toward the vicinity of apoptotic cells by recognizing the “find me”
signal gradient and initiate phagocytosis [38]. However, due to the “educational” nature
of TME, macrophages attracted to TME by “find me” signals may shift from anti-tumoral
to pro-tumoral status. Although “find me” signals are poorly explored in tumor therapy,
there is a wide application foreground in this area.

2.1.2. “Don’t Eat Me” Signals
CD47/SIRP«

Tumor cells can evade macrophage-mediated phagocytosis by expressing various
types of “don’t eat me” signals that interact with macrophage receptors. CD47, a receptor
of signal regulatory protein « (SIRP«), is one of the “don’t eat me” signals expressed on
healthy cells and frequently over-expressed on tumor cells. SIRPo contains immunorecep-
tor tyrosine-based inhibition motifs (ITIMs) that are phosphorylated and attract inhibitory
molecules, such as Src homology 2 (SH2) domain-containing protein tyrosine phosphatase
(SHP)-1 and SHP-2. When CD47 binds to SIRP«, SIRP« is coupled to the phosphatases,
which stops macrophage activation [39]. A study showed that the unsustainable effective-
ness of anti-angiogenic therapy is due to its potential to promote CD47 expression, impart-
ing tolerance to anti-angiogenic treatment for non-small cell lung cancer [40]. CD47/SIRPo
blockade elicits anti-tumor activity by facilitating macrophage phagocytosis, which is
amplified by CD40 signaling [41].

CD24/Siglec-10

Numerous tumors overexpress CD24 and TAMs overexpress sialic-acid-binding Ig-like
lectin 10 (Siglec-10). In the TME, CD24 mediates immune escape through its interaction
with Siglec-10. It has been shown that treatment with monoclonal antibodies (mAbs) could
prevent the connection of CD24 and Siglec-10, effectively harnessing the phagocytosis of
the tumor [34].
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MHC-I/LILRB1

2-microglobulin ($32M), a component of major histocompatibility complex I (MHC-I),
is expressed by tumor cells and protects the tumor from phagocytosis. MHC-I expression
is increased in macrophages, including TAMs. Leukocyte immunoglobulin-like receptor
B1 (LILRB1) is the receptor of MHC-I. Disrupting either MHC-I or LILRB1 can facilitate
phagocytosis, suggesting that the MHC-I/LILRB1 axis plays a vital role in inhibiting
macrophage phagocytosis, which shows potential to be a possible marker for therapeutic
response to CD47-targeted agents and target of anti-tumor therapy [37].

SLAMF3/SLAMEF3 and SLAMF2 /SLAMF4

In contrast to widely-expressed CD47, SLAM family receptors (SFRs) are only ex-
pressed on hematopoietic cells. Specific SFRs, especially SLAMF3 and SLAMF4, function
as receptors of “don’t eat me” signals on macrophages. SLAME3 recognizes itself as self-
ligand, while SLAMF4 (also known as 2B4) binds to SLAMEF?2 (also known as CD48). These
receptors can inhibit “eat me” signals with SH2-domain-containing phosphatases (SHPs).
SFRs combined with CD47 suppress LRP1 signaling to inhibit macrophage phagocytosis
which is crucial to hematopoietic homeostasis. Of note, SFRs are independent of CD47 in
this process [33].

2.1.3. “Eat Me” Signals

As effective pro-phagocytic signals, “eat me” signals are up-regulated on the tumor
cell surface to fight tumors, which has achieved many successes [42,43]. It is worth noting
that “eat me” and “don’t eat me” signals can be concealed by coating layers on the cell
surface in both steric and electrostatic ways. The elimination of these physical barriers
using enzymatic means markedly improves the efficiency of phagocytosis. Especially, the
elimination of mucins, which are overexpressed in tumor cells, promotes phagocytosis.
These findings demonstrate the prospect of the physical barriers to regulating phagocytosis
in anti-tumor therapy [11].

PS/PSR

Phosphatidylserine (PS) is the most robust “eat me” signal of apoptotic cells. PtdSer is
recognized by receptors on macrophages, including CD300b, brain-specific angiogenesis
inhibitor 1 (BAI1), T cell immunoglobulin, mucin domain-containing molecule 4 (TIM4),
and stabilin 2. PtdSer is also recognized by soluble, bifunctional bridging proteins, such
as GAS6 or protein S (PROS1) and milk fat globule-EGF factor 8 (MFGES) [44]. Utsugi
et al. demonstrated that tumor cells also overexpressed PS [45]. However, unlike apoptotic
cells, PS in the outer membrane of tumor cells mainly comes into contact with receptors
on immune cells to inhibit anti-tumor response, including dendritic cell and cytotoxic T
cell inhibition, as well as inhibitory cytokine secretion promotion [45,46]. For example,
the TYRO3, AXL, and MERTK family of receptor tyrosine kinases (TAM RTK), a group of
indirect receptors for PS, provide survival signals to tumor cells [47]. Therefore, targeted
blockade of the PS-PSR axis holds promise as a potential anti-tumor strategy.

CRT/LRP

Calreticulin (CRT) functions as an important ligand on apoptotic cells by stimulating
its receptor low-density lipoprotein-related protein (LRP) on the phagocytes, stimulating
Rac-1 and causing engulfment (efferocytosis) of apoptotic cells [30]. Lin et al. found that
tumor Stannio-calcin-1 (STC1) interacts with CRT and minimizes CRT membrane exposure,
thus preventing CRT-directed phagocytosis [48].

SLAMF7

Both macrophages and tumor cells express SLAMF7. All SLAM-related receptors
are homotypic receptors (i.e., self-ligands), except for SLAMF4 [49]. Unlike SLAMF3
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and SLAMF4, SLAMF7 is an “eat me” signal. Chen et al. demonstrated that SLAMF7 is
important for the phagocytosis of hematopoietic tumor cells via Mac-1 integrin [2].

