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Abstract

Breast cancer (BC) is the second leading cause of death among women worldwide. Immunotherapy has become an effective treatment
for BC patients due to the rapid development of medical technology. Considerable breakthroughs have been made in research, marking
the beginning of a new era in cancer treatment. Among them, various cancer immunotherapies such as immune checkpoint inhibitors
(ICIs), cancer vaccines, and adoptive cell transfer are effective and have good prospects. The tumor microenvironment (TME) plays a
crucial role in determining the outcomes of tumor immunotherapy. Tumor-associated macrophages (TAMs) are a key component of the
TME, with an immunomodulatory effect closely related to the immune evasion of tumor cells, thereby affecting malignant progression.
TAMs also significantly affect the therapeutic effect of ICIs (such as programmed death 1/programmed death ligand 1 (PD-1/PD-L1)
inhibitors). TAMs are composed of multiple heterogeneous subpopulations, including M1 phenotypes macrophages (M1) and M2 phe-
notypes macrophages (M2). Furthermore, they mainly play an M2-like role and moderate a variety of harmful consequences such as
angiogenesis, immunosuppression, and metastasis. Therefore, TAMs have become a key area of focus in the development of tumor
therapies. However, several tumor immunotherapy studies demonstrated that ICIs are effective only in a small number of solid cancers,
and tumor immunotherapy still faces relevant challenges in the treatment of solid tumors. This review explores the role of TAMs in BC
immunotherapy, summarizing their involvement in BC development. It also explains the classification and functions of TAMs, outlines
current tumor immunotherapy approaches and combination therapies, and discusses the challenges and potential strategies for TAMs in
immuno-oncology treatments.
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1. Introduction

Breast cancer (BC) is the leading cause of cancer-
related deaths among women worldwide [1]. The tumor
microenvironment (TME) comprises cancer cells and host-
derived normal cells, such as lymphocytes, fibroblasts, and
macrophages [2]. Macrophages are involved in home-
ostasis, inflammation, and progression. Tumor-associated
macrophages (TAMs) play a significant role in cancer pro-
gression [3] by facilitating tumor metastasis and contribut-
ing to poor clinical outcomes. High levels of TAMs in BC
are considered a poor prognostic factor [4,5]. Increased in-
filtration of M2 phenotypes macrophages (M2) in BC is
associated with shorter survival times, whereas higher in-
filtration of M1 phenotypes macrophages (M1) is linked to
longer lifespans across various BC subtypes (Fig. 1). These
findings imply that modifying the function of TAMs might
offer a prospective target for BC therapy. Immunotherapy
of BC has attracted much attention recently [6], particularly
for systemic treatments that involve targeting programmed
death ligand 1 (PD-L1) [7]. However, immune-based can-
cer treatment, particularly immune checkpoint inhibitors

(ICIs) ((PD-1/PD-L1) inhibitors), is efficient in only a mi-
nority proportion of patients with solid cancers. Studies re-
ported [8–10] that TAMs influence the care process of PD-
1/PD-L1 inhibitors, thus limiting the effect of the current
treatment strategies for advanced malignancies. Thus, tar-
geting TAMs could be an emerging area of interest, as these
strategies may synergize with existing immunotherapies.

Status of Immunotherapy for Breast Cancer

Globally, BC is the most commonly diagnosed female
cancer and the leading cause of cancer-related deaths, ac-
counting for 23% of all female cancers [11]. The treatment
selected is contingent upon the disease’s stage and includes
surgery, radiation therapy, and chemotherapy. Chemother-
apy is designed to target cancer cells that are rapidly di-
viding; however, its toxicity can also harm healthy cells,
leading to unwanted side effects. Though hormone ther-
apy is a widely used unspecific treatment for BC, its ef-
fectiveness is limited to tumors that are responsive to hor-
mones, and it is associated with significant side effects [12].
Thus, researchers are exploring potential treatment strate-
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Fig. 1. M1 and M2 infiltration in breast cancer analyzed in the Timer 2.0 database. M1, M1 phenotypes macrophages; M2,
M2 phenotypes macrophages; BRCA, breast cancer susceptibility gene; BRCA-basal, BRCA1-mutated basal-like breast cancer; BRCA
lumB, BRCA1/2-mutated luminal B breast cancer; BRCA lumA, BRCA1/2-mutated luminal A breast cancer; BRCAHER2+, BRCA1/2-
mutated HER2-positive breast cancer; HR, hazard ratio.

gies, including immunotherapy. Immunotherapy has been
seen as a promising treatment method aimed at a specific
protein found in cancer cells, holding great promise for
the treatment of BC. Recent findings have uncovered the
potential clinical efficacy of PD-1 and PD-L1 inhibitors
in a subset of individuals with BC. For example, PD-L1
is the most commonly utilized biomarker for BC. In the
phase II study (NCT02447003), monotherapy with pem-
brolizumab showed potential anti-tumor activity and a fa-

vorable safety profile in patients with PD-L1+ BC [13].
A phase III clinical trial (NCT02819518) revealed that the
addition of pembrolizumab to conventional chemotherapy
may enhance progression-free survival (PFS) in individuals
with BC, as opposed to those who underwent chemotherapy
alone [14]. Moreover, in the phase I trial (NCT01375842),
atezolizumab as a single-agent treatment showed a tolerable
safety profile and provided lasting therapeutic benefits for
patients [15]. Atezolizumab combined with nab-paclitaxel
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demonstrated an extension of recurrence-free survival in
patients when compared to the subgroup treated solely with
nab-paclitaxel in a phase III clinical trial (NCT02425891)
[16]. The effects of atezolizumab and pembrolizumab are
long-lasting in patients with BC, indicating that these ther-
apies may improve the quality of life for those who re-
spond positively. Antibodies targeting PD-1, including
cemiplimab and nivolumab; those targeting PD-L1, includ-
ing avelumab and durvalumab; and those targeting cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4), includ-
ing tremelimumab and ipilimumab, have shown promise in
therapy and have been cleared for treating a range of can-
cers, encompassing solid tumors. While ICIs like PD-1
and PD-L1 blockers are commonly used in clinical settings
[17], there are also emerging therapies aimed at novel tar-
gets such as LAG3, TIM3, and ICOS that are in the devel-
opmental phase [18], which are suppressive receptors that
negatively regulate T cell function and suppress immune
cells, thereby promoting tumor escape immune surveil-
lance; Challenges for effective use of ICIs persist such
as the identification of definitive biomarkers and effective
combinatorial strategies, inherent or acquired resistance to
ICIs and some therapeutic side effects [19]. Given the re-
markable clinical success of ICIs in many solid tumors,
immunotherapy has become a new therapeutic approach
and one of the significant landmarks in modern cancer re-
search. In addition, ICIs synergized with chemotherapy
have shown notable effectiveness in both early-stage as well
as metastatic breast cancer (mBC), which has sparked inter-
est in immune-based BC treatment and prevention strate-
gies.

