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Abstract

Macrophages, as one of the most abundant tumor-infiltrating cells, play an important role in tumor development and metas-
tasis. The frequency and polarization of tumor-associated macrophages (TAMs) correlate with disease progression, tumor
metastasis, and resistance to various treatments. Pro-inflammatory M1 macrophages hold the potential to engulf tumor cells.
In contrast, anti-inflammatory M2 macrophages, which are predominantly present in tumors, potentiate tumor progression
and immune escape. Targeting macrophages to modulate the tumor immune microenvironment can ameliorate the tumor-
associated immunosuppression and elicit an anti-tumor immune response. Strategies to repolarize TAMs, deplete TAMs,
and block inhibitory signaling hold great potential in tumor therapy. Besides, biomimetic carriers based on macrophages
have been extensively explored to prolong circulation, enhance tumor-targeted delivery, and reduce the immunogenicity
of therapeutics to augment therapeutic efficacy. Moreover, the genetic engineering of macrophages with chimeric antigen
receptor (CAR) allows them to recognize tumor antigens and perform tumor cell-specific phagocytosis. These strategies will
expand the toolkit for treating tumors, especially for solid tumors, drug-resistant tumors, and metastatic tumors. Herein, we
introduce the role of macrophages in tumor progression, summarize the recent advances in macrophage-centered anticancer
therapy, and discuss their challenges as well as future applications.
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Introduction

First discovered in the year of 1882, macrophages were ini-
tially described as professional phagocytes and key media-
tors in inflammation and innate immunity (1). They play
fundamental roles in the mononuclear phagocytic system
(MPS) and are pivotal orchestrators in inflammation, homeo-
stasis, and wound healing (2). It has long been recognized
that the macrophage lineage is highly heterogeneous, which

P4 Quanyin Hu
ghu66 @wisc.edu

Pharmaceutical Sciences Division, School of Pharmacy,
University of Wisconsin-Madison, WI I 53705 Madison,
US.A.

Carbone Cancer Center, School of Medicine
and Public Health, University of Wisconsin-Madison,
WI 153705 Madison, U.S.A.

Wisconsin Center for NanoBioSystems, School of Pharmacy,
University of Wisconsin-Madison, WI 153705 Madison,
US.A.

» aaps

is related to the specialization of macrophages in differ-
ent microenvironments and locations. Multiple functional
heterogeneities of macrophages have been proposed. Gor-
don et al. found that interleukin (IL)-4 induced alternative
macrophage activation that differed from classical activa-
tion triggered by bacterial-product or pathogen-associated
molecular patterns (3, 4). Soon after, Mills et al. showed
that macrophages could be distinguished based on arginine
catabolism, indicating that classically activated (M1) mac-
rophages show inflammatory functions whereas alternatively
activated (M2) macrophages exhibit anti-inflammatory func-
tions (5, 6). Since then, the M1/M2 concept has been widely
adopted to explain macrophage heterogeneity.

Massive infiltration of monocytes and macrophages
is a common denominator of tumors. Macrophages,
constituting approximately 50% of tumor mass, are the
most abundant immune cells in the tumor microenvi-
ronment (TME) of many tumors (7, 8). Tissue-resident
macrophages and circulating monocytes are two major
sources of TAMs (9). Tumors secrete various chemoat-
tractants to recruit these precursor cells, resulting in
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the vast infiltration of macrophages in the TME. Mean-
while, cytokines in the TME reprogram tissue-resident
macrophages and monocyte-derived macrophages into
the pro-tumor phenotype. As a class of phagocytes and
antigen-presenting cells, macrophages hold the potential
to directly engulf tumor cells, as well as to present tumor
antigens to T cells and thus bridge innate and adaptive
immunity (10). However, in the context of tumors, mac-
rophages skew toward the M2 phenotype that exhibits
immunosuppressive activities, overriding the anti-tumor
function. Numerous studies have evidenced that mac-
rophages, rather than eliminating tumor cells, adopt the
pro-tumor M2 phenotype that promotes tumor progres-
sion at the primary and metastatic tumor sites (11). In
a variety of types of tumors, the tumor-infiltrating mac-
rophages maintain immunosuppression, foster tumor pro-
gression, and promote tumor recurrence. TAMs modify
the tumor microenvironment and play fundamental roles
in every stage of tumor progression, suppressing immune
surveillance, promoting tumor angiogenesis, supporting
tumor cell survival, and preparing the environment for
metastatic seeding (12).

Due to their essential roles in tumor progression,
TAMs have recently been in the limelight of tumor
research. Various strategies have been proposed, with the
aim of depleting or reprogramming macrophages to reac-
tivate anti-tumor immunity and diminish tumor burden.
Here, we summarize the current understanding of TAMs
and introduce the recent progress in macrophage-centered
therapies (Fig. 1). A concise overview of the functions
and roles of TAMs in tumor progression is provided. We
then review the emerging therapeutic strategies target-
ing macrophages and discuss their challenges as well as
prospects.