2.1.4. Specific Antigen-Mediated ADCP Signals

ADCP is a crucial mechanism that contributes to the anti-tumor effect of mAbs. The
Fc segment of the mAD attaches to FcR on macrophages, while the Fab segment binds
to the antigenic epitope of tumor cells, mediating macrophage phagocytosis of tumor
cells. However, the deleterious role of ADCP macrophages in immunosuppression must
not be ignored. It was shown that macrophages after ADCP inhibit NK cell-mediated
antibody-dependent cell-mediated cytotoxicity (ADCC) and T cell-mediated cytotoxicity in
breast cancers and lymphomas [50].

2.2. Phagocytic Ability of Macrophages

Expression of phagocytic receptors, regulation of phagocytic signaling pathways, and
activation of macrophages all influence the phagocytic ability of macrophages (Figure 2
and Table 2).

Table 2. Phagocytic receptors and pathways.

Downstream Signaling

Receptors Ligands Molecules Mechanisms Refs
CD44 / Src family kinases, Syk, Internalize large particle, induce mature 51]
Racl, PI-3K, Rho GTPases phagosome formation
CAPRI, Cdcd2, Rac, Rho Internalize, recruit actin and Arp2/3 [52-55]
complex
Recruit P-Tyr proteins into the phagocytic
cup, possibly assemble a regulated
Cded2, WASp cytoskeletal complex at specialized sites of (561
FcyR IgG-opsonized particles actin polymerization
PKC-¢ Regulate vesicle dellYery and focal [57]
exocytosis
Lyn and Hck (Src family .
kinases), Syk kinase, PI3K, Assemble a comple); (c:)If{ proteins around the [58-60]
PI(3,4,5)P3
Bcl10, vesicular OCRL Complete the phagosome closure, regulate [61,62]
phosphatase PI(4,5)P2 and F-actin turnover !
FcR IgG-opsonized particles TLVAMP /VAMP7 Control exocytosis .and membrane [63]
extension
ARF6 Regulate membrane recycling [64]
Promote the actin meshwork solubilization,
IgG-opsonized particles, PLC and PLD, Ca?*, InsP3 and phagosomes fusion with granules
FcyR; CR complement-opsonized and S1P-SOCE channels,  containing lytic enzymes, the assembly and [65]
particles cytosolic Ca?* elevation activation of the superoxide-generating
NADPH oxidase complex
CR3 C3b1/comp1err'1ent—0p sonized Arp2/3 complex, Rho Regulate actin assembly [52,55]
particles
Effete components, such as Microtubules, PKC,
SR apoptotic cells tyrosine, MAPK, PI3K / (66,671
Dectin-1 Fungal |’.’>-glucan BTK, Vav1, PLCy2 Ensue F-actin formation, participate in [68]

DAG production

Abbreviations: Syk, Spleen tyrosine kinase; PI3K, Phosphatidylinositol 3-Kinase; Rho, Ras-Homolog; FcyR,
Fcy Receptor; CAPRI, Calcium-Promoted Ras Inactivator; Cdc42, Rho family GTPase; Arp2/3 complex,
Actin-Related Protein 2/3 complex; WASp, Wiskott-Aldrich protein; P-Tyr proteins, Tyrosine Phosphorylated
Proteins; PKC-¢, Protein Kinase C-¢; P1(3,4,5)P3, PI-3,4,5-trisphosphate; Bcl10, B cell lymphoma/leukemia-10;
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OCRL, Oculocerebrorenal syndrome of Lowe 1; F-actin, Fibrous actin; PI(4,5)P2, Phosphatidylinositol 4,5-
bisphosphate; TI-VAMP, TeNT-Insensitive Vesicle-Associated, soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptors protein; ARF6, ADP Ribosylation Factor 6; CR, Complement Receptors; PLC, Phospholipase
C; PLD, Phospholipase D; InsP3, Inositol trisphosphate; S1P, Sphingosine-1-Phosphate; SOCE, Store-Operated
Calcium Entry; SR, Scavenger Receptors; PKC, Protein Kinase C; MAPK, Mitogen-Activated Protein Kinases;
BTK, Bruton’s Tyrosine Kinase; Vav1, guanine nucleotide exchange factor; PLCy2, Phospholipase C gamma 2; PIs,
Phosphoinositides; DAG, Diacylglycerol; PKC, Protein Kinase C.

2.2.1. Phagocytic Receptors

It is likely that professional phagocytes possess a greater phagocytic ability than
nonprofessional phagocytes due to the presence of specific receptors that enhance the
range of particles and phagocytic rate [16]. Macrophages recognize phagocyte-specific
antigens and ligands through various receptors, such as complement receptors (CRs) and
Fc receptors for IgG (FcyRs) [69,70]. When exposed to interferon-gamma (IFN-y) and LPS,
M1 macrophages express opsonic receptors, such as FcyRIII (CD16), but M2 macrophages
express non-opsonic receptors more frequently (e.g., mannose receptors and scavenger
receptors) [71].

Most particles are identified by multiple receptors, and these receptors can interact
with each other and cause synergy. Various phagocytic receptors have dual functions
that guide both adhesion and internalization, further complicating the link between these
two related processes [16]. In addition, all these receptors induce rearrangements in the
actin cytoskeleton that initiates internalization [16].

Furthermore, FcR-mediated phagocytosis can induce ADCP, and the activation of
FcyRlIla (CD32A) and FcyRllIla on macrophages is crucial for mediating ADCP [72].

Phagocytic receptors can guide macrophages to efficiently remove abnormal cells
without accidentally injuring healthy cells. Many phagocytic signaling molecules are
shared by both FcR and CR (e.g., tyrosine kinase, protein kinase C). Phagocytic signaling
transmission eventually influences intracellular changes in macrophages.

2.2.2. Activation of Macrophages

Macrophage activation and its increased phagocytic ability are closely related. Resting
macrophages (M0) are commonly activated into two following phenotypes: (1) M1 or classi-
cally activated phenotype, which is activated by LPS or in combination with Th1 cytokines;
(2) M2 or alternatively activated phenotype, which is activated by Th2 cytokines [73]. It is
widely believed that M1 macrophages have stronger anti-tumor properties. Many experi-
ments have achieved remarkable tumor-killing effects by polarizing macrophages to the M1
phenotype to promote phagocytosis. Moreover, a growing body of research demonstrates
that macrophage phagocytic capacity is activated by some other substances (Figure 2 and
Table 3). For example, the famous macrophage classical agonist LPS was proven to be the
Toll-like receptor (TLR9) agonist, which is important for macrophage activation [74,75].

