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1 | BACKGROUND

WANG ET AL.

Abstract

As one of the most abundant immune cell populations in the tumor microenvi-
ronment (TME), tumor-associated macrophages (TAMs) play important roles in
multiple solid malignancies, including breast cancer, prostate cancer, liver can-
cer, lung cancer, ovarian cancer, gastric cancer, pancreatic cancer, and colorec-
tal cancer. TAMs could contribute to carcinogenesis, neoangiogenesis, immune-
suppressive TME remodeling, cancer chemoresistance, recurrence, and metasta-
sis. Therefore, reprogramming of the immune-suppressive TAMs by pharmaco-
logical approaches has attracted considerable research attention in recent years.
In this review, the promising pharmaceutical targets, as well as the existing mod-
ulatory strategies of TAMs were summarized. The chemokine-chemokine recep-
tor signaling, tyrosine kinase receptor signaling, metabolic signaling, and exoso-
mal signaling have been highlighted in determining the biological functions of
TAMs. Besides, both preclinical research and clinical trials have suggested the
chemokine-chemokine receptor blockers, tyrosine kinase inhibitors, bisphos-
phonates, as well as the exosomal or nanoparticle-based targeting delivery sys-
tems as the promising pharmacological approaches for TAMs deletion or repro-
gramming. Lastly, the combined therapies of TAMs-targeting strategies with tra-
ditional treatments or immunotherapies as well as the exosome-like nanovesicles
for cancer therapy are prospected.

KEYWORDS
chemokine-chemokine receptor, exosomeimmune suppression, metabolism, tumor-
associated macrophages, tyrosine kinase receptor

lial cells, fibroblasts, T cells, B cells, and natural killer
cells.> Their cross talks accelerate the formation of the

Cancer is a heterogeneous disease that is composed of
numerous cell types, including both cancer and non-
cancer cells. Although macrophage content is highly
variable in different tumor entities, macrophages are
among the most prominent tumor-associated noncancer
cell type in the tumor microenvironment (TME),"? known
as tumor-associated macrophages (TAMs). Current evi-
dence suggests that TAMs engage in complex network
interactions with cancer stem cells, cancer cells, endothe-

immune-suppressive TME that not only stimulates can-
cer cell proliferation, neoangiogenesis, lymphangiogene-
sis, drug resistance, and distant metastasis, but also further
recruits macrophages to establish a vicious feedback loop
that continually reinforces the immune-suppressive TME.
Recently, multiple signaling pathways have been identified
as critical nodes mediating TAMs polarization and inter-
actions with malignant cells. Small molecule inhibitors
or monoclonal antibodies targeting TAMs signaling have
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HIGHLIGHT

* The biofunctions and clinical implications of
TAMs in cancer progression were summarized.

* The current pharmaceutical targets in TAMs
regulation were introduced and discussed.

* The latest advancements of agents that were
effective in TAMs depletion or reprogramming
were summarized and discussed.

* The promising future of exosomal signaling
for TAMs-targeted therapy was discussed and
expected.

been demonstrated to effectively inhibit cancer develop-
ment and metastasis. Therefore, TAMs have emerged as
a central drug target for cancer therapy. Here, our review
focuses on discussing the biological functions of TAMs,
critical signaling and targets regulating TAMs activities,
and current therapeutic strategies for treating malignan-
cies that affect TAMs.

2 | MACROPHAGE POLARIZATION IN
CANCER

Since the first description by llya llyich Mechnikov
in 1882, phagocytes have been reported to be present
throughout the body and to perform specific biological
functions. For example, liver macrophages (Kupffer
cells) eliminate pathogenic and waste products from
circulation.* Brain-resident macrophages (microglia)
contribute to the maintenance of engrams (i.e., the neural
bases of memories)’ by facilitating synaptic pruning.
Langerhans cells in the skin are responsible for activating
local inflammatory reactions and clearing pathogenic
substances.® Phagocytes can also be infiltrated into the
TME to perform pro- and/or antitumor functions. Usu-
ally, macrophages are considered as a plastic cell type
capable of activating or polarizing into different statuses.
Macrophages change their activation or polarization sta-
tuses in response to any potential entity, which is capable
of being recognized by macrophages. The common stimuli
including growth factors, cytokines/chemokines, hypoxia,
exosomes, microbes, microbial products, nucleotide
derivatives, antibody-Fc receptor stimulation, glucocorti-
coids, infection, and phagocytosis.” Therefore, it is hard
to establish the common nomenclatures or standards
for describing the activation or polarization properties
of macrophages induced by various stimuli.” There are
mainly four definitions of macrophage activation or

3

polarization statuses, including terms such as M1-like and
M2-like, alternative and classical activation, “regulatory”
macrophages, and subdivisions originating from the
parent terms.” In 2012, Mills proposed the M1-like/M2-like
dichotomy to describe the two major and opposing activi-
ties of macrophages.® At present, this definition method of
macrophage activation or polarization statuses is widely
used by the majority of researchers. Ml-like polariza-
tion is reported to be induced by pathogen-associated
patterns, including lipopolysaccharides (LPS), interferon-
y, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and tumor necrosis factor a (TNF-a). M1-like
activation causes the release of various cytokines, such
as interleukin 6 (IL-6), IL-18, and TNF-a, that facilitate a
proinflammatory response to defense against pathogenic
insults.” In contrast, the M2-like phenotype is induced
by damage-associated patterns (DAMPs) from cytokines
such as IL-4 and IL-13, which subsequently activate the
JAK-STAT pathway and turn on the expression of anti-
inflammatory cytokines, such as resistin-like molecule
a, IL-10, and arginase 1 (ARG1).!° These signals further
accelerate the remodeling of the TME to promote cancer
angiogenesis, growth, and immune suppression. Usually,
Ml-like is considered to be an inhibitory phenotype due
to its function in promoting Thl responses that exert
tumoricidal and microbicidal functions, whereas M2-like
represents a restorative phenotype due to its effects in
activating Th2 responses that contribute to tissue remod-
eling/repair, angiogenesis, immunosuppression, and
tumor progression.'! Generally, both M1-like and M2-like
phenotypes can exist within the same microenvironment;
therefore, the molecular targets controlling the polariza-
tion balance are considered as an important approach for
cancer therapy. The polarization biomarkers of Ml-like
macrophages include CD86 and CD80, while the polariza-
tion biomarkers of M2-like macrophages include CD163,
CD204, CD206, CD115, and CD301." Particularly, CD163
can simultaneously be present both in a membrane-bound
form on M2-like phenotype TAMs and a soluble form in
plasma. Because of its macrophage-specific expression
characteristic and highly elevated concentrations during
various pathological conditions, soluble CD163 (sCD163)
level is also regarded as a reliable biomarker for monitoring
macrophage activity."® For example, CD163" TAMs were
reported to express high levels of immune-checkpoint
molecules PD1 and PD-LI1. Blocking PD1/PD-L1 signaling
in CD163% TAMs with antibodies could induce Mi-like
polarization and increase macrophage phagocytosis,
reduce tumor burden and prolong survival,'"*"> and result
in an increased release of sCD163 in the lesional skin of
melanoma."® Meanwhile, Fujimura et al. identified serum
sCD163 as a reliable predictive biomarker for immune-
related adverse events (irAEs) and efficacy of nivolumab
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in patients with advanced melanoma.'®!” These findings
suggest that macrophage polarization modulation may
also be the potential pharmacological mechanism of
immune-checkpoint inhibitors. The combination treat-
ment of macrophage-targeted strategy and PD-1/PD-L1
blockade may provide a synergetic antitumor efficacy,
which deserves further investigations.

3 | CLINICAL IMPLICATIONS OF TAMs
IN CANCER DEVELOPMENT

Over the past decade, TAMs have attracted rising research
attention for their modulatory potential on angiogene-
sis, cytokines, and immune regulation that either inhibit
or facilitate tumor progression. Clinically, elevated infil-
tration levels of Ml-like macrophages within tumor tis-
sues predict a favorable prognosis, while elevations in the
M2-like macrophages usually predict poor outcomes.'® A
tissue microarray analysis of 553 primary non-small cell
lung cancer patients revealed that M1-like macrophages
in metastatic lymph nodes were a predictor of improved
survival.' In esophageal cancer patients, cases with high
CD163 and CD204 expression levels showed a signifi-
cantly shorter overall survival than those with compar-
atively lower CD163 and CD204 levels.?’ In addition, in
triple-negative breast cancer patients with either high
CD163 expression or low CD163 expression, the 5-year
overall survival ratio was 72.3% or 82.5%, respectively.’!
These clinical observations have been well supported by
experimental studies using macrophage depletion or over-
expression strategies. For example, genetic ablation of
GM-CSF in different murine tumor models—such as the
MMTV-PyVT*/- breast cancer model, the spontaneous
colon cancer model, and the osteosarcoma xenotrans-
plant model—significantly reduces M2-like macrophage
density in solid tumors, which in turn inhibits cancer
growth and progression.””** In addition, macrophage
depletion with clodronate-encapsulated liposomes also
yields a significant reduction of tumor volume in sev-
eral malignancies.”?° In contrast, overexpression of CSF-
1 remarkably increases TAMs recruitment and acceler-
ates cancer development and metastasis.”’ It should be
noted that the effect of TAMs on tumor tumorigenesis
and progression may fluctuate due to their differentia-
tion heterogeneity.”® Based on these clinical observations
and experimental findings, numerous studies have inves-
tigated the underlying mechanisms of TAMs in control-
ling cancer development. At present, M2-like macrophages
have been found to participate in all steps of malignant
development including carcinogenesis, neoangiogenesis,
overall immune suppression, drug resistance, and later
recurrence and/or metastasis (Figure 1).

3.1 | TAMs contribute to carcinogenesis
and neoangiogenesis

TAMs have been found to be involved in the first
step of carcinogenic lesion formation during neoplasia.
Macrophage infiltration has been found to be upreg-
ulated in a murine chemically induced skin carcino-
genesis model.”” Similarly, a massive accumulation of
CD206™ or ARG1+ macrophages has also been found in an
inflammation-mediated skin tumorigenesis mice model,
while macrophage ablation has been shown to signifi-
cantly reduce tumor incidence.*’ In an EGFR-driven lung
carcinogenesis model, sustained macrophage recruitment
has been observed and macrophage depletion causes a
significant reduction in tumor burden.’! Neoangiogene-
sis is also a critical step during carcinogenesis, in which
macrophage infiltration is also involved. Various stud-
ies have suggested that TAMs are predominantly located
near the blood vessels of malignant solid tumors, and
TAMs numbers are usually positively correlated with
blood vessel density.>* Functional studies have also
demonstrated that TAMs elimination causes the reduction
of neoangiogenesis,”® while TAMs enhancement aggra-
vates this process.*® Mechanistic studies imply that TAMs
can release multiple proangiogenic factors, such as vascu-
lar endothelial growth factor A (VEGF-A), macrophage-
inhibitory factor (MIF), adrenomedullin (ADM), platelet-
activating factor (PAF), platelet-derived growth factor
(PDGF), basic fibroblast growth factor (bFGF), and TGF-
B, as well as numerous cytokines such as TNF-«, IL-1, IL-
8, and monocyte chemoattractant protein-1 (MCP-1).7-4°
Additionally, TAMs also release numerous angiogenesis-
modulating enzymes including iNOS,* COX-2, and matrix
metalloproteinases (MMPs),**** all of which have been
associated in matrix degradation and endothelial cell
invasion.