Fig.1 Schematic illustration of
strategies that target mac-
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The Role of Macrophages in Tumor
Progression

Although macrophages are regarded as professional phago-
cytes that hold the potential to engulf abnormal, senescent,
and apoptotic cells, they have been found to promote the
growth and spread of tumors. TAMs promote tumor growth
and metastasis through both the direct impact on the intrinsic
properties of tumor cells and the indirect impact on the TME.
TAMs can generate various growth factors, such as the epi-
dermal growth factor (EGF), which stimulates the prolifera-
tion of many types of tumor cells (13, 14). Macrophages have
been reported to accelerate tumor proliferation by activating
signal transducer and activator of transcription 3 (STAT3)
in several cancer types (15, 16). Constitutive activation of
STATS3 in tumors is a key event that contributes to tumor cell
survival, metastasis, and therapeutic resistance. Activation
of STAT3 and NF-kB signals contributes to the self-renewal
and tumorigenic activities of cancer stem-like cells (CSCs)
(17). In addition, TAM-induced STAT3 activation has been
reported to mediate the resistance of tumor cells against
chemotherapy or radiotherapy (18, 19). TAMs induce the
genetic instability of tumor cells by producing nitric oxide
and reactive oxygen intermediates, which impedes the thera-
peutic outcome of targeted therapies (20, 21).

Macrophage heterogeneity is often explained utilizing an
M1/M2 concept. Although this dichotomy of M1/M2 mac-
rophage heterogeneity has been argued as oversimplified, it
is widely adopted by most of the current research and can
reflect some shared features of macrophage subgroups (9).
In established tumors, TAMs are often present in an M2-like
phenotype that possesses anti-inflammatory functions. They
shape the tumor microenvironment by secreting various
immunosuppressive cytokines and regulating cytotoxic T
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lymphocyte (CTL) activity. TAMs can deplete metabo-
lites that are essential for T cell proliferation and activities.
Arginase-1-expressing TAMs in murine models have been
reported to metabolize L-arginine, which is critical for T cell
fitness and activity (22, 23). In addition, TAMs can induce
the inhibition of T cells by upregulating inhibitory signal-
ing. Immunosuppressive TAMs also overexpress immune-
checkpoint molecules, such as PD-L1, which contributes to
T cell exhaustion (24, 25). Besides, TAMs produce CCL22,
a ligand for CCR4, to recruit regulatory T cells (Tregs),
inhibiting the antitumor activities of CTLs (26, 27).

Due to the multichannel inhibitory functions of TAMs on
T cells, TAMs greatly impact the outcome of T cell-based
immunotherapy (28). Studies have shown that macrophages
play a key role in mediating resistance to immune check-
point blockade therapy in triple-negative breast cancer and
clear cell renal cell carcinoma (29, 30). In addition, mono-
cyte-derived macrophages in liver metastases could estab-
lish an immune desert and diminish the responsiveness to
systemic immunotherapy (31). Radiotherapy that blunted
the macrophage liberated the T cell activities and improved
the outcome of anti-PD-L1 therapy. Besides, murine or
human Tim-4* macrophages could sequester CTLs, and the
blockade of Tim-4 boosted the efficacy of anti-PD-1 ther-
apy in mouse peritoneal carcinomatosis (32). These stud-
ies validated that targeting macrophages to abolish their
inhibitory functions on T cells can improve the outcome of
immunotherapies.

TAM:s can promote tumor invasiveness and metastasis by
expressing enzymes that dissolve the extracellular matrix,
upregulating cytokines to enhance tumor cell stemness, and
releasing exosomes that transfer miRNAs into cancer cells
(33-35). Macrophages secrete molecules such as matrix
metalloproteinases 9 (MMP 9), TGF-p and growth factors
that promote epithelial-mesenchymal transition and the inva-
siveness of tumor cells. TAMs abundantly produce signaling
C-C motif ligand 18 (CCL18) that induces the migration of
tumor cells (36). TAMs also prepare for the arrival and seed-
ing of disseminated tumor cells. They play a critical role in
tumor cell survival and colonization during cancer metasta-
sis, both in primary tumors and premetastatic lesions. TAMs
facilitate the extravasation of tumor cells to distant meta-
static sites and improve their survival by stimulating pro-
survival signaling in tumor cells and inhibiting the immune
response in the metastatic lesions (37). These functions of
macrophages can contribute to the spread of cancer cells and
the formation of metastatic niches.

TAMs play a crucial role in regulating angiogenesis.
They produce various pro-angiogenic molecules, includ-
ing tumor necrosis factor-a (TNF-«), thymidine phos-
phorylase, vascular endothelial growth factor (VEGF),
and Wnt proteins, which are substances that promote the
growth of new blood vessels (38, 39). These molecules

can activate endothelial cells of blood vessels and stimu-
late the formation of new blood vessels. Another way that
macrophages impact angiogenesis is by enhancing tumor
hypoxia and glycolysis (40). The tumor microenviron-
ment is usually characterized by hypoxia, which refers
to a lack of oxygen. Tumor cells break down glucose to
produce energy in the absence of oxygen, which is known
as glycolysis. These conditions are both important causes
of angiogenesis, as they can stimulate the production of
pro-angiogenic molecules and promote the growth of
new blood vessels. TAMs can help to shape the structure
of blood vessels and interact with the sprouting vascu-
lature (the sprouting of endothelial cells) to benefit the
formation of complex vascular networks. In addition, a
subpopulation of macrophages expresses tyrosine kinase
with immunoglobulin-like and EGF-like domain 2 (TIE2),
a receptor for angiopoietins that is involved in regulat-
ing the formation and maintenance of blood vessels (41).
These TIE2-expressing macrophages have enhanced pro-
angiogenic activity and lower pro-inflammatory activity.
Targeting TIE2 or its ligand ANG2 can inhibit angiogen-
esis in certain tumor models, such as breast and pancre-
atic cancers (42).