Table 3. Phagocytic receptors and pathways.

Critical Molecules or

Activators Receptors Targets Pathways Mechanisms Refs
. . Accumulate in phagocytic cups,
CD300b PS Apoptotic cells Adaptor: DAP12 facilitate engulfment [76]
. . Actin-Cdc42 /Rac (Rho family .
LPS TLRs Bacteria or their GTPase) pathway, MyD88-p38 Regulate phagocytosis, hglp [77,78]
components : : phagocytes sense bacteria
signaling pathway
Drive macrophage become
CD40 agonist CD40 Tumor cells ERK1/2 pathway tumoricidal, facilitate the [79,80]

depletion of tumor stroma
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Table 3. Cont.
Activators Receptors Targets Critical Molecules or Mechanisms Refs
Pathways
Increase ECAR, basal OCR, and
CpG TLR9 Tumor cells FAO total mitochondria, change the 81]
central carbon metabolism, engulf
CD47* cancer cells
PBI1 TLR4 Tumor cells / Enhance macrophage phagocytic o)
efficiency five-fold
GSF-1R inhibitor ~ CSF-1R Tumor cells / Enhance phagocytosis [83]
HDAC inhibitor HDAC Tumor cells Modulate macrophage [84]
phenotypes

Abbreviations: PS, Phosphatidylserine; ITAM, Immunoreceptor Tyrosine-based Activation Motif; DAP12, DNAX
Activating Protein of 12 kDa; ECAR, Extracellular Acidification Rate; OCR, Oxygen Consumption Rate; HDAC,
Histone deacetylase.

2.2.3. Mitochondrial Fission

Mitochondrial fission plays a crucial role in harnessing macrophages to engulf tu-
mors [85]. The increase in cytosolic calcium caused by mitochondrial fission prevents the
phase transition of the Wiskott-Aldrich syndrome protein (WASP) into the Wiskott-Aldrich
syndrome interacting protein (WIP) complex and allows PKC-0 to phosphorylate WIP [86].
Overexpression of GFPT2, an enzyme participating in the metabolism of glutamine, con-
tributes to less available nutrients to stimulate mitochondrial fission, deters access of PKC-0
to compartmentalized WIP, and restrains the assembly of the phagocytic apparatus, thereby
resisting the phagocytosis [85,86]. Li et al. demonstrate that mitochondrial dynamics
regulate the phase transition of phagocytic apparatus and proposed GFPT2 to promote
antibody-therapy [86].

3. Clinical Translation of Therapeutic Strategies Targeting Macrophage
Phagocytosis Pathways

3.1. Therapeutic Applications Targeting Phagocytic Signals

i

As previously mentioned, “find me”, “eat me”, and “don’t eat me” signals regulate
macrophage-mediated phagocytosis [87]. Therapeutic strategies have been developed to
promote phagocytosis activity by targeting phagocytic signals (Figure 3). The clinical trials
of anti-tumor therapy harnessing macrophage mediated-phagocytosis are summarized in
Table S1.

3.1.1. Strategies Targeting “Find Me” Signals

“Find me” signals attract macrophages to migrate and initiate phagocytosis. For
instance, it has been observed that GATAG6 large peritoneal macrophages (GLPMs) invade
growing metastatic tumors through the “find me” signal ATP, facilitating their progres-
sion [88]. Therefore, based on the “find me” signals’ properties of attracting phagocytes,
we speculate that utilizing “find me” signals may be a potential anti-tumor strategy by
(1) attracting TAMs away from the TME to reduce its pro-tumor effect; (2) combining with
other strategies (e.g., mAbs and magnetic navigation) to go deep into tumor cells and
slowly release the “find me” signals to recruit normal macrophages to engulf tumors.
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Figure 3. Strategies for strengthening macrophage-mediated phagocytosis based on phagocytosis
signal regulation. To promote macrophage-mediated phagocytosis, “don’t eat me” signals are
blocked using monospecific or bispecific antibodies (a), small molecule drugs (b), and peptides (c).
Nanomaterials such as liposomes, exosomes, and nanoparticles are used as drug delivery systems
(d) to carry therapeutics that encourage macrophage phagocytosis by blocking “don’t eat me” signals.
(e) In magneto thermodynamic therapy, an increased level of ROS induces expression of the “eat
me” signal CRT on tumor cells, which enhances macrophage-mediated phagocytosis. (f) Under LED
irradiation, photosensitizers increase CRT on the surface of tumor cells, resulting in macrophage-
mediated phagocytosis of tumor cells.

3.1.2. “Don’t Eat Me” Signal Blockade
Monospecific Antibodies

The applications of “don’t eat me” signal-blocking mAb in anti-tumor therapy have
come to light in recent studies, eliciting anti-tumor responses and causing positive changes
in TME (Figure 3a). The “don’t eat me” signal CD47-SIRP« axis is a well-liked target in
the development of anti-tumor therapeutics [89]. Anti-CD47 can selectively target tumor
cells since tumor cells express CD47 at high levels [90]. Formerly known as hu5F9-G4,
magrolimab has been demonstrated to bind to CD47 and facilitate efficient macrophage-
mediated phagocytosis of tumor cells [91-94]. Besides hu5F9-G4, other anti-CD47s, includ-
ing CC-90002 [95], AMMS4-G4 [96], AO-176 [96], IBI188 [97], SRF231 [98], 2C8 [99] were
also developed. Although CD47 blockade has a good prospect as anti-tumor medicine,
there are issues to be solved. The limited therapeutic impact of CD47-SIRPx monotherapy
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at the maximal tolerable dosage is clear according to early clinical studies [100,101]. In
addition, the broad expression of CD47 in the human body causes an “antigen sink” effect
that might reduce the therapeutic efficacy of CD47 blockades and patients need repeated
injections of high-dose CD47 to obtain adequate drug exposure [102,103]. Moreover, CD47
blockade is associated with substantial adverse effects, most notably anemia, since CD47
is widely expressed in healthy cells, especially in red blood cells (RBCs) [100,104]. Fur-
thermore, CD47 blockade or knockout is not sufficient to trigger phagocytosis sometimes,
which requires opsonizing antibodies and surface exposure of “eat me” signals to serve
as additional pro-phagocytic stimuli [94]. It is anticipated that using anti-SIRP« to target
the SIRPo/CDA47 axis may have a beneficial safety profile due to SIRP«’s more constrained
expression, which can lower the risk of adverse events such as acute anemia, thrombo-
cytopenia caused by anti-CD47 [105]. At present, over 10 CD47/SIRP« blockade drugs
have advanced to active phase I/1I/1II clinical trials, indicating great clinical potential with
published results [91-93,95,106—-108].