3.2 | TAMs facilitate the formation of the
immune-suppressive microenvironment

TAMs recruitment not only supports cancer growth via
neoangiogenesis induction but also facilitates the estab-
lishment of the immune-suppressive microenvironment.
Recent studies have suggested that TAMs express PD-L1,
PD-L2, CD86, and CD80, all of which induce CD8" T cell
dysfunction upon binding to immune-checkpoint recep-
tors such as PD1 or cytotoxic T-lymphocyte-associated
protein 4 (CTLA4).*** In addition, TAMs release mul-
tiple cytokines, enzymes, and chemokines that inhibit
T-cell activity through natural regulatory T cell recruit-
ment or L-arginine depletion in the TME. For exam-
ple, IL-10 produced by TAMs could suppress IL-12
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Pro-oncogenic role of TAMs in cancer development. Macrophages could be differentiated into M1-like and M2-like phenotypes

under different stimuli. M1-like macrophages were usually considered as a “killer” phenotype while M2-like macrophages were known as the
“healing” phenotype. M2-like macrophages have been reported to participate in the process of carcinogenesis and neoangiogenesis via releasing
proangiogenic factors, enzymes, and MMPs. Meanwhile, M2-like macrophages promoted cancer recurrence and metastasis via modulating
epithelial-mesenchymal transition, extracellular matrix degradation, and facilitating premetastatic niche formation. On the other hand, M2-
like macrophages could induce chemoresistance by exosomal signaling or cell-cell contact. Most importantly, M2-like macrophages contributed
to establishing the immune suppression microenvironment by elevating the PD-1/CTLA4 signaling or inhibiting the bio-functions of cytotoxic

T cells or dendritic cells

secretion from myeloid cells and promote Th2-type
immune response.*® The secretion of TGF-3 and PGE2
can impair the maturation process of dendritic cells,
which subsequently compromise the balance between
innate and adaptive immunity.** Immune-checkpoint

inhibitors have revealed successful therapeutic responses
in multiple malignant tumors such as melanoma and
lung cancers.*” Unfortunately, only approximately 20% of
cancer patients respond to immunotherapy, and mixed
responses can limit therapeutic efficacies and lead to local
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recurrences and/or distant metastases.”® Given the abun-
dance and immune-suppressive properties of TAMs, tar-
geting TAMs has been suggested as a promising approach
to promote the efficacy of checkpoint antagonists. For
example, anti-PD1/anti-CTLA4 treatment can decrease
pancreatic tumor growth by approximately 50%, while
their combination with PLX3397 (CSFIR inhibitor) can
dramatically attenuate tumor expansion and even results
in tumor regression by 15%.°' FcyR is a receptor typically
expressed by TAMs. Similarly, a PD1 antibody also results
in tumor growth inhibition in colon cancer xenografts,
although this efficacy typically varies among mice. Strik-
ingly, when a PD1 antibody and FcyR antagonist were
simultaneously administrated, tumor growth was com-
pletely inhibited in all mice.”> Additionally, suppress-
ing IL-10 signaling in TAMs can promote CD8' T cell-
mediated antitumor immune responses in breast cancer
receiving chemotherapy.*® Given these encouraging pre-
clinical results, utilization of TAMs-targeting strategies is
promising for future clinical application as a combination
therapy with checkpoint inhibitors.

3.3 | TAMs aggravate cancer drug
resistance

TAMs density is also closely correlated with therapeu-
tic responses and is highlighted in cancer drug resis-
tance. Multiple studies have found that TAMs populations
are enriched following toxic cancer-killing treatments. In
aromatase-inhibitor-resistant breast cancer, TAMs den-
sity is much higher in primary tumor tissues and sig-
nificantly correlates with decreased disease-free survival
(DFS) and overall survival (0S).>> TAMs infiltration was
also found to be elevated following chemotherapy in a
pancreatic ductal adenocarcinoma model, and TAMs pre-
treatment could render pancreatic cancer cells resistant to
gemcitabine whereas this efficacy was strikingly enhanced
by TAMs depletion via clodronate liposomes.>* In colon
cancer, TAMs infiltration has frequently detected been
in chemoresistant patients and is significantly associ-
ated with poor survival.” The macrophage marker, CD68,
is positively correlated with the expression of MDRI.
Notably, blocking IL-6 secreted from TAMs is capable
of resensitizing colon cancer cells to chemotherapeutic
drugs. Meanwhile, B-cell activating factor released by
TAMs is also effective in mediating bortezomib resistance
in myeloma. In addition to cytokine secretion, ligand-
receptor interactions between cells are also involved in
mediating chemoresistance.”® In a macrophage-myeloma
contact model, plasma-membrane protein/gene profiling
assays have demonstrated that CD18 and selectins in
macrophages remarkably contribute to chemoresistance

via combining with intracellular cell adhesion molecule-
1 (ICAM-1) and P-selectin glycoprotein ligand-1 (PSGL-1),
respectively, in myeloma cells. Pharmacological inhibition
or genetic knockdown of PSGL-1 or ICAM-1 signaling in
these myeloma cells can diminish the protective effects
of TAMs from cytotoxic cancer-killing agents including
melphalan, doxorubicin, and bortezomib. Recent findings
also suggest that exosomes are also implicated in TAMs-
induced chemoresistance. It is found that macrophages-
derived exosomal miR-21 signal could be directly deliv-
ered into gastric cancer cells, and thus results in apop-
tosis inhibition and cisplatin resistance of gastric cancer
cells.”” Therefore, it may be worthwhile to apply TAMs-
targeting therapies with traditional cancer-killing strate-
gies in future clinical applications.

3.4 | TAMs accelerate cancer recurrence
and metastasis

Local recurrence and distant metastasis are not solely
determined by the malignant behavior of cancer cells
because recent studies have suggested that stromal
cells, particularly TAMs, act as an important driv-
ing force in these processes. For example, Giurisato
et al. proved that extracellular-regulated protein kinase
5 (ERK5)-mediated macrophage proliferation could sup-
port melanoma invasiveness and metastasis in vivo, sug-
gesting TAMs renewal as an integral component of tumor
metastasis.”® Mechanistically, numerous researches have
demonstrated the crucial role of TAMs in regulating
the epithelial-mesenchymal transition (EMT) process.” %!
Cocultured hepatocellular cancer cells with TAMs could
enhance the expression levels of mesenchymal markers
including N-cadherin and vimentin, whereas attenuat-
ing the epithelial marker E-cadherin.®® A similar phe-
nomenon was also observed in breast, gastric, colon, and
pancreatic malignancies.®” Biologically, multiple TAMs-
secreted cytokines including IL-183, IL-8, EGF, TNF-q,
and TGF-8 have been validated to promote the EMT
process.®%-63%4 Meanwhile, TAMs can secrete various
kinds of proteolytic enzymes including MMPs, cathepsins,
and serine proteases to degrade the extracellular matrix
(ECM).%>% For instance, cathepsin B and S secreted by
TAMs were found to be critical in promoting pancreatic
cancer invasion.®” An earlier study also demonstrated that
TAMs synthesize SPARC/osteonectin to deposit collagen
IV, resulting in enhanced tumor invasion and adhesion to
other ECM components.®® TAMs have also been shown to
be necessary for facilitating cancer cell intravasation and
extravasation. Multiphoton intravital imaging techniques
have shown that intravasating cancer cells are invariably
accompanied by a macrophage within one cell diameter.®
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Interestingly, macrophages loss can significantly impair
the extravasation rates and metastasis of cancer cells.”’
Additionally, TAMs have also been found to be critical
in supporting the survival of cancer cells in the circula-
tion. TAMs depletion via genetic methods can dramati-
cally suppress cancer cell survival in pulmonary capillaries
as well as the subsequent lung metastasis formation.”""?
The underlying molecular mechanisms of their syner-
gistic interaction are as follows. First, TAMs may trig-
ger PI3K/Akt survival signaling in cancer cells to cir-
cumvent proapoptotic cytokines such as TRAIL.” Sec-
ond, TAMs may alleviate survival stress from NK or cyto-
toxic T cells in the circulation.”? Following extravasation,
it has been found that TAMs are one of the key deter-
minants in establishing the premetastatic niche (PMN).”
Circulatory or residential TAMs can release chemokines
that guide the localization of cancer cells into the PMN
with increased expression levels of MMPs, fibronectins,
S100A8, and S100A9.”>"77 Our recent report demonstrated
that TAMs-derived CXCL1 exerted an important role in
recruiting breast cancer cells into the PMN.”® Thus, TAMs
act as an indispensable factor in fostering cancer cells trav-
eling from the primary site to metastatic lesions. Molecular
elucidation of TAMs regulation in cancer development is
thus warranted and critical for further developing cancer-
targeting strategies.

4 | PHARMACEUTICAL TARGETS OF
TAMS

To date, several key pathways including chemokine-
chemokine receptor signaling, tyrosine kinase receptor
(RTK) signaling, metabolic signaling, and exosomal signal-
ing have been highlighted in determining the biofunctions
of TAMs. The promising pharmacological targets of each
signaling were described as following and summarized in
Table 1.

4.1 | Chemokine-chemokine receptor
signaling

Chemokines, which are small and soluble (8-14 kDa) sig-
naling proteins, are a family of chemotactic cytokines
responsible for cellular trafficking. More than 50 kinds of
chemokines and 20 kinds of chemokine receptors have
been identified until now.” According to the positions
of conserved cysteine residues, chemokines can be clas-
sified into four groups including CXC, CC, CX3C, and
C.39 Correspondingly, chemokine receptor nomenclature
essentially follows that of chemokines. Eleven kinds of
CC chemokine receptors (CCRI-CCRI11) recognize the

3

CC subfamily chemokines, while seven kinds of CXC
receptors (CXCR1-CXCR?7) recognize the CXC subfamily
chemokines, respectively.®’ Similarly, the CX3C subfamily
chemokine (CX3CL1) only binds to CX3CR1 receptor while
the C subfamily chemokines (XCL1/2) only bind to XCR1
receptor, respectively. Chemokine receptors are typical G-
protein-coupled receptors (GPCRs) with seven transmem-
brane domains. Chemokine receptors can relay their sig-
nals through heterotrimeric G proteins that result in the
directional migration of cells along a concentration gra-
dient of ligands.”” The interactions between chemokine
and chemokine receptors are summarized in Figure 2
and Table 1. In the TME, TAMs are considered as the
main stromal cells that secrete chemokines. As indicated
by chemokine arrays, highly expressed chemokines of
TAMs have been reported to consist of CCL2, CCL3, CCLS5,
CCL18, CXCL1, and CXCLI12. Currently, the ligand recep-
tor for CCL2 has been identified as CCR2. CCR1 and
CCRS5 have been found to be the receptors for both CCL3
and CCL5. Meanwhile, CCR3 has also been identified as
a receptor for CCL5. By immunoprecipitation methods,
the cognate receptor for CCL18 has been identified as
PITPNM3, which has been suggested to be a putative six-
transmembrane protein that is sufficient to exert GPCR-
related functions. Additionally, the receptors for CXCL1
and CXCLI12 have been identified to be CXCR2 and CXCR4,
respectively.