Despite the pro-tumoral functions of TAMs introduced
above, TAMs display a high degree of plasticity and hold
the potential to eliminate tumor cells (43). Macrophages
are professional phagocytes that can remove both foreign
particles such as bacteria and altered-self particles such
as apoptotic and necrotic cells. Typically, phagocytosis
involves four phases: (i) identification of the target parti-
cles, (ii) membrane extending to internalize the particles,
(iii) formation of phagosomes for particle degradation, and
(iv) maturation of the phagosomes (44). The identification
of foreign particles is usually mediated by the recognition
of pathogen-associated molecular patterns (PAMPs) by the
pattern-recognition receptors on macrophages (44). For the
identification of dying cells, the release of some “find-me”
chemoattractants such as ATP recruits distant phagocytes to
the target cells to initiate the process (45). The phagocyto-
sis of tumor cells by macrophages is regulated by “eat-me”
signals such as calreticulin, signaling lymphocytic activation
molecule family member 7 (SLAMF7), phosphatidylserine
(PtdSer), and “don’t eat-me” signals such as CD47, PD-L1,
and major histocompatibility complex (MHC) I (10). These
ligands are expressed on the surface of tumor cells and
interact with the corresponding receptors on macrophages.
Besides, monoclonal antibodies that target tumor-specific
antigens can interact with the Fcy receptors (FcyR) on mac-
rophages to trigger antibody-dependent cellular phagocyto-
sis (ADCP). Studies have shown that ADCP contributes to
the therapeutic efficacy of antibodies such as trastuzumab
(an anti-HER2 monoclonal antibody) and rituximab (an anti-
CD20 monoclonal antibody) (46).
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Normalization of TAMs and blockade of inhibitory sig-
nals such as CD47-signal regulatory protein o (SIRPa) axis
to activate their phagocytosis activity have emerged as an
anti-tumor strategy. Pro-inflammatory M1 signatures on the
macrophages can possibly convert surrounding M2 mac-
rophages to the M1 phenotype and remodel the entire tumor
microenvironment (47). In addition, after the engulfment of
tumor cells, they can present tumor-associated antigens to T
cells, which consequently facilitates CTL priming and kill-
ing (10, 12). Given the anti-tumor potential of macrophages,
strategies targeting macrophages have emerged for tumor
treatment, including depleting macrophages or limiting
monocyte recruitment, reprogramming TAMs into anti-
tumor phenotypes, abolishing inhibitory signals, and utiliz-
ing engineered macrophages for drug delivery and therapy.

Therapy Strategies

Depletion of TAM

Given the negative role of TAMs in tumor treatment, reduc-
ing TAM numbers by direct depletion of TAMs or indirect
inhibition of the recruitment of their precursor cells has
great potential in tumor management. One attractive target
for TAM and monocyte depletion is the colony-stimulating
factor 1—colony-stimulating factor 1 receptor (CSF-1-CSF-
1R) axis. CSF-1R is exclusively expressed by macrophages
and monocytes and plays an important role in their survival
(48). Antibodies, siRNAs, and small molecule compounds
have been investigated to inhibit the CSF-1-CSF-1R axis
(49-51). Immunosuppressive cells such as TAMs can pro-
mote tumor cell immune escape and hinder T cell function,
thus restricting the efficacy of immune checkpoint block-
ade therapy. Li et al. developed a hydrogel loaded with

Fig.2 Schematic illustra-
tion of the hydrogel loaded
with Pexidartinib (PLX) and 7
anti-PD-1-conjugated platelets >
(P-aPD-1) for the prevention of ¢
tumor recurrence after surgery. a
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Pexidartinib (PLX) and anti-PD-1-conjugated platelets
(P-aPD-1) for the prevention of tumor recurrence after sur-
gery (Fig. 2) (52). PLX-loaded dextran nanoparticles (PLX-
NPs) were harbored in the hydrogel, which was implanted
in the tumor surgical cavity, allowing the gradual release
of PLX to block CSF-1R for the local depletion of TAM:s.
P-aPD-1 could be either injected systemically or loaded
in the hydrogel to activate the infiltrating T cells for anti-
tumor immunity. PLX-NP-loaded hydrogel contributed 2.3-
fold and 1.8-fold decreases in intratumoral TAM densities
compared to PLX and PLX-NP. The results suggested that
local TAM depletion boosted the anti-tumor efficacy of both
local and systemic immune checkpoint inhibitor treatment.
The hydrogel served as a depot that released PLX locally in
a controlled manner, which could maximize TAM deple-
tion efficacy while minimizing the potential side effects on
normal tissues.

Bisphosphonates, such as clodronate, have a higher
cytotoxicity on TAMs than macrophages in bones, espe-
cially when the drugs are delivered by liposomes (53, 54).
Besides, TAM-targeted delivery of several antitumor
chemotherapeutics such as DOX also results in effec-
tive TAM depletion. Some membrane receptors highly
expressed on macrophages, such as mannose receptor
(MMR/CD206), can be targeted by using delivery systems
modified with mannose or their analogues (55). However,
mannose moieties can bind to other receptors, such as
dendritic cell-specific intracellular adhesion molecules
(ICAM)-3 grabbing non-integrin (DC-SIGN), liver/lymph
node-specific I[CAM-3 grabbing non-integrin (L-SIGN),
and mannose-binding lectins. This can be addressed by
using ligands with higher selectivity or by designing
stimuli-responsive systems. The CSPGAKVRC (UNO)
peptide showed a better selectivity that preferentially
homes to tumor tissues and binds to mannose receptors
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on TAMs (56). In addition, dual-targeting nanoparticles
that are equipped with fusion peptides containing two
targeting units showed high affinity to M2-like TAM and
improved the targeted delivery of anti-CSF-1R siRNA
to TAMs (49). The application of delivery systems that
shield mannose in circulation and expose it can further
improve the efficacy of TAM depletion. For instance,
calcium zoledronate-loaded nanoparticles with mannose
as the targeting motif were further modified with a pH-
responsive sheddable PEG layer, leading to efficient TAM
depletion (Fig. 3) (57).