Apart from the CD47-SIRP« axis, there are studies targeting other “don’t eat me”
signals with different characteristics. Anti-CD47 G7mAb was developed by He et al., which
selectively targeted HCC in vitro and in vivo [109]. To improve the internal stability and
targeting accuracy of anti-CD24, they created and synthesized the NO donor HL-2, and
conjugated HL-2 with anti-CD24 through a thioether bond, which they termed HN-01 [110].
The possible benefit of targeting CD24 stems from its absence on RBCs. Hence, it would not
cause anemia [105]. Its expression on immune cells, including B-cells, neutrophils, neurons,
and epithelial cells, however, might have negative side effects [105]. The aforementioned
points raise the issue of antigen sinks and safety concerns.

Formerly known as a T cell immune checkpoint, the PD-1/PD-L1 axis has been
targeted in clinical trials [111-114], which is now found to regulate macrophages. The
expression of PD-L1 on tumor cells may facilitate avoidance of T cell cytotoxicity and
macrophage-mediated phagocytosis, showing that the interruption of this pathway could
unleash anti-tumor immunity through both adaptive and innate responses [115]. How-
ever, less than 30% of patients respond to anti-PD-1/PD-L1 therapy due to primary resis-
tance [116]. In addition, the toxicity issue merits consideration, which may harm organs as
a result of the induction of immune cells to target healthy tissues [117-121].

The “don’t eat me” signal blockades based on mAbs are promising anti-tumor thera-
pies. Compared with other strategies, they have more clinical trials and results, showing
preferable safety and practicality. To compensate for the deficiency of mAb to block “don’t
eat me” signals, several strategies have emerged.

Bispecific Antibodies

Bispecific antibodies (BsAbs) can recognize and attach to two distinct antigens or
epitopes to increase the effectiveness of treatment and lower the risk of unfavorable out-
comes [122,123] (Figure 3a). CD47-targeted BsAbs could be a potential tactic to overcome
CD47 blockade limits and further improve security and effectiveness [123,124].

The first anti-CD47/PD-L1 BsAb IBI322 uses a “1 + 2” configuration and a knobs-into-
holes technique. IBI322 had a reduced binding affinity to CD47 versus a greater binding to
PD-L1. This “imbalanced” design was anticipated to block CD47 on CD47*/PD-L1* tumor
cells more specifically than standard anti-CD47 while reducing on-target damage in normal
tissues [103]. IBI322 is being studied in a phase I dosage escalation trial (NCT04328831).
However, there have been no clinical data disclosed for it so far.

NI-1701(NCT04806035) was designed by Buatois et al. It combines a high-affinity
CD19-targeting arm with a variety of CD47-blocking arms. To balance the effectiveness of
CD19* cells against “off-target” effects, the CD47 arms were chosen with an affinity [125].
While BsAbs show therapeutic benefits in vitro and have reduced activity toward RBCs,
these tumor antigen-directed methods face difficulties since the majority of their targets are
only overexpressed rather than truly tumor-specific. Hence, BsAbs will also target cells
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that avidly express healthy target antigens, such as healthy cardiomyocytes when targeting
Her?2 or healthy epithelial cells when targeting EGFR [100].

Small-Molecule Drugs

To better the therapeutic benefit of inhibiting the CD47-SIRP« axis, small compounds
offer special advantages (Figure 3b). Small-molecule drugs can not only boost the distribu-
tion of drugs in tissue and solid tumors and enhance bioavailability to make patients more
convenient but they can also improve the half-life and lessen adverse reactions, enabling
better management of effectiveness and toxicity [126].

Golgi-resident enzyme isoQC, which is absent in mature erythrocytes, is the essential
regulator of pGlu modification of CD47 N-terminal peptide, which influences the interac-
tion between CD47 and SIRP« [127]. To overcome anti-CD47-induced anemia, Wu et al.
investigated the potential of using isoQC inhibition. Recent research has shown how effec-
tive the regulation of the CD47 pyroglutamate production by glutaminyl cyclase isoenzyme
(QPCTL) inhibitors is in preventing CD47-SIRP« interaction [128]. By screening small
molecules acquired from a library of naturally occurring compounds, they found Luteolin,
a novel lead chemical of isoQC inhibitor [129]. Their findings demonstrated that treatment
with luteolin would not result in erythrocyte destruction, which mended the deficiency of
CD47 blockade. However, Luteolin may have poor oral bioavailability compared to that of
PQ529 (a known isoQC inhibitor) [130], which may cause limited clinical translations of
isoQC inhibitors currently. PQ912 is another small-molecule drug. Only PQ912 made it
into the clinical trials (NCT02190708, NCT04498650) out of all the QPCTL inhibitors that
were studied. In order to bypass the time-consuming cell engineering procedure, Li et al.
devised an injectable gel containing therapeutic medicines that may be injected into the
surgically resected wound site. The simple manufacture and administration, cheap cost,
superior performance, and minimum toxicity make this gel highly practicable [131].