2. TAM Classification and Function
2.1 Classification

Under the guidance of chemokine ligand 2 (CCL2),
chemokine ligand 18 (CCL18), chemokine ligand 20
(CCL20), colony-stimulating factor-1 (CSF-1), and vas-
cular endothelial growth factor (VEGF)—cytokines and
growth factors—monocytes from the blood convert into
macrophages. A variety of factors alter the phenotypes and
functions of macrophages. Lipopolysaccharide (LPS), tu-
mor necrosis factor alpha (TNF-α), and interferon-gamma
(IFN-γ) induce macrophages to develop into the pro-
inflammatory M1 phenotype macrophage (main markers—
human leukocyte antigen DR (HLA-DR) and cluster of dif-
ferentiation 80 (CD80)/cluster of differentiation 86 (CD86),
while interleukin-4 (IL-4), interleukin-10 (IL-10), and
interleukin-13 (IL-13) drive their evolvement into M2 phe-
notype macrophage (main markers—macrophage mannose
receptor 1 (CD206), cluster of differentiation 163 (CD163),
cluster of differentiation 204 (CD204), and stabilin-1),
also known as TAMs [20]. TAMs both eliminate tu-
mor cells and promote tumor development (Fig. 2). M1
macrophages are widely regarded as tumor-killing cells ca-
pable of phagocytosis because they primarily possess anti-

tumor and immune-promoting properties upon activation.
They generate cytokines with pro-inflammatory effects, in-
cluding interleukin-1 beta (IL-1β), tumor necrosis factor-
alpha (TNF-α), and interleukin-12 (IL-12) [21]. Their pri-
mary function is to capture external substances like apop-
totic cellular fragments, thereby preserving organ and tissue
integrity from external threats. They exert direct cytotoxic
effects to eliminate tumor cells. This cytotoxicity involves
multiple mechanisms, making it a gradual process that typ-
ically takes 24–72 h. An example of this is the release of
tumoricidal molecules by macrophages, including reactive
oxygen species (ROS) and nitric oxide (NO) [22].

In contrast, M2macrophages, similar to TAMs in phe-
notype, facilitate cancer progression and metastasis and
correlate with an adverse prognosis [20]. They contribute
to the promotion of cancerous expansion, invasion, metas-
tasis, and angiogenesis through the secretion of cytokines
and growth factors. Moreover, M2 macrophages secrete
immunosuppressive cytokines that suppress the action and
metabolic activity of T cells [23]. They suppress T helper
1 cell (Th1) immunity, which is fundamental for healing
injured tissues, thereby accelerating cancerous spread and
neovascularization [24]. Furthermore, TAMs directly im-
pede the expansion of CD8+ T cells by metabolizing L-
arginine through arginase 1 (ARG-1), nitric oxide synthase
2 (Nos2), oxidative free radicals, or nitrogen-based com-
pounds. They also lure Tregs with chemokine ligand 22
(CCL22), further restricting T cell tumor-inhibiting actions
[25,26].

2.2 Function of TAMs in Breast Cancer

This section primarily depicts the features and func-
tions of theM1 andM2 states in BC, to inspire tactics to hin-
der the M2 macrophage polarization and amplify the bene-
fits of immunotherapy (Fig. 2).

2.2.1 Angiogenesis
The TME is an acidic anoxic environment [27]. An-

giogenesis is vital to supply oxygen and nutrients to the tu-
mor, and TAMs are involved in this process in many types
of malignancies, such as ovarian carcinoma, melanoma,
and BC [28]. TAMs sense intratumor hypoxia and re-
act with vascular endothelial growth factor-alpha (VEGF-
α), resulting in an upregulated matrix metalloproteinase 9
(MMP9) level in TAMs. MMP9 mediates the release of
bioactive VEGF-α from cells and promotes intra-tumoral
angiogenesis [29]. Furthermore, TAMs drive an anoxic en-
vironment through poor angiogenesis. TAMs secrete ab-
normal pro-angiogenic factors, including Ets transcription
factors (ETs), angiopoietin-2 (Ang2), chemokine ligand
12 (CXCL12), and epithelial membrane antigen 2 (EMA-
II), leading to leakage of the blood vessels and insuffi-
cient oxygen supply to cells, which in turn impacts TAMs
that continue to secrete cytokines and drive TAM polariza-
tion, forming a vicious cycle [30]. In addition, M2-like
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Fig. 2. TAM subtype: function of M1 and M2 macrophages. TAM, tumor-associated macrophage; LPS, lipopolysaccharide; IFN-γ,
interferon-gamma; TNF-α, tumor necrosis factor alpha; CD80/86, cluster of differentiation 80/86; NK-kB, nuclear factor kappa-light-
chain-enhancer of activated B cells; STAT, signal transducer and activator of transcript; IRF3, interferon regulatory factor 3; HIF-1α,
hypoxia-inducible factor 1-alpha; TLR, toll-like receptor; iNOS, nitric oxide synthase 2, called NOS2; MHC-II, major histocompatibility
complex class II; IL, interleukin; CXCL, C-X-C motif chemokine ligand; CCL, C-C motif chemokine ligand; Ym1/2, chitinase-like
protein Ym1/2; AGR-1, arginase 1; TGF-β, transforming growth factor-beta; VEGF, vascular endothelial growth factor; KLF, Kruppel-
like factor; JMJD3, Jumonji domain containing 3; PPAR, peroxisome proliferator-activated receptor; cMaf, proto-oncogene c-Maf; cMyc,
v-Myc myelocytomatosis viral oncogene homolog. Created with Biorender.

macrophages promote angiogenesis by closely binding to
endothelial cells in the TME. Transforming growth factor
beta (TGF-β) overexpression is present in the majority of
epithelial tumors and is expressed by the M2-TAM phe-
notype, and induces epithelial-stromal transformation and
promotes invasion and metastasis [24]. CSF-1 overexpres-
sion elevates the recruitment of TAMs, while the knock-
down of CSF-1R by short-interfering RNA (siRNA) re-
duces vascularization and infiltration of macrophages in
vivo [31]. Meanwhile, interleukin-8 (IL-8) is assumed to be
a macrophage-derived mediator of angiogenesis [32]. The
IL-8 signaling pathway stimulates blood vessel formation in
endothelial cells, enhances the growth and survival of both
endothelial and cancer cells, and strengthens the movement
of cancer cells, endothelial cells, and neutrophils that have
entered the tumor. Blocking the IL-8 signaling effects could
be a crucial therapeutic strategy for targeting TAMs [33].
Angiogenesis allows the metastasis of cancer cells to other
organs, resulting in poor treatment effects and reduced sur-
vival rates. Therefore, understanding the effect of TAMs
on this process can help achieve a better therapeutic effect
by targeting TAMs.

2.2.2 Immune Suppression
TAMs promote immunosuppressive changes by se-

creting immune-modulating anti-inflammatory factors, in-
cluding TGF-β and IL-10, thereby inhibiting the cytotoxic
functions of effector T cells and natural killer (NK) cells.
A combined treatment approach using a TGF-β blocker
(1D11 and galunisertib) along with anti-PD-1/PD-L1 leads
to a rise in immune response, reviving the cytotoxic func-
tion of T cells and the cancer-inhibiting power of anti-
PD-L1 [34,35]. Additionally, when tranilast, a TGF-β in-
hibitor, is combined with Doxil nanomedicine as part of a
comprehensive treatment plan, it increases the presence of
M1 macrophages in the malignancy, enhancing the impact
of anti-PD-1 [36]. TAMs in mouse models release IL-10,
which simultaneously inhibits CD8+ T cell responses and
the dendritic cell production of IL-12. In addition to se-
creting cytokines, surface ligands of TAMs such as PD-L1,
B7-H4, and CTLA-4 also inhibit T cell activity and recruit-
ment of Tregs. B7-H4+ TAMs hinder the growth of CD4+
T cells and the secretion of IFN, which results in increased
immune evasion and suppression [37]. Apart from these
functions, TAMs directly prevent the expansion of CD8+ T
cells by releasing ARG-1. Besides, TAMs attract Tregs via
CCL22, further suppressing the T cell-mediated immune re-
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action against tumors [25]. In short, TAMs release factors
that weaken the killing capability for tumor cell lethality,
contributing to immunosuppression and the promotion of
tumor growth.