Chemotactic signals present in the tumor microenvi-
ronment mediate the mobilization of the precursor mono-
cytes to primary and metastatic tumor sites. The mecha-
nism for the infiltration of monocytes into the tumor area
is complicated, involving the participation of cytokines
(such as CSF-1), complement components (such as C5a),
and chemokines (such as CCL2) (58-62). Based on the
chemoattractant involved in monocyte recruitments, one
strategy for depleting monocytes in the tumor microen-
vironment is to target the signaling pathways and reduce
monocyte-attracting molecules that regulate their recruit-
ments and survivals. Inhibitors targeting the CSF-1-CSF-
IR axis can deplete monocytes and TAMs from the tumor
microenvironment. Targeting CCR2, which is expressed
on Ly6C*/CCR2* inflammatory monocytes, may effec-
tively deplete this subset of monocytes and reduce TAM
accumulation in tumors (62). Similarly, blocking the
Notch signaling pathway, which is involved in the dif-
ferentiation of inflammatory monocytes into TAMs, has
been shown to reduce TAM accumulation and tumor
growth (63, 64).

Fig.3 Schematic illustration of
macrophage-targeted delivery
of calcium zoledronate for the
depletion of TAM. Zol, zole-
dronate. Reproduced with per-
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The CAR is a synthetic surface receptor that recognizes
specific antigens and bypasses the MHC and TCR binding
for direct T cell activation (65). CARs can be transduced
into various immune cells, operating as a critical recogni-
tion device for tumor cells by the immune system. Current
immunotherapies harness CAR to better recognize target
antigens that are uniformly expressed on tumor cells, but
not on normal tissues. As surface CARs bind to target tumor
cell surface antigens, cytotoxic immune cells are redirected
to tumor cells that express that antigen (66). Revolutionary
therapies have utilized the integration of CAR in the cell
membrane of T cells (CAR-T) to vastly improve hematologi-
cal tumor cell recognition and elimination by the immune
system (67). However, many trials that have attempted to
utilize CAR-T cells specific to solid tumors have not shown
an effective antitumor response, largely due to the inefficient
recruitment of T cells to the tumor site and immunosuppres-
sive tumor microenvironment that halts CAR-T cell function
(65).

Macrophages can also be transduced with CAR, in a
similar fashion to CAR-T cells to create CAR-Macrophages
(CAR-Ms). CARs for macrophage engineering are typically
composed of an extracellular antigen-recognition domain,
a hinge domain, a transmembrane domain, and intracellu-
lar signaling domains (68). The antigen recognition can be
directed by a single-chain variable fragment (scFv) against
targets, such as CD19 and HER?2 (69). Intracellular domains
such as CD3{ and macrophage-native Fc receptor common
gamma chain (FcRy) can then activate the phagocytosis
functions of macrophages. Other motifs can be added to
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intracellular domains to endow the engineered macrophage
with improved abilities to engulf large targets, secrete
cytokines, present antigens, and activate T cells (68, 70).
As a result, the CARs could redirect the phagocytic func-
tions of macrophages toward a specific target and hold the
potential to evoke an adaptive immune response. CAR-M
treatment is encouraging due to the tumor’s recruitment
ability of myeloid cells and thus the ability of macrophages
transduced with CAR to enter the solid tumor (71, 72).
CAR-M cells, once in the solid tumor microenvironment,
directly kill antigen-expressing cells via phagocytosis. In
addition, they promote a pro-inflammatory tumor microen-
vironment utilizing cytokine and chemokine secretion. The
pro-inflammatory state of the TME is thus more accepting
of the entry of other immune cells like tumor-specific CTLs
which recognize tumor-specific antigens presented by engi-
neered CAR-Ms to destroy the target cells (69). By counter-
acting the immunosuppressive TME, CAR-Ms can further
boost the adaptive immune response. In this regard, CAR-M
cell therapy may outweigh current CAR-T cell therapy for
the treatment of solid tumors.

Mounting evidence has implied that CAR-Ms directly
kill tumor cells and indirectly sculpt the TME, stimulate
T cells, and induce a vaccinal effect. Klichinsky et al. uti-
lized a replication-incompetent adenoviral vector (Ad5f35)
for CAR delivery to macrophages and generated anti-HER2
CAR-M®s (73). Primary human macrophages were gener-
ated from CD14" peripheral blood monocytes with granu-
locyte macrophage stimulating colony factor (GM-CSF). It
was demonstrated that the Ad5f35-transduced human mac-
rophages expressed anti-HER2 effectively. The resulting
anti-HER2 CAR-M® eradicated a HER2-positive ovarian
cancer cell line (SKOV3) in a solid tumor xenograft mouse
model and also demonstrated antigen-specific phagocy-
tosis in HER2™ beads and tumor cells. Additionally, the
adenovirally transduced macrophages, regardless of their
CAR expression, inducted the expression of interferon-
associated response genes like IFIT1, ISG15, and IFITM1,
consistent with an anti-tumoral M1 phenotype. Moreover,
the surrounding M2 macrophages were converted to the M1
phenotype, which decreased the secretion of immunosup-
pressive cytokines while enhancing the antigen presentation
to T cells. This phenotype was maintained at least 40 days
after transduction. This study demonstrated that CAR gene
manipulation in human macrophages can alter their phago-
cytic activity against tumors. An anti-HER2 CAR-M product
(CT-0508) developed based on this study has entered the
phase 1 clinical trial for the treatment of HER2-overexpress-
ing solid tumors and demonstrated good feasibility (74).