Peptides

Peptides have a variety of advantageous characteristics, including great target selec-
tivity, minimal toxicity, and exceptional effectiveness, serving as a potential strategy for
“don’t eat me” signal blockades [132] (Figure 3c). Through high-throughput phage display
library bio-panning, Wang et al. discovered the new peptide pep-20, which selectively
targets CD47 and blocks CD47/SIRP« axis [133]. RS17, a different CD47-targeted peptide,
was created by using MOE analysis and is demonstrated to selectively bind to CD47’s extra-
cellular domain [134]. Due to their smaller size compared to larger biomolecules, peptides
have higher tissue penetration and lower systemic toxicity concerns [118,119]. Additionally,
since peptides are simple to generate and store, they could be artificially changed at a
minimal cost. Peptide medicines act as vaccines or therapeutic carriers, inducing tumor cell
death and preventing angiogenesis, which have demonstrated distinct benefits and broad
application potential [133,134].

Nanomedicine

Interest in nanomedicine applied to anti-tumor treatment has grown rapidly [135].
A variety of therapeutic medications, spanning small molecules to macromolecular com-
pounds, have been effectively delivered utilizing nanomaterial-based delivery systems in
preclinical and clinical trials for anti-tumor treatment [135] (Figure 3d). The therapeutic
impact of anti-CD47 in vivo may be considerably increased and several biological obstacles
might be surmounted by applying nanomaterials as delivery systems for “don’t eat me”
signal blockades [136].

Given their small size, strong affinity, and good stability, nanobodies (Nbs) have been
acknowledged as more suitable building blocks for the creation of innovative medicines
in comparison to traditional mAbs [137,138]. By conducting four rounds of phage display
bio-panning, Ma et al. screened the CD47-specific Nbs and created a new Nb fusion protein
HuNb1-IgG4. HuNb1-IgG4 not only significantly enhanced the clearance of tumor cells,
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but also resulted in no agglutination of RBCs in vitro and exhibited high safety for the
hematopoietic system in cynomolgus monkey [139].

It is generally known that nanoparticle-based drug delivery is a desirable approach
for anti-tumor therapy [140]. To maximize drug release at the tumor locations, an ideal
nanocarrier must possess special qualities such as strong biocompatibility under physiolog-
ical settings and lengthy blood circulation by eluding the mononuclear phagocyte system'’s
detection [141].

Lipid-based nanoparticles are one of the most commonly employed delivery meth-
ods in nanomedicine due to their biocompatibility and capacity to convey a variety of
substances, including proteins and therapeutic genes [142]. Ramesh et al. described
a multivalent phagocytosis nano enhancer that may concurrently engage macrophages
and tumor cells as a multivalent lipid-based platform consisting of phosphatidylcholine,
DSPE-PEG-carboxylic acid, and cholesterol [143].

Exosomes are membrane-bound, nanoscale extracellular vesicles that can be released
by a variety of cell types, and contain an enriched content of tiny molecules, proteins,
and nucleic acids [144]. They have a wide range of exceptional qualities, including good
biocompatibility, almost low immunogenicity, extended circulation, and non-toxicity. The
benzoic-imine bonds of the nano-bioconjugates are destroyed in the acidic TME to pro-
duce anti-SIRPx and anti-CD47, which can inhibit SIRP« on macrophages and increase
macrophage phagocytosis. In the meantime, native M1 exosomes successfully re-educate
pro-tumoral M2 macrophages to anti-tumoral M1 macrophages [145]. Poor cargo encapsu-
lation in exosomes, however, could limit their potential for drug delivery [146]. Given these
difficulties, hybrid membrane nanovesicles or biomimetic nanovesicles have generated
a great deal of attention in recent developments [147]. To create the hybrid nanovesicles,
exosomes or cell membrane vesicles were combined with liposomes, which endows li-
posomes with biogenic capabilities [148]. Cheng et al. produced CD47-overexpressed
hybrid nanovesicles by fusing gene-engineered exosomes with drug-loaded thermosensi-
tive liposomes, which integrated photothermal therapy (PTT) with immunotherapy for the
anti-tumor treatment by blocking CD47 [141].

In addition to the previously mentioned nanoparticle-based delivery methods, other
nanotechnology-based immunotherapies that target macrophage phagocytosis have been
developed, such as therapies using protein nanoparticles [149], polymeric nanoparti-
cles [150,151], and inorganic nanoparticles [152,153].

3.1.3. Exposure of “Eat Me” Signals

As previously mentioned, “eat me” signals are up-regulated on the tumor surface to
harness the engulfment of tumor cells, shedding light on the likelihood of “eat me” signals
serving as a target for the treatment.

One approach is to regulate the exposure of “eat me” signals on tumor cells, inducing
phagocytosis and anti-tumor immune responses. According to Liu et al., CRT expression
on 4T1 breast cancer cells was induced by ferrimagnetic vortex-domain iron oxide nanor-
ing (FVIO)-mediated mild magnetic hyperthermia, which also encouraged the immune
system’s phagocytic absorption of tumor cells [154] (Figure 3e). To solve the restricted
therapeutic effectiveness of the magnetothermal (MTT) therapy, Liu et al. merged the MTT
effect and the immunologic effect linked to reactive oxygen species (ROS). It was accom-
plished by creating a complex FVIO and graphene oxide (FVIOs-GO) hybrid nanoparticle
as an effective magneto thermodynamic agent [155].

Mannose-conjugated-chlorin e6 (M-chlorin e6), a novel photosensitizer developed
by Kimura et al., targets mannose receptors that are highly expressed on tumor cells and
M2-TAMs (Figure 3f). In prior studies, they showed how M-chlorin e6 photodynamic
therapy (PDT) decreased tumor volume and the percentage of M2-TAMs. The current
study indicates that M-chlorin e6 PDT augments CRT expression on the tumor cell surface,
causing macrophage-mediated phagocytosis [156].
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Apart from the two methods above, “eat me” signals can be used to target TAM for
precise engulfment of tumor cells, which was inspired by the mechanism of PS-mediated
phagocytosis of apoptotic cells. The matrix metalloproteinase 2 (MMP2)-sensitive PS-
modified nanoparticles (PSNP) were created to implement this concept. The NPs’ ability to
phagocytose depends critically on the PS concentration, and spectacular phagocytosis was
only seen when the PS content exceeded 75%. The NP formulation of the MMP2-sensitive
PSNPs was enhanced to guarantee minimal phagocytosis in the absence of MMP2 and
maximal phagocytosis in the presence of MMP2. The nanoparticles will not externalize
PS to their surface until they get close to the MMP2-overexpressing tumor, which enables
TAM-specific phagocytosis. This TAM selectivity was effectively replicated in zebrafish
and tumor-bearing mice, among other biological models [157].