Chemokines and chemokine receptors are important
for attracting infiltrating leukocytes to the TME. CCL2
and CCL5 are the primary chemokines responsible for
monocytic precursors recruitment in tumors.®' 3 Their
expression levels are closely associated with TAMs infil-
tration, lymph-node metastasis, as well as unfavorable
prognosis. CCL2 production from macrophages is critical
for recruiting myeloid-derived suppressor cells (MDSCs)
to build a local immunosuppressive microenvironment
in gliomas.** Moreover, in mixed-bone marrow chimeric
assays, CCR2-deficient MDSCs failed to accumulate in
gliomas.®* In addition, the CCL2-CCR2 axis was also found
to be critical in mobilizing dendritic cell-like antigen-
presenting cells into fibrosarcomas, as well as tumor-
infiltrating lymphocytes.®> Multiple studies have demon-
strated that CCL5 can inhibit the antitumor immune
response and is correlated with poor outcomes in mul-
tiple malignancies.®** CCL5/CCR3 signaling has been
found to promote Th2 immune polarization and results
in luminal breast cancer.”” The CCL5/CCR5 chemokine
axis is also capable of enhancing TGF-f-mediated killing
of cytotoxic CD8* T cells in colon cancer through regu-
latory T cells.”’ With regard to CXC chemokines, CXCLI
chemokines have been demonstrated to be effective in
recruiting CXCR2t Treg cells and lead to metastasis in
nonsmall cell lung cancer.”> CXCLI is also critical in
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TABLE 1 The pharmaceutical targets of TAMs

Signaling

Chemokine-
chemokine
receptor
signaling

Targets
CCL2/ CCR2

CCL2/ CCR2

CCL2/ CCR2

CCL2/ CCR2

CCL2/ CCR2

CCL2/ CCR2

CCL5/CCR1

CCL5/CCR1

CCL5/CCR5

CCL5/CCR5

CCL5/CCR5

CCL5/CCR5
CCL5/CCR5

CCL5/CCR5

CCL5/CCR5

CCL5/CCR5

CCL18

Tumors

Breast cancer

Prostate cancer

Liver cancer

Lung cancer

Ovarian cancer

Gastric cancer

Colorectal cancer

Prostate cancer

Lung cancer

Breast cancer

Ovarian cancer

Liver cancer

Pancreatic cancer

Colorectal cancer

Gastric cancer

Melanoma

Breast cancer

Mechanisms

Facilitating cancer progression via activation of ERa
and PI3K/AKT/NF-«B signaling; inducing tamoxifen
resistance by activating PI3K/Akt/mTOR signaling;
enhancing growth and cell-cycle progression
through SRC and PKC activation

Recruiting and regulating macrophages via the MAPK/
ERK signaling pathway; protecting cancer cells from
autophagic death via the PI3K/Akt/survivin
pathway; promoting cancer progression through the
induction of MMP-2 activity

Inducing invasion and EMT through activation of the
Hedgehog pathway; inducing migration and
invasion depending on MMP-2 and MMP-9;

Increasing invasion via ERa; promoting TAMs
infiltration via NF-xB/CCL2 signaling; promoting
invasion mediated by autocrine loop of PDGF-BB

Promoting peritoneal metastasis through P38-MAPK
pathway

Inhibiting proapoptotic autophagy by activating
PI3K-Akt-mTOR signaling

Promoting cancer progression through
CCL5/B-catenin/Slug pathway

Promoting invasion by increasing MMP-2/9 and
activating ERK/Rac signaling

Increasing migration via PI3K/AKT/NF-«xB signaling;
Promoting metastasis and macrophages infiltration
via EZH2

Promoting immune cell infiltration driven by
TNFa/NF-xB signaling; enhancing Trastuzumab
resistance by ERK pathway activation; promoting
cancer proliferation through the mTOR pathway

Promoting invasion and migration via NF-xB-mediated
MMP-9 upregulation; mediating differentiation of
CSCs into ECs via the NF-kB and STAT3 signaling

Inducing EMT through activation of the Akt pathway

Recruiting Treg cells via cancer-FOXP3; inducing
proliferation of cancer cells through F-actin
polymerization

Enhancing TGF-f-mediated killing of CD8* T cells;
Facilitating immune escape via the
p65/STAT3-CSN5-PD-L1 pathway

Enhancing aberrant DNA methylation via STAT3
signaling; inducing invasion and proliferation via
KLF5

Activating apoptotic pathway involving release of
cytochrome ¢ and activation of caspase-9 and
caspase-3

Inducing EMT via PI3K/Akt/GSK3[/Snail signaling
through AnxA2; recruiting Treg cells and promoting
metastasis and via PITPNM3; enhancing EMT via
N-Ras/ERK/PI3K/NF-xB/Lin28b signaling

References
177-179

180-182

183,184

185-187

188

189

190

191

192,193

194-196

197,198

199

200,201

91,202

203,204

205

206-208

(Continues)
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Promoting growth and metastasis by activating the
JAK2/STAT3 signaling; promoting migration via
mTOR signaling through Slug

Promoting migration through Pyk2 signaling or

Promoting migration and invasion via Nirl through
Nirl-ELMO1/DOC180 signaling

Promoting lymphangiogenesis by increasing the
production of VEGF-C and MMP-2

Promoting progression and the Warburg effect via

Promoting invasion and migration via ERK1/2/NF-xB

Promoting migration via ERK1/2-MAPK and PI3K
pathways; promoting progression mediated by
IncRNA-u50535 through CCL20/ERK signaling

Inducing EMT through Akt activation

Promoting chemoresistance via FOXO1/CEBPB/NF-xB
signaling; promoting growth and metastasis
mediated by IncRNA-u50535; promoting
proliferation and migration through ERK-1/2,
SAPK/JNK, and Akt signaling

Increasing TRAIL resistance via RelA-CCL20 pathway;
promoting migration, EMT, and invasion through
PI3K/AKT-ERK1/2 signaling

Increasing chemoresistance via ABCB1/ NF-xB
signaling; promoting bone metastasis mediated by

PKC-a/Src/Akt/NF-kB/Snail signaling; promoting
invasion by PKC-a through EGFR and

Inducing EMT mediated by CRKL via Akt pathway

Promoting migration and invasion via phosphorylation

Enhancing chemoresistance via PI3K/AKT pathway
and caspase-mediated apoptosis

Recruiting regulatory T cells through

Recruiting Treg cells via miR141-CXCL1-CXCR2

Promoting metastasis via activating NF-kB/SOX4
signaling; promoting cancer cell survival mediated
by TNF-avia NF-xB signaling; promoting metastasis
and chemoresistance through myeloid cell-derived
S100A8/9; stimulating migration and invasion via
activation of the ERK/MMP2/9 signaling

Promoting migration and invasion by CXCL1-mediated

WANG ET AL.
TABLE 1 (Continued)
Signaling Targets Tumors Mechanisms
CCL18 Oral squamous cell
carcinoma
CCL18 Ovarian cancer
mTORC?2 signaling
CCL18 Lung cancer
CCLI8 Bladder cancer
CCL18 Pancreatic cancer
NF-xB/VCAM-1 pathway
CCLI8 Gastric cancer
signaling
CCL20/CCR6 Lung cancer
CCL20/CCR6 Renal cell
carcinoma
CCL20/CCR6 Colorectal cancer
CCL20/CCR6 Pancreatic cancer
CCL20/CCR6 Breast cancer
HuR; inducing EMT via
ERK1/2/MAPK pathway
CCL20/CCR6 Gastric cancer
CCL22/CCR4 Prostate cancer
of Akt
CCL22/CCR4 Colorectal cancer
CCL22/CCR4 Liver cancer
p65/miR-23a/CCL22 axis
CXCL1/CXCR2 Lung cancer
signaling
CXCL1/CXCR2 Breast cancer
CXCL1/CXCR2 Pancreatic cancer
Akt phosphorylation
CXCL1/CXCR2 Ovarian cancer

Recruiting MDSC mediated by Snail; Enhancing
metastatic potential via the TAK1/NF-«B signaling;
driving cancer progression by NF-xB activation via
EGFR-transactivated Akt signaling
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TABLE 1

Signaling

CLINICAL Al

(Continued)

Targets
CXCL1/CXCR2

CXCL1/CXCR2

CXCL1/CXCR2

CXCL12/CXCR4

CXCLI12/CXCR4

CXCL12/CXCR4

CXCLI12/CXCR4

CXCLI12/CXCR4

CXCL12/CXCR4

CXCLI12/CXCR4

CXCL8/ CXCR1/2

CXCL8/ CXCR2

CXCL8/ CXCR1/2

CXCL8/ CXCR1/2

CXCL8/ CXCR1/2
CXCL8/ CXCR1/2

CX3CL1/CX3CR1

RANSLATIONAL MEDICINE
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Tumors

Prostate cancer

Colorectal cancer

Gastric cancer

Colorectal cancer

Breast cancer

Ovarian cancer

Lung cancer

Prostate cancer

Gastric cancer

Thyroid papillary
cancer

Gastric cancer

Lung cancer

Breast cancer

Melanoma

Prostate cancer

Colorectal cancer

Breast cancer

Mechanisms

Promoting migration via the Src activation; increasing
migration and invasion by fibulin-1 downregulation
through NF-xB/HDAC1

Forming a premetastatic niche stimulated by VEGFA

Promoting migration and metastasis through activation
of CXCR2/STAT3 signaling; promoting lymph node
metastasis through integrin f1/FAK/AKT signaling;
promoting tumor growth through VEGF pathway
activation

Promoting proliferation, invasion, angiogenesis via
MAPK/PI3K/AP-1 signaling; enhancing metastatic
potential via PI3K/Akt/mTOR pathway; promoting
progression by IncRNA XIST/ miR-133a-3p/ RhoA
signaling; promoting growth and metastasis through
activation of the Wnt/S-catenin pathway; promoting
chemoresistance via surviving

Promoting metastasis by Pit-1-CXCL12-CXCR4 axis;
driving the metastatic phenotype through activation
of MEK/PI3K pathway

Recruiting MDSCs mediated by PGE2; promoting
invasion through suppressing ARHGAP10
expression; promoting growth and migration
through Notch pathway

Suppressing cisplatin-induced apoptosis through
JAK2/STAT3 signaling

Inducing myofibroblast phenoconversion through
EGFR/MEK/ERK signaling; promoting migration
and invasion through SLUG

Inducing migration via SRC-mediated CXCR4-EGFR;
increasing invasiveness via integrin f1 clustering;
promoting migration by F-actin reorganization and
RhoA activation through mTOR signaling

Enhancing proliferation and invasion through Akt and
snail signaling

Inhibiting CD8+ T cells function by inducing the
expression of PD-L1

Stimulating cell proliferation via transactivation of the
EGFR involving the MAPK pathways

Increases the activity of cancer stem-like cells by
transactivation of HER2

Increasing tumor growth and metastasis by activating
MMP-2

Promoted tumorigenesis via STAT3/MALATI pathway

Enhancing resistance of cancer cells to anoikis through
AKT/TOPK/ERK signaling; enhancing migration by
increasing avf36 integrin expression; promoting
proliferation and migration through heparin binding
EGF

Promoting the migration and invasion via Src/FAK
signaling; triggering proliferation through
transactivation of EGF pathway

References
240,241

93

242-244

245-249

250,251

94,252,253

255,256

257-259

260

261

262

263

264

265

266-268

269,270

(Continues)
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Promoting the migration and invasion via Src/FAK
signaling; promoting lymph node metastasis via JNK
and MMP2/MMP9 pathway

Promoting EMT mediated by HIF-1ar

Promoting EMT via TACE/TGF-a/EGFR pathway and
upregulation of Slug; promoting metastasis via
EGFR through activation of the Src/FAK pathway

Enhancing growth and migration through JAK/STAT
signaling; promoting motility, invasion, and growth
via AKT activation; promoting tumor cell survival
and TRAIL resistance via RelA/NF-xB signaling;
stimulating HIF-1a expression through the PI3K/Akt

Promoting tumor cell survival through IGF-1R/ PI3K

Driving tumor progression through
Kindlin-2/TGFp/CSF-1 signaling

Promoting metastasis through the induction of MMP-9

Remodeling tumor immune microenvironment via
PI3K-y and CSF-1/CSF-IR pathways

Promoting prostate cancer cell growth via MST1R

Promoting macrophage polarization through

Conferring a prometastatic phenotype by HK2;

Promoting M2-TAMs polarization through activation of
GPRI132 by lactate; promoting tumor angiogenesis by
hypoxia-induced REDD1/ mTOR signaling

Promoting M2-TAMs accumulation by HMGBI;
inducing TME acidification involving GPCR

Inducing reprogramming of TAMs and inflammation
through AKT1/mTOR pathway

Increasing glucose uptake and glycolysis flux by
activation of AMPK; promoting M2-TAMs
polarization mediated by HIFla

Promoting cancer growth and metastasis through

Promoting cell migration by enhancing IL-13 secretion;
enhancing the accumulation and polarization of

Promoting cancer progression by FABP by favoring IL6
/ STAT3 signaling; promoting TAMs differentiation
through caspase-1/PPARy/MCAD pathway

Promoting the M2-like polarization through the

Promoting M2-like polarization through GS

WANG ET AL.
TABLE 1 (Continued)
Signaling Targets Tumors Mechanisms
CX3CL1/CX3CR1 Lung cancer
CX3CL1/CX3CR1 Ovarian cancer
CX3CL1/CX3CR1 Prostate cancer
CX3CL1/CX3CR1 Pancreatic cancer
and MAPK pathways
Tyrosine CSF-1/CSF-1R Gliomas
kinase signaling
receptor
signaling
CSF-1/CSF-1R Breast cancer
CSF-1/CSF-1R Ovarian cancer
activity
CSF-1/CSF-1R Pancreatic cancer
Ron Prostate cancer
Ron Pancreatic cancer
MSTI-MSTIR signaling
Metabolic Glycolysis Pancreatic cancer
signaling
Glycolysis Breast cancer
Glycolysis Melanoma
Glycolysis Thyroid carcinoma
Glycolysis Lung cancer
Fatty acid Bladder carcinoma
metabolism COX-2/PGE2 pathway
Fatty acid Liver cancer
metabolism
M2-like TAMSs by RIPK3
Fatty acid Breast cancer
metabolism
Fatty acid Ovarian cancer
metabolism PPARy/NF-xB pathway
Glutamine Lung cancer
synthesis
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TABLE 1 (Continued)
Signaling Targets Tumors Mechanisms References
Tryptophan Colon, Inhibiting T-cell functions through IDO upregulation 299,300
metabolism gastrointestinal
cancer
Arginine Melanoma Promoting tumor cell proliferation through ARG1 301
metabolism
Arginine Breast cancer Promoting cell growth by ARG induction and 302
metabolism suppressing NO-mediated tumor cytotoxicity
Iron metabolism Breast cancer Releasing iron mediated by FPN in the TME; 203208
supporting proliferation by LCN
RAGE Breast cancer Enhancing tumor growth and metastasis through 305
S100A7 signaling
RAGE Glioma Promoting angiogenesis through MMP9 signaling il
RAGE Melanoma Promoting invasiveness through S100A4 signaling 307
Exosomal miR-21-5-p, Colorectal cancer Promoting migration and invasion by downregulating i
signaling miR-155-5p expression of BRG1
miR-25-3p, Colorectal cancer Inducing M2-like macrophage polarization by 308
miR-130b-3p, regulating PTEN/PI3K/Akt signaling
miR-425-5p
Wnt Colorectal cancer Promoting chemoresistance through Wnt signaling 309
miR-125b-5p Melanoma Educating TAMs by targeting LIPA 310
miR-21 Gastric cancer Suppressing apoptosis through PI3K/AKT signalingby ¥
down-regulation of PTEN
miR-301a Pancreatic cancer Inducing M2-like macrophage polarization via 31

miRNA-501-3p

miR-223

miR-95

Pancreatic cancer

Ovarian cancer

Prostate cancer

PTEN/PI3Ky signaling

Promoting progression through the TGFBR3-mediated
TGF-f signaling

Promoting drug resistance via the PTEN-PI3K/AKT
pathway

Promote cell proliferation, invasion, and EMT via
miR-95/JunB axis

312

313

314

facilitating PMN formation in colorectal cancer by recruit-
ing CXCR2* MDSCs.” Meanwhile, CXCL12/CXCR4 sig-
naling has been reported to induce the recruitment of
MDSCs in the TME of human ovarian cancer.”* Besides
shaping the tumor immune milieu, chemokine axis is
also critical in regulating the neoangiogenic process. CXC
chemokines have been reported to be directly chemo-
tactic for endothelial cells and to stimulate angiogene-
sis in vivo.”> CXCR4 receptor is expressed on endothe-
lial cells and its activation after CXCL12 binding can
induce the proliferation and migration of endothelial cells.
Moreover, CXCL12 recruits CXCR4™" circulating or bone-
marrow endothelial precursors and therefore promotes
tumor angiogenesis.”® Similarly, CXCLI1 was also reported
to promote neoangiogenesis in breast, liver, and colorec-
tal cancers.”’"%” Finally, chemokine signaling can directly
act on chemokine receptors expressed on the plasma mem-
brane of cancer cells, thus controlling their malignancy-
related functions. For example, a variety of chemokine

receptors—including CXCR2, CXCR4, CCR1, CCR2, and
CCR5—have been found in breast tumor cells.!?%194 Tt is
found that CXCL1 can induce chemoresistance and metas-
tasis of breast cancer via CXCR2 activation.'”> Further-
more, CCL2 induces hepatocellular carcinoma invasion
and EMT via CCR2 activation.'’® CXCLI2 is also capable
of regulating glioblastoma-stem-like cells by modulating
CXCR4.1%7 Moreover, CXCL12-CXCR4 signaling has also
been highlighted in guiding the homing of cancer cells
to their specific metastatic organs.'’® Altogether, these
diverse chemokine functions establish crosstalk between
cancer cells and the TME, which represents a promising
target for the successful development of novel therapeutic
strategies.

It should be pointed out that multiple chemokines
play multifaceted roles within the complicated TME, usu-
ally dividing into two directions: paracrine signaling for
immune activation and autocrine signaling for prolifera-
tion and metastasis of cancer cells.!””"!!! For example, the
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FIGURE 2 Pharmaceutical targets involved in TAMs regulation. Chemokine-chemokine receptor signaling was the most important tar-
get for TAMs-targeting therapy, particularly for CCL2-CCR2, CCL5-CCR5, CXCL1/CXCR2, and CXCL12/CXCR4 signaling. Tyrosine kinase
receptors including CSF-1R and RON were also highly expressed on the cell membrane of TAMs and perfect for drug intervention. Molecular

targets involved in glycolysis, fatty acid oxidation, and amino acid metabolism in TAMs were also being focused on drug development. Notably,

exosomes act as the ideal drug-loading and delivery vehicle for modulating biofunctions of TAMs

CXCL9-10 axis could induce the migration, differentiation,
and activation of the CXCR3™ activated T or NK cells, lead-
ing to increased antitumor immune response.''? Addition-
ally, CCL5/CCRS5 axis is also a double-edged sword in can-
cer. On one hand, CCL5 could promote CSCs self-renewal
and recruit the immunosuppressive cells (such as CCR5"
TAMs and Tregs) to form a tumor-protecting TME. On the

other hand, CCLS5 could also promote antitumor immunity
by recruiting CCR5" activated T cells and DCs to the TME
and therefore enhances the immunotherapy response in
different tumor types.'%!!!

TAMs-related chemokine signals have been widely
investigated in skin area because of their reliable progno-
sis and therapeutic values for skin tumors. For example,
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Wu et al. reported that TAMs-related chemokine signals
played key roles in the development and progression of
cutaneous T-cell lymphoma (CTCL). Compared with nor-
mal controls, mycosis fungoides (the most common vari-
ant of CTCL) skin displayed abundant TAMs infiltration
as well as increased expression of a subset of macrophage-
related chemokines and associated receptors.'” Selec-
tive depletion of M2-phenotype TAMs using clodronate-
containing liposomes remarkably delayed mycosis fun-
goides development in vivo. Interferons (IFNs) have
been widely used for mycosis fungoides and malignant
melanoma treatment in the clinic. Growing evidence has
suggested that modulating TAMs-related chemokine sig-
nals may be the possible mechanism of the therapeu-
tic effects of IFNs. For example, Furudate et al. reported
that IFN-a2a and IFN-y stimulation could decrease the
release of CCL17/18, whereas elevating the production
of CXCL10/11 in monocyte-derived TAMs in vitro. More
importantly, the subcutaneous administration of IFN-a2a
could increase the CXCLI11-secreting cell population in the
lesional skin of advanced mycosis fungoides patients."*
Kakizaki et al. reported that peritumoral injection of IFN-
B remarkably suppressed the recruitment of PD-L1T TAMs
in B16F10 melanoma xenograft in vivo.!"> Meanwhile, IFN-
B administration dramatically attenuated the production
of CCL17/22, whereas elevated the secretion of CXCL9/11
from TAMs. More importantly, these immunomodulatory
effects of IFN-S on TAMs were also observed in the lesional
skin of patients with in-transit melanoma. It should be
noted that the clinical application of IFNs for the treat-
ment of cancer is still controversial. For example, Numer-
ous clinical trials have examined the antitumor potential
of recombinant IFN-y as an adjuvant to surgery or conven-
tional chemotherapy.''® However, these clinical trials often
reported conflicting outcomes in patients with the same
tumor type.''® Extensive efforts are still needed to better
understand the complex roles of IFNs in cancer treatment.

4.2 | RTK signaling

RTKs play a vital role in signal transduction that sup-
ports cellular communication and survival. Dysregula-
tion of RTKs, such as receptor mutation or overexpres-
sion, contributes to the initiation, tumorigenesis, and pro-
gression of multiple malignancies. To date, it has been
reported that 58 kinds of RTKs are edited by the human
genome.!"!"® Notably, colony stimulation factor-1 recep-
tor (CSF-1R), one of the most important members of the
RTKs family, is highly expressed by TAMs.""” Upon bind-
ing to its ligands including CSF-1 or IL-34, CSF-1R under-
goes dimerization and therefore causes a signaling cascade
that facilitates the proliferation, functioning, and survival

of macrophages. High expression of CSF-1 has been found
in breast, prostate, pancreatic, gastric, and many other
types of cancers, and its level has been closely associated
with TAMs density and poor prognosis.'?~'?* It is found
that CSF-1-positive cancer cells colocalize with abundant
CSF-1R-positive TAMs in invasive breast cancer, and the
CSF-1/CSF-1R axis is significantly correlated with a higher
grade, basal-like phenotype, and lymph node metastasis.'?*
In CSF-1-knockout MMTV-PyMT*/~ spontaneous breast
cancer mice, the perivascular macrophage density was
declined with a sixfold reduction, accompanied by a 16-fold
decrease of circulating tumor cells in the blood.'*> More-
over, CSF-1/CSF-1R signaling of macrophages could sup-
press CD4* T-cell responses and induce the generation
of Treg cells, which facilitated the immune-suppressive
TME."?® Additionally, CSF-1 is also involved in the pro-
angiogenic process since it promotes M2-like polariza-
tion of macrophages and secretes a variety of angiogenic
factors.'?” Therefore, blocking CSF-1/CSF-1R activation is
becoming an important therapeutic strategy to inhibit can-
cer growth and metastasis.

RON is another RTK expressed on macrophages surface
that specifically recognizes macrophage-stimulating pro-
tein (MSP). Overexpression of RON has been implicated in
the progression and metastasis of diverse malignancies. In
breast cancer, MSP/RON overactivation is sufficient to pro-
mote cancer growth as well as metastasis to the lungs, liver,
brain, and bone. Conversely, RON inactivation is capable
of inhibiting the growth, angiogenesis, and metastasis of
breast cancer xenografts.'”® The cancer-promoting effects
of MSP/RON signaling are mainly attributed to the M2-like
phenotype polarization of macrophages. RON activation
can cause the phosphorylation of STAT3, which is essential
for the tumor-promoting efficacies and immunosuppres-
sive functions of TAMs.'?’ By contrast, the MSP/RON path-
way can downregulate STAT1 activity, which actively par-
ticipates in antitumor immune responses via up-regulating
IL-12.1%° Eyob et al. has demonstrated that RON signaling
in macrophages is capable of impairing antitumor func-
tions of CD8* T cells."*! Altogether, both STAT3 activa-
tion and STATI inactivation induced by MSP/RON signal-
ing may contribute to tumor immune tolerance and lead
to cancer progression. Considering the important role of
RON receptor signaling in TAMs modulation, pharmaco-
logical inhibition of RON kinases has received more atten-
tion from research groups around the world.

Mer tyrosine kinase (MerTK) is also a macrophage-
specific RTK and its overexpression usually correlates
with poor prognosis in cancer.'*> MerTK signaling activa-
tion can promote tumor immune tolerance by initiating
macrophages efferocytosis and promoting the clearance of
immunogenic antigens. Meanwhile, MerTK signaling acti-
vation can suppress inflammatory cytokines production
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and polarize macrophages toward the anti-inflammatory
M2-like phenotype.'** In contrast, macrophages MerTK
signaling blockage can induce the repolarization of
macrophages toward the M1-like phenotype and enhance
antitumor immunogenic cell death, a crucial step in T-
cell priming and activation.** Thus, MerTK blockade may
represent a promising antitumor strategy that could sig-
nificantly increase tumor immunogenicity and potentiate
antitumor immunity. It has been reported that MerTK
knockdown or MerTK neutralizing antibody treatment
could remodel the cellular immune profile, bringing a
more inflamed TME with increased T cell infiltration and
T cell-mediated cytotoxicity.'*> Additionally, anti-MerTK
antibody treatment could stimulate T cell activation and
synergize with anti-PD-1 or anti-PD-L1 therapies in tumor-
bearing mice.'* Altogether, macrophages MerTK block-
ade could promote tumor immunogenicity and potentiate
antitumor immunity, which represents a promising strat-
egy for tumor immunotherapy.

4.3 | Metabolic signaling

A typical feature of cancer cells is their abnormal
metabolism caused by oxygen deprivation and nutri-
ent limitation.*® Hypoxic TME not only induces the
metabolism pattern shifting of cancer cells but also repro-
grams the polarization balance and metabolic mode of
macrophages, which facilitate the formation of immune-
suppressive TME. In hypoxic regions of tumors, a more
dominant M2-like phenotype is observed, which might
indicate the potential effects of hypoxia on macrophage
polarization.'*” Hypoxia-inducible factors (HIFs) are
major transcriptional factors that are responsive to
hypoxia and control aerobic glycolysis.*® Enhanced gly-
colytic activity allows macrophages to synthesize sufficient
ATP and various biosynthetic intermediates to maintain
their tumor-prone functions. A recent study demonstrated
the enhanced glycolytic activity of TAMs when com-
pared with that of bone marrow-derived macrophages
(BMDMs). Glycolytic proteins, such as hexokinase-2,
phosphofructokinase, and enolase 1, were all increased in
TAMs."*” Similar findings were also observed in a tran-
swell co-culture model of macrophages with cancer cells
or tumor-extract solutions.'*? In addition to intrinsic HIF
activation, cytokines and lactate released from cancer cells
under hypoxic conditions also contribute to the glycolytic
phenotype of TAMs. In hypoxic melanoma cells, HIF-1a
accumulation induces HMGBI translocation that causes
IL-10 production, which consequently promotes M2-like
macrophage activation.'*! Cancer-cell-derived lactate
has also been reported to reprogram macrophages to a
tumor-prone phenotype by inhibiting the NF-xB pathway

3

that in turn may impair M1-like activation and suppress
the immune surveillance functions of infiltrating T cells
and NK cells.'*>"1#* Interestingly, the OXPHOS chain has
also been found to be elevated in a coculture model of
thyroid-carcinoma cells and macrophages, characterized
by enhanced oxygen consumption rate.'*’ The concentra-
tions of AcCoA and succinate are significantly increased
in the mitochondria of M2-like macrophages, suggesting
that TAMs have an intact OXPHOS despite an impaired
TCA cycle.'* The enhanced OXPHOS chain may not only
yield ROS-induced DNA damage but may also provide
citrates for fatty acid synthesis. However, more studies are
still required to reveal the precise switching mechanisms
between glycolysis and OXPHOS in TAMs depending on
cancer types and stages.

Fatty acid metabolism is important in cancer devel-
opment. It has been suggested that increased fatty acid
metabolism provides cancer cells with sufficient mem-
branes and energy to support cancer growth.'*® It is found
that fatty acid oxidation is necessary for IL-4-induced
macrophage activation, as CPT1 suppression could attenu-
ate the expression of the M2-like marker proteins, CD301,
and CD206.*” Meanwhile, fatty acid oxidation can activate
the downstream COX2/PGE2 pathway to promote cancer
growth and metastasis. TAMs express high levels of fatty
acid synthase and increased PPAR signaling, which pro-
mote fatty acid oxidation and tumor growth.'*® PPARs are
composed of three isoforms including PPAR-«, PPAR-(/6,
and PPAR-y. PPAR-a manages lipid oxidation and clear-
ance. PPAR-y facilitates lipogenesis while PPAR-5/6 con-
trols lipid uptake and storage.'*” PPAR-B/S plays a cru-
cial role in mediating M2-like polarization.'*® Ovarian can-
cer patient-derived TAMs exhibited increased expression
levels of multiple PPAR-/ target genes when compared
with that of monocyte-derived macrophages.””' Lipidomic
analysis revealed that the deregulation of PPAR-S/d tar-
get genes did not result from PPAR-f/ overexpression or
its promotion effect on target genes, but was attributed
to high levels of polyunsaturated fatty acids, especially
arachidonic acid and linoleic acid in tumor ascites.”>' The
internalization of polyunsaturated fatty acids and the sub-
sequent lipid droplet formation may provide a reservoir of
PPAR-f/8 ligands to TAMs, leading to a consistent activa-
tion of PPAR-f3/8 target genes, such as pyruvate dehydroge-
nase kinase 4 (PDK4). Interestingly, PDK4 can induce glu-
cose catabolism shifting toward aerobic glycolysis, further
rendering TAMs to adapt to hypoxic TME.">! PPAR-y is also
known to regulate metabolic pathways and M2-like polar-
ization. Macrophage deficiencies in PPAR-y and & and
their coactivator, PGC1p, are ineffective for IL-4-induced
fatty acid oxidation and M2-like polarization.>” Hence, tar-
geting of PPAR signaling is a promising approach to control
macrophage activation and cancer progression.
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In addition to enhanced glycolysis and fatty acid oxi-
dation, M2-like macrophages have also been found to
increase glutamine synthesis through glutamate, which
has not been demonstrated in Ml-like macrophages.'*
Inhibition of glutamine syntheses results in a 50% reduc-
tion of M2-like polarization, which might be ascribed to
the role of glutamine in protein glycosylation."* Mean-
while, glutamine is extensively fluxed into the TCA cycle
to provide enough carbons to satisfy energetic needs.'>
Besides glutamate, another amino acid, arginine, is also
required in the ARG1 pathway of M2-like macrophages.'*°
Interestingly, ARG1 is also the downstream gene of HIF-
la. ARGI overexpression not only enables cancer cells
to rapidly adapt to the hypoxic microenvironment but
also results in the production of ornithine and urea.'>®
Ornithine can be further utilized in the synthesis of pro-
line and polyamine, which are required for cellular pro-
liferation, tissue remodeling, and collagen biogenesis."’
Moreover, the arginine clearance by ARGI suppresses T-
cell immune responses, favoring the establishment of the
immunosuppression microenvironment.””” Besides, tryp-
tophan metabolism has been shown to be deregulated in
cancers. It was found that the enzyme accounting for tryp-
tophan catabolism, indoleamine-2, 3-dioxygenase (IDO),
was frequently overexpressed in M2-like macrophages.'>®
IDO upregulation was reported to inhibit T-cell functions,
whereas tryptophan treatment or administration of IDO
inhibitors could restore T-cell proliferation.'>

RAGE (receptor for advanced glycation end-product) is
a member of the immunoglobulin superfamily and has
been reported to be highly expressed on the surface of
macrophages.™ It has been reported that RAGE overex-
pression could induce the accumulation of TAMs and thus
accelerate the growth of lung cancer xenografts in vivo.'*
Mechanistically, RAGE expression strictly correlates to the
metabolic switch in cancer and immune cells. For exam-
ple, cancer cells usually exhibit a metabolism switch char-
acterized by decreased mitochondrial oxidative phospho-
rylation as well as elevated glycolysis, leading to the over-
production of toxic glucose metabolites.'®" The toxic glu-
cose metabolites such as lactate, sorbitol, diacylglycerol
(DAG), and methylglyoxal (MG) could further contribute
to the development of advanced glycation end products
(AGEs). On one hand, the formation of AGEs could impair
the phagocytosis function of Ml-like macrophages within
the TME.!®2 On the other hand, AGEs could induce RAGE
expression in macrophages and their interaction could fur-
ther promote cancer progression and metastasis by recruit-
ing TAMs.!°0165 Therefore, AGEs/RAGE signaling may
also represent a metabolism-related target for the pharma-
cological modulation of TAMs, which still needs further
investigations. Collectively, the above findings suggest that
the metabolic pathways and targets can also be applied

to modulate the biological functions of TAMs, which may
provide valuable opportunities for treating multiple malig-
nancies (Figure 2 and Table 1).

4.4 | Exosomal signaling

In recent years, exosomal signaling has evoked increased
interest in cancer research. Exosomes are defined as small
extracellular vesicles that are 30-100 nm in diameter.'**
Similar to cells, exosomes are composed of a lipid bilayer
containing all known molecular components including
DNA, RNA, and proteins.'®> Exosomes can be released
by all cell types and widely exist in human bodily flu-
ids such as blood, urine, amniotic fluid, bronchoalveo-
lar lavage fluid, and malignant fluid. In particular, nor-
mal human blood is expected to contain approximately
2,000 trillion exosomes, while this value is elevated to
4,000 trillion in the blood of cancer patients.'®*~'% There-
fore, exosomal signaling is highly implicated in intercel-
lular communication and carcinogenesis. Recent studies
have also demonstrated that exosomal signaling plays a
vital role in tumor angiogenesis,'® metastasis,"”" drug
resistance,'”! and immune regulation,'’? particularly for
exosomes derived from macrophages. It has been reported
that TAMs-derived exosomes exhibit high expression lev-
els of miR-21-5-p and miR-155-5p, which significantly pro-
mote cellular migration and invasion of colorectal cancer
cells.!** Besides, exosomes from macrophages also con-
tain a high level of Wnt, which is considered to provide
critical signaling in EMT induction and mesenchymal-
phenotype maintenance.””>'” In addition to metastasis,
TAMs-derived exosomes also contribute to extracellular-
matrix remodeling. It has been shown that MMP-12 and
MMP-13, as well as cathepsin B, D, K, L, S, and Z, are all
upregulated in TAMs-derived exosomes, suggesting their
positive roles in extracellular remodeling.'”> Notably, exo-
somes released from TAMs also contain miRNAs that lead
to Treg/Th17 cell imbalance in ovarian cancer, resulting
in the generation of an immune-suppressive TME and
thus promoting cancer progression and metastasis.'”® Alto-
gether, targeting TAMs-derived exosomal signaling repre-
sents a novel and promising approach for cancer treatment
(Table 1).

5 | PHARMACOLOGICAL
MODULATION OF TAMS
5.1 | Agents targeting

chemokine-chemokine receptors

Chemokine-chemokine receptor signaling constitutes
an important network that regulates cancer growth,
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angiogenesis, immune suppression, and metastasis.
Targeting of chemokine-chemokine receptor networks
has been evaluated in multiple preclinical models and
clinical trials, particularly in terms of the CCL2-CCR2,
CCL5-CCR5, and CXCL12-CXCR4 axes (Table 2). Blockade
of CCL2 with a neutralizing antibody inhibited inflam-
matory monocyte recruitment, reduced lung metastasis,
and prolonged OS in breast cancer-bearing mice.*" In a
metastatic prostate cancer model, combined treatment
with an anti-CCL2 antibody and docetaxel caused reduced
tumor burden and bone resorption, as well as an improved
survival period.’'® The development of CCR2 inhibitors
has also yielded encouraging results in cancer treatments.
Oral administration of the CCR2 inhibitor, PF-04136309, in
a preclinical pancreatic cancer model reduced the number
of tumor-infiltrating macrophages and inflammatory
monocytes.*” Significantly, PF-04136309 acted synergis-
tically with the chemotherapeutic drug, gemcitabine, to
inhibit metastasis, increase anti-tumor T-cell responses,
and ultimately lead to an enhanced chemotherapeutic
efficacy.’’® Similarly, the synergistic effects between
PF-04136309 and paclitaxel or the standard chemotherapy,
FOLFIRINOX, have also been reported in pancreatic
cancer patients.’’” Another CCR2 inhibitor, CCX872, was
demonstrated to improve anti-PD-1 treatment in preclini-
cal settings and positive results were also obtained when
used in combination with the FOLFIRINOX strategy in
pancreatic cancer patients.*”’ In murine models of hepa-
tocellular carcinoma, combined treatment with the CCR2
antagonists, RDCO018 or 747, with sorafenib was validated
to inhibit tumor growth and metastasis, accompanied by
a significant reduction of macrophage infiltration.*?!*?? Tt
should be pointed out that there are also some disappoint-
ing results in the clinical trials of CCL2/CCR2 blockers.
For example, carlumab, a human IgGlx anti-CCL2 mAb,
did not show antitumor activity as a single agent in
metastatic castration-resistant prostate cancer patients
in a phase II study.’*® Overall, the above results suggest
that the CCL2-CCR2 axis may be a promising target for
cancer treatment, especially when used in combination
with traditional cancer-killing strategies or immunother-
apies. However, the successful pharmaceutical devel-
opment of CCL2/CCR2 blockers still has a long way
to go.

With regard to CCL5-CCRS5 signaling, systemic treat-
ment of mice with CCLS5-directed antibodies inhibit
colon cancer growth, lung metastasis, and peritoneal
dissemination.’”* CD45-immunoreactive cells in tumor
tissues and adjacent healthy tissues have been found to be
upregulated following CCL5 blockade. Meanwhile, CCL5
neutralization renders colon tumors more sensitive to
PDGFRg-targeted therapy.>** CCL5-targeted blockade has
also been demonstrated to be effective in several malignan-

3

cies including breast,** gastric,*”° and prostate cancers.*’

Concurrently, much attention has been paid to the dis-
covery of CCR5 antagonists. Maraviroc, an FDA-approved
CCR5 antagonist, has been applied as an antiretroviral
therapy strategy for HIV infection.’?® Recent studies have
demonstrated its efficacy to suppress cancer cell inva-
siveness in a variety of cancers. Maraviroc administra-
tion resulted in cell-cycle arrest and apoptosis in both col-
orectal and breast cancer cell lines in vitro.’*>>?° In gas-
tric cancer, treatment with maraviroc effectively reduced
tumor burden, inhibited peritoneal dissemination, and
prolonged the survival period.*’® It was also observed
that maraviroc significantly inhibited pancreatic cancer
liver metastasis, accompanied by marked cell-cycle arrest
at the G1/S checkpoint.**® TAK779 is another synthetic
CCRS5 antagonist that was initially developed for HIV
treatments.>*! Menu et al. demonstrated that TAK779 has
direct inhibitory effects on melanoma growth in vitro and
invivo.**> Another study suggested that TAK779 could effi-
ciently block CCR-5-dependent T-cell migration.*** In a
pancreatic cancer mouse model, TAK779 administration
resulted in significant suppression of Treg recruitment and
cancer growth.*** Compared to synthetic CCRS5 inhibitors,
aibamine is the first natural CCR5 antagonist with an ICs,
of 1 uM.>* Alibamine was found to suppress the inva-
sion and metastasis of prostate cancer cells in mice.*?” By
analyzing the chemical structure differences between ani-
bamine and other CCR5 inhibitors, the main difference
has been shown to consist of the side chains of anibamine
being simple, undecorated, and aliphatic chains.**° There-
fore, further drug development based on the structure of
anibamine may bring a novel candidate drug for cancer
treatment.

CXCL12-CXCR4 is the most commonly overexpressed
signaling pathway in a variety of cancers and a num-
ber of small-molecule drugs and peptide inhibitors that
target CXCR4 have been developed. AMD3100 is the
first CXCR4 antagonist that is used for hematopoietic
stem cell mobilization during transplantation in patients
with non-Hodgkin’s lymphoma or multiple myeloma.>*’
Furthermore, AMD3100 and its derivate, AMD3465, are
also capable of mobilizing cancer cells in the bone
marrow to ultimately enhance the efficacies of con-
ventional therapies.**® AMD3100 treatment in leukemic
mice induced a ninefold increase in circulating leukemic
cells.** The combined treatment of chemotherapy and
AMD?3100 led to a reduced tumor burden and improved
OS compared with those in mice received chemother-
apy alone. A similar phenomenon was also observed in a
phase 1/2 study of refractory acute myeloid leukemia.**
In addition to its chemosensitizing effects, AMD3100
synergistically interacts with antibodies targeting PD-L1
and CTLA-4 results in enhanced T-cell infiltration into
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tumor tissues, yielding a greater anticancer response.**
Another CXCR4 antagonist, LY2510924, is also able of
suppressing cancer growth and metastasis in multiple
preclinical models.**"**?> Notably, LY2510924 was demon-
strated to be clinically safe and well-tolerated in advanced
solid cancers including colorectal, lung, breast, and
prostate cancers.**> Meanwhile, several CXCR4 small-
molecule antagonists—such as BKT140, PRX177561, and
POL5551—are also capable of inhibiting cancer growth and
metastasis.***34¢ Recent studies have also suggested that
peptide inhibitors targeting the amino-terminal region of
CXCR4 are also effective in inhibiting cancer growth,
such as T22, TN14003, and CTCE-9908.3’-3*° In preclinical
models, TN14003 significantly inhibited pulmonary metas-
tasis of melanomas, as well as breast cancers.>*>3>! Sim-
ilarly, CTCE-9908 showed considerable inhibitory effects
on cancer growth and metastasis in malignancies includ-
ing osteosarcomas and melanomas, as well as breast and
prostate cancers.>’-*32353 These results suggest that dis-
rupting the CXCL12-CXCR4 axis represents a viable strat-
egy for further anticancer drug developments. However,
most of the above-mentioned studies were carried out in
the early course of cancer progression, and preclinical
models may not fully simulate the clinical pathological
process. Therefore, further clinical trials investigating the
efficacies and safeties of CXCR4 antagonists are urgently
needed in the context of advanced cancers.

5.2 | Agents targeting tyrosine kinases

Given the activated CSF-1/CSF-1R signaling in multiple
malignancies and their significant implications in pre-
dicting poor prognoses, developing agents to block the
CSF-1/CSF-1R axis has attracted increasing research atten-
tion. Currently, both CSF-1/CSF-1R antibodies and CSF-
1R kinase inhibitors have been successfully developed for
therapeutic regulation of macrophages. The key advan-
tage of antibodies over kinase inhibitors is their higher
selectivity and safety. Currently, several CSF-1/CSF-1R tar-
geted antibodies have been developed. H27K15 is a novel
competitive monoclonal antibody for CSF-1 blockage that
has been generated for cancer immunotherapy. Enzyme-
linked immunosorbent assays (ELISAs) have shown that
H27K15 produces no cross-reaction with other tyrosine
kinases and can inhibit CSF-1R phosphorylation by block-
ing CSF-1.°%? In preclinical models, H27K15 can decrease
the secretion of both MCP-1 and IL-6, which play impor-
tant roles in recruiting M2-like macrophages. H27K15 is
also capable of preventing monocyte differentiation into
CD1637CD64" M2-like macrophages and induces their
differentiation into CD14 CDl1a" dendritic cells.*** RG7155
is designed as a humanized monoclonal antibody against

3

CSF-1R, with an ICs, of 0.3 nM.*** RG7155 can sup-
press CSF-1R dimerization and therefore interrupt the
formation of the CSF1/CSFI-R complex. Consequently,
RG7155 results in a significant reduction of CD68/CD163
macrophages.®> It has been reported that objective
responses were observed in 83% of patients with diffuse-
type tenosynovial giant-cell tumors (dt-GCTs) following
RG7155 treatment, even during a short-course treatment
in patients who are unable to undergo surgery.’®> Addi-
tionally, RG7155 is also effective in increasing the CD8/CD4
ratio in multiple solid malignancies.****%* FPA00S is also
a monoclonal antibody that disrupts the binding of CSF-
1R to its ligands and thus suppressing downstream recep-
tor activation. The modulatory effects of FPAOO8 on
macrophages and other immune cells in a variety of can-
cers are currently under evaluation by phase-Ia/Ib clinical
trials.*® With regard to adverse effects, increases in short-
lived enzymes (e.g., AST, LDH) are detected, which might
be due to spontaneous inhibitory effects of antibodies on
CSF-1R* Kupffer cells.*®® Furthermore, common adverse
effects also include fatigue, asthenia, facial edema, rash,
and pruritus, but most of the events are only of grade 1 or
2 severities.

In addition to antibody therapies, multiple CSF-1/CSF-
1R inhibitors are under development at clinical stages
(Table 3). INJ-40346527 is a selective inhibitor of CSF-
1R with an ICs; of 3.2 nM. In a phase-I/II clinical study
of relapsed or refractory Hodgkin lymphoma, one patient
out of 21 showed complete remission after JNJ-40346527
treatment (150 mg/day) for approximately 1 year. Further-
more, 11 patients remained with disease stabilization.?¢”
Notably, in vivo pharmacological activity showed that
CSF-1R phosphorylation was inhibited by 95% following
INJ-40346527 treatment (150 mg/day). Meanwhile, higher
doses (150-600 mg/day) also demonstrated acceptable tol-
erability and safety in healthy volunteers.’*> GW2580 is
an orally bioavailable CSF-1R inhibitor with an ICs, of 60
nM.>% However, GW2580 shows limited inhibitory effects
on macrophage recruitment and tumor growth. Priceman
et al’® treated mice to test the effects of GW2580 in
blocking TAMs infiltration into growing tumors. Despite
the concentration reaching as high as 160 mg/kg, only a
slight decrease in TAMs was observed, while no notable
changes in monocytes infiltration levels were observed
in peripheral tissues including bone marrow, blood, and
the spleen. Nevertheless, the combination treatment of
GW2580 and VEGFR?2 antibody efficiently abrogated the
recruitment of TAMs and monocytic MDSCs and synergis-
tically enhanced the antiangiogenesis response.*® Mean-
while, GW2580 was also found to increase gemcitabine
therapeutic efficacy in pancreatic cancer compared to
that of GW2580 alone.’’”® GW2580 was found to inhibit
gemcitabine-induced CSF-1 overproduction in cancer cells
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and thus inhibited the recruitment of immunosuppressive
myeloid cells into tumors.*”"

Apart from the above highly selective CSF-1R inhibitors,
several CSF-1R inhibitors with lower specificity have been
identified, which also exhibit broader inhibitory activity
on other kinases (Table 3). PLX3397 represents one such
inhibitor and has an ICs, of 13 nM on CSF-1R. Addition-
ally, PLX3397 also exhibits activities against KIT, FLT3,
and PDGFRR.3%+371:372 PLX3397 displays anticancer effects
in multiple malignancies. In patients with tenosynovial
giant-cell tumors, 52% of cases significantly responded to
PLX3397 treatment with the disease control period lasting
more than 8 months.*”* In glioblastoma, PLX3397 not only
prolonged the survival time but also slowed the disease
progression rate.’’* PLX3397 can easily cross the blood-
brain barrier and reach glioblastoma tissue, resulting in
a significant reduction of macrophage numbers and inva-
siveness of cancer cells. In a phase-1I study of recurrent
glioblastoma, PLX3397 treatment at a daily dose of 1000
mg showed acceptable tolerability and led to both CSF-
1R activity inhibition and TAMs infiltration reduction in
tumor tissues.’’> At present, multiple clinical trials are
being designed and conducted to test the clinical efficacies
of CSF-1R inhibitors on cancer inhibition. However, CSF-
1R blockade alone usually achieves marginal therapeu-
tic benefit, leading to the delay of tumor growth at most.
Therefore, more clinical trials are of an urgent need to eval-
uate the combined effects of CSF-1/CSF-1R blockage and
other treatment approaches including immunotherapies
and standard treatment modalities. Particularly, results for
combinations of CSF-1/CSF-1R blockage with immune-
checkpoint inhibitors or other immunotherapeutic strate-
gies are eagerly expected.

Several investigators have focused on the development
of inhibitors targeting RON receptors (Table 3). The small-
molecule ASLANOO?2 is a selective inhibitor of RON recep-
tor with an IC5, < 500 nM.*”> ASLANO002 can block
MSP-induced phosphorylation of RON. In a PyMT-MSP
breast cancer mouse model, ASLANO002 administration
(50 mg/kg) remarkably inhibited lung metastasis by two-
to threefold.’’® Even when ASLAN002 was administrated
after the formation of metastatic colonization, a four-fold
inhibitory response was observed, indicating that RON
inhibition might be a novel therapeutic option to inhibit
metastatic growth as an adjuvant treatment. A mecha-
nistic study found that ASLANO0O02 resulted in a proin-
flammatory milieu in the TME, particularly in terms
of an increase in TNF-a-positive macrophages.’’® Addi-
tionally, CD8" T cells act as critical factors influenc-
ing the efficacy of ASLANO002. The anti-tumor coloniza-
tion ability of ASLANO02 was greatly suppressed in the
absence of cytotoxic CD8" T cells, indicating the immune-
regulating cells may be primarily responsible for the anti-

3

cancer effects of ASLAN002. However, future research
is necessary to explore the synergistic effects between
ASLANO002 and immune-checkpoint inhibitors. Another
study revealed that in breast tumors harboring PIK3CA
mutations, the anticancer effects of ASLANO002 were
greatly limited, which were overcome by treatment with
the PI3K inhibitor, NVP-BKM120.>”7 Meanwhile, concur-
rent inhibition of RON and PI3K provided a more durable
response in PIK3CA-wild-type breast cancer. These results
suggest that further investigation focusing on the com-
bined applications of small-molecule inhibitors is worth-
while for improving clinical prognoses of cancer patients.

5.3 | Bisphosphonates

Bisphosphonates are a family of inhibitors of osteoclast-
mediated bone resorption and are widely applied in the
treatment of bone diseases including postmenopausal
osteoporosis, Paget disease, and bone metastasis. The
first generation of nonamino bisphosphonates, such as
etidronate and clodronate, are metabolized intracellu-
larly into cytotoxic adenosine-triphosphate analogs that
induce osteoclast cell death.*®*® Conversely, the second
and third generations of bisphosphonates—such as
ibandronate, risedronate, pamidronate, and zoledronic
acid—are much more potent than nonamino compounds
by inhibiting farnesyl-pyrophosphate synthases, which
also results in osteoclast apoptosis.®® Moreover, pre-
clinical studies demonstrate that bisphosphonates may
also exhibit extraskeletal therapeutic effects in mouse
breast cancer xenografts.*®® For example, zoledronic
acid was found to be phagocyted by TAMs and thus
induced TAMs apoptosis and repolarization toward
Mi-like phenotype.” In breast cancer patients, radiola-
beled bisphosphonate was also found in the resected
tumor infiltrated with TAMs and microcalcifications.
Several studies have demonstrated the proinflammatory
activity of amino-bisphosphonates in vitro. Ibandronate
was found to enhance LPS-stimulated IL-6 and IL-13
secretion from mouse Raw264.7 macrophages.”’ A
remarkable elevation in TNFa expression was also
observed following pamidronate and zoledronic-acid
administrations.*” In mouse xenografts, ibandronate
treatment led to increased infiltration of extravasated
leukocytes and rolling leukocytes, accompanied by the
stimulated production of TNFa and IFN-y in periph-
eral blood, indicating its proinflammatory effects in
vivo.>”* In cancer patients treated with zoledronic acid,
it was also found that the circulating concentrations of
IFN-y, TNFa, and IL-6 were all significantly elevated
following drug administration, further confirming that
amino-bisphosphonates might promote M2-like to M1-like
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repolarization to trigger inflammatory responses.** By
contrast, nonamino bisphosphonates have been demon-
strated to inhibit cancer progression via suppressing
the growth of macrophages. Clodronate inhibits iNOS
expression in Raw264.7 macrophages, accompanied by
a significant reduction of IL-6, IL-13, TNFa, and NO
secretions at noncytotoxic concentrations.’*> Therefore,
nonamino bisphosphonates might suppress macrophages
in a cytostatic but not cytotoxic manner. Based on the
above findings, bisphosphonates have been commonly
applied to deplete TAMs in preclinical models. Although
bisphosphonates have yielded improved survival in vari-
ous kinds of preclinical animal models, bisphosphonates
treatment alone is not able to induce complete regression
of tumors. In fact, the application of bisphosphonates may
induce side effects on residential macrophages in normal
tissues, thereby influencing antitumor innate immunity.
Considering that the complete depletion of macrophages
in tumors could lead to worse therapeutic outcomes in
some cases, TAMs-targeted reprogramming strategies that
spare the potentially beneficial macrophages may be more
preferable in the future.

5.4 | Nanoparticle or exosomal-targeted
delivery

Although pharmaceutical inhibitors and monoclonal anti-
bodies have been developed for TAMs-targeting treat-
ments, their therapeutic efficacies have been greatly
limited by difficulties in penetrating biological barriers.
Progress in nanotechnology has provided a valuable oppor-
tunity for improving drug-loading/drug-releasing param-
eters, biocompatibilities, and drug-circulation time. The
engineering of new nanoparticles with the ability to tar-
get and Kkill or reeducate TAMs has stood up as a promis-
ing strategy for cancer treatment in recent years. As an
important member of the mononuclear phagocytic system,
macrophages play a major role in nanomaterials recog-
nition, uptake, processing, and clearance.*’® Therefore,
the loading of macrophages with nanomedicines may be
used to profit from the high infiltration and the innate
tumor homing abilities of macrophages, allowing the drug
release in the bulk of the tumor. For example, Rao et al.
reported that the magnetic nanoparticles can be used to
promote the repolarization of the M2-like TAMs as well
as the systemic circulation and tumor accumulation of
the loaded drugs.®®’ Notably, there are still some chal-
lenges for the effective targeting of TAMs with nanoparti-
cles and their application in the clinic. The major one can
be attributed to the undesirable clearance of nanoparticles
by the mononuclear phagocyte system (macrophages) in
clearance organs (liver, lung, or spleen) upon their intra-

venous injection. In vivo studies have demonstrated high
nanomaterials sequestration by macrophages in clearance
organs such as liver, spleen, and kidney.**® This is because
that the immune system may recognize the components
of nanoparticles (e.g., shell, core, surface-decorating moi-
eties, and cargoes) as foreign, and initiates an immune
response through a complex process.*”® Therefore, because
of the synthetic origin, nanoparticles are usually recog-
nized by the host immune system and are preferentially
sequestered by macrophages in filtering organs.

Recently, exosomes have emerged as natural nano-sized
vesicles for drug delivery. Given their nanoscale size,
excellent biocompatibility, potential capacity to express
targeting ligands, and natural capacity to carry macro-
molecules, the use of exosomes for cancer treatment has
raised considerable interest.>***°° Due to the lipid bilay-
ered membrane, exosomes exhibit good permeability and
can cross most biological membranes, including the blood-
brain barrier.*’! After reaching recipient cells, exosomes
can activate certain signaling pathways by fusion to the
plasma membrane and subsequent secretion of the con-
tents into the cytoplasm of recipient cells. Alternatively,
exosomes can enter cells through endocytic processes
including receptor-mediated endocytosis, micropinocyto-
sis, and phagocytosis. Moreover, exosomes have significant
advantages in drug delivery areas without inducing proin-
flammatory responses or adverse immune reactions. More
importantly, the composition of exosomal surfaces permits
modifications for enhancing interactions between recipi-
ent cells and exosomes. Surface modification of naturally
purified exosomes with GEl1l, an epidermal growth fac-
tor, was demonstrated to increase the targeting potential
of exosomes to EGFR* breast cancer cells both in vitro
and in vivo.**> Given these priorities, exosomes represent
a promising candidate tool for the delivery of chemother-
apeutics, as well as nucleic acids and phytochemicals.
For example, doxorubicin treatment through the exosome
delivery system induced a 10-fold increase in cancer cell
death when compared with free doxorubicin.*’* Similarly,
exosome-loaded anti-miR-214 led to a remarkable inhibi-
tion of gastric tumor growth.*** Interestingly, curcumin
has also been shown to be encapsulated into exosomes and
to interfere with colon carcinogenesis (NCT01294072).

Given that exosomes can be preferentially sequestered
by macrophages,**>#% it is becoming an attractive vehi-
cle for delivering genetic drugs or cytotoxic agents to
inhibit TAMs. Exosomes containing miRNA-155 and 125b2
derived from pancreatic cancer cells induced macrophage
differentiation to the M1-like phenotype.**’ Similarly, exo-
somes transfected with wt-p53 and miRNA-125b secreted
from colon cancer cells also mediated macrophage
repolarization toward the MIl-like phenotype.*’® Inter-
estingly, epigallocatechin-gallate-treated breast cancer
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cells-derived exosomes were also found to impair tumor
growth by suppressing TAMs infiltration and M2-like
phenotype polarization.””” Recently, a commercialized
engineered exosome carrying antisense oligonucleotide
(ex0ASO) was developed by Codiak Bioscience. It was
designed to deliver ASO to TAMs and to specifically
inhibit the expression of immune-suppressive transcrip-
tion factors, including STAT6 and C/EBPT."*’ Preclinical
studies demonstrate that exoASO effectively reprograms
M2-like macrophages to a pro-inflammatory Mi-like
phenotype, promoting targeted anti-tumor activity in vivo.
In vitro, exoASO is preferentially taken up by M2-like
macrophages to a significantly greater extent than that
of free ASO, resulting in a greater decrease of STAT6 and
C/EBPB mRNA levels. Subsequent gene expression analy-
sis and cytokine assays showed a 40-fold increase in TNFa
and a 29-fold decrease in IL-10 associated with exoASO
treatment, consistent with repolarization from immuno-
suppressive M2-like macrophages to immune-stimulatory
Ml-like macrophages. All of these findings suggest that
exosomes may represent promising drug-delivery systems
for modulating the biological functions of TAMs. Notably,
there are still many difficulties to overcome before the
successful application of the exosomal delivery system for
TAMSs modulation in the future. The most prominent one
may be that different exosome isolation techniques have
reported poor yield and loss of functional properties.*’’
To solve this limitation, reengineering TAMs-targeted
exosomes with the synthetic liposomes as a refined
biomimetic nanostructure is suggested.**”

5.5 | Other therapeutic strategies

In recent years, multiple novel TAMs reprogramming
strategies have been reported with promising future. For
example, Christopher B et al. reported that R848, an
agonist of toll-like receptor 7 and 8 (TRL7/8), could
significantly induce the Mil-like phenotype polariza-
tion of macrophages in vitro, while the R848-loaded f3-
cyclodextrin nanoparticles could promote the repolariza-
tion of TAMs toward an M1-like phenotype in multiple
tumor models in vivo.*'” Feng et al. synthesized the novel
TLR agonist of acGM using glucomannan polysaccharide
with acetyl modification, which could specifically acti-
vate the TLR2 signaling and thus induce TAMs repolar-
ization into an antitumor phenotype.*"! Macrophages can
also be targeted via CD40 agonists to boost the antitu-
mor response. Gregory et al. reported that the CD40 ago-
nist FGK45 could reactivate TAMs, which became tumo-
ricidal and thus rapidly facilitated the depletion of tumor
stroma and the tumor regression of pancreatic ductal
adenocarcinoma.*? Blocking checkpoints on T cells have

3

recently shown unprecedented, durable cures in the clinic.
A similar strategy targeting macrophages is also devel-
oping by blocking CD47 from binding its receptor signal
regulatory protein-a (SIRPa) on macrophage surface.*'* It
has been reported that interfering of CD47-SIRP« interac-
tion by blocking antibodies could promote the phagocyto-
sis of TAMs and consequently suppresses cholangiocarci-
noma growth and metastasis.*'* Nowadays, a number of
CD47-SIRPa axis blockers, such as Hu5F9-G4, CC-90002,
SRF231, ALX148, and IBI188, are under clinical trials.*'

6 | CONCLUSIONS, CHALLENGES, AND
PERSPECTIVES

With a deeper understanding of cancer immunology,
targeting TAMs provides a novel approach to improve
anticancer therapies. However, since there exists com-
plex intercellular crosstalk involving TAMs in the TME,
TAMs elimination may elicit multifaceted stromal reac-
tions in the host that are unable to predict and may vary
among patients. Additionally, some patients may be refrac-
tory to TAMs-targeting therapies due to gene mutations.
For example, it has been reported that certain single-
nucleotide polymorphisms in CSF-1R can decrease the
therapeutic efficacy of emactuzumab.'?’ Therefore, it is
important and significant to explore the synergistic effects
of TAMs-targeting approaches with other immunomodu-
latory strategies, especially for checkpoint-blockade-based
therapies. Checkpoint inhibition unleashes the brakes,
such as CTLA4 and PD-1, to enhance the effective recog-
nition and killing of tumor cells by immune cells. How-
ever, only approximately 20% of cancer patients respond
to checkpoint-inhibition therapies, where mixed responses
can limit treatment effectiveness and cause drug resis-
tance and/or distant metastasis. TAMs may act as impor-
tant cellular components influencing the responsive-
ness of checkpoint-blockade treatments. On one hand,
TAMs express PD-L1 and PD-L2, which could aggra-
vate the immunosuppressive TME and impair cytotoxic
T lymphocytes against cancer cells."*'>*> On the other
hand, TAMs also expressed TREM2 (triggering receptor
expressed on myeloid cells 2) that remodel the tumor
myeloid landscape and weaken the responsiveness of anti-
PD-1immunotherapy.*'® Currently, a variety of clinical tri-
als are ongoing to examine the synergistic effects of TAMs-
targeting approaches with PD-L1 or CTLA-4 blockades.
Preclinical studies have also demonstrated that CSF1R
antagonists can boost the efficacy of checkpoint inhibi-
tion in mouse models of pancreatic, breast, cervical, and
ovarian cancers. Moreover, in immunotherapy-resistant
pancreatic cancer patients, CSF-1R antagonists combined
with PD-1-targeting approaches result in partial responses
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in some patients. All of these findings indicate the
promising future and significance of TAMs-targeting
strategies in cancer immunotherapies.

With an increasing number of available drugs for mod-
ulating TAMs to induce anti-tumor responses by target-
ing different molecular targets, the next challenge will be
how to deliver these immunoregulatory drugs into TAMs
effectively and selectively while minimizing the harm-
ful off-target side effects. Although nanovesicles, such
as exosomes, provide an ideal platform for drug load-
ing and delivery and can be primarily internalized by
macrophages, their biodistributions in vivo are largely
affected by residential macrophages outside of tumors,
such as Kupffer cells in the liver. To improve TAMs selec-
tivity over residential macrophages, several studies have
utilized the unique physical and chemical properties of
the TME to optimize their targeting systems. For exam-
ple, the acid-sensitive PEG 2000 was applied to modify
nanoparticles to selectively eliminate TAMs as PEG 2000
can be cleaved in the acidic TME to release cytotoxic
drugs.*'” This therapeutic strategy can minimize the off-
target effects of PEG 2000-modified nanoparticles on res-
ident macrophages. Additionally, targeting ligands have
also been applied to improve the preferential delivery
to TAMs via utilizing the specific ligand-receptor inter-
actions. CD206 represents one of the most commonly
targeted receptors for macrophage delivery because of
its TAMs-specific overexpression characteristic. As the
native ligand of CD206, mannose can be conjugated to
nanovesicles easily and result in an enhanced uptake by
TAMs.*” TAMs also overexpress folate receptor f3, the lig-
and of which is folic acid. Therefore, folic-acid-modified
nanovesicles have been developed as an important cancer-
targeting strategy.*'® Another factor influencing the anti-
tumor efficacy of nanovesicles is the ability of drug-loaded
macrophages to infiltrate into tumors. A recent study
suggested that the size of nanovesicles can significantly
alter the motilities of macrophages.*® Although smaller
nanovesicles (30-50 nm) usually have higher uptake into
macrophages compared to that of larger nanocarriers (100-
500 nm), smaller nanovesicles were found to significantly
retard the motilities of macrophages. This study suggested
that 100-nm nanovesicles provide a good balance for effec-
tive drug loading and macrophage migration. Hence, exo-
somes are an ideal and promising type of nanovesicle for
developing TAMs-targeting strategies.

Taken together, the pharmaceutical targets of TAMs and
their corresponding drugs are rapidly being explored and
developed. With the development of single-cell sequenc-
ing, various “omic” analyses, and nanotechnology, our
understanding of the heterogeneity of TAMs in the tumor
milieu will be considerably enhanced. It is expected that
future studies will further elucidate the clinical bene-

fits resulting from combined therapies of TAMs-targeting
strategies with traditional treatments or immunotherapies.
Meanwhile, a more advanced drug delivery system via
exosome-like nanovesicles is anticipated to help reduce the
off-target/side effects of TAMs-targeting approaches.
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