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Abstract

Background: In breast cancer (BC), tumor-associated macrophages (TAMs) are
an important component of the tumor microenvironment and are closely related
to poor prognosis. A growing number of studies have focused on the role of TAMs
in BC progression and therapeutic strategies targeting TAMs. As an emerging
treatment, the application of nanosized drug delivery systems (NDDSs) in the
treatment of BC by targeting TAMs has attracted much attention.

Aims: This review is to summarize the characteristics and treatment strategies
targeting TAMs in BC and to clarify the applications of NDDSs targeting TAMs in
the treatment of BC by targeting TAMs.

Materials & Methods: The existing results related to characteristics of TAMs in
BC, BC treatment strategies by targeting TAMSs, and the applications of NDDSs
in these strategies are described. Through analyzing these results, the advantages
and disadvantages of the treatment strategies using NDDSs are discussed, which
could provide advices on designing NDDSs for BC treatment.

Results: TAMs are one of the most prominent noncancer cell types in BC. TAMs
not only promote angiogenesis, tumor growth and metastasis but also lead to
therapeutic resistance and immunosuppression. Mainly four strategies have
been used to target TAMs for BC therapy, which include depleting macrophages,
blocking recruitment, reprogramming to attain an anti-tumor phenotype, and in-
creasing phagocytosis. Since NDDSs can efficiently deliver drugs to TAMs with
low toxicity, they are promising approaches for targeting TAMs in tumor ther-
apy. NDDSs with various structures can deliver immunotherapeutic agents and
nucleic acid therapeutics to TAMs. In addition, NDDSs can realize combination
therapies.

Discussion: TAMs play a critical role in the progression of BC. An increasing
number of strategies have been proposed to regulate TAMs. Compared with free
drugs, NDDSs targeting TAMs improve drug concentration, reduce toxicity and

realize combination therapies. However, in order to achieve better therapeutic
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sign of NDDSs.

KEYWORDS

1 | INTRODUCTION
BC is one of the most common malignant tumors, with
an incidence of 24.5% and mortality of 15.5%." BCs are
classified into four types including Luminal A, Luminal B,
human epidermal growth factor receptor (HER) 2+, and
triple negative breast cancer (TNBC) according to the dif-
ferent expression of estrogen receptor (ER), progesterone
receptor (PR), HER2, and Ki67.2 The treatment of BC de-
pends on its molecular classification. Despite significant
progress in the target and endocrine therapy of BC in re-
cent years, the prognosis of patients with BC is still un-
satisfactory due to the high frequency of recurrence and
metastasis. Recent evidence has shown that the tumor
immune microenvironment (TIME) has an important
effect on the occurrence and development of BC.” BC is
reported as an immune “cold” with the lack of infiltration
of immune cells and an inherent immunosuppressive mi-
croenvironment.* This microenvironment facilitates im-
mune evasion of tumor cells and thus leads to high tumor
recurrence and metastasis rate, which limits the effects of
radiation, chemotherapy, or immunotherapy for BCs.
TAMs are an important component of TIME and ac-
count for 50% of the tumor mass.’ Current evidence in-
dicates that TAMs engage in complex interactions with
cancer cells, natural killer cells, T cells, endothelial cells,
and fibroblasts, and they are recognized as critical play-
ers promoting tumor growth, metastasis, and angiogene-
sis.®® Moreover, it has been suggested that TAMs induce
resistance to chemotherapy and are associated with poor
overall survival (OS) in patients with BC.” The therapies
targeting TAMs can enhance the antitumor effect and
relieve immunosuppression by altering the immunosup-
pressive microenvironment.'® Therefore, such therapies
may become a promising strategy in the treatment of BC.
In the past few years, many drugs have been found
with the ability to affect TAMs directly and/or indirectly."*
However, the practical applications are still far from sat-
isfactory due to the solubility, pharmacokinetics, and sys-
temic side effects. To deal with this issue, a wide variety
of NDDSs have been used to deliver specific therapeutic

efficacy, there are still some disadvantages that need to be considered in the de-
Conclusion: TAMs play an important role in the progression of BC, and target-

ing TAMs is a promising strategy for BC therapy. In particular, NDDSs targeting
TAMs have unique advantages and are potential treatments for BC.

breast cancer, macrophages, nanotechnology, target therapy

agents directly to the tumor sites and control drug release
by the smart response.'? Nanoparticle structures can facil-
itate the delivery of drugs to the tumor tissues, as well as
regulate the function of TAMs, thus improving the treat-
ment of BCs. In this paper, we review the characteristics
of TAMs in BCs, therapeutic strategies against TAMs, and
applications of NDDSs in TAM-specific drugs, in order
to provide a comprehensive understanding and potential
treatment strategies for improving the treatment efficacy
of BCs.

2 | TAMS IN BC

2.1 | origin and subtypes of TAMs

The tumor microenvironment (TME) is composed of mul-
tiple types of cells (immune cells, endothelial cells, cancer
stem cells, fibroblasts, etc.) as well as cellular components
(cytokines, chemokines, extracellular matrix, etc.).13
Macrophages are one of the most prominent tumor-
associated noncancer cell types in TME.” There are pieces
of evidence showing that TAMs come from either bone
marrow or the yolk sac.'* TAMs are heterogeneous in BC,
with a wide variety of polarized phenotypes. According to
the polarized phenotype, there are two main types of mac-
rophages, M1-type, which is considered as classical mac-
rophages, and M2-type, known as alternatively activated
macrophages.’>” The M1-type macrophages, which are
stimulated by lipopolysaccharide (LPS) and the type 1 T
helper cell (Th1) cytokines, have strong cytotoxicity and
phagocytosis to tumor cells and exert pro-inflammatory
and anti-tumor effects.'® Conversely, the M2-type mac-
rophages, which are induced by the type 2 T helper cell
(Th2) cytokines, such as interleukin (IL)-4, IL-10, or IL-
13, promote angiogenesis, tumor growth, and metasta-
sis.'® In vivo, there is a dynamic balance between M1-type
and M2-type macrophages. The balanced state of TAMs
can affect cancer progression and outcomes in BC.'*?*
The origin, subtypes, and functions of TAMs in BC are
shown in Figure 1.
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FIGURE 1 The origin, subtypes, and functions of TAMs in BC. TAMs come from bone marrow or the yolk sac. There are two major
phenotypes of TAMs: M1 and M2. M1-type macrophages exert pro-inflammatory and anti-tumor effects. M2-type macrophages have anti-
inflammatory and pro-tumor functions. TAMs, especially M2-type macrophages, promote tumor cell proliferation, metastasis, angiogenesis,

immunosuppression, and drug resistance in BC.

2.2 | Functions and prognosis of TAMs

TAMs play a key role in the progression of BC. After
being recruited into BC tissues, macrophages mediate
tumor cell proliferation, metastasis, angiogenesis, and
immunosuppression through a wide variety of mecha-
nisms. Studies have shown that macrophages promote
the up-regulation of genes associated with malignant
biological behavior in tumor cells in vitro.”! Further re-
search showed that TAMs contribute to tumor growth,
metastasis, angiogenesis, and immunosuppression by
secreting various cytokines.*” The IL secreted by TAMs,
such as IL-6, IL-8, and IL-10, can promote the prolifera-
tion and metastasis of tumor cells, as well as enriches
the cancer stem cell population.”**> CC-chemokine li-
gand (CCL) 2 and CCL18 released by TAMs could mark-
edly elevate the EMT, invasion, and migration events
in BC cells.?*?® Moreover, TAMs can be involved in
angiogenesis by producing a series of pro-angiogenic
factors, including vascular endothelial growth factor
(VEGF), SEMA and S100A families.”” The immunosup-
pressive effect of macrophages is mainly manifested in
two aspects. First, signal regulatory protein o (SIRPx)
expressed on macrophages can bind to CD47, which
is highly expressed on tumor cell membranes, to en-
hance the "don't eat me" signal.®® Similarly, CD24 /
sialic-acid-binding Ig-like lectin 10 (Siglec-10) axis and
programmed cell death protein 1 (PD-1) / programmed
death ligand-1 (PD-L1) axis also attenuate phagocyto-
sis of macrophages and promote tumor cell escape.”**
Secondly, TAMs inhibited T cell function through ex-
pressing PD-L1 and secreting anti-inflammatory cy-
tokines.>! TAM-secreted CXCL1, CCL22, and CCL17

have been proven to induce the recruitment and differ-
entiation of Tregs in BC tissues.’*** Overall, TAMs play
a dual role in promoting tumor progress and suppressive
immune microenvironment.

Moreover, several studies have reported the negative
correlation between TAMs and the response to chemo-
therapy in patients with BC.**35 TAMs can induce drug
resistance in BC by secreting various cytokines, such
as CCL2, IL-6, and transforming growth factor-betal
(TGFP1).*® The CCL2 secreted by TAMs can induce
tamoxifen resistance through PI3K/Akt/mTOR signal
transduction.’” 1L-6 secreted by TAMs contributes to
adriamycin resistance in luminal BC.*® Hepatic leu-
kemia factor, which is regulated by TGFp1 secreted by
TAMs, transactivated gamma-glutamyltransferase 1 and
drove TNBC cell cisplatin resistance.> Therefore, tar-
geting TAMs is a potential strategy for overcoming drug
resistance in BC.

The contribution of TAMs to cancer outcomes is multi-
faceted due to different polarizing phenotypes. Recent evi-
dence has shown that the infiltration of M2-type TAMs both
in the TN and TS is related to a significantly higher risk of
aggressive features, and is an independent prognostic factor
of OS in patients with TNBC.*>****! However, patients with
a high proportion of M1-type macrophages showed less
advanced disease and better patient outcomes.*” There are
similar findings in HER2+ BC. A high number of inducible
nitric oxide synthase (iNOS)+ M1-type macrophages in the
invasive margin and the center of the tumor is significantly
associated with improved survival.* In all, a high propor-
tion of M2/M1 macrophages are clinically related to poor
outcomes in BC. TAMs, especially the M2 phenotype, may
be a prognostic biomarker of BC.



ZHAN ET AL.

11052 .
_I_WILEY_Cancer Medicine .

2.3 | Biomarkers of TAMs

Due to the above facts, TAMs can be targeted to treat BC,
that is, to reduce the proportion of M2-type macrophages
and increase the proportion of M1-type macrophages. To
verify the effect of treatments, the proportion of M1-type
and M2-type macrophages in TME needs to be verified.
A lot of biomarkers that can specifically identify TAMs
have been found. The most common biomarkers of TAMs
are transmembrane receptors.** Other than that, multiple
new biomarkers that allowed a more accurate descrip-
tion of the phenotypic and functional characterizer of
TAMs have been reported recently, including cytokines,
enzymes, transcription factors, and so on. As preclinical
experiments are commonly performed in mouse models,
it is important to understand the biomarkers of TAMs in
humans and mice. Some explanations regarding the dif-
ferences between them are provided in the following.
Human macrophages are identified by high expression
of CD68, while murine macrophages are distinguished by
high expression of F4/80.* In human BC, the biomarkers
of M1-type TAMs include CD80, CD86, iNOS, human leu-
kocyte antigen-DRa (HLA-DRa) and YKL-40, IL-1p, IL-
6, IL-12, TNFa, and main biomarkers of M2-type TAMs
are CD206, CD163, CD204, stabilin-1, folate receptor beta
(FRp), arginase-1 (Arg-1), YKL-39, IL-4, IL-10, IL-13,
CCL2, CCL18, TGFp, and VEGF.??7364446-52 gome bio-
markers of macrophage polarization in murine BC are dif-
ferent from those in humans. It is known that HLA-Dra
and YkI39 are not expressed on TAMs of murine BC.*
On the contrary, Fizzl and Ym1 are induced by IL-4 and
IL-13, while they are not expressed in human TAMSs.* The
expression of CD204 and FRf remains to be confirmed in
M2-type TAMs of murine BC. The biomarkers of TAMs
are shown in Table 1.

2.4 | Location in different BCs

BC is a heterogeneous tumor, and BCs in different mo-
lecular types show very different TAMs profiles.”® The
infiltration of macrophages was more common in TNBC
than in non-TNBC.>* High density of CD163+ TAMs
was founded associated with most of TNBC. However,
luminal A tumors were accompanied by low levels of

TABLE 1 The biomarkers of TAMs in human and murine BC

M1

Human BC CD80, CD86, HLA-DRa, iNOS, YKL-40, IL-1p, IL-6, IL-12,
TNFa

Murine BC CD80, CD86, INOS, YKL-40, IL-1p, IL-6, IL-12, TNFa

CD163+ TAMs in both tumor nest and tumor stroma.”
ER+ BC and TNBC induce the transformation of mac-
rophages into different phenotypes and functions.*! The
more aggressive MDA-MB-231 cells promote monocyte
differentiation into M2-type macrophages, while T47D
cells induced a pro-inflammatory and anti-tumor phe-
notype.”"***” It can be seen that TNBC is characterized
with unique TAM subsets, which differs from luminal
subtypes. The ability to polarize macrophages to M2
phenotype appears to be a characteristic of basal but not
luminal cells, and this may explain why high infiltration
of macrophages in TNBC tumors is associated with poor
prognosis.

3 | THERAPEUTIC STRATEGIES
TARGETING TAMS FOR BC

Due to the effects of TAMs on BC growth, metastasis, and
drug resistance, great progress has been made in TAM-
targeted therapies in the past few years.'" The major
strategies used to target TAMs for BC therapy include de-
pleting macrophages, blocking recruitment, reprogram-
ming to attain an anti-tumor phenotype, and increasing
phagocytosis (Figure 2).

3.1 | Depleting macrophages

TAMs in BC are primarily a subpopulation with an M2
phenotype and exert pro-tumor function.** One way
to limit the effects of TAMs is to reduce the number of
TAMs and control macrophage proliferation. By now,
clodronate has been the important choice for TAMs
depletion.’® In order to improve the pharmacokinetics
of clodronate, clodronate liposomes are used to deplete
TAMs and reduce tumor volumes and weights in a 4T1
mouse model.”” Meanwhile, colony-stimulating factor
1 receptor (CSF1R) is highly expressed in macrophages
and controls cell survival, proliferation, and differen-
tiation.” Blockade of CSF1R by monoclonal antibodies
or small molecule inhibitors can deplete TAMs and in-
crease the percentage of intratumoral T cells.”® However,
these blockers not only target M2-type macrophages but
also affect the activity of M1-type macrophages. Thus,

M2
CD206, CD163, CD204, stabilin-1, FRf, Arg-1, YKL-
39, IL-4, IL-10, IL-13, CCL2, CCL18, TGFp, VEGF

CD206, CD163, stabilin-1, Arg-1, Fizz1, Ym1, IL-4,
IL-10, IL-13, CCL2, CCL18, TGFf, VEGF
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FIGURE 2 The major strategies used
to target TAMs for breast cancer therapy.

@  block

the selective depletion of M2-type macrophages needs
further study.

3.2 | Blocking macrophage recruitment
Given that monocytes/macrophages recruit from the
blood and infiltrate tumor tissues, it is necessary to iden-
tify and block factors that induce macrophage recruit-
ment. In BC, studies have shown that the recruitment of
macrophages is regulated by a variety of cytokines, such
as CCL, chemokine (C-X-C motif) ligand (CXCL), and
colony-stimulating factor 1 (CSF1).***®! In the following,
we describe the important role of these cytokines in the re-
cruitment of macrophages and promotion of BC progres-
sion and the potential as targets for the treatment of BC.
The CCL family includes multiple members among
which CCL2 and CCLS5 play a key role in the recruitment
of macrophages. Next, we introduce the roles of these two
cytokines in BC progression and the therapeutic poten-
tials of their corresponding neutralizing antibodies. CCL2,
also known as monocyte chemotactic protein 1 (MCP-1),
is synthesized by tumor cells, tumor-associated mesen-
chymal stromal cells (TA-MSCs), and cancer-associated
fibroblasts (CAFs).**%* It promotes angiogenesis and en-
hances BC metastasis to lung and bone through recruiting
monocytes which express C-C chemokine receptor type 2
(CCR2)." In addition to recruiting macrophages, CCL2
also promotes the recruitment of Tregs with high CCR2
expression.®® The overexpression of CCL2 is more likely
to form a tumor immunosuppressive microenvironment.
Meanwhile, the relationship between CCL2 expression
and the clinical characteristics of patients was investi-
gated.®® The expression of CCL2 was negatively related to
the overall stage, but not related to tumor grade, ER, PR,
or HER2 status in patients with BC. Although CCL2 plays
an antitumor role in tumor tissue, current studies suggest

recruitment
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that it is not associated with OS in patients with BC. Based
on these findings, CCL2-neutralizing antibodies are used
to treat BC in preclinical animal models and clinical trials.
In the murine BC model, delivery of CCL2-neutralizing
antibody inhibited monocyte release from bone marrow,
macrophage infiltration, and vascular infiltration, thereby
reducing the formation of lung metastases.®”’ However, it
was found that discontinuation of CCL2-neutralizing an-
tibodies models led to an overshoot of metastases in BC.?’
In addition, clinical trials have reported a temporary sup-
pression of free CCL2 levels in solid tumors after admin-
istration of the CCL2-neutralizing antibody (CNTO888),
followed by an increase in free CCL2 concentrations even
beyond pre-treatment baseline levels.® The main reason
may be that CCL2-neutralizing antibodies cannot effec-
tively block the CCL2-CCR2 axis for a long enough time.
Antibodies are cleared within 10days after treatment in
vivo, resulting in the rebound of the CCL2 level.*” Due to
this fact, CNTO888 has shown limited efficacy as a single
agent or in combination with chemotherapy in the treat-
ment of solid tumors (NCT00537368, NCT01204996).556°
Anti-CCL2 drugs need to be used with caution for solid
tumors.

CCL5 is another important member of CCL that can
elevate macrophage infiltration.”””" Several studies have
found that tumor-derived CCL5 can bind to CCR5 ex-
pressed on macrophages.””’*’* The activation of CCRS
can further stimulate STAT3 and AKT signaling to pro-
mote macrophage recruitment and M2-type polariza-
tion.”>”" Recruited macrophages by CCL5 have been
shown to secrete collagen and collagen deposition factors
and promoted tumor recurrence.” In addition to its effect
on macrophages, CCL5 can also affect the recruitment
and differentiation of T lymphocytes. CCL5 promoted the
differentiation of Th2 cells by activating CCR3 and boost-
ing Gfil expression in TME. This phenomenon is evident
in patients with advanced BC.”” The effect of CCL5 on BC
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progression is two-sided. CCL5 secreted by tumor cells
promotes the recruitment of CD8+ T cells and plays an
antitumor role. Ozga et al.”® consider that the balance be-
tween these different functions may depend on the stage
of tumorigenesis, the state of immune cell activation, and
the relative expression of chemokine receptors. These fac-
tors still need to be further clarified by in vitro and in vivo
experiments. Analysis of clinical samples showed that the
expression of CCL5 in BC tissues was higher than that in
adjacent normal tissues, and was related to the stage of
BC and lymph node metastasis. Studies have shown that
CCLS5 overexpression is associated with poor disease-free
survival in BC.”””® However, there was a significant cor-
relation between overexpression of CCL5 and increased
OS in patients with TNBC.” This may be related to the
infiltration of immune cells in the tumor tissue. Immune
cell infiltration in TNBC is different from other subtypes
of BC. TNBC shows higher numbers of tumor-infiltrating
lymphocytes (TILs) compared to ER+ tumors.*® TILs are
one of the important sources of CCL5 in TME, and TIL
count has a positive correlation with CCL5 in TNBC.®! It is
reported that a high expression of TILs is associated with
a good outcome.®! This is consistent with the relationship
between CCL5 and prognosis in TNBC. Therefore, when
discussing the relationship between CCL5 and the prog-
nosis of BC, the degree of lymphocyte infiltration should
not be ignored. Given the dual role of CCL5 in BC, the re-
searchers suppressed CCL5 expression in mice to observe
the therapeutic effect. In the murine ER+ BC model, the
use of an anti-CCL5 neutralizing antibody significantly
decreases the infiltration of macrophages and tumor vol-
ume.”® Further studies are needed to evaluate the efficacy
of anti-CCL5 neutralizing antibody in different molecular
subtypes and clinical stages of breast cancer.

The Chemokine CXC subfamily is a vital regulator
of the recruitment of TAMs. CXCL12, belonging to the
chemokine CXC subfamily, is released by stromal cells
and fibroblasts in BC.** It can attract cells expressing
Chemokine (C-X-C motif) receptor 4 (CXCR4).%* Through
the release of CXCL12, the transcription factor CXCR
class 1 homeobox 1 in tumor cells, also known as Pit-1,
was found to mediate the recruitment and polarization
of macrophages.®® Moreover, high CXCL12 expression
in patients with basal-like BC is associated with high an
accumulation of Tregs in tumors.*® Treatment of BC by
using CXCL12 antibody significantly decreased CD163
and VEGFA mRNA expression in TAMs, resulting in
decreased M2-type macrophages and angiogenesis.”
Preclinical and clinical studies are needed to confirm the
benefit of blocking the CXCL12/CXCR4 axis in patients
with BC. CX3CL1 is another member of the chemokine
CXC subfamily, which can bind to CX3CR1 that is highly
expressed on macrophages, and increase the accumulation

of macrophages in tumor tissues.* iFGFR1-induced
CX3CL1 enhanced the migration of macrophages during
the initial stage of tumor formation and blocking CX3CR1
significantly decreased the recruitment of macrophages
in MMTV-iFGFR1 mice.** Dreyer et al.*> also found that
CX3CL1 deficiency delayed mammary tumorigenesis in
Tg-neu mice. However, CX3CL1 plays a protective role
in established BC models. Overexpressed CX3CL1 at-
tracted CD3-CD49b+ NK cells, CD3+CD4+ T cells, and
CD3+CD8+ cytotoxic T cells to tumor tissues in the 4T1
animal model, whereas regulatory T cells, F4/80+MHC
II+ macrophages, and CD11b+ cells did not significantly
change.® The overexpression of CX3CL1 inhibited tumor
growth and lung metastasis in vivo.*> Thereby, the effect
of CX3CL1 on tumor progression is completely different
in different stages of BC. Further studies are needed to
understand the complex role of CX3CL1 in BC and its po-
tential for BC treatments.

By now, there are reports indicating that CSF1 pro-
duced by BC cells promotes macrophage recruitment
through binding to CSF1R.>**® The results of immunohis-
tochemistry showed that the expression of CSF1 correlates
with marked CD68+ monocytes infiltrates and prognosis
in primary breast adenocarcinomas.®” The secretion of
CSF1 is different in different BCs. The mean CSF1 level
was much higher in MDA-MB-231 and MDA-MB-468
conditioned medium compared to that of MCF-7.%® The
inhibition of CSF1/CSF1R pathway in MDA-MB-231 ab-
rogates macrophage infiltration and consequently reduces
tumorigenesis in vitro and in vivo.*® In the mouse mam-
mary tumor virus-driven polyomavirus middle T antigen
(MMTV-PyMT) model of mammary carcinogenesis, using
BLZ945, a small molecule inhibitor of CSF1R, significantly
decreased the number of macrophages and increased the
number of CD8+ T cells in tumor tissues, leading to at-
tenuate the growth of the primary mammary tumor.®
Blocking the CSF1-CSF1R pathway is essential to inhibit
macrophage recruitment to tumor tissues. However, sev-
eral clinical trials to inhibit CSF1R have failed to achieve
the desired results. In advanced solid tumors, anti-CSF1R
emactuzumab did not translate into objective clinical re-
sponses either as monotherapy or in combination with
paclitaxel or CD40 agonist (selicrelumab).>*® More clin-
ical studies targeting CSF1R are ongoing. The feasibil-
ity of blocking the CSF1/CSF1R pathway remains to be
demonstrated.

3.3 | Reprogramming macrophages

The conversion between the different polarization pheno-
types of TAMs is influenced by TME. A variety of factors
and pathogenic signals produced by tumor cells and other
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cells can promote the TAMs to polarize into M2-type
macrophages and promote tumor growth and metasta-
sis. Herein, we summarize the factors that promote mac-
rophages to M2 polarization in BC tissues and the changes
of related signaling pathways in TAMs.

3.3.1 | TME and macrophage polarization
TAMs expose to the complex microenvironment of BC.
Signals originating from tumor cells, lymphocytes, CAFs,
and matrices cooperatively regulate the heterogeneity and
function of TAMs. In the following, we introduce the ef-
fects of cells and matrix on macrophage polarization in
TME.

Evidence shows that tumor cells educate macrophages
toward the M2 activation status through secreting cytokines
and lactic acid, which is conducive to their proliferation,
invasion, and migration. Cytokines involved in macro-
phage recruitment, including CCL2, CCL5, CXCL12, and
CSF1, have also been confirmed to promote M2 polariza-
tion of TAMs.”*?'~%* In addition to that, tumor cell-derived
TGFp can promote M2 polarization by suppressing tran-
scription factor EB (TFEB) activation and expression in
macrophages.” Polarized macrophages by TGF-pplayed
a role in promoting tumor growth. Reprogramming of
energy metabolism is a hallmark of BC.”> Tumor cells
preferentially undergoing glycolysis rather than oxida-
tive phosphorylation, even under the condition of normal
oxygen, is favorable for the production of lactic acid.”
Preclinical evidence showed that tumor-derived lactic
acid in TME induces M2-type polarization via the activa-
tion of the HIF-1a/STAT3, ERK/STAT3, and PKA/CREB
signaling pathway in BC.””"* Lactate-stimulated M2-type
polarization induced BC cell proliferation, migration, an-
giogenesis, and tamoxifen resistance.’”’ ™

Increasing evidence reveals that tumor-derived exo-
somes are required for the regulation of macrophage polar-
ization during the progression of BC.'® Exosomes contain
alarge number of functional microRNAs (miRNAs). It has
been confirmed that several miRNAs expressed in tumor
cells are delivered to macrophages by exosomes and reg-
ulate macrophage polarization. MiR-138-5p is a miRNA
that was overexpressed in exosomes isolated from MDA-
MB-231 cells or T47D cells. MiR-138-5p inhibited M1 po-
larization and promoted M2 polarization by inhibiting the
expression of KDM6B in macrophages.'®! In turn, macro-
phages treated with exosome miR-138-5p promoted lung
metastasis of BC. MiR-222 is another miRNA in exosomes
that can regulate macrophage polarization. MiR-222 was
highly expressed in exosomes from adriamycin-resistant
MCEF-7 cells.'” After entering macrophages, miR-222
induced M2 polarization of macrophages through the
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PTEN/Akt pathway, which promoted the proliferation,
migration, and invasion of BC cells. Therefore, changing
the expression of miRNAs in exosomes can reprogram
macrophages to exert antitumor effects. Jiang et al.'®
found that epigallocatechin gallate (EGCG) suppressed
breast tumor growth by inhibiting tumor-associated
macrophage infiltration and M2 polarization. EGCG up-
regulated miR-16 in tumor cells, which can be transferred
to TAM via exosomes and active NF-kB pathway. These
data suggested that miRNAs in exosomes can influence
breast tumor growth by regulating TAMs polarization and
can be potential therapeutic targets for BC.

Th1 and Th2 cells secreted Th1l and Th2 cytokines, re-
spectively. Th1 and Th2 cytokines have different functions
on macrophage polarization. Th2 cytokines, such as IL-4,
IL-6, and IL-13, have been reported to contribute to M2 po-
larization of TAMs and BC metastasis. IL-4 or IL-13 medi-
ated phosphorylation of STAT6 (Tyr641) and induced the
M2 polarization of macrophages in inflammatory BC.'**
Blocking IL-4 and IL-13 can decrease the number of M2-
type macrophages and protect against radioresistance of
inflammatory BC. IL-6 was found to mediate M2 polar-
ization through the mTORC2-Aktl axis and increased
distant metastasis.'® Different from Th2, Thl cytokines
have been proven to polarize macrophages into M1 phe-
notype. Interferon-gamma (IFN-y) is one of the Th1 cyto-
kines. Sun et al.'® have demonstrated that the combined
usage of Monophosphoryl lipid A and IFN-y can repro-
gram CD206+ TAMs to iNOS+ macrophages. The repro-
grammed macrophages secreted IL-12 and tumor necrosis
factor-a (TNFa) to activate cytotoxic T cells. This systemic
anti-tumor immune response reduced the growth and me-
tastasis of PyMT or 4T1 breast tumors.

Crosstalk between cancer-associated fibroblasts (CAFs)
and TAMs can mediate the polarization of macrophages
and tumor progression. A recent study showed that CAFs
were associated with CD163+ macrophage infiltration
in patients with TNBC.'”” Yavuz et al.%® reported that
CAFs recruited monocytes and induced M2 polarization
of TAMs by secreting CCL2 and stromal cell-derived fac-
tor-1 (SDF-1). The polarized TAMs exerted immunosup-
pressive effects through the PD-1 axis. In addition to the
direct effects on macrophages, CAFs can also indirectly
promote macrophage polarization. CAF-derived Chi3L1
can upregulate the expression of Th2 cell-related factors
(IL-10, IL-4, Gata3, IL-13), which indirectly promotes M2
polarization and shapes the immunosuppressive microen-
vironment in BC.'*®

TA-MSCs have also been shown to promote TNBC me-
tastasis through interactions with TAMs. Li et al.** found
that fibroblast activation protein alpha (FAPx) was over-
expressed in TA-MSCs, which promoted TA-MSCs to se-
crete CCL2. Overexpressed CCL2 induced the recruitment
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of CCR2+ TAMs and M2 polarization, thus facilitating
TNBC lung metastasis. A FAPa-activated vinblastine pro-
drug can suppress CCR2+ TAM recruitment and polariza-
tion, and thus inhibit pulmonary metastasis of orthotopic
TNBC.

In addition to cells in TME, tumor matrix can also
influence the polarization of TAMs. According to a re-
cent study, matrix stiffness affected the accumulation of
M2-type macrophages in BC. Elevated matrix stiffness
increased CSF1 expression in BC cells and induced a sig-
nificantly higher concentration of M2-type macrophages
in TME.'”

In summary, the molecular mechanism of TME on
macrophage polarization is complex and comprehen-
sive. More studies are required to clarify the connection
between TME and TAMs and to find more individualized
therapeutic targets.

3.3.2 | Signaling pathways in TAMs
Macrophage membrane proteins are important features
for identifying subtypes of TAMs and targets for repro-
gramming TAMs in BC. Elevated expression of plasma
membrane-bound sphingomyelin synthase 2 (SMS2),
involved in maintaining the Sphingomyelin (SM) level
on the macrophage membrane, is associated with an en-
riched TAM signature and a worse prognosis in TNBC
patients.'® SMS2 inhibitor alleviates macrophage M2 po-
larization and enhances an abundant amount of CD8+
T cell infiltration. Integrin B3 is over-expressed on the
cytomembrane of TAMs with M2-like characteristics.'"*
With the intervention of integrin p3 inhibitor, the M2
polarization of TAM is inhibited and the M1/M2 ratio of
TAM is upregulated. In addition, the “macrophage re-
ceptor with collagenous structure” (MARCO), which is a
pattern-recognition receptor of the class A scavenger re-
ceptor family, was identified as a gene highly expressed
in the TAMs and defined a subtype of TAMs with an
M2-like signature.''? Using anti-MARCO mAbs to target
these TAMs, anti-tumor activity was induced in both the
primary and metastatic breast carcinoma. Furthermore,
macrophage annexin 1 (ANXA1), induced by tumor cell-
derived CCL5, is important in regulating polarization and
activation of M2-type macrophages.'”®> The absence of
ANXA1 enhanced polarization shift to the M1 phenotype.
Cytokines or pathological signals from TME act on the
surface or intracellular receptors of TAMs, resulting in
stimulating a series of signaling pathways and promoting
TAM polarization. These signaling pathways are extremely
important for reprogramming TAMs. NF-xB, which is
involved in the transcription of CD4+ Thl cytokines,
has emerged as a central regulator of TAM function.'*

Activation of NF-kB in macrophages can lead to either an
anti-tumor phenotype or a pro-tumor phenotype. In the
early stage of lung metastasis of BC, activation of NF-kB
in macrophages leads to a shift to anti-tumor phenotype
in the lung and results in the reduction of lung metasta-
sis.!*® Some therapeutic drugs, such as baicalein, extracts
of cordyceps sinensis, and cabazitaxel were demonstrated
to inhibit BC growth by activating the NF-kB signaling
pathway and polarizing macrophages toward the M1 phe-
notype.''®"'*® Notably, the activation of NF-kB induced by
ROS accumulation promotes PD-L1 transcription in mac-
rophages, resulting in immunosuppressive phenotypes.'**
M-CSF secreted by tumor cells activated the expression
of VEGF through stimulation of the NF-kB pathway in
TAMs, contributing to angiogenesis and BC progres-
sion.'*® The regulation of macrophage function by NF-kB
is extremely complex and may be related to tumor stage
and induction factors. Further studies are needed to target
the NF-xB pathway in TAMs.

Toll-like receptors (TLRs) are a class of important mol-
ecules involved in nonspecific immunity and exert an
enormous function on TAM polarization. There is increas-
ing evidence showing that TLR4 could shift TAMs to the
M1-type and increase the expression of pro-inflammatory
cytokines.'** TLR4 mediated the repolarization of TAMs
induced by therapeutics.'** Paclitaxel (PTX) suppressed
tumor growth by impairing M2 polarization and repro-
gramming TAMs to an M1 phenotype through TLR4/
NF-kB pathway.'*"'?* Similarly, anemoside A3 activates
M1-type polarization of TAMs via TLR4/NF-«xB/MAPK
pathway to repress BC progression and a.ngiogenesis.121
Stimulation of TLR7, which expresses in lysosomes
of macrophages, also leads to the production of pro-
inflammatory cytokines, enhances the ratio of M1/M2
macrophages and increases the infiltration of CD8+ T
cells. As a result, it prevents tumor growth and metasta-
sis.'?® Given the fact that TLR converts macrophages to an
anti-tumor phenotype, TLR agonists have been developed
for cancer therapy.'*

It is demonstrated that phosphorylation and dephos-
phorylation of STAT play a critical role in the regulation
of TAM polarization. The phosphorylation of the key
transcription factor STAT3, serving as a target of the IL-6
receptor beta (glycoprotein 130, gp130) or TFEB in mac-
rophages, mediated M2 polarization and promoted tumor
cell proliferation and migration.’*'* Similarly, enhanced
STAT6 activity by phosphorylation, acetylation, or O-
GlcNAcylation modification, promotes macrophage po-
larization to an M2 phenotype.'?*'?’ The STAT6 pathway
is critical to IL4-induced M2-type macrophages.'** The
Hedgehog (Hh) pathway is a pivotal signaling pathway
involved in driving TAMs to M2 phenotype and contrib-
utes to tumor growth in consequence.'”® Further research
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has found that Hh-induced M2 polarization is thought to
be mediated by STAT6. Hh inhibitor, Vismodegib, accord-
ingly governed the M2 state of macrophages.

As well, the PI3K/AKT/mTOR signaling pathway par-
ticipates in the transformation from M1-type to M2-type
macrophages and has been considered as a promising
target. Selective inhibition of P13K/AKT/mTOR in TAMs
can decrease pro-tumor macrophages and increase M1-
type macrophages.''®'?*"1*' MAPK signaling pathway has
great effects on the regulation of macrophage polarization.
Blocking ERK or JNK signaling pathways is an effective
method for reprogramming macrophages.”** According
to research findings, autophagy in TAMs was found to de-
crease the proportion of tumor-promoting macrophages
via the ROS/ERK and mTOR signaling pathways."**
Autophagy inducer can be used to inhibit the polarization
of TAMs to M2-type macrophages.

In summary, activating pro-inflammatory signals or
blocking anti-inflammatory signals is an important mea-
sure to reprogram TAMs. Compared with the depletion
of TAMs and inhibition of TAM recruitment, reprogram-
ming macrophages has unique advantages. It not only
reduces immunosuppressive TAMs but also increases
pro-inflammatory macrophages. Meanwhile, due to the
avoidance of significant reduction of macrophages, the
strategy has little effect on normal tissues. These advan-
tages allow reprogramming macrophages to produce more
pronounced therapeutic effects with fewer side effects. We
need to further study the molecular mechanism of TAM
polarization in order to provide more options for person-
alized targeted therapy in patients with BC.

3.4 | Increasing phagocytosis

TAMSs, as a kind of natural immune cells, have the abil-
ity to phagocytize tumor cells. However, tumor cells can
evade the phagocytosis of TAMs through abnormally ex-
pressed signals. Enhancing macrophage phagocytosis is a
vital factor to inhibit tumor growth. One of the mecha-
nisms that induce macrophages to engulf cancer cells
is to increase the "eat me" signal. Calreticulin (CALR)
serves as a phagocytosis signal for macrophages.'**> CALR
is expressed on the tumor cell membrane and promotes
phagocytosis of macrophages by interacting with low
density lipoprotein receptor-associated protein 1 on mac-
rophages."** Up-regulation of CALR has emerged as a
potential therapeutic mechanism by stimulating phagocy-
tosis. Another mechanism is blocking the "don't eat me"
signal. CD47 is overexpressed on BC cells, which inhib-
its macrophage phagocytosis through binding itself to
its receptor, SIRPa.'* Targeting the CD47 / SIRP« axis
not only blocks innate immune but also causes T-cell
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activation.”****” Monotherapy by CD47 blockade leads
to a reduction in tumor growth and an increase in 0S.'**
In addition, CD24 expressed on BC can also promote
immune evasion through its interaction with Siglec-10,
which is expressed by TAMs.? Ablation of either CD24
or Siglec-10, as well as blockade of the CD24 / Siglec-10
interaction, is a promising strategy for cancer immuno-
therapy. Moreover, programmed cell death protein 1 (PD-
1), an immune checkpoint receptor, was overexpressed on
the surface of macrophages and negatively correlated with
phagocytosis.* Blocking PD-1 / PD-L1 would increase the
phagocytosis of macrophages.

4 | CHIMERIC ANTIGEN
RECEPTOR (CAR)-MACROPHAGE
THERAPY

Recently, cell-based immune therapy has developed rap-
idly in the treatment of malignant tumors. Given the suc-
cess of CAR-T therapy, researchers are increasingly paying
attention to the antitumor potential of CAR-macrophages
(CAR-M). Compared with CAR-T cells, CAR-Ms have a
special advantage in the treatment of solid tumors due
to the fact that macrophages are more likely to infiltrate
into TME."*® CAR-Ms are designed to contain an extra-
cellular antigen-recognition domain, a hinge domain, a
transmembrane domain, and one or more cytoplasmic
signaling domains.'”® The design of the extracellular
antigen-recognition domain and cytoplasmic signaling
domain is significant for the functions of CAR-Ms. The
extracellular antigen-recognition domain is responsible
for recognizing the target antigens overexpressed on other
cells, such as CD19, CD22, and HER2.!4:142 The cytoplas-
mic signaling domains, for instance, FCyR and CD3(, are
involved in signal transduction and immune cell activa-
tion."*"** Therefore, it is extremely important to design
different extracellular antigen-recognition domains and
cytoplasmic signaling domains to achieve various anti-
tumor effects of CAR-M.

A variety of extracellular antigen-recognition domains
and cytoplasmic signaling domains can be modified to
target different cells and enhance the antitumor function
of macrophages. Some progress has been made in animal
models by using macrophages modified with specific CAR
to improve phagocytosis, antigen presentation, and TME
activation. Morrissey et al."*' designed CARs for phago-
cytosis (CAR-Ps) to engineer murine macrophages. The
engineered macrophages can target multiple extracellular
ligands (CD19 and CD22) and combine multiple intracel-
lular signaling domains (Megf10, FCyR, and CD3(). This
CAR-P strategy has been shown to promote specific phago-
cytosis. Note that, the portion of the CD19 cytoplasmic
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domain (amino acids 500 to 534) was fused into this struc-
ture to activate PI3K signaling. The co-stimulatory intracel-
lular domain significantly enhances phagocytosis, which
can be extensively involved in designing CAR. In addition
to enhanced phagocytosis, CAR-modified macrophages
can also promote macrophage polarization and T cell in-
filtration. Klichinsky et al.'** delivered an anti-HER2 CAR
with CD3( intracellular domain to human macrophages
by a replication-incompetent chimeric adenoviral vector
(Ad5f35). The human anti-HER2 CAR-Ms have the ability
of antigen-specific phagocytosis of HER2+ tumor cells,
resulting in reduced tumor load and prolonged survival
period in the murine ovarian cancer model. Moreover,
since Ad5f35 activated the macrophage inflammasome,
the CAR-Ms not only exhibited the M1 phenotype but
also converted M2-type to M1-type macrophages. Zhang
et al.'* also designed a CAR targeting HER2 for macro-
phages, which triggers the internal signaling of CD147
and activates MMPs to degrade the matrix. This CAR-M
showed the ability to boost anti-tumor T cell infiltration
and inhibit tumor cell growth in the murine TNBC model.
Moreover, Niu et al.'* engineered a family of CAR-Ms
which target CCR7+ immunosuppressive cell population
by CCL19 modification and trigger tumor cell cytotoxic-
ity by the cytosolic domain from Mer receptor tyrosine
kinase (MerTK). The above studies are directly modified
macrophages. However, long-term cultured macrophages
in vitro are not suitable for clinical application because of
altered gene expression. In order to solve this problem,
Zhang et al.'*® developed CAR-expressing induced plu-
ripotent stem cells (iPSCs) -induced human macrophages
(CAR-iMac), which contain an anti-CD19 extracellular
domain. CAR-iMac exhibits antigen-dependent phagocy-
tosis and antitumor capability in vivo.

Engineered CAR-Ms are a promising therapeutic ap-
proach for BC, especially for HER2+ cancers. However,
CAR-M therapy is still in its early stages. One Phase I trial
of CAR-M to target HER2-overexpressed solid cancers
is currently ongoing (NCT04660929). It is expected that
the results of relevant clinical trials will provide valuable
guidance for safe and effective CAR-M therapies.

5 | NDDSS AGAINST TAMS

In the last few years, a substantial number of drugs have
been developed to attack TAMs, whereas the clinical appli-
cations remain limited due to the shortcomings of TAM-
specific agents, such as poor solubility, rapid metabolism,
non-selectivity, and off-target effect. Fortunately, the ris-
ing NDDSs have opened up bright prospects for overcom-
ing the above barriers. Targeting TAMs using NDDSs is
an extremely attractive treatment due to the phagocytosis

of TAMs. The following subsections will review recent
advances of NDDSs against TAMs in BC, including the
delivery of TAM-specific immunotherapeutic agents to
TAMs, the delivery of nucleic acid therapeutics to TAMs,
and combination therapy.

5.1 | Delivery of TAM-specific
immunotherapeutic agents

Similar to chemotherapeutic or immunotherapeutic
drugs, many TAM-specific agents have poor biocompat-
ibility, low drug concentration in tumor tissues, and se-
rious adverse reactions. One application of NDDSs is to
avoid these problems and improve their efficacy. Table 2
summarizes NDDSs for delivering TAM-specific immuno-
therapeutic agents.

Itcanbe seen thatsingle-drugloaded NDDSs are mainly
used to deliver agents that re-polarize M2-type macro-
phages to an anti-tumorigenic M1 phenotype.'2*124146-154
For example, Hydrazinocurcumin (HC), a pyrazole de-
rivative of curcumin (Cur), which has poor stability, bio-
availability, and pharmacological activities, was reported
to exert antitumor ability through re-polarization of
TAMs.">® Kumari et al.'*® developed self-assembled am-
phiphilic PEGylated galactomannan (GM) NPs loaded
with HC (PSGM-HCNPs) to target CD206. Note that, the
findings indicated that M2-like RAW264.7 cells treated
with PSGM-HCNPs exhibited elevating ROS levels, de-
creasing CD206 and Arg-1 expressions and increasing
pro-inflammatory cytokine secretion, implicating that
PSGM-HCNPs re-polarize TAMs from anti-inflammatory
to pro-inflammatory phenotype. RSL3 is an iron death
activator, which can enhance iron-dependent lipid per-
oxidation in cancer cells and macrophages, destroy mito-
chondrial membrane structure, and lead to M1 phenotype
polarization.'** However, the hydrophobicity of RSL3 lim-
its its clinical application. Gu et al."*' designed an iron-
based metal-organic framework nanoparticle (MIL88B)
that can load RSL3. RSL3-loaded MIL88B impaired mito-
chondrial functions, forcing the macrophage to undergo
glycolytic metabolism and ultimately inhibiting tumor
growth and metastasis.

In addition, agents which can deplete TAMs have
been delivered to tumor tissues through nanoparticles
in vivo for tumor treatment. Wang et al."*® developed an
erythrocyte-cancer cell hybrid membrane camouflaged
dextran-g-poly (histidine) copolymer (DH@ECm) to
deliver BLZ-945, a hydrophobic drug with the ability
of CSFIR inhibition, to M2-type macrophages. Hybrid
membrane not only has the ability of immunity camou-
flage but also has tumor targeting ability to tumor tis-
sues. In TME, dextran was exposed to be bound to CD206
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TABLE 2 Delivery of TAM-specific immunotherapeutic agents in BC
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Tumor cell
Ligands/ Receptors Therapeutic agents Delivery systems Signaling pathways lines References
Fc/ Fc y receptor IgG3 Fc MSN-Fc NF-kB 4T1 146
HA/ CD44 Methotrexate PeiPLGA-MTX NPs STAT3/ NF-kB 4T1 147
Galactomannan/ CD206 ~ HC PSGM-HCNP STAT3 4T1 148
RSL3 MIL88/RSL3 STATI, IRF5, NF-kB  4T1 151
Imiquimod PLGA-ION-R837@M  IRF5, TLR7 4T1 149
Mannose/ CD206 HA Man-HA-MnO, TLR4 4T1 150
mUNO/ CD206 Resiquimod LNPs TLR7/8 4T1 124
FA/FR TLR7a/PI3Ki FA-TLR7a/FA-PI3Ki  TLR7 or PI3K 4T1 123
Mannose/ CD206 3-MA PHNPs@DPA-S-S- P13K MDA-MB-231 '
BSA-MA@3-MA
avp3-mimetic antagonist/  MI3-PD avp3-MI3-PD NP c-MYC 4T1 153
integrin
GRP78P/ GRP78 proteins  IL-12 TRN IL-12 4T1 154
Dextran/ CD206 BLZ-945 DH@ECm CSF1R 4T1 Lo
GBI-10/Tenascin-C ZA Apt@(DGL-ZA)n NPs  NF-kB 4T1 158
DNA scaffolds/ E64 E64-DNA Cysteine proteases E0771 159
Scavenger receptor
BLZ-945+ selumetinib ~ DSN CSF1R and MAPK 4T1 165
MP/ CD206 + TLR4 + MP + CQ MP-ss-PLCA@CQ NF-xB and TFEB 4T1 e
TLR2
CSF1R inhibitor DNTs CD47 and CSF1R 4T1 166
+SHP2 inhibitor
Sorafenib+aCD47 DLG CD47 and MAPK 4T1 167
aCD47 CALR+ aCD47 SNPA cALRgaCDA7 CD47 and CALR 4T1 134

expressed on TAMs. DH@ECm possessed the best anti-
tumor activity with an inhibition rate of 64.5%, which
is three times that of the free drug. Nitrogen-containing
bisphosphonates (N-BPs), such as zoledronic acid (ZA),
are used to deplete TAMs and reverse the polarization
of TAMs. However they have a high affinity with bone,
leading to lower drug concentrations in tumors.">’ Guo
et al."*® encapsulated ZA with synthesized Dendrigraft
poly-L-lysines (DGLs) to overcome the shortcoming.
The ratio of M1 (CD16/32+) / M2 (CD206+) macro-
phage was significantly increased after the treatment of
(DGL-ZA)n NPs compared with ZA, which indicated the
repolarization effect of the (DGL-ZA)n NPs against M2-
type macrophages.

There is evidence suggesting that lysosomal cyste-
ine protease activity in M2-type macrophages is induced
to degrade tumor antigens and hinder antigen cross-
presentation.’® The small molecule cysteine protease in-
hibitor E64 can be used to treat TAMs. However, E64 is
difficult to penetrate into cells, which may limit its entry
into lysosomes. The DNA scaffold can be used as a special
nanodrug carrier. Cui et al."> conjugated E64 to a 38-base
pair DNA duplex in order to localize E64 to the lysosomes

of TAMs through scavenger receptors. E64-DNA was
intravenously delivered to target TAMs and attenuate
lysosomal cysteine protease activity for the purpose of ac-
tivating CD8+ T cells, which results in a good control of
tumor burden without changing the TAM phenotype.

Some nanocarriers designed for drug delivery have
the ability to regulate TAMs, resulting in synergistic in-
teractions with TAM-specific drugs. Xie et al.'® synthe-
sized one cationic polysaccharide spermine modified
pullulan, which not only facilitated the repolarization of
TAMs by upregulating TLR but was also performed as
a nanocarrier to deliver drugs or RNA. Ferumoxytol, an
iron oxide nanoparticle approved by the Food and Drug
Administration, can polarize M2-type macrophages to M1-
type macrophages to activate the anti-tumor response.'*'
Nevertheless, the response induced by ferumoxytol alone
was limited and could not inhibit tumor growth signifi-
cantly. Li et al.'®® developed mannose-bound porous
hollow iron nanoparticles (PHNPs), loading a P13K y
small molecule inhibitor (3-methyladenine, 3-MA). With
PHNPs@DPA-S-S-BSA-MA@3-MA treatment, the repo-
larization of TAMs and higher therapeutic efficacy were
achieved.
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TABLE 3 Delivery of TAM-specific nucleic acid therapeutics in BC
Therapeutic agents Delivery systems Target genes Tumor cell lines References
siCCL18 NP-180 CCL18 MDA-MB-231 169
siCCR2 CNP/siCCR2 CCR2 4T1 170
siMIF Glucan-based siRNA carrier MIF MDA-MB-231/ 4T1 m
siVEGF + siPIGF PEG=MT/PC/siVEGF siPIGF NPs  VEGF and PIGF 4T1 172
VEGF inhibitor + siMED1 MT/PC/siV-D NPs VEGF and MED1 4T1 173
CRISPR-RICTOR CRISPR-RICTOR-Liposomes RICTOR 4T1 174
miR-125b RLS/MNPs/miR-125b IRF4 4T1 176

One of the advantages of NDDSs is that they can
co-deliver multiple drugs. Compared with single TAM-
special drugs, the combinational delivery of two TAM-
special drugs with different targets could produce a better
therapeutic effect. Chloroquine (CQ) is an effective anti-
malarial drug and reprograms TAM metabolism from ox-
idative phosphorylation to glycolysis.'®* Polysaccharides
and CQ re-educate TAMs via different signaling pathways.
Thus, the co-delivery of polysaccharides and CQ may play
a synergy role.'®® Yang et al.'® developed a hydropho-
bic poly(lactic-co-glycolic acid) (PLGA) segment loading
Lepidium meyenii Walp. (maca) polysaccharide (MP) and
CQ. MP-ss-PLGA@CQ was selectively absorbed by M2-
type macrophages rather than tumor cells in the 4T1-M2
co-culture model, resulting in the highest proportions
of M1-type macrophages and higher inhibitory effect in
situ and distant metastasis. Besides, therapeutic inhibi-
tion of CSF1R and its downstream MAPK signaling could
effectively re-polarize M2-type macrophages to an anti-
tumorigenic M1 phenotype. Ramesh et al.'®® designed
dual-kinase inhibitor-loaded supramolecular nanopar-
ticles (DSNs) to deliver CSF1R inhibitor and MAPK in-
hibitor together. Expectedly, the co-delivery of CSF1R
inhibitor and MAPK inhibitor resulted in re-polarizing
M2-type macrophages to an anti-tumor M1 phenotype
and more robust tumor suppression than single delivery
in an aggressive 4T1 tumor model.

Increasing the "eat me" signal or inhibiting the "don't
eat me" signal to enhance the phagocytosis of TAM is one
of the anti-tumor strategies targeting TAMs. However,
single immunotherapeutic agents cannot produce the
best therapeutic effect, and the systemic immune sys-
tem can be activated by immunotherapy, resulting in
significant adverse reactions. Zhang et al.'** designed
an NDDS in which CALR and aCD47 were covalently
conjugated onto the surface of azide-modified silica
NPs (SNPAs). Flow cytometric analysis indicated that
SNPA (arrgacnsy increased the percentage of tumor cell-
ingested macrophages by more than twofold compared
with CALR+aCD47+ SNPA or SNPA carr + SNPA,cpu7.
After being intratumorally injected in an orthotopic 4T1

tumor model, SNPA CALR&aCD47 exhibited a stronger
antitumor efficacy across all the treatments. Furthermore,
the combined delivery of CD47 antibodies and drugs that
can deplete or reprogram TAMs also produced additive
therapeutic effects. %%

52 | Delivery of TAM-specific nucleic
acid therapeutics

In addition to the delivery of TAM-specific immunothera-
peutic agents, another potential method to regulate mac-
rophage activity is TAM-specific nucleic acid therapeutics
by NDDSs. However, a number of challenges, including
rapid degradation and off-target effects, have hindered the
clinical application of nucleic acid therapeutics.'®® NDDSs
have attracted more and more attention due to their ad-
vantages to enhance the stability and cellular uptake of
macromolecules such as siRNA, shRNA, and miRNA.
By now, a series of such delivery systems have been con-
structed for the delivery of TAM-specific nucleic acid ther-
apeutics in BCs. These systems reported in the literature
are summarized in Table 3. In the following, the descrip-
tion and discussion of these results are provided.

SiRNA is a kind of double-stranded RNA, which can
cause the degradation of specific mRNA after transcrip-
tion. The silencing of genes with siRNA has the poten-
tial to inhibit the development of tumors. Nevertheless,
the rapid degradation and poor cellular uptake of siRNA
are challenges for siRNA-based therapy. Using NDDSs to
deliver siRNA may be a promising method to overcome
these defects of siRNA. Liang et al.'® developed 180nm
nanoparticles which are composed of biodegradable poly
(ethylene glycol)-b-poly (e-caprolactone) (PEG-b-PCL),
poly (e-caprolactone)-b-poly (2-aminoethyl ethylene
phosphate) (PCL-b-PPEEA), and PCL homopolymer.
These nanoparticles are able to load siCCL-18 through
charge absorption and deliver it to TAMs. As CCL-18 is
a significant factor secreted by TAMs and enhances the
metastasis of BC, the carried siCCL-18 could silence CCL-
18 and thus inhibit BC's metastasis. The experimental
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results show higher cell uptake of the siCCL-18-loaded-
nanoparticles than the pure siCCL-18, which verifies the
effectiveness of the developed nanoparticles in inhibition
against BC cell migration. Rafael et al.'”® developed pos-
itively charged PEG-PLA nanoparticles for delivering
CCR2 siRNA to inflammatory monocytes. CCR2, a major
transmembrane protein of TAMs, was reported to be as-
sociated with macrophage recruitment. The CCR2-siRNA
delivery system mediated the blockade of macrophage
recruitment and switched the immunosuppressive envi-
ronment to an immunostimulatory environment. Zhang
et al.'”! developed a glucan-based siRNA carrier system
(BG34-10-Re-I) and demonstrated that the BG34-10-Re-I
can effectively assemble siMIF into tumor cells and TAMs.
The reduction of MIF in TAMs resulted in a significant
reduction of factors that marks M2 polarization, mean-
while, the reduction of MIF in tumor cells resulted in a
significant decrease of tumor cell proliferation and an in-
crease of tumor cell apoptosis.

In addition, the co-delivery of two siRNAs to TAMs
may produce a synergistic anti-tumor effect, and become a
more efficient treatment. Song et al.'”* co-delivered VEGF
siRNA (siVEGF) and PIGF siRNA (siPIGF), which were
up-regulated in both bulk tumor cells and TAMs, using
polyethylene glycol (PEG) and mannose doubly modi-
fied trimethyl chitosan (PEG = MT) along with citraconic
anhydride grafted poly (allylamine hydrochloride) (PC)-
based nanoparticles (NPs) (PEG = MT/PC NPs) with dual
pH-responsiveness. PEG = MT/PC/siVEGF/siPIGF NPs
exhibited stronger inhibition of tumor growth and lung
metastasis compared to a single delivery. Similarly, the
co-delivery of VEGF inhibitor and siMED1 also showed a
better inhibitory effect on BC.'”

Moreover, some studies pay more attention to per-
manently modulating TAMs at the molecular level. The
CRISPR system is a possible method of permanently mod-
ulating macrophage polarization. Compared to siRNA,
CRISPR has lower off-target efficiency. Leonard et al.'”*
designed CRISPR-RICTOR-Liposomes, which can knock
down RICTOR. Since RICTOR is an adapter protein in the
mTORC2 complex, silencing RICTOR can block macro-
phage polarization to the M2 phenotype. The application
of CRISPR-RICTOR-Liposomes reduced the proportion of
M2-type macrophages and increased the efficacy of PTX
in BC.

Recently, several miRNAs have been explored as novel
therapeutic targets, showing regulatory effects on TAMs
and tumor cells. MiR-125b has a TAM regulatory function,
and its overexpression drives TAM adaptation to activated
morphology and stimulates T cell activation.'”> As with
other gene transfer processes, efficient delivery of miRNAs
remains a major challenge due to the rapid degradation
of genes by ubiquitous RNases. Hu et al.'”® synthesized a
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parallel and cascade control system, composed of cationic
lipopeptides with an arginine-rich periphery (RLS) and
anionic magnetic nanoparticles (MNPs) for fleet transfec-
tion of miR-125b. MNPs have high transfection efficiency,
contributing to inhibiting tumor growth and metastasis by
inducing polarization to M1-type macrophages in breast
tumors.

5.3 | NDDSs for combination therapy

It is useful to regulate the function of TAMs for tumor
inhibition, whereas a single TAM-special treatment may
not permanently control the growth of tumors. In addi-
tion, monotherapy to kill tumor cells has limited effect
and often causes drug resistance of tumor cells. Therefore,
combination therapy targeting tumor cells and TAMs has
attracted much attention. Combining TAM treatments
with other therapies, such as chemotherapy, immuno-
therapy, and phototherapy, is a promising therapeutic
strategy for breast tumor therapy. Through the nanosized
drug delivery system, multiple therapeutic agents with
various anti-tumor mechanisms can be delivered to tumor
cells and TAMs at the same time and achieve better anti-
tumor effects.

5.3.1 | Co-delivery of TAM-Specific
agents and chemotherapeutics/immune
checkpoint inhibitors

Chemotherapy is one of the important methods for the
treatment of BC. However, due to the limited accumula-
tion of drugs in tumor tissues, it could produce toxicities
and poor therapeutic qualities. TAMs play an important
role in tumor response to chemotherapy, and the tumor-
promoting and immunosuppressive effects of TAMs limit
the effect of chemotherapy.** The combination of TAM-
specific agents and chemotherapy is extremely advanta-
geous. Recently, many researchers have reported the
successful development of co-delivery systems loaded with
traditional chemotherapeutic drugs and TAM-specific
agents for BC therapy (Table 4). Several nanoparticles,
such as fucoidan, zymosan, and Fe;0,, have been reported
to have the ability to deplete or reprogram TAMs."7’ 8! 1t
is advantageous to use them as carriers to deliver chemo-
therapy drugs to BC tissues since they not only exert the
killing effect of chemotherapy on tumor cells but also im-
prove innate immunity.

Moreover, NDDSs are used to co-deliver chemo-
therapeutics and TAM-specific agents to achieve syn-
ergistic therapeutic effects.!””1827186 For instance, Xie
et al.'"®® developed furin-instructed aggregated gold
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TABLE 4 Co-delivery of TAM-specific agents and chemotherapeutics/immune checkpoint inhibitors in BC
Therapeutic
Therapeutic strategies targeting Tumor cell
Ligands/ Receptors agents Delivery systems TAM lines References
Mannose/ CD206 DOX DOX-AS-M-PLGA-NPs  Depletion M-Wnt 177
DOX PEI-FCD-DOX NPs Reprogramming 4T1 178
DOX PEG-PEI-ZYM-DOX Reprogramming 4T1 179
NPs
HA/ CD44 DOX Fe;0,~-DOX-HA Reprogramming 4T1 180
AT,,, / europilin-1+Fc ~ DTX ATpep-NPs-DTX Phagocytosis 4T1 181
receptor
iRGD + ApoE / integrin ~~ MMC + DOX iRGD-DMTPLN Depletion MDA-MB-231 %
+ LDLR
Indoximod + DOX  DOX/IND@NPs Depletion 4T1 164
HCQ + DOX AuNPs-D&H-R&C Reprogramming MCF-7/ADR 187
Chondroitin sulfate/ Imiquimod + DOX  PLGA Reprogramming 4T1 184
CD44
FA/ Folate receptor DHA + PTX PTX/DHA-FA-LNs Reprogramming MCEF7 185
aCD47 + PTX PTX-Ilips Phagocytosis MDA-MB-231 %
Pexidartinib + aPD-1 PLX-NP-P-aPD-1@Gel  Depletion 4T1 138
antibody
Pt(IV)+ CQ + Pt(IV)/CQ/PFH Reprogramming 4T1 189
PppA-1 NPs-"PPA-1

nanoparticles to co-deliver doxorubicin (DOX, a conven-
tional chemotherapeutic drug) and HCQ (an inhibitor
of autophagy), producing AuNPs-D&H-R&C particles.
HCQ activated the p53-dependent apoptosis path-
way and increases the tumor cell's sensitivity to DOX.
Moreover, HCQ enhanced the NF-xB nuclear transloca-
tion in TAMs and thus activates NF-kB pathway, which
re-educates tumor-promoting TAMs to anti-tumor phe-
notype. The co-delivery of HCQ and DOX improved
antitumor effects. This observation inspires a regimen
for the treatment of BC by combing chemotherapy and
TAM reprogramming.

Even though numerous co-delivery systems have been
developed, the challenge associated with the delivery
to cancer cells and TAMs respectively in a single NDDS
has remained. Interestingly, Li et al.'®* designed a local-
ized drug delivery system, PLGA(H)-DOX@M/R837,
with a step-by-step cell internalization ability based on a
hierarchical-structured fiber device. The DOX-loaded na-
nomicelles are encapsulated in the internal chambers of
the fiber, which could first be internalized by tumor cells
via binding to the overexpressed CD44 receptor to induce
ICD. Next, the rod-like microparticles can be gradually
formed from long to short shapes through hydrolysis of
the fiber matrix in the TME and selectively phagocytosed
by TAMs when the length becomes less than 3pm. The
TLR7 agonist imiquimod could be released from these

short rod-like microparticles in the cytoplasm to repro-
gram M2-type TAMs. The tumor inhibition rate of the
PLGA(H)-DOX@M/R837 group reached 92.41%, which
was higher than that of the single delivery group of DOX
or TLR7. The sequential release of chemotherapeutic
drugs and TAMs-special agents in NDDSs achieved better
therapeutic effects.

The immune microenvironment of malignant tumors
is mostly in the state of immunosuppression. The abnor-
mality of immune checkpoint protein is the main mech-
anism of immune escape in BC, especially in TNBC.'*’
Immune checkpoint inhibitors have recently become
a focus of global attention and a “new hope” for cancer
treatment. Immune cells, such as CD8+ T lymphocytes,
attack tumor cells when PD-1 or PD-L1 is blocked by an-
tibodies. However, the main obstacle to the clinical appli-
cation of immune checkpoint inhibitors is the disorder of
the immune system. Therefore, TAM-specific agents and
immune checkpoint inhibitors can be considered to co-
encapsulate in a single NDDS for improving both innate
and adaptive immunity.'**'*® For example, platinum(IV)
(Pt(IV), a chemotherapeutic agent), CQ, "PPA-1 (an anti-
PD-L1 peptide), and perfluorohexane (PFH, ultrasonic
contrast agent) were loaded in a pH/GSH dual-sensitive
nanoparticle.”®® The Pt(IV)/CQ/PFH NPs -°PPA-1 drug
delivery system reversed immunosuppression in TME and
displayed excellent anti-BC efficacy.
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5.3.2 | Co-delivery of TAM-specific
agents and photosensitizers

In recent years, phototherapy, including photothermal
therapy (PTT) and photodynamic therapy (PDT), has
gradually become the main means of tumor treatment.
For photothermal therapy, the light at a specific wave-
length irradiates and heats up photothermal agents to
kill tumor cells.'*® In the case of photodynamic therapy,
photosensitizers can produce large amounts of reactive
oxygen species (ROS) which can kill tumor cells under
specific light exposure.'®! Compared with surgery, radio-
therapy, and chemotherapy, phototherapy has the advan-
tages of strong manipulation, precise target, and fewer
side effects. Moreover, tumor cell fragments generated by
phototherapy can act as tumor-associated antigens and in-
duce anti-tumor immune responses. However this effect
is not enough to alleviate the immunosuppression of TME
and completely cure cancer.'”? Therefore, multimodal
treatment of phototherapy combined with TAM-specific
agents may have broad prospects in combating BCs.

It was reported that some photosensitizers, such as
black phosphorus (BP), Mn, and Zn, can act as nano-
carriers to deliver drugs.'”*'** Zhang et al.'** success-
fully developed a targeting BP nanoparticle loaded with
PEGylated hyaluronic acid (HA). BP-HA possessed better
photothermal efficiency, 'O, generation efficiency, and
stability than BP. HA-BP nanoparticles combined with
808+ 635nm laser induced immune response and ex-
hibited a valid anti-tumor effect in vivo. Notably, BP-HA
could re-educate TAMs from M2 to M1 phenotype, mainly
due to the role of low molecular HA rather than laser
irradiation.

A number of other nanomaterials cannot act as photo-
sensitizers by themselves but can carry photosensitizers
and TAM-specific agents to produce synergistic thera-
peutic effects. Jian et al.'®° investigated if the liposomal
nanoparticles embedded in manganese dioxide (MnO2),
hydrophobic photosensitizer (IR780), and ZA had a favor-
able effect on BCs. Lipo ZA/IR NPs generated O, bubbles
through MnO, in response to H,O, in TME, leading to
the degradation of the liposomal membrane and causing
the separation of ZA and IR780. Microcalcifications en-
able ZA to target TAMs, resulting in immunomodulation.
LyP-1 guides IR780 to target tumor cells for PDT with ad-
equate O2 supply. It is worth noting that the large amount
of ROS produced by PDT not only kills primary tumor
cells but also induces immunogenic cell death (ICD) and
induced polarization of pro-inflammatory M1-type mac-
rophages.’”? As expected, the synergistic effect of ZA and
PDT could significantly improve the anti-tumor ability.
These findings provide appropriate implications and guid-
ance for the design of photo-immunotherapy.
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In addition, the combination of immune checkpoint
blockade and photothermal therapy provides a potential
therapeuticapproach. Zhaoetal.*builta stimuli-responsive
multifunctional — nanoplatform  (ZIF-PQ-PDA-AUN),
which encapsulated AUNP-12 (a PD-1 analog), PQ912(a
CD47 inhibitor) and PDA (a photothermal conversion
substance). The NDDS avoided the systemic side effects
of immunomodulators and improved anti-tumor efficacy
by reshaping innate and adaptive immunity. Thermal
ablation combined with the immune checkpoint block-
ade demonstrated its effectiveness in tumor suppression.
Zhang et al.'®° constructed a NIR-triggered core-satellite
upconverting nanoparticle with Cur embedded (Cur-
CSNPs). The ~450nm luminescence converted from the
980 nm light by UCNPs activated Cur to produce ROS and
induced ICD. Moreover, Cur could repolarize TAMs from
pro-tumor M2 to anti-tumor M1 phenotype via inhibiting
STATS3 activity. The combination of Cur and PDT achieved
the most effective antitumor effect among all groups.

5.4 | Active-targeting NDDSs

In the past decades, the enhanced permeability and reten-
tion (EPR) effect has become an important factor in the
design of NDDSs and plays a key role in passive targeted
delivery.””” However, the validity of the EPR effect in
cancer patients has become the focus of debate. The EPR
effect may be limited in some tumors with poor blood sup-
ply because of its association with tumor blood vessels.
In addition, a part of NDDSs entering tumor tissues was
swallowed by tumor cells or other non-malignant cells in
TME, reducing their enrichment in TAMs. Therefore, in
order to improve the concentration of NDDSs in TAMs,
it is necessary to design NDDSs with active targeting
functions.

By now, receptors that are highly expressed on the cell
membrane of M2-type TAMs have been used to function-
alize NDDSs, which can facilitate the targeted delivery
of therapeutic drugs to TAMs through the interaction
between ligands on the surface of NDDSs and receptors
on the membrane of TAMs. For example, CD206 are M2-
type macrophage markers with high specificity, making it
one of the most commonly targeted receptors for TAMs.*
Mannose receptors are type I transmembrane glycopro-
teins that recognize and bind specific carbohydrate mol-
ecules such as mannose, galactomannan, and dextran
through an extracellular cysteine-rich domain.'#*5%15¢
For example, Li et al.'>* developed a mannose-linked po-
rous hollow iron oxide nanoparticles to deliver the small
molecule inhibitor of PI3K y to TAMs. Notably, find-
ings in vitro indicated that the mannose-linked targeted
nanoparticles (MA-NPs) exhibited higher cellular uptake
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of 3-MA in RAW 264.7 rather than MDA-MB-231 cells
compared with mannose-unlinked control nanoparticles,
owing to the specific targeting capability to mannose re-
ceptors overexpressed on the membrane of M2-type mac-
rophages. Furthermore, MA-NPs have a better effect on
reprogramming M2-type macrophages and suppressing
tumor growth than mannose-unlinked nanoparticles.
These results demonstrate that MA-NPs are a promising
nanocarrier design for TAM-targeted cancer treatment.
In addition to carbohydrate molecules, the "mUNO" pep-
tide is designed to specifically bind to mannose receptors.
Figueiredo et al.'** demonstrated that carrying mUNO
binding to mannose receptor significantly enhanced cel-
lular uptake of lignin nanoparticles loaded resiquimod in
M2-type macrophages, and significantly suppressed tumor
growth, providing a method potentially applicable to BC
by targeting and reprograming M2-type macrophages.

In addition to TAM-specific surface biomarkers, some
membrane proteins overexpressed on TAMs, such as
CD44, FR, and scavenger receptors, have been used to en-
hance the targeting ability of NDDSs."**'**185 particularly,
receptors overexpressed on both tumor cells and TAMs
mediated the accumulation of NDDSs in two types of
cells. It has long been recognized that CD44, a receptor
of chondroitin sulfate and HA, was highly expressed in
BC cells and TAMs."®>'® CD44 is thought to be a com-
mon receptor for NDDSs targeting tumor cells and TAMs
at the same time. For example, Gong et al.’® constructed
Fe,O, nanoparticles with HA modification (Fe;0,-
DOX-HA) for delivery of DOX to CD44+ 4T1 tumor cells
and TAMs. The results showed that the accumulation of
Fe;0,~DOX-HA in the tumor was higher than that of
Fe;0,-DOX, which was due to the targeting effect of HA.
In addition, enhanced antitumor efficacy was achieved by
using Fe;0,~-DOX-HA.

Besides CD44, FR is also used as a target of NDDSs. FRs
are cysteine-rich cell-surface glycoproteins that bind folic
acid (FA) with high affinity to mediate cellular uptake of
nanoparticles.'”® Although expressed at very low levels in
most tissues, FRs are expressed at high levels in tumor cells
and macrophages and are therefore a potential target of
NDDSs. Li et al.'®* successfully developed FA-modified lipid
nanoemulsions (PTX/DHA-FA-LNs) for the co-delivery of
PTX and docosahexaenoic acid (DHA). The results of con-
focal laser scanning microscopy showed that the accumu-
lation of PTX/DHA-FA-LNs in MCF-7 cells and M2-type
macrophages was stronger than that of PTX/DHA-LNSs.
Furthermore, PTX/DHA-FA-LNs exhibited higher cytotox-
icity to MCF-7 cells and the ability to regulate macrophage
polarization. Folate modification provided the prospect of
targeting tumor cells and TAMs for the treatment of BC.

The strategy of targeting different receptors on tumor
cells and TAMs, respectively, is also one of the effective

means for dual targeting of NDDSs. Two different ligands
were modified on the surface of NDDSs, which could bind
to the corresponding receptors overexpressed on the mem-
brane of tumor cells and TAMs to increase the accumulation
of NDDSs in these two types of cells. This approach can de-
liver different drugs to tumor cells and TAMs respectively,
facilitating precise targeting of NDDSs. For example, Zhang
et al.'® developed a terpolymer-lipid hybrid nanoparti-
cle (TPLN) system with co-loaded DOX and mitomycin C
(MMC). TPLN was conjugated cyclic internalizing peptide
(iRGD), a polypeptide containing Arg-Gly-Asp, which was
able to selectively recognize and bind to integrins highly
expressed on the membrane of BC cells, and thus had the
effect of targeting tumor cells. Meanwhile, TPLN had the
ability to recruit apolipoprotein E (ApoE) and targeted
TAMs via low density lipoprotein receptor-mediated endo-
cytosis. Integrins and LDLR-mediated targeted delivery in-
creased cellular uptake of TPLN in BC cells and TAMs.

Taken together, satisfactory results have been achieved
in active-targeting NDDSs for TAM-targeted therapy.
More and more targets of TAMs provide new methods
for the active-targeted delivery of NDDSs. However, it
should be noted that, in addition to tumor tissues, there
are also a large number of macrophages in other tis-
sues, which can bind and phagocytose ligand-modified
NDDSs and reduce the accumulation of NDDSs in tumor
tissues. Precise delivery of NDDSs may be further facili-
tated by a strategy that NDDSs first target tumor tissues
and are then taken up by TAMs. Peng et al.'® designed
a dual-targeting nanoparticle (AT,.,-NPs) system loaded
docetaxel (DTX) for the treatment of BC. AT, composed
of a phagocytosis-stimulating peptide-tuftsin (T,.,) and a
substrate peptide-alanine-alanine-asparagine (AAN), can
be cleaved by legumain in TME and activated into Tpep,
promoting endocytosis of tumor cells and TAMs through
neuropilin-1 or Fc receptor. The TME-responsive nano-
platform effectively avoids nonspecific uptake of active-
targeting NDDSs during blood circulation.

5.5 |
NDDSs

Limitations and challenges of

At present, more than ten kinds of nanomedicines have
been approved for clinical application, and a large num-
ber of new nanomedicines are undergoing clinical trials.
Although a variety of NDDSs have been found to improve
antitumor efficacy in preclinical studies, some of those are
still failed in clinical translation. In phase I trials, the ma-
jority of NDDSs have shown positive results, with a high
success rate of approximately 94%.'? The success rate of
phase II and III trials was significantly lower than that of
phase 1."° Reasons for the failure in clinical trials include
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poor efficacy or adverse effects. A Phase II study, radiation
therapy, paclitaxel poliglumex, and carboplatin in Stage
III non-small cell lung cancer, was closed early due to res-
piratory failure (NCT00352690). Immune-related adverse
effects are also one of the reasons for the failure. A phase
I clinical trial of Liposomal Mir-34 (MRX34) was termi-
nated because 20% of the patients had serious immune-
related adverse reactions, and the result was not reported
(NCTO02862145). These adverse effects suggest that nano-
technology should be regarded as a double-edged sword,
and the biological effects of NDDSs should be fully studied
before they are applied to the clinic.

There are still limitations in the clinical transforma-
tion of NDDSs against cancers, and better design solu-
tions need to be explored. Firstly, a main limitation is the
biocompatibility of NDDSs. Interactions between NDDSs
and components in the blood can affect the function of
NDDSs, with unpredictable consequences. Blood con-
tains a large number of proteins that bind tightly to the
surface of nanoparticles to form a "protein crown”, which
changes their physicochemical characteristics and sta-
bility. It has been reported that the formation of protein
crowns attenuates the active targeting of NDDSs and reg-
ulates their enrichment in cells. ApoE, a protein-crown
component, mainly mediates MoS2 enrichment in liver
Kupffer cells and spleen red pulp macrophages.”” In addi-
tion, the protein crowns can also regulate the mechanism
of nanoparticle entry into cells. The protein corona shifts
the way liposomes cross the cell membrane from energy-
independent membrane fusion to energy-dependent en-
docytosis.””* A growing number of studies are exploring
strategies to regulate protein crowns. It is reported that the
hydrophilic of NDDSs can effectively regulate the compo-
sition of protein crowns. With the increase of the hydro-
philic degree of NDDSs, the IgE adsorption area could be
decreased.””* However, reducing protein adsorption could
not eliminate protein crowns. The use of protein crowns
to deliver drugs is a promising way to block protein ad-
sorption. Coating nanoparticles with de-opsonins, such
as albumin, transferrin, and apolipoprotein, can reduce
macrophage phagocytosis and prolong its circulation in
the blood.?”® After entering the body, most nanoparticles
are taken up and cleared by macrophages in the liver or
spleen, which hinders further delivery to the tumor tis-
sue and weakens the therapeutic effect. Pegylation is one
of the methods for NDDSs to avoid being removed by
macrophages. However, this modification resulted in re-
duced uptake of nanoparticles by tumor cells and the pro-
duction of anti-PEG antibodies after multiple injections.
Biomimetic NDDSs have attracted the attention of re-
searchers.” Delivery of drugs through cell membranes or
exosomes is being studied to improve the biocompatibility
of NDDSs and reduce the clearance by macrophages.**
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Secondly, the active targeting capability of NDDSs
needs to be improved. One of the advantages of NDDSs
over free drugs is that they can target tumor tissue. Several
active-targeted NDDSs, such as BIND-014, CALAA-01,
and SGT-94, have been tested in clinical trials, and their
accumulation in tumor tissues is significant.199 However,
no NDDSs with active-targeting TAMs have ever entered
clinical trials. One of the main characteristics of TAMs is
their heterogeneity, with M1 and M2 phenotypes. How to
avoid the off-target effects of TAMs-targeting approaches
is a key problem to be solved. The molecular type of BC is
crucial for TAMs-targeting therapy. TNBC has a high den-
sity of CD163+ TAMSs compared to luminal A.”® Therapies
targeting CD163+ TAMs may achieve better efficacy in
TNBC than in luminal A. Furthermore, the application of
single-cell sequencing and multiple fluorescence in situ
detection techniques to identify surface markers of TAMs
is of great significance for precision nano-based therapies.
The accumulation of NDDSs in M2-type macrophages can
be increased by linking antibodies targeting M2-specific
surface markers. In particular, the simultaneous binding
of multiple antibodies targeting TAMs to NDDSs may re-
duce off-target effects. Moreover, the design of the TME re-
sponse can reduce the targeting of NDDSs to macrophages
in other tissues. As we have mentioned, ATpep-NPs, which
are cleaved by legumain in TME, can be selectively tar-
geted to TAMs."® Besides, the pH of TME is lower than
that of normal tissues and blood, and this phenomenon
can be used to design NDDSs to trigger TAM targeting in
BC tissues.'® In a nutshell, NDDSs designed based on the
heterogeneity of TAMs are expected to realize personalized
treatments of patients with BC and improve their efficacy.

Finally, it is necessary to design and develop more
combined drug delivery systems. Although NDDSs tar-
geting TAMs have achieved certain therapeutic effects,
the efficacy of targeting TAMs alone is limited. Through
NDDSs, multiple therapeutic agents with various anti-
tumor mechanisms can be delivered to tumor cells and
TAMs at the same time. The advantage of such integrated
NDDSs is the ability to control the location and sequence
of drug release to achieve synergistic anti-tumor effects.
Combined delivery of multiple drugs can also reduce the
dosage of each drug and reduce drug toxicity. In addition,
the treatment of TAMs can also be combined with other
treatments, such as PTT, PDT, and immunotherapy, to fur-
ther improve the therapeutic effect.

6 | DISCUSSION

TAMs, a prominent tumor-associated noncancer cell
type, play a critical role in breast tumor progression
which includes proliferation, invasion, metastasis,
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immunosuppression, and angiogenesis.44 With an in-
creased understanding of the biological characteristics of
TAMs, an increasing number of strategies, including de-
pleting macrophages, blocking recruitment, reprogram-
ming to attain an anti-tumor phenotype, and increasing
phagocytosis, have been proposed to regulate TAMs and
thus treat BCs. In this review, we systematically discuss
the current development of anti-TAMs strategies and
NDDSs targeting TAMs. Such delivery systems can ef-
fectively overcome the deficiency of physicochemical
properties of drugs, increase drug concentration in tumor
tissues, reduce toxicity, and achieve multi-drug combined
delivery. There are still limitations in the clinical trans-
formation of nanomedicine against TAMs. TAMs are het-
erogeneous, which include M1 and M2 phenotypes. The
off-target effects of TAMs-targeting approaches are a key
problem to be solved. To improve the ability to accurately
target TAMs, three aspects should be considered in the de-
sign and application of NDDSs, which are the molecular
type of BC, the application of detection technology, and
the design of TME response. The pharmacokinetic char-
acteristics, release sequence, and interaction of different
drugs should be also all taken into account to achieve bet-
ter therapeutic outcomes and facilitate the transition of
TAM-targeted NDDSs from experiments to clinical prac-
tice. In summary, NDDSs provide a promising therapeu-
tic strategy for BCs through targeting TAMs, and further
progress is expected to be made along with a deeper and
deeper understanding of TAMs and NDDSs.
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