3.2. ADCP-Potentiating Agents

Tumor-specific mAbs can help to bypass the anti-phagocytic signals by targeting
tumor cells and interacting with macrophage FcyR to cause ADCP [158] (Figure 4a). The
potential of four mFcyRs to support macrophage phagocytosis of opsonized tumor cells
and tumor growth suppression in vivo was proven by Chen et al. The results showed
that while activating receptors (mFcyRI, mFcyRIIl, and mFcyRIV) were equally capable of
triggering specific tumor cell phagocytosis, the inhibitory receptor mFcyRII was unable
to do so [159]. Some “don’t eat me” signal blockades, such as RF231(a fully human anti-
CD47), can not only promote CD47-mediated death signaling in tumor cells but also triggers
FcyR-mediated phagocytosis of tumor cells [98].
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Figure 4. Strategies for strengthening macrophage-mediated phagocytosis based on phagocytosis abil-
ity regulation. (a) Using tumor-specific mAbs as ACDP-potentiating agents to induce macrophage-
mediated ADCP. (b) Using macrophage activators to switch macrophages into a phenotype with
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greater capacity to phagocytose tumor cells. (c) Macrophages are collected from tumor patients
blood and are designed to express CARs. After cell expansion, CAR-Ms are given back to patients
through infusion. CARs detect and bind to targeted antigens on tumor cells, resulting in enhanced
macrophage phagocytosis.

3.2.1. Application Status

Clinically effective evidence suggests that many therapeutic antibodies” anti-tumor
benefits are primarily mediated by the stimulation of macrophage-induced ADCP [160].
One of the first mAb treatments authorized for the treatment of multiple myeloma that
has relapsed or become resistant to treatment is elotuzumab, a new IgG1 mAb [161,162].
The capacity of elotuzumab to stimulate macrophage-mediated anti-myeloma phagocytic
activity by activating the FcyR is shown by Kurdi et al. According to reports, elotuzumab
also boosts macrophage activation in addition to enhancing macrophage concentration at
the tumor location [161].

Trastuzumab and daratumumab are humanized mAbs and are in clinical development
for anti-tumor treatment. One of the main modes of their action is antibody-dependent
cell-mediated cytotoxicity (ADCC) mediated by NK cells. Both of them are now proven to
induce ADCP and tumor cell death [163,164].

It has long been recognized that cyclophosphamide has significant immunomod-
ulatory effects and that modest dosages can specifically kill regulatory T cells, which
activate the immune system [155]. According to Naicker et al., cyclophosphamide alters
the TME to stimulate macrophage recruitment, M1 polarization, and ADCP regulation,
which independently boosts daratumumab-mediated tumor cell death [165].

3.2.2. Advantages

The special qualities of anti-tumor mAbs are their target specificity, effectiveness, and
low toxicity, which make these “magic bullets” essential in the armory used to combat
tumors [160,166]. Improving ADCP is essential from the standpoint of immunotherapy
because it can raise cross-presentation and subsequently prompt tumor-specific anti-tumor
responses [167]. The robust capacity of mAbs to mediate ADCP of single target cells might
be used to treat patients with solid tumors who have limited residual diseases. For instance,
preoperative mAbs treatment may be extremely beneficial for patients having surgery to
remove colorectal cancer by stopping the adhesion and proliferation of circulating tumor
cells in the liver, which is correlated with bad prognoses for patients. Surgery can remove
the main part of the tumor, while adjuvant mAbs treatment may cause ADCP of any tumor
cells that are still present [168].

3.2.3. Limitations and Outlooks

mAbs have limitations owing to their large size. In the context of treating solid
tumors, they have shown poor penetration of the tumor tissue, with only 0.001-0.01%
of the administered dose accumulating per gram of solid tumor [169]. According to a
recent study, treatment with ADCP can result in the development of immunosuppressive
macrophages with high expressions of PD-L1 and indoleamine 2,3-dioxygenase. This
in turn induces compensatory immunosuppression that negatively affects both ADCC
mediated by NK cells and immune response mediated by T cells. As a result, the anti-tumor
effects brought about by macrophage-mediated phagocytosis during antibody treatment
can be suppressed or even overwhelmed [50].

The immunosuppressive effects induced by ADCP imply that the combination with
immune checkpoint blockades may be a viable strategy for maximizing antitumor immunity
when using therapeutic mAbs [167]. Alternatively, it has been shown that blocking the
CD47-SIRP« signaling pathway can collaborate with tumor-specific antibodies to enhance
the clearance of tumor cells. Moreover, as to advanced-stage HER2* breast cancer patients
who develop resistance to trastuzumab and relapse, the resistance can be overcome by the
combination with CD47 blockade in most cases [167].
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Additional combination therapy regimens should also be considered. Xu et al. offered
an explanation of how paclitaxel enhanced ADCP efficiency, thereby providing a promis-
ing method that utilizes conventional anti-tumor medications to promote macrophage
phagocytosis and improve the effectiveness of therapeutic anti-tumor antibodies [158].

3.3. Macrophage Activators

TAMs have the ability to change their phenotypes in response to their precise position
inside the tumor and the characteristics of their immediate microenvironment. In the
majority of tumors, TAMs with tumor-promoting properties dominate the TME, resulting
in poorer prognoses for patients [170]. The polarization of TAMs toward the M1 phenotype
has been considered to improve phagocytosis, hence increasing the effectiveness of anti-
tumor treatment in patients [171,172]. The reprogramming of macrophages to induce
M1-like phenotypes while suppressing M2/TAM characteristics is a promising strategy for
developing immunotherapeutic interventions against tumors [173] (Figure 4b).