To simplify CAR-M® preparation, Chen et al. devel-
oped a nanoporter-loaded hydrogel nanoparticles for in situ
induction of CAR-M®s (Fig. 4) (75). CD133 is a pentas-
pan transmembrane glycoprotein expressed on cancer stem
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cells that drives glioblastoma (GBM) relapse and chemo-
radioresistance. CD133-targeted CAR gene was laden in
nanoporter via electrostatic interaction and was then loaded
in the hydrogel superstructure. The hydrogel was injected
into a post-surgical cavity following GBM tumor debulking,
and the nanoporter with the targeting ability for the CD206
receptor to deliver the CARs to engineer M2 macrophages.
The results suggested that the macrophages engineered by
the nanoparticles had high phagocytotic activity against
CD133* glioma stem cells in vitro and aided in macrophage
reprogramming in vivo. In an orthotopic patient-derived
glioma humanized mouse model, it was determined that
intracranial codelivery of NP-pCAR M®s and anti-CD47
antibodies by the nanoporter-hydrogel structure achieved the
most robust antitumor efficacy. This combination therapy
greatly increased the phagocytotic ability of the NP-pCAR-
M®s against glioma stem cells by simultaneously targeting
CD47 “don’t eat me” signaling. This treatment generated
a robust anti-tumor immune response in the post-surgery
tumor cavity and inhibited GBM recurrence post-opera-
tion, contributing to an 83% survival rate in 120 days. A
typical manufacturing workflow of CAR-M cells requires
time-intensive isolation, genetic modification, and selective
expansion before infusion back into a patient. The develop-
ment of novel in situ macrophage engineering approaches
may expedite the preparation and lower the cost of CAR-M
cell therapies.

Macrophage-Based Drug Delivery

Cell-based delivery systems can disguise cargo as self-
components, thus helping it escape the clearance of MPS
during circulation. Specifically, macrophages are a main
component of MPS and have a long lifespan ranging from
several months to years (76). The surface receptors and
other molecules displayed on macrophages allow them to
react to inflammatory signals and migrate to the diseased
site (77). The tumor microenvironment is often associated
with chronic inflammations that are prone to recruit mac-
rophages (48). Therefore, efforts have been made to exploit
macrophage-based delivery carriers, principally through
backpacking drugs onto macrophages, in situ macrophage
hitchhiking, as well as loading drugs inside macrophages.
Nanoparticles deemed “backpacks” have been designed to
adhere to mobile circulatory cells such as macrophages and
modulate the functions of these cells. For example, the discoi-
dal backpacks comprised of a polyvinyl alcohol (PVA) layer
sandwiched between two polylactic-co-glycolic acid (PLGA)
layers have been developed using microcontact printing
(78). PVA’s hydrophilicity allowed for the incorporation of
interferon-y (IFN-y), a cytokine that functions as the primary
activator of macrophages, into the middle layer of the back-
pack (Fig. 5). Backpacks also contain a cell adhesive layer
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Fig.4 Schematic showing the in situ induction of CAR-M®s by a hydrogel loaded with nanoporters and the working mechanism of resultant
CAR-M®s. GSCs, glioma stem cells. Reproduced with permission. (75) Copyright 2022, AAAS

composed via layer-by-layer assembly of polyallylamine and
aldehyde-modified hyaluronic acid. Backpacks with this cell-
adhesive layer bound to 86.9% of bone marrow-derived mac-
rophages, and the anisotropic shape of backpacks helped to
avoid phagocytosis by disrupting the formation of actin struc-
ture necessary to complete phagocytosis. Macrophages carry-
ing IFN-y backpacks not only shifted polarization of TAMs
toward M1 phenotypes but also maintained their M1 pheno-
types in the immunosuppressive solid tumor environment as
supported by increased expression of inducible iNOS, MHCII,
and CDB80, relative to unpolarized macrophages. Macrophages,
when left unpolarized or polarized from M®s in free IFN-y ex
vivo, lost the M1 phenotype in the tumor microenvironment
without the presence of the cellular backpack.

Due to their phagocytic nature, macrophages can actively
phagocytose bacteria or bacteria-mimetic nanosystems.
Gao et al. developed phagocytic immune cell-hitchhiking
gold nanoparticles (GNPs) for anti-tumor photothermal
treatment (PTT) (Fig. 6) (79). GNPs were modified with
B-cyclodextrin (B-CD) or adamantane (ADA), which formed
the host-guest pair that could drive the supramolecular

self-assembly of GNPs. The modified GNPs were further
coated with Escherichia coli outer membrane vesicles
(OMVs), which facilitate the phagocytosis of GNPs by
phagocytic immune cells, including macrophages. Following
the phagocytosis, the OMVs were degraded, and GNPs with-
out the photothermal effect could self-assemble into GNP
aggregates with the photothermal effect. The formation of
intracellular GNP aggregates with large sizes also reduced
their leakage from immune cells. Phagocytic cells carry
the loaded GNPs to melanoma sites through inflammatory
tropism-mediated targeting. When a portion of phagocytic
immune cell-hitchhiking GNPs reached the tumor sites, an
initial irradiation was performed that induced damage and
inflammation at tumor sites, facilitating the recruitment of
more phagocytic cells together with more GNPs. A second-
ary irradiation is then conducted to trigger a potent PTT
effect. The positive feedback between macrophage-mediated
delivery and PTT treatment contributed to improved thera-
peutic effects.