2.2.3 Resistance to Therapy
The presence of a macrophage population with a pre-

dominance of the M2 phenotype often leads to treatment
resistance. According to Yang et al. [38], TAMs re-
lease IL-10, leading to hyperexpression of B-cell lym-
phoma 2 (BCL-2) and signal transducer and activator
of transcript-3 (STAT3), which in turn triggers the IL-
10/STAT3/BCL2 pathway in BC cells and boosts therapeu-
tic barriers. TAMs are correlated with resistance to tamox-
ifen in postmenopausal women with BC, and they prevent
the enlistment of CD8+ cytotoxic T cells, leading to the evo-
lution of multidrug resistance [39]. M2 TAMs are more re-
sistant to radiation therapy than M1 macrophages, yielding
a challenge in the treatment of cancer.

The lack of response to PD-1/PD-L1 blockade treat-
ment is partly due to the presence of TAMs. Monoclonal
antibodies that target checkpoint ligands can be captured
by TAMs due to the expression of these ligands on TAMs,
such as PD-L1/2. This interaction can render the antibodies
ineffective [40]. Paclitaxel or carboplatin treatment is coun-
teracted by an increased IL-10 secretion by TAMs, leading
to diminished IL-12 in DCs and an interruption of CD8+
T cell tumor-inhibiting capacity [41]. Understanding the
resistance mechanisms of TAMs to therapy is crucial for
crafting treatment approaches to overcome those problems
and augment medical treatment potency without the risk of
recurrence.

2.2.4 Tumor Metastasis and Proliferation
Epithelial cell mesenchymal transition (EMT) enables

the transition of cancer cells from the primary site by enter-
ing the bloodstream and infiltrating other parts of the body,
eventually developing tumor metastasis. M2 TAMs are in-
volved in EMT during the development of cancer. They
promote the EMT process through multiple pathways, for
example, toll-like receptor 4 (TLR4) and IL-10 pathway,
TGF-β/Smad family member 2 (Smad2) pathway, and mi-
croRNA 30a (miR-30a)/nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB)/Snail family tran-
scriptional repressor 1 (Snail) signaling pathway [42]. Fur-
thermore, an abundance of the M2 marker CD68 correlates
with a reduction in the generation of E-cadherin, which typ-
ically prevents EMT and the spread of cancer cells [43].
TAM is constantly being recruited and differentiated while
E-cadherin decreases continuously, forming a vicious cycle
in the TME.

On the other hand, M2 macrophages release compo-
nents that directly affect the expansion of malignant cells,
like TGF-β and epidermal growth factor (EGF). TGF-β,
which is typically engaged in the acceleration of cellular

growth, is often overexpressed in cancer and associated
with greater disease severity and unfavorable survival re-
sults. Furthermore, TGF-β plays additional roles in stim-
ulating the growth of new blood vessels and suppressing
the immune system, which helps tumors evade immune
destruction and spread [34,44]. EGF receptor (EGFR) is
excessive in malignant growths, leading to an increase in
cell proliferation, angiogenesis, metastasis, and inhibition
of apoptosis. Hagemann et al. [45] demonstrated that when
tumor cells and macrophages are cultured together, there is
an increase in the generation of MMP2 and MMP9, lead-
ing to the breakdown of extracellular matrix proteins and
the enhancement of metastatic potential [46]. Metastasis-
related macrophages in BC stimulate the production of
CCL3 by secreting the CCL2 receptor (CCR2), which pro-
motes lung metastasis [47]. Together, these functions offer
new ideas for cancer treatment.

2.3 Development of TAMs in Breast Cancer

Macrophages play a key role in shaping tumor immu-
nity, constituting over half of the solid tumor’s mass and
representing the predominant immune cell type infiltrating
these tumors [48]. Meanwhile, exhaustion of T cells signif-
icantly hinders the immune response to tumors. This report
demonstrated that the in vivo removal of TAMs alleviates
the exhaustion programs of intratumoral CD8+ T cells [49].
Reciprocally, the exhaustion programs of Tcells release sig-
nals that actively draw monocytes into the TME and influ-
ences their differentiation toward M2 macrophages to in-
hibit the TME. Therefore, blocking TAM polarization and
relieving immunosuppression may be a future research di-
rection in cancer therapy. CD8+ T cells act as suppres-
sors of tumor growth, engaging with cancerous cells and
triggering their destruction by initiating internal signaling
pathways within the context of tumor immunity. In the
TME, “immune exclusion” impedes cancer immunotherapy
by preventing CD8+ T cells from accessing the area around
tumor cells and suppressing their immune functions [50].
This leads to a scarcity of CD8+ T cells within the TME
and allows tumor cells to evade immune detection [51–53].
Li et al. [54] demonstrated that membrane spanning 4-
domains A4A (MS4A4A) blockade treatment on TAM re-
shapes the immune TME, to decrease the presence of M2-
TAMs while enhancing the infiltration of active CD8+ T
cells. The generation of PD-L1 on macrophages promotes
breast tumor immune evasion. Fang and colleagues [55]
found that the production of M2 markers and PD-L1 was
raised in macrophages after the treatment with progranulin.
However, the account of immune cells in progranulin–/–
BC tissue were upregulated, and the infiltration of CD8+ T
cells was also elevated. Furthermore, TAMs release anti-
inflammatory cytokines such as TGF-β and IL-10, display
immune checkpoint molecules such as PD-L1, and deprive
cytotoxic CD8+T cells of crucial amino acids by expressing
arginase, thereby starving them. Additionally, TAMs at-
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tract Tregs, which leads to the suppression of tumor immu-
nity [56]. Tregs inhibited the release of interferon-gamma
(IFN-γ) by CD8+ T cells, which, if not suppressed, would
prevent the activation of sterol regulatory element-binding
protein 1 (SREBP1) that drives fatty acid synthesis in M2
TAMs [57]. The level of PD-1 in TAMs is also linked
to phagocytosis negatively against allogenic material [58].
Thus, a therapy targeting macrophages is a promising ap-
proach.

2.4 Status of Immunotherapy Targeting TAMs in Breast
Cancer

Until recently, cancer prevention and intervention
measures have primarily centered on factors intrinsic to
cancer cells. However, recent research is increasingly
focused on targeting various active immune cells like
macrophages and neutrophils. Among the various cell types
in BC, macrophages are considered the most critical, con-
stituting more than half of the tumor’s volume in many ma-
lignancies. Their anti-tumor activities include direct cyto-
toxicity toward cancer cells and the presentation of tumor
antigens to cytotoxic T cells. TAMs also boost tumor de-
velopment directly and/or indirectly by stimulating tumor
angiogenesis and metastasis.

Immunotherapy strategies targeting the immune sys-
tem are promising for BC treatment, even though BC is not
generally considered highly responsive to immune-based
interventions. Currently, a range of cancer immunotherapy
approaches are being developed to target TAMs. Most re-
search methods fall into four categories: The initial method
aims to block TAMs from accumulating at the tumor’s lo-
cation. Pharmaceuticals, including carlumab [59], Bindarit
[60], and thalidomide [61], prevent monocytes from being
drawn to the tumor, halting their development into TAMs
and their contribution to cancerous development. Trabecte-
din [62] also hamper carcinoma development by either de-
stroying TAMs or lowering their survival rates through a
range of mechanisms. To impede TAM-driven tumorigen-
esis, one can also aim to decrease the differentiation and
polarization of macrophages. Compounds such as LPS
and TLR agonists [63] can invert the differentiation of
macrophages, steering them to resort to the M1 state that
is adverse to tumors, while triterpenoid compounds [64]
can prevent the early polarization of M1 into the M2 state.
In conclusion, blocking the growth of new blood vessels
is another potential method to address tumor progression.
Combining anti-VEGF antibodies with treatments such as
Avastin, bevacizumab [65], or other neutralizing antibodies
makes it possible to inhibit the transition of macrophages
into the tumor area and the formation of new blood vessels
that tumors require. For example, TAMs in solid tumors
regulate the angiogenesis process; therefore, their elimina-
tion by the medication clodronate [66] leads to a slump in
the density of blood vessels within the tumor [67]. Ad-
ditionally, elevated levels of CSF-1 recruit more TAMs.