3.3.1. TLR Agonists

The application of TLR agonists has been shown to effectively impede tumor growth
and significantly reverse the immunosuppression induced by ADCP, demonstrating their
potential for re-educating TAMs [174]. Notably, TLR agonists may serve as a favorable
immune adjuvant for anti-tumor treatment, as they enhance both the phagocytic and
oxidative burst mechanisms of macrophages’ anti-tumor response with relatively low
toxicity [82].

As reported by Zhang et al., G. atrum polysaccharide (PSG-1) demonstrated the ability
to activate macrophages through TLR4-dependent signaling pathways. A small molecule
TLR agonist, referred to as pyrimido [5,4-b] indole (PBI1) was reported to elicit anti-tumor
immune responses and boost macrophage phagocytic efficacy by five times compared to
non-treated macrophages [82]. Resiquimod (R848), a TLR7/8 agonist, was proven to induce
polarization of the M2 phenotype toward the M1 phenotype [175]. A novel combination
cancer immunotherapy was developed, involving the encapsulation of R848 into liposomes
along with therapeutic antibodies. This approach facilitated the targeted delivery of R848
to TAMs, resulting in efficient re-education and enhanced response to ADCP [176]. Li et al.
observed that the administration of oxaliplatin (OXA) and R848 together resulted in a
synergistic anti-tumor effect, surpassing that of either agent used alone. This provided
proof of the therapeutic potential of macrophage re-education in the chemotherapy of lung
cancer [175].

A substantial part of clinical trials studying TLR agonists for use in anti-tumor therapy
has paid attention to TLR9 [177,178], TLR7/8 [179], and TLR3 [180]. These clinical trials
showed the great potential of TLR agonists in clinical application.

There are still certain restrictions of the immunotherapy using TAM re-education
method. Firstly, sufficient contact areas between macrophages and tumor cells are important
for ADCP, but TAMs are distributed diversely in tumors. TAMs are evenly dispersed in
small tumors, but they are mostly located toward the edges of large tumors [181]. Secondly,
the substantial variability in tumor growth inhibition and ADCP tests in vivo suggested
that each patient responded differently to this medication. This may be due to the fact that
the quantity and polarization states of TAMs as well as ADCP responses vary between
different models. To determine whether a patient will benefit from this combination
therapy, it is necessary to diagnose the quantity and polarization state of TAMs in precision
medicine [176].

3.3.2. CSF-1 Inhibitors

With CSF-1R suppression, glioma TAMs lose their M2 characteristics and exhibit
increased phagocytosis behaviors, as shown by Pyonteck et al. [83]. A CSF-1R inhibitor
(BLZ945) that may cut off the CSF1-CSF1R pathway and decrease M2 phenotypes was
recently produced by Fang et al. using a magnetic liposomal system modified with cell-
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penetrating TAT peptide (termed TAT-BLZmlips) [182]. TAT-BLZmlips have been shown
to pierce the tumor’s interior and have higher tumor permeability. Both histopathological
analysis and bodyweight monitoring revealed no overt side effects. It should be highlighted
that the group of TAT-BLZmlips had higher drug distribution to the liver, and more research
is required to explain this phenomenon [182].

3.3.3. HDAC Inhibitors

The histone deacetylase (HDAC) inhibitor termed TMP195 stimulated myeloid cells
to have strong phagocytic activity [84]. Moreover, TMP195 can inhibit colorectal cancer
growth by polarizing M1 macrophages [183]. Yue et al. have created polydopamine NPs
that were employed as TMP195 delivery agents and photothermal transduction agents to
concurrently cauterize tumor cells and regress the residual tumors following PTT.

These biomimetic nanoparticles greatly raised the number of M1-like TAMs in the
breast tumor model, leading to a tumor-elimination rate of 60%, up from 10% following PTT.
It is important to note that after decorating the macrophage membrane with nanoparticles,
the drug loading effectiveness was marginally reduced [184].

3.4. CAR-M

Chimeric Antigen Receptor T-Cell (CAR-T) treatment has been proven to have signifi-
cant pre-clinical success in treating hematological malignancies. However, it has limited
effectiveness in treating solid tumors [185,186]. Limited CAR-T cell penetration into solid
tumors and CAR-T cell inactivation by the TME are the two factors resulting in restricted
therapeutic efficacy. Moreover, CAR-T treatment frequently comes with fatal toxicities,
such as cytokine release syndrome [187]. Employing macrophages modified with CAR
(CAR-M) to treat solid tumors is expected since they can interact with practically all cellu-
lar components in the TME and infiltrate solid tumor tissue [188]. Structurally, the CAR
consists of three functional components: an antigen-recognition domain, usually a single-
chain variable fragment (scFv) derived from a mAb that targets the selected antigen (i.e.,
CD19 and HER2); a hinge domain (typically CD8) that connects the recognition site to the
transmembrane domain which bridges the membrane; and an intracellular domain that
presents dedicated downstream signaling [189] (Figure 4c).

3.4.1. Application Status

Employing CAR for macrophages is still in its early stages. Morrissey et al. designed
a set of CARs for Phagocytosis (CAR-Ps) aimed at augmenting phagocytic processes. The
intracellular domains of both Megf10 and FcyR have been found to robustly trigger en-
gulfment in a manner independent of their respective native extracellular domains [190].
Klichinsky et al. reported a CAR that produced a persistent M1 subtype, which effectively
overcame the intrinsic resistance of primary human macrophages against genetic engi-
neering, showing efficacy in antigen-specific phagocytosis and clearance of tumor cells
in vitro [191]. Zhang et al. created CAR-iMacs, which can selectively engulf tumor cells and
have antigen-dependent functions [192]. They converted peripheral blood mononuclear
cells (PBMCs) into induced pluripotent stem cells (iPSCs) by reprogramming them using
non-integrating episomal vector encoded reprogramming factors. These iPSC-derived CAR-
macrophages possess an M2 phenotype and convert to a pro-inflammatory M1 phenotype
upon encounter with target cells. Subsequently, Zhang et al. engineered CAR into iPSCs via
lentiviral transduction and established a protocol for myeloid /macrophage differentiation
to induce CAR-iPSCs toward myeloid cell lineages, thereby enabling the unlimited pro-
duction of engineered macrophage cells [87]. Kang et al. employed macrophage-targeting
polymer nanocarriers to transport genes expressing CAR and IFN-y genes to macrophages
in vivo in order to produce CAR-M1 macrophages that are able to execute CAR-mediated
tumor phagocytosis [187].
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3.4.2. Advantages