In addition, macrophage membrane-coated nanoparticles
and macrophage-derived exosomes have also been explored
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Fig.5 Schematic illustration of
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for drug delivery. Cao et al. coated liposomes with mac-
rophage membranes for the delivery of emtansine, display-
ing enhanced inhibition activity against the lung metasta-
sis of breast cancer (80). In addition, the presence of the
blood—brain barrier (BBB) and blood—brain—tumor bar-
rier (BBTB) restricts the accumulation of therapeutics in
glioblastoma. Due to their ability to cross the BBB, mac-
rophages and their exosomes have been employed as car-
riers for brain drug delivery. The exosomes can be further
decorated with motifs, such as AS1411 aptamer or cRGD
peptide, to improve their tumor-targeting capability (81, 82).
Combined with different therapeutics, the macrophage
exosome-based delivery system improved the efficacy of
sonodynamic therapy, gene therapy, and chemotherapy on
brain tumor models. In addition, exosomes derived from M1
macrophages display the ability to foster M1 polarization of
macrophages, establish a local immunostimulatory microen-
vironment, and promote anti-tumor immunity (83).
Macrophage-based drug delivery systems have been
developed for the treatment of a variety of diseases, such

@ Springer

as rheumatoid arthritis, sepsis, and atherosclerosis (84—86).
For example, Hou et al. adoptively transferred macrophages
loaded with antimicrobial peptide and cathepsin B (AMP-
CatB) mRNA for the treatment of sepsis induced by mul-
tidrug-resistant bacteria (84). AMP-CatB mRNA encoding
an AMP, a CatB, and a CatB-responsive linker was loaded
in vitamin C-derived lipids (V-LNPs). The V-LNPs were
internalized by macrophages via caveolae-mediated endocy-
tosis, and then the CatB—an endogenous lysosomal protein
could carry the payload into lysosomes. The V.LNPs-loaded
macrophage displayed a strong bactericidal activity in the
sepsis mice. These systems may also provide inspiration for
macrophage-based tumor therapy.

Repolarization of Macrophages

When triggered in response to environmental cues, mac-
rophages exhibit different functional programs that are sub-
categorized into classically activated (M1) or alternatively
activated (M2) macrophages. M1 macrophages are polarized
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by lipopolysaccharides and cytokines like IFN-y or GM-CSF
to exhibit strong effector functions against cancer cells and
pathogens (87, 88). In addition to their high phagocytic abil-
ity, M1-macrophages heighten pro-inflammatory cytokines
like IL-12, IL-23, and TNF-a which facilitate leukocyte
recruitment and activation during injury (89). Alternatively,
polarization by IL-4 and IL-13 results in M2-macrophages
which perform anti-inflammatory functions. M2-mac-
rophages clear debris and release transforming growth
factor-f (TGF-f), platelet-derived growth factor (PDGF),
and VEGEF to aid in wound healing and repair (90, 91).
Furthermore, M2 macrophages contribute to inflamma-
tion resolution by producing immunosuppressive cytokines
like IL-10. Of note, macrophages demonstrate high plastic-
ity between phenotypes. M2 macrophages can shift to M1
macrophages under the induction of certain signals, making
polarization a dynamic process.

Reprogramming TAMs toward the M1-like phenotype
may activate their phagocytosis functions, representing a
promising strategy for tumor treatment. The repolarization

GNP aggregates with the photothermal property. ¢ The positive feed-
back between macrophage-mediated delivery and PTT treatment con-
tributed to improved therapeutic effects. Reproduced with permission.
(79) Copyright 2022, AAAS

of TAMs toward the M1 phenotype can be achieved through
some therapeutic modalities, such as chemotherapy, radio-
therapy, and immunotherapy (92, 93). Low-dose local radio-
therapy can reprogram macrophages toward an iNOS*/M1
phenotype that promotes infiltration and activity of CTLs,
thus orchestrating effective immunotherapy (94). Many
cytokines (including CSF-1), immunostimulants, transcrip-
tion signal modulators, and chemical compounds can be
utilized to reprogram TAMs. CpG oligodeoxynucleotides
(CpG ODNSs) can be recognized by toll-like receptor 9 to
polarize macrophages towards the M1 phenotype. Load-
ing CpG ODNs in macrophage-targeted nanoparticles pro-
moted M1-type polarization and abolished tumor-associated
immunosuppression (95). Besides, the upregulation of some
metabolic pathways supports and accelerates cancer progres-
sion by driving M2 polarization in tumors. Sialylation is an
established hallmark of tumors and is associated with immu-
nosuppression status. Tumor-specific desialylation could be
achieved by an antibody-sialidase conjugate, which resulted
in a phenotype shift of TAMs toward M1 polarization (96).
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Containing abundant contents from their parent cells,
exosomes derived from M1 macrophages could repro-
gram M2 toward M1 phenotype. Nie et al. engineered
exosomes from M1 macrophages with immune stimula-
tory antibodies for tumor therapy (Fig. 7) (97). M® were
incubated with Manganese** (Mn?*), which exemplified
successful hydroxyl radical generation via a Fenton-like
reaction and thus induced M1 polarization. M1 exosomes
were then modified with surface azide groups and were
conjugated with dibenzocylclooctyne-modified immune
stimulatory antibodies aCD47 and aSIRP« via click chem-
istry. In an acidic tumor microenvironment, pH-sensitive
benzoic imine bonds are cleaved, selectively releasing
the antibodies that block the inhibitory receptor SIRPa
from interacting with CD47 tumor cell transmembrane
proteins and thus induce improved phagocytic abilities of

Mn’ /HCOY
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“e Azide choline cholme
HO\/\N/\,N:
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aCD47 NHS-PEG:2000-BD NH2-PEGs-DBCO
Y Y

aSIRPa

Tumor microenviroment

~

‘;‘vO/Acide Induced
Cleavage

\{{}c—n—osco

i

E%ﬂ»‘

the M1 macrophages. The treatment switched pro-tumoral
M2 macrophages to anti-tumoral M1 macrophages via M1
exosome-mediated re-education and blockage of CD47-
SIRPa signaling. The fluorescence from tumor cells was
dispersed into 73% of the M1 Exo-treated M2, while the
signal can hardly be detected in untreated pristine M2,
confirming the macrophage reprogram ability of M1 Exo.
In addition, natural killer (NK) cells have been reported
to promote the M1 polarization of macrophages via some
NK membrane proteins, such as DNAM-1 and RANKL.
Deng et al. cloaked photosensitizer-loaded nanoparticles
with NK cell membranes (NK-NPs) (98). NK-NPs con-
tributed to a 5.5-fold increase in the percentage of M1
macrophages in tumors, working synergistically with
photodynamic therapy-induced immunogenic cell death
to augment the anti-tumor efficacy.
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Fig. 7 Schematic illustration of engineered exosomes from M1 macrophages for M1 polarization. M1 Exo, M1 macrophage exosomes. Repro-

duced with permission. (97) Copyright 2020, Wiley-VCH
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Blocking Inhibitory Signaling to Enhanced
Phagocytosis

CD47 is a transmembrane protein widely present in normal
cells, functioning as an inhibitor of phagocytosis to maintain
immune homeostasis. However, to evade the phagocytosis
by macrophages, tumor cells upregulate their expression of
CDA47, which interacts with the inhibitory receptor SIRPa
on macrophages to transmit the “don’t eat me” signal (99).
Studies have shown that CD47 mRNA expression levels in
multiple types of tumors are inversely correlated with patient
survival (100). CD47 blockade promotes the elimination of
tumor cells through several mechanisms. The most well-
investigated mechanism is that the inhibition of the CD47-
SIRPa axis contributes to the restoration of macrophages’
phagocytic function. Besides, CD47 blockade enhances
tumor engulfment and antigen presentation by antigen-
presenting cells, which consequently facilitates the T cell
priming and killing effects (101). In addition, anti-CD47
antibodies are reported to induce apoptosis of tumor cells
directly and stimulate antibody-dependent cellular cytotox-
icity (ADCC) to eliminate tumor cells (102, 103). By far,
several antibodies or small molecules targeting CD47-SIRPa
axis have entered clinical trials (104, 105). Magrolimab, an
anti-CD47 monoclonal antibody, is undergoing a phase 3
ENHANCE trial for the treatment of myelodysplastic syn-
drome and has received FDA Breakthrough Therapy Desig-
nation (106). RRx-001, a small molecule that can downregu-
late CD47 and SIRP-a, is currently studied in phase 2 and 3
trials for the treatment of several tumor malignancies (107).

Although CD47 antagonists are promising in activating
the anti-tumor activities of macrophages, the occurrence
of adverse events such as anemia and thrombocytopenia

following the systemic administration of the antibodies
brings up a concern (108). To prevent post-surgical tumor
recurrence and eliminate distant tumors, Chen et al. devel-
oped an anti-CD47-loaded in situ-formed gel (109). The
antibody was loaded into calcium carbonate nanoparticles.
The gel was formed in the tumor resection cavity follow-
ing the simultaneous spraying and mixing of nanoparticles-
loaded fibrinogen solution and thrombin solution. Calcium
carbonate also functions as a proton scavenger that regulates
the acidity in the TME. The in sifu-formed gel elicited effi-
cient anti-tumor activity of macrophages and T cells while
reducing the systemic toxic effects.

In addition, blockade of the CD47-SIRPa axis can also
be combined with other treatment modalities. Given that the
chemodrug paclitaxel (PTX) can promote the infiltration of
TAMs and foster the enrichment of CD47 on tumor cells,
Wang et al. developed a PTX filament (PF) supramolecu-
lar hydrogel loaded with anti-CD47 antibody (aCD47) for
the postoperative treatment of GBM (Fig. 8) (110). PTX
molecules were conjugated to iRGD peptides through bio-
degradable linkers to form the amphiphilic PTX prodrug,
which is capable of self-assembling into PF. The mixture of
aCD47 and PF was infused into the resection cavity after the
surgical removal of GBM. The solution-to-hydrogel phase
transition could be induced by PBS or happen spontaneously
under physiological conditions. The hydrogel acts as a reser-
voir for localized and sustained delivery of both aCD47 and
PTX, enhancing the immune response against cancer cells
and diminishing tumor recurrence. Current clinical treat-
ments for GBM have shown limited efficacy due to both the
blood—brain barrier that restricts the entry of T cells into the
brain cells and the immunosuppressive factors released by
cancer cells. As 30 to 50% of brain tumor mass is composed
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Fig.8 Schematic illustration of PF hydrogel for localized delivery of PTX and aCD47 for the postoperative treatment of GBM. Reproduced with

permission. (110) Copyright 2023, National Academy of Science
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of TAMs, activating phagocytosis functions of TAM using
these hydrogels is a promising approach to improve thera-
peutic efficacy.

Moreover, the CD47-SIRPa blockade could be combined
with the TAM repolarization strategy for the synergistic
treatment efficacy. Kulkarni et al. developed a supramo-
lecular assembly containing CSF-1R inhibitors and anti-
SIRPa antibodies (111). BLZ945, the CSF-1R inhibitor in
the assembly, depletes TAMs and promotes the M1 polari-
zation. The supramolecule demonstrated robust anti-tumor
and anti-metastatic efficacy in melanoma and breast can-
cer models. Feng et al. engineered bacteria-derived outer
membrane vesicles (OMVs) with CD47 nanobody (CD47nb)
(112). OMVs induced M1 polarization and sensitized TAMs
for CD47-SIRPa blockade, thus evoking their phagocytosis
ability.

Conclusion and Discussion

TAMs play a critical role in tumor progression, metasta-
sis, and immunosuppression, forming a hindrance to effec-
tive therapeutic approaches against tumors. Insight into
the factors that activate the anti-tumor function of TAMs
has revealed new therapeutic avenues. Strategies to block
inhibitory signaling or repolarization of macrophages can
activate phagocytosis, transforming TAMs from a tumor
promoter into a tumor suppressor. Depletion of TAM has
been proven successful in the intervention of tumors in
experimental settings, especially when combined with
other therapy modalities. Engaging macrophages as drug
carriers offer distinguishing advantages, including prolonged
circulation, enhanced tumor-targeted delivery, and reduced
immunogenicity. Specifically, due to the capability of mac-
rophages to cross the BBB, macrophage-based delivery sys-
tems may open up opportunities for the treatment of brain
tumors. Besides, CAR-M that can perform cytocidal tasks
will expand the toolkit for the treatment of solid tumors.
Great endeavors have been made to target macrophages
for tumor therapy. A CSF-1R inhibitor, PLX3397 (pexidar-
tinib), has been approved by FDA for the treatment of teno-
synovial giant cell tumors, and other kinds of CSF-1 inhibi-
tors have also marched to advanced clinical trials (113). In
addition, the initial data from the in-human study demon-
strated a good safety profile of CAR-M CT-0508 in the phase
1 clinical trial (74). Moreover, progress in elucidating the
precise mechanisms by which macrophages accelerate tumor
progression will lay a solid foundation for the development
of new anti-tumor therapies. Macrophages terminate inflam-
mation through efferocytosis, which involves the process
of the production of anti-inflammatory cytokines and the
repression of pro-inflammatory mediators. A strong connec-
tion between tumors and efferocytosis has been revealed,

@ Springer

and inhibition of efferocytosis has emerged as a promising
strategy for tumor treatment (114). Myeloid-epithelial-repro-
ductive tyrosine kinase (MerTK) of TAMs promotes effero-
cytosis and represents a target for efferocytosis. Inhibitors
and antibodies targeting MerTK have been explored to block
the activation of MerTK (115, 116). There is still plenty of
room for the development of macrophage-centered tumor
therapies.

Despite the success of targeting macrophages for anti-
tumor therapy, many challenges remain that limit the trans-
lation of these treatments. The recruitment and polarization
of macrophages in the TME are complicated and dynamic.
M1-like macrophages in the tumor area may turn back into
immunosuppressive M2 macrophages after treatment with-
drawal, weakening their tumor-killing abilities and limiting
the persistence of the therapy. Regulating and maintaining
the M1 phenotypes of adoptively transferred macrophages
in vivo is crucial in advancing adoptive cell therapies as
conserved M1 phenotypes slow tumor growth and reduce
metastasis. Therefore, it is necessary to develop therapeutics
that maintain M1 polarization and monitor the phenotype of
macrophages for a long time. Besides, macrophage hetero-
geneity is often explained utilizing an M1/M2 concept; how-
ever, complex macrophage activation is not elucidated with
such a notion. Utilizing M2 markers such as CD163, CD204,
and CD206, it is found that macrophages contain a wide
range of polarization features or activation states (117, 118).
Additional studies are crucial in further classifying mac-
rophages beyond the M1/M2 identification approach as mac-
rophage function is highly dependent upon ontogenesis, the
environment, and the types of pathogens or injuries present
(119). In addition, although M1 macrophages are regarded
as tumoricidal in general, some studies also report its pro-
tumor potential. Activation of pro-inflammatory pathways in
TAMs can elevate the expression of inhibitory receptors and
ligands such as PD-L1 to impact immune response (120).
Phagocytosis of tumor cells by macrophages concomitantly
leads to the upregulation of IDO and PD-L1 (121). Although
the precise mechanisms remain to be discovered, it can be
inferred that combination therapy (such as anti-PD-1/PD-
L1+macrophage-based therapy) may generate synergistic
effects to improve efficacy. Moreover, despite the encourag-
ing data on combination therapy in preclinical and clinical
models, the lack of understanding of the detailed mechanism
of macrophage functions raises concerns regarding the safety
of macrophage-targeted therapy, especially for the deple-
tion of macrophages. As macrophages play a critical role
in immune defense and tissue homeostasis, it is important
to assess the systemic impact and side effects in view of the
long-term safety of these therapies.
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