However, silencing the CSF-1 receptor (CSF-1R) using
siRNA reduces angiogenesis and inhibits macrophage mi-
gration [68] (Table 1, Ref. [59–66]). However, the immune
response varies according to the BC subtype, and not all
patients may experience beneficial effects from the same
immunotherapeutic strategy. Thus, new therapeutic strate-
gies to inhibit tumor growth are needed, including anti-
tumor vaccine, combined immunotherapy, and nano im-
munotherapy to enhance anti-cancer effects. This review
mainly focuses on the role of TAMs in the development of
BC, the challenges and coping strategies faced in tumor im-
munotherapy, and summarizes the current methods of tu-
mor immunotherapy and combined therapy in detail.

3. Advancements in Immunotherapy for
Breast Cancer
3.1 Immunotherapy for TNBC

Triple-negative breast cancer (TNBC) is a subtype
of BC characterized by the absence of estrogen receptor
(ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) expression on the can-
cer cells. This subtype is the most invasive form of BC
with the poorest prognosis [69]. Among the infiltrating im-
mune cells, TAMs constitute the main fraction of the TME.
Thus, treatments that target TAMs hold great promise as
therapeutic strategies for TNBC. Not only does blocking
the macrophage colony-stimulating factor (M-CSF)/CSF-
1R signaling pathway reduce tumor growth in BC xenograft
models [70], but CSF-1R blockade augments themovement
and penetration of CD8+ T cells into tumors [71–74]. Fur-
thermore, when in combination with anti-PD-1 treatment, it
further promotes the buildup of CD8+ T cells around can-
cer cells and reducing tumor growth [53]. Another study
indicated that a combination of CSF-1R inhibitor and an
activated anti-CD40 antibody increases M2 to M1, inhibits
the conversion of the G2/M cell cycle phase in cancer cells,
promotes the production of TNF-α and reduces the capac-
ity of malignant cells to survive [75]. In addition, CD24
expression is significantly higher in TNBC than ER+PR+
BC. In the BC tumor milieu, CD24 evades TAM-mediated
killing by acting as an anti-phagocytic signal in breast and
ovarian cancer [76]. One study also reported that many
carcinomas upregulate CD24 and that TAMs exhibit el-
evated expression of sialic-acid-binding immunoglobulin-
like lectin10 (Siglec-10) [77]. Moreover, it demonstrates
a role for tumor-expressing CD24 in promoting immune
evasion through its interaction with the inhibitory recep-
tor siglec-10, which is expressed by TAMs. Therapeu-
tic inhibition of CD24 results in a macrophage-dependent
reduction of tumor growth in vivo. Recent research re-
ports [78] that CD47 is widely expressed in TNBC, espe-
cially TAMs. There is a highly efficient treatment approach
through the integration of CD47 blockade with cabazitaxel
therapy, promoting the systematic removal of TNBC cells
and impeding tumor development and its metastatic poten-
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Table 1. Anti-tumor effects of drugs associated with TAMs.
Drug Type Adverse drug reactions and toxicity Anti-tumor function Reference

Carlumab Human immunoglobulin G1 kappamon-
oclonal antibody with high binding
affinity and specificity for CCL2

Shown to possess a favorable safety profile in previous phase 1 and
phase 2 clinical studies when administered at up to 15 mg/kg

By binding with CCL2, the content of serum is reduced, thereby re-
ducing the infiltration of CD68+ macrophages/monocytes in tumor
tissues, thus slowing tumor growth and angiogenesis

[59]

Bindarit Selective inhibitor of monocyte chemo-
tactic protein with anti-inflammatory ac-
tivity

Its safety and efficacy have been verified by phase II clinical trials
in patients with lupus nephritis and coronary stent restenosis

Inhibits macrophage infiltration and activation [60]

Thalidomide Immunosuppressor Severe teratogenicity in the infant Immunomodulatory and anti-inflammatory effects. Inhibition of
angiogenesis and anti-tumor effects: cytokines, such as VEGF and
fibroblast factor, are angiogenesis stimulants, which bind to specific
receptors to stimulate signal transduction and cause endothelial cell
proliferation

[61]

Trabectedin Tetrahydroisoquinoline alkaloid Manifested as nausea, constipation, fatigue, vomiting, and
headaches, yet in some cases, they can escalate to severe compli-
cations like cardiomyopathy, anaphylaxis, neutropenia progressing
to sepsis, rhabdomyolysis, or tissue necrosis due to extravasation

Inhibits pro-inflammatory mediators produced by monocytes,
macrophages and TAMs, such as CXCL8 and IL-6. In ad-
dition, trabectedin directly targets endothelial cells to upregu-
late metalloproteinase-tissue inhibitor-1, metalloproteinase-tissue
inhibitor-2, and thrombin sensitive protein-1, and exerts antiangio-
genic activity in myxoid lipoma coma

[62]

LPS TLR agonists No toxic, non-specific immunogen Interacting with TLR4 to form LPS signaling complexes leads to
the synthesis of pro-inflammatory cytokines, including IL-1β, IL-
6, and TNF-α, promoting macrophage aggregation and polarization
towards the M1 state

[63]

Corosolic acid (CA) and
oleanolic acid (OA)

Triterpenoid compounds No cytotoxicity Inhibited macrophage polarization to M2 phenotype by suppressing
STAT3 activation

[64]

Avastin Anti-VEGF antibodies Anemia, pain, abdominal pain, headache, high blood pressure, di-
arrhea, nausea, vomiting, loss of appetite

Inhibit tumor angiogenesis by specifically binding and blocking
VEGF, thereby inhibiting tumor growth and spread

[65]

Bevacizumab Anti-VEGF antibodies Gastrointestinal perforation, bleeding, arterial thromboembolism Binds specifically to VEGF-A and prevents its interaction with
VEGFR, thereby inhibiting endothelial cell proliferation, activat-
ing survival pathways, and the formation of new blood vessels and
angiogenesis

[65]

Clodronate Bisphosphonate drugs Well tolerated orally, and the main side effects are lower digestive
tract symptoms such as diarrhea

An effective macrophage removal tool that can remove
macrophages from different tissue sites and blood in animals.
It uses the macrophage endocytosis mechanism to bring clodronate
into the cell, release and accumulate in the cell under the action
of macrophage lysosomal phosphatase, and induce apoptosis of
macrophages

[66]

CCL2, C-C motif chemokine ligand 2; TAM, tumor-associated macrophages; CXCL8, C-X-C motif chemokine ligand 8; IL-6, interleukin-6; LPS, lipopolysaccharide; TLR, toll-like receptor; TNF-α, tumor necrosis
factor-alpha; VEGFR, vascular endothelial growth factor receptor; STAT3, signal transducer and activator of transcription 3.
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tial in preclinical models [78]. Furthermore, the combina-
tion of anti-PD-L1 antibodies suppresses BCmetastasis, in-
creasing granzyme B (GZMB) and IFN-γ in CD8+ T cells
while decreasing lymphocyte-activation gene 3 (LAG3 or
CD223), CTLA-4, and T cell immunoglobulin mucin-3
(TIM-3) in CD8+ T cells [79].

In addition to the above treatment methods, several
other effective methods exist. Phosphoglycerate mutase
1 (PGAM1) plays a pivotal role in the metabolic path-
ways of cancer, exhibiting highly abundant expression in
TNBC and is correlated with an unfavorable prognosis.
Inhibition of PGAM1 works synergistically with anti-PD-
1 immunotherapy, markedly reshaping the TME. This re-
sults in an elevation of immune effector subsets like CD8+
T cell and M1 and a downsize in the infiltration of sup-
pressive immune cells, such as myeloid-derived suppres-
sor cells, M2 macrophages, and Tregs [80]. Moreover,
high-mobility group box 1 (HMGB1) is a dynamic redox-
actuated protein involved in an array of intracellular activi-
ties (e.g., chromosomal architecture reorganization, DNA
transcription, and autophagic processes) and extracellu-
lar processes (e.g., autoimmune inflammation and immune
dysregulation). HMGB1 inhibition leads to a drastic re-
duction in myeloid-derived suppressor cell (MDSC) and
Tregs, an elevated proportion of M1 relative to M2, along
with heightened stimulation of DCs and pDCs and an im-
provement in the success rate of monotherapies using anti-
PD-1 in cancer care [81]. Elevated levels of RNA bind-
ing motif single stranded interacting protein 1 (RBMS1) in
BC are directly linked to higher PD-L1 expression. The
absence of RBMS1 leads to the destabilization of beta-
1,4-galactosyltransferase 1 (B4GALT1) transcript, prevent-
ing the glycosylation of PD-L1, enhancing its ubiquitina-
tion, and targeting it for degradation. When combined
with CTLA-4 ICIs or chimeric antigen receptor T-cell im-
munotherapy (CAR-T) therapy, the loss of RBMS1 boosts
anti-tumor T cell responses both in vitro and in vivo [82].
High long noncoding RNANR_109 (lncRNANR_109) ex-
pression is present in M2. NR_109 knockdown inhibits
polarization of M2 and their activity in supporting the ex-
pansion and invasiveness of malignant cells both in vitro
and in vivo [83]. The presence of T cell malignancy 1
(MCT-1) is an innovative predictor of disease progres-
sion in individuals with invasive BCs. Oncogenic MCT-1
activation promotes mammary tumor progression and in-
creases M2 TAMs. In contrast, MCT-1 knockdown de-
creases M2 macrophages and increases tumor-suppressive
M1 macrophages [42]. Overall, there are many targets that
can regulate TAMs to control tumor progression.

Immunotherapy for BC has its limitations due to low
tumor immunogenicity and an immunosuppressive TME.
In recent years, researchers have integrated material sci-
ence, chemistry, and medicine to obtain nanomedicine,
which represents an emerging strategy for BC treatment.
Nanocarriers transport chemotherapeutic drugs and natu-

ral substances, enhancing their lethal effect on BC cells
and circumventing the onset of drug resistance [84]. One
study introduces a lymphatic tumor homing peptide-1 (LyP-
1) and chondroitin sulfate (CS) dual-modified liposome
co-loaded with paclitaxel and cryptotanshinone, named
CS/LyP-1-PC Lip, designed to bolster chemoimmunother-
apy effects in TNBC through triggering immunogenic cell
demise and suppressing signal transducer and activator of
transcription 3 (STAT3) signaling [85]. This study of-
fers a feasible combination regimen for the development of
TNBC chemoimmunotherapy. Another study showed that
Rhodiola rosea polysaccharide-based nanoparticles loaded
with doxorubicin boost chemoimmunotherapy for TNBC
by re-educating TAMs [86]. Combined with immunomod-
ulatory drugs, these nanoparticles activate immune cells
to achieve better therapeutic results. Recently, a study
reported that these PD-L1-loading microparticles allevi-
ated the suppressed state of the immune microenviron-
ment, eventually impairing the TNBC progression due
to boosting the activation and function of CD8+ T cells
[87]. Others mediate the transformation of macrophages
toward M1 through the interruption of the TANK-binding
kinase 1/signal transducer and activator of transcription 6
(TBK1/STAT6) pathway and activity of the protein kinase
B/ mammalian target of rapamycin (AKT/mTOR) path-
way. Chen et al. [88] designed FA-CD@PP-CpG (FA-
CuS/DTX@PEI-PpIXCpG) for synergistic phototherapy
(including photodynamic and photothermal therapy) and
docetaxel-enhanced immunotherapy. Moreover, loaded
docetaxel in FA-CD@PP-CpG promotes the infiltration of
cytotoxic T-lymphocytes (CTLs), improves the efficacy of
anti-PD-L1 antibody, suppresses MDSCs, and competently
polarizes them toward the M1 state, thereby reducing tu-
mor burden and further enhancing the anti-tumor efficacy.
In addition, the combination of chemotherapy with ate-
zolizumab efficiently abrogates the state of immunosup-
pression, providing new insights into clinical TNBC im-
munotherapy [87].

3.2 Immunotherapy for HER2+ Breast Cancer

The hyperexpression of HER2, which occurs in about
15–20% of BC instances, is linked to an unfavorable prog-
nosis and reduced PFS and overall survival (OS). Over the
past few decades, HER2-targeting monoclonal antibodies
and 3 inhibitors with CAR-T cells. The elimination of
(TKI) have been part of the diverse treatment strategies
for HER2+ BC. Not to mention, patients who undergo dis-
ease progression following multiple HER2-directed thera-
pies frequently face a limited array of additional treatment
choices [82,89]. Considering TAM’s role, the selective tar-
geting of TAMs could be a strategy to regulate the TME.

Tucatinib significantly inhibits tumor growth and in-
creases the number of CD8+/PD-1+ and CD8+/TIM3+
T cells, CD49+ NK cells, monocytes, and DCs and
macrophages, while decreases myeloid-derived suppressor
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cells. Additionally, tucatinib effectively manages the TME,
which is a significant aspect of its therapeutic impact on
BC. Multitherapy with anti-PD-L1 or anti-PD-1 showed
strengthened effectiveness in HER2+ patients [90]. Ad-
ditionally, VEGF and placental growth factors are abun-
dantly expressed in BC cells and M2 in the tissues, mediat-
ing tumor progression and immunosuppression. The study
reported the application of VEGF siRNA and placental
growth factor siRNA to bothM2 andBC cells for successful
anti-tumor immunotherapy [91]. Given that elevated sphin-
gosine 1-phosphate receptor 3 (S1PR3) expression is linked
to resistance to PD-1-based immunotherapy and higher lev-
els of T cell exhaustion, employing an S1PR3 antagonist
can boost the oncostatic efficacy of CAR-T cell therapy.
This is achieved by curbing T cell exhaustion and reshap-
ing the TME, which involves attracting pro-inflammatory
macrophages [92]. The case further justifies the combi-
nation of S1PR3 inhibitors with CAR-T cells. The elimi-
nation of proline-rich tyrosine kinase 2 ch1 signaling and
hinders CCL2 production by BC cells but co (PYK2) de-
creases the penetration of TAMs and simultaneously pre-
vents angiogenesis and tumor growth. Specifically, PYK2
ablation not only hampers Notch1 signaling and hinders
CCL2 production by BC cells but concurrently curbs the
generation of chemokine receptor 2 (CCR2), chemokine re-
ceptor 4 (CXCR4), and interleukin-4 receptor subunit alpha
(IL-4Rα), as well as signal transducer and activator of tran-
scription 6 (Stat6) activation in macrophages [93]. Tumor-
derived granulocyte-macrophage colony-stimulating factor
(GM-CSF) is a crucial regulator of Arg-1 expression in
myeloid cells and local immune suppression in BC. Conse-
quently, blocking GM-CSF produced by tumors can boost
the effectiveness of T-cell receptor-gene engineered T cells
(TCR-T) therapy and ICIs [94]. Additionally, CKLF like
MARVEL transmembrane domain-containing 6 (CMTM6)
is a new immune checkpoint for tumor-induced immuno-
suppression. Individuals with HER2+ BC who exhibit high
levels of CMTM6 tend to have poorer OS and PFS com-
pared to those with lower CMTM6 levels. Suppressing
CMTM6 also impedes the growth andmovement of HER2+
BC cells and encourages self-destruction [95]. Moreover,
the combination therapy with disitamab vedotin and zim-
berelimab has demonstrated successful control over recur-
rent HER2+ BC [96]. In conclusion, a combination of
HER2-targeted antibody-drug conjugates (ADCs) with PD-
1 inhibitors may be effective in patients with HER2+ BC,
including those resistant to previous HER2-targeted ADCs.

4. Combination Therapy
Many treatments, including radiotherapy, chemother-

apy, and targeted therapy, are not effective in a majority of
cancer patients [97–99]. Immunosuppression is the primary
barrier to fully realizing the therapeutic potential of im-
munotherapies [9,100]. Moreover, a higher degree of M2-
like macrophage infiltration is related to immune suppres-

sion. Thus, seven combined treatment methods are summa-
rized below to provide a reference for clinical treatments.

4.1 In Combination with Anti-Cancer Vaccines

The aim of vaccines designed for anti-tumor ther-
apy is to provoke a highly specific cellular immune re-
sponse against the cancer. Moreover, prompt T-cell reac-
tions preempt the recurrence of tumors by establishing a
long-term immune memory [101]. A DNA vaccine tar-
geting the cysteine protease legumain, which is highly ex-
pressed within TAMs, has the ability to slump TAM den-
sity and inhibits cancerous growth, neovascularization, and
metastasis [102]. A combination therapy of a DNA vacci-
nation encoding the HER2 protein and trastuzumab demon-
strates positive outcomes in the treatment of patients with
HER2+ mBC [103]. The combination with GM-CSF is
performed to increase DC function and to hamper Tregs.
GM-CSF also promotes the polarization ofmacrophages to-
ward the M1 phenotype and activates their anti-tumor func-
tions. For example, the GVAX vaccine, an anti-tumor vac-
cine genetically modified with GM-CSF gene, combined
with cyclophosphamide and trastuzumab, is utilized to treat
HER2-negative mBC [104]. According to Garcia’s find-
ings [105], an anti-CD47 antibody along with PD-L1 block-
ade increases the frequency of innate and adaptive immune
regulatory reactions and strengthens the vaccinal effect of
treatments. In addition, immunotherapeutic vaccination
triggers immune identification and elimination of BC by
embedding malignant antigens such as HER2. HER2/neu-
based vaccination combined with GMCSF vaccine ampli-
fier and trastuzumab is an effective treatment for TNBC
[106].

4.2 In Combination with Immune Checkpoint Inhibitors

Thus far, numerous immunological checkpoint in-
hibitors have been documented, yet the predominant ones
utilized in clinical settings are those targeting PD-1 and
PD-L1. The PD-1/PD-L1 axis and CTLA-4 both act as
suppressive signals that dampen the immune response of
T cells. Preventing the PD-1/PD-L1 axis to boost the cy-
totoxic capabilities of T cells has shown efficacy in re-
solvingmalignancies [107]. Administering pembrolizumab
alongside standard chemotherapy enhances PFS in indi-
viduals with TNBC when compared to those undergoing
chemotherapy alone [14]. Moreover, pre-treatment with
cisplatin and doxorubicin followed by nivolumab leads to
a more effective therapeutic outcome, a result linked to
the chemotherapeutic drugs’ ability to modulate the im-
mune system and create a supportive TME for PD-1 in-
hibitors. Tumor cells stimulate macrophages to upregulate
the expression of IL-15 receptor alpha subunit (IL-15Rα).
IL15Rα+ TAMs reduce the protein expression of C-X3-C
motif chemokine ligand 1 (CX3CL1) in tumors and hinder
the gathering of CD8+ T cells by producing the IL-15/IL-
15Rα substance. Implementation of an IL-15Rc block-
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ing peptide slows down malignant growth and resolves the
drug tolerance of oncogenic cells to immunotherapy using
a PD-1 antagonist [108]. Targeting the CSF-1/CSF-1R axis
may also be an efficient method to regulate macrophage ac-
tivity. Treatment with the monoclonal antibody RG7155
in clinical trials blocks the dimerization and activation of
CSF-1R, decreases TAM accumulation, and increases the
number of CTLs [109]. Several studies have indicated that
anti-VEGF antibodies can reduce TAM invasion and pre-
vent TAMs from releasing pro-angiogenic factors, thereby
increasing the efficacy of anti-vascularization treatments
[110,111]. The combination of anti-HER2 therapy with
ICB improves the survival in preclinical models of HER2+
BC. Neoadjuvant trastuzumab therapy augments PD-L1 in
TAMs of HER2+ individuals, suggesting that the treatment
effect is poor. However, anti-HER2 antibodies with in-
hibitors targeting PD-L1 and indoleamine 2, 3-dioxygenase
(IDO) have demonstrated an enhanced anti-tumor immune
response and improved the effectiveness of anti-HER2 ther-
apies [112]. It is essential to recognize that although these
methods show potential, the clinical effectiveness can vary
among patients, and there is also a need to continue to ex-
plore the effects of combining different drugs.

4.3 In Combination with Nanomaterial Drugs

Remodeling the TME with nanocarriers represents a
promising approach to boost the efficacy of immunother-
apy. CCL2 attracts macrophages and monocytes, which
then evolve into M2 and MDSCs. Lipid-protamine nanos-
tructures are designed to deliver a plasmid that traps CCL2
and inhibits its ability to recruit M2 and MDSCs, thereby
enhancing anti-tumor immunity and impeding cancer ad-
vancement [113]. Cationic nanoparticles encapsulating
siRNA-CCR2 (CNP-siCCR2) target the CCL2-CCR2 sig-
naling pathway, which leads to the downregulation of
CCR2 in monocytes [114], these nanoparticles can alter
the TME, thereby inhibiting both tumor expansion and
spreading. Jung et al. [115] developed 7C1 nanoparti-
cles that are packed with CX3CL1. These nanoparticles
have been successful in reducing the level of CX3CL1
and preventing the gathering of macrophages in the TME.
In addition, liposomal formulations of zoledronic acid
have been shown to deplete TAMs, reduce the presenta-
tion of the M2 marker CD206, inhibit the expression of
CD31, and consequently decreasing neovascularization and
breast tumor growth in TNBC. Like zoledronic acid, lipo-
somal nanoparticle-delivered guano-sine monophosphate–
adenosine monophosphate (GAMP) also suppresses TNBC
development by the reprogramming of the M2 phenotype
back to the M1 state [116,117]. Although signal regula-
tory protein alpha (SIRPα) binding to CD47 prevents the
macrophages from engulfing tumor cells, the design of cell
membrane-coatedmagnetic nanostructures hampers SIRPα
and CD47 communication to ensure macrophage move-
ment in phagocytosing BC cells, enhancing immune re-

sponse and increasing the survival and prognosis of BC pa-
tients [118]. Furthermore, nanostructures, which are self-
assembled and equipped with dual-targeting drugs, work
to block the CSF1 and SH2 domain-containing protein ty-
rosine phosphatase-2 (SHP2) pathways, thereby promot-
ing polarization to the M1 state and enhancing phagocy-
tosis [119]. A recent study reports that the strategy of
nanoparticles delivering small interfering RNA YTH N6-
methyladenosine RNA binding protein 1 (YTHDF1) sup-
presses the secretion of IL-10, increases the production of
IL-12 and IFN-γ, enhances the penetration of CD8+ T cells
and increases the presence of M1 TAMs while decreasing
the number of Tregs and M2 TAMs [120].

4.4 In Combination with Signaling Pathway Inhibitor
Therapies

Inhibitors, such as poly ADP ribose polymerase
(PARP), HER2, PI3K, AKT, mTOR, EGFRs, and VEGF,
could serve as treatments to prevent the advancement of BC
due to their roles in the cell cycle, angiogenesis, and metas-
tasis [121,122]. Rapamycin, a mTOR inhibitor, has a posi-
tive therapeutic effect on hormone-resistant metastatic ER+
BC. A synergy regimen of everolimus with exemestane or
trastuzumab yields favorable therapeutic outcomes in both
HER2+/– BC [123]. Early-phase research suggests that
PARP inhibitors increase cytoplasmic DNA and activate
stimulator of interferon genes (STING) protein, which in-
creases INF-α and T cells [124]. The inhibition of carlumab
and PF04136309, leronlimab, and maraviroc indicate anti-
tumor effects by reducing M2 infiltration and angiogene-
sis [125]. The control of signal transduction pathways can
influence how macrophages become polarized. The NF-
κB, STAT3, and STAT6 factors are involved in guiding the
transition of TAMs into the M2 phenotype [126]. In ad-
dition, the inhibitors trebananib, emactuzumab, and pexi-
dartinib inhibit macrophage recruitment and tumor growth
[127]. A new HER2 tyrosine kinase inhibitor, tucatinib,
with immune modulating therapies and/or chemotherapy
treatments for advanced stage/metastatic HER2+ BC, had
been approved. Tucatinib showed clinical benefits in pa-
tients with trastuzumab resistance in an advanced stage. In
short, the combination of inhibitors plays an important role
in clinical practice.

4.5 In Combination with Chemotherapy Drug Therapy

The use of paclitaxel in BC leads to an increase in
CSF-1, which in turn boosts the migration of TAMs [3].
When CSF-1 inhibitors are administered with paclitaxel, it
not only raises the number of T cells in the tumor and im-
proves the treatment’s effectiveness but also curbs metasta-
sis [4]. The CSF-1R inhibitor BLZ-945 and the chemother-
apeutic drugs doxorubicin and epirubicin specifically target
and eliminate TAMs [128,129]. Pembrolizumab in associ-
ation with chemotherapy drugs for locally recurrent unre-
sectable or metastatic TNBC patients. Atezolizumab and
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nab-paclitaxel prolong PFS among patients with metastatic
TNBC and PD-L1–positive subgroup [16]. Blocking the
CCL2 pathway with anti-CCL2 antibodies in BC models
has been shown to reduce both tumor growth and migra-
tion. This approach is even more effective when the mon-
oclonal antibody against CCL2 (such as carlumab) is used
with other chemotherapy drugs for patients [47,59]. In ad-
dition, PLX3397 with radiotherapy suppresses the variation
of monocytes into TAMs and inhibits STAT6 tyrosine phos-
phorylation, consequently reducing drug resistance [130,
131]. The inhibition of the CD47-SIRPα interaction by
CD47 antibodies strengthens phagocytosis of TAMs and
boosts the effectiveness of immunotherapy, chemotherapy,
and combination strategies [132].

4.6 In Combination with Oncolytic Viruses

Oncolytic viruses (OVs) represent a promising cate-
gory of cancer treatments that proliferate within cancer-
ous cells and elicit anti-tumor reactions. OVs trigger im-
munogenic cell death in cancer cells, stimulating T-cell ac-
tivation, and fostering an immune response that protects
against tumor growth, such as the HSV-derived oncolytic
virus T-VEC has successfully passed Phase III clinical tri-
als and has received approval from the FDA (U.S. Food
and Drug Administration) for utilization in immunological
cancer treatments [133]. Furthermore, studies in the early
phases of clinical research, encompassing various solid tu-
mor types such as BC, have indicated that OVs possess
therapeutic potential with low toxicity [134–137]. Given
their therapeutic benefits, safety profiles, and minimal side
effects, the deployment of these engineered viruses in im-
munological cancer treatments could mark a significant ad-
vancement in oncology. OVs have demonstrated the abil-
ity to stimulate the anti-tumor activities of specific immune
cells, such as T cells. Research has shown that HSV1716
is capable of reconfiguring TAMs towards a phenotype that
is less suppressive to the immune response. Administra-
tion of HSV1716 elevated the count of F4/80+ TAMs that
displayed pro-inflammatory, M1 markers, like IL-12 and
NOS2, compared to the controls without the virus. In ad-
dition, treatment with HSV1716 markedly decreased the
quantity of F4/80+ MRC1+ TAMs [138]. This transforma-
tion of TAMs could potentially shift the balance within the
TME, converting M2 into M1, which in turn facilitates the
attraction of adaptive immune cells and enhances cytotoxic
capabilities. In addition, OVs have been shown to increase
sensitivity to immune checkpoint blockers. For instance,
treatment with OVs makes typically unresponsive TNBC
susceptible to immune checkpoint inhibitors, preventing re-
currence in the majority of animals that received the treat-
ment. The combination of OV therapy with ICIs serves as a
potential neoadjuvant strategy within the interval between
the diagnosis of TNBC and surgical removal [139]. Hed-
berg et al. [140] demonstrated through single-cell analysis
that the presence of TAMs was elevated following HSV-

C134 treatment, and these TAMs exhibited higher levels of
the pro-inflammatory marker STAT1, a transcription factor
that plays a role in the expression of interferons. Denton et
al. [141] demonstrated that treatment with liposomal clo-
dronate led to a reduction in TAM infiltration, which en-
hanced this OVs’ anti-tumor effectiveness without an in-
crease in viral replication. Finally, OVs designed to target
specific anti-tumor functions of TAMs hold great promise.
Nevertheless, to amplify the interaction between TAMs and
OVs for enhanced anti-tumor immunity, it will be essential
to leverage the distinctions between TAMs’ anti-tumor and
antiviral reactions.

4.7 Other Therapies
A pair of herbs, Hedyotis diffusa and Scutellaria bar-

bata, have been discovered to curb the differentiation of
TAMs towards M2 in vitro. This effect hampers the mi-
gration of BC cells, suggesting a potential role in impeding
the spread of BC [142].

The application of hyperthermia directly to the breast
tumor environment is an additional potential approach for
immunotherapy, as it can lead to the direct elimination of
cancer cells [143,144]. It is thought that hyperthermia aug-
ments immune cells, such as NK cells and CD8+ T cells, to
eliminate tumor cells. Moreover, treatment of macrophages
with CD40 agonists such as sotigalimab and selicrelumab
has been shown to significantly enhance the generation of
inflammatory factors, activate DCs, and promote the polar-
ization of M1 TAMs. This approach is of particular inter-
est in cancer immunotherapy due to its potential to reshape
the TME and enhance the immune response against cancer
cells.

In addition, CAR-Ps or chimeric antigen receptors
for phagocytosis, is an innovative approach that engineers
macrophages to directly engulf tumor cells or facilitate
the degradation of the ECM components, thereby inhibit-
ing the growth and progression of solid tumors. Zhang
and colleagues [145] developed a HER2-specific CAR
macrophage therapy, which contains an adjustable domain
that binds to HER2 to elevate MMP production for the
degradation of the ECM and another intracellular region
consisting of CD147, which amplifies T cell infiltration
within the TME, subsequently slowing down tumor growth.
Overall, these approaches represent a promising new direc-
tion in cancer immunotherapy, providing a potential strat-
egy to enhance the immune system’s ability to target and
eliminate tumors.

In summary, we have compiled a list of several drugs
and the efficacy of combination therapies in Table 2, while
treatment strategies are outlined in Table 3.

5. Challenges in Tumor Immunotherapy
Targeting TAMs in Breast Cancer

The buildup of TAMs is also linked to poor clinical
outcomes in a range of solid malignancies [146–148]. Fur-
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Table 2. Combination treatment methods for breast cancer.
Drugs Combinations Functions

GM-CSF immunoadjuvant
and trastuzumab

DNA vaccine against the cysteine protea selegumain; HER2/neu-based vac-
cination; Sipuleuce l-T vaccine

DecreasesM2 and blocks tumor growth, angiogenesis andmetastasis; triggers immune recog-
nition and destruction; prolongs the survival of patients

IL-2, GM-CSF, and
trastuzumab treatment

HER2-plasmid DNA vaccination Induce M1 macrophage polarization; enhances DC functions and limits Treg regulation

Cyclophosphamide and
trastuzumab

A granulocyte-macrophage colony-stimulating factor gene-transfected tu-
mor vaccine

/

Anti-CD47 antibody PD-L1 blockade Enhances the anti-tumor effect
Pembrolizumab Standard chemotherapy Improves PFS in patients with metastatic TNBC
Nivolumab treatment Cisplatin and doxorubicin boost the gathering of CD8+ T cells
PD-1 antibody IL-15Rc blocking peptide Suppresses tumor growth and prevents oncogenic escape from treatment
Anti-VEGF-antibody Avastin or Bevacizumab Inhibits macrophage infiltration; prevents TAMs from releasing pro-angiogenic factors
Neoadjuvant trastuzumab Anti-HER2 antibody, PD-L1 antagonist and IDO Enhances anti-tumor immunity
Blocking SIRPα and CD47 in-
teraction

Lipid-protamine nanostructures for the delivery of plasmids that trap CCL2 Prevents its action in recruiting M2 and MDSCs

CSF-1R blocking siRNA-CCR2 encapsulated cationic nanoparticles Prevents the recruitment of macrophages to the tumor region
PD-1 antibody Nanoparticle delivering small interfering RNA YTHDF1 Boosts CD8+ T cell infiltration and M1-type TAMs, and reduces Tregs and M2-type TAMs

in the TME
Everolimus Exemestane or trastuzumab /
PARP inhibitors PD-1 antibody Increases INF-α and T cell intratumoral infiltration
Estradiol Inhibition of CCL2 and CCL5 Increases macrophage influx and angiogenesis
Tucatinib Immunotherapy or chemotherapeutic agents Clinical benefits in patients with trastuzumab resistance
Paclitaxel CSF-1 inhibitors Increases CCL8, IL-34, and CSF-1
Chemotherapy drug Anti-CCL2 antibodies Decreases both tumor growth and migration
BLZ-945 (a CSF-1R inhibitor),
CD47 antibodies

Chemotherapeutic drug Strengthen phagocytosis of TAMs and heighten immunotherapy, chemotherapy, and combi-
nation strategy

Pembrolizumab Chemotherapy
Prolongs PFS among patients with metastatic TNBC and PD-L1–positive subgroup

Atezolizumab Nab-paclitaxel
GMCSF, granulocyte-macrophage colony-stimulating factor; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer; IDO, indoleamine 2,3-dioxygenase; SIRPα, signal
regulatory protein alpha; MDSCs, myeloid-derived suppressor cells; CSF-1R, colony-stimulating factor 1 receptor; TME, tumor microenvironment; PARP, poly ADP-ribose polymerase; CCR2, C-C
chemokine receptor type 2; INF-α, interferon-alpha; CSF-1, colony-stimulating factor 1; siRNA, short-interfering RNA; PFS, progression-free survival; PD-1, programmed death 1; PD-L1, programmed
death ligand 1.
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Table 3. Immunotherapy targeting strategies.

Current field of therapeutic direction

Combined to inhibit angiogenesis
Combined to inhibit immunosuppressive cell recruitment
Combined to inhibit the production of tumor promoting factors
Combined anticancer vaccine
Combined immune checkpoint inhibitors
Combination with Oncolytic viruses
Combined nanomaterial drugs
Joint signaling pathway target inhibitor
Combination chemotherapy drug
Combined with herbal medicine treatment

Potential therapeutic directions
Modified CAR-T to secrete chemokines and cytokines to enhance
T cell killing and intratumoral infiltration
Regulate TAM lipid metabolism and promote M1 polarization
Screening old drugs for new ones

CAR-T, chimeric antigen receptor T-cell.

thermore, the abundance of TAMs shows a positive
link with malignant inflammation, estrogen receptor, and
E‑selectin expression [149]. This indicates the importance
of TAMs for tumorigenesis and is also key to whether tu-
mor treatment is effective. Studies revealed that TAMs
have evolved to the M2 and activate β-catenin signaling
by the CCL2/AKT pathway, promoting EMT and cancer
stem cell attributes [150,151]. Importantly, the infiltration
of TAMs is also negatively correlated with E-cadherin lev-
els in TNBC tissues [152]. In summary, TAMs labeled with
either pan-macrophage markers or specific M2 markers re-
flect a poor patient prognosis.

Targeting TAMs offers hope for successful disease
control, but their therapeutic response is not optimal, and
a personalized treatment regimen may be required due to
the heterogeneity of TAMs. Moreover, M2-type TAMs can
inhibit the activity of T cells and NK cells by secreting im-
munosuppressive factors, thus promoting the immune es-
cape of tumors and reducing the clinical therapeutic effect.
For instance, TAMs express a variety of cytokines to reduce
the cytotoxic immune response of T cells and NK cells, in-
cluding the ligands of EGFR family [153], TNF, MMPs,
TGF-β and IL-10, VEGF and thymidine phosphorylase
[44,153]. TAMs also promote cancer cells’ immune eva-
sion tactics by gathering immune-suppressive white blood
cells to the TME, such as MDSCs, monocytes, DCs, and
Tregs, to inhibit T cell tumor-killing mechanisms [100].
Therefore, a deeper understanding of the intrinsic complex-
ities of TAMs in immunemodulation provides new insights.
At the same time, developing new treatment strategies is
challenging. Recently emerging nanotechnology and metal
ion immunotherapy provided new possibilities for targeted
therapy of TAMs, and can inhibit the recruitment of TAMs,
eliminate TAMs, reprogram M2 TAMs to M1 TAMs, and
regulate the phagocytosis of TAMs on tumor cells. How-
ever, the efficacy, safety and human tolerability of nanopar-
ticles requires careful evaluation. Overall, targeting TAMs

in BC immunotherapy is a complex process that requires
overcoming numerous technical and scientific issues. It
also necessitates a deeper understanding of the heterogene-
ity, function, and interaction of TAMs with other cells in
the TME.

6. Conclusions and Perspectives
BC is the most common cancer worldwide and the

leading cause of cancer-related mortality among women.
Present therapeutic selections are limited to surgery, adju-
vant chemotherapy, and radiotherapy. However, some pa-
tients do not qualify for surgical measures at initial diagno-
sis. Immunotherapy represents a promising treatment op-
tion by targeting TAMs, or the inhibitors of signaling path-
ways [154,155] and agonists