First, due to the physical obstacles created by the matrix enclosing the tumor cells,
T-cells are incapable of penetrating the TME, while macrophages immerse in the TME
significantly [186]. It was proven that macrophages can migrate into the TME when they
detect hypoxia status and associated byproducts [185]. The application of CAR-M can
improve anti-tumor therapy by lowering the percentage of TAMs and changing their
phenotype [123,193]. Secondly, CAR-M can improve antigen presentation and thereby
increasing the cytotoxicity of T cells. Furthermore, CAR-M has a shorter circulation duration
and lower normal tissue toxicity pared with CAR-T.

3.4.3. Limitations and Outlooks

Although widely acknowledged, many of the drawbacks of CAR-M are still unknown
due to the characteristics of macrophages and research status. First of all, the proliferation of
macrophages has not been observed either in vitro or in vivo following injection. It should
be noted that the therapeutic efficacy may be impacted as patients can only take a certain
number of macrophages [194]. Secondly, following injection, exogenous macrophages
traverse the lung and subsequently accumulate primarily in the liver, which may have
negative implications for anti-tumor treatment efficacy [195]. Additionally, the persistence
of CAR-M cells is also worthy of attention, and a series of apoptotic markers expressed on
macrophages appear to warrant careful investigation [196]. Overcoming potential barriers
to the effective trafficking and persistence of CAR-M cells within solid tumors presents a
critical challenge for future therapeutic approaches [196].

During the clinical implementation process of CAR-M treatment, the complicated
immunological microenvironment should be taken into account [123]. The majority of tar-
geted tumor antigens are frequently expressed in certain populations of healthy cells, which
may result in off-target harm [189]. Only three clinical trials (NCT03608618, NCT05007379,
NCT04660929) have been launched until now, and no results were reported. More clinical
trials are required to confirm the safety and efficiency of CAR-M and explore the limits that
have yet to be discovered. Furthermore, the combination of CAR-M therapy with other
forms of immunotherapy serves as a feasible approach. The “don’t eat me” signal block-
ades may augment the phagocytosis of CAR-M. The combined use of CAR-M with CAR-T
presents a potential therapeutic option for patients with solid tumors of high burden [188].

4. Perspectives and Conclusions

In general, this review summarized the mechanisms and influencing factors of
macrophage-mediated phagocytosis. It demonstrated the formidable roles of macrophages
in anti-tumor therapy. All kinds of anti-tumor strategies based on harnessing macrophage-
mediated phagocytosis have promising prospects, yet they still face challenges in certain
aspects (Figure 5).

Firstly, instead of pointing to target cells (tumor cells or macrophages) specifically, anti-
tumor drugs based on harnessing macrophage-mediated phagocytosis may accidentally
attack healthy cells and cause off-target harm (Figure 5a). It then leads to adverse effects
and raises safety concerns, such as the anemia brought about by anti-CD47. Accordingly,
BsAbs and nanomedicines are now applied as multi-targeting strategies. They improve
the targeting specificity of drugs and lower the risk of adverse events [125,152]. Future
research should aim at more specific targets and more precise identification of tumor
cells. Secondly, the short half-life period of drugs or CAR-Ms leads to limited effects on
harnessing macrophage-mediated phagocytosis [196] (Figure 5b). This problem can be
solved by equipping the drugs or CAR-Ms with “armors”, the drug delivery systems across
the nano, micro, and macro scales, which are associated with an extended half-life [197].
Thirdly, the poor penetration of drugs is always an insurmountable difficulty in solid
tumors (Figure 5c). As for CAR-M, its penetration into solid tumors is better than CAR-T,
but still not in the ideal situation. Highly abnormal and dysfunctional vasculature of
tumors leads to an elevated interstitial fluid pressure, which impedes the homogeneous
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distribution of therapeutic agents throughout the tumor volume [198]. Studies have shown
that normalization of the tumor vasculature can overcome the physical barrier to drug
transport and improve immune effector cell infiltration [198,199]. The mechanism of
vessel normalization is to decrease tumor interstitial fluid pressure as well as increase
perfusion and oxygenation, which can be achieved by utilizing therapeutic blockades
of proangiogenic factors [200,201]. Moreover, the efficiency of promoting macrophage-
mediated phagocytosis is limited and needs improvement (Figure 5d). To this end, a
combination of strategies that promote macrophage-mediated phagocytosis in multiple
pathways may achieve a synergistic effect.
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Figure 5. Current challenges and future perspectives for the application of macrophage phagocytosis-
promoting therapy. (a) Off-target harm leads to adverse effects and raises safety concerns, which raises
the demand for higher targeting specificity. (b) The short half-life period of drugs or CAR-Ms results
in limited effects on promoting macrophage phagocytosis. Delivery systems are needed to prolong
the circulation time of drugs and CAR-Ms. (c) Abnormal vessels cause poor penetration of drugs and
CAR-Ms into solid tumors, which can be facilitated by vessel normalization. (d) The limited efficiency
of harnessing macrophage-mediated phagocytosis can be improved by combination therapy.

Overall, the current research direction mainly focuses on the advancement of phago-
cytosis, the reduction of adverse effects and the improvement of patient outcomes. In
addition to optimizing existing strategies, it is important to find more specific macrophage-
related molecules. Taken together, anti-tumor strategies based on harnessing macrophage-
mediated phagocytosis may provide novel therapeutic options for future cancer treatment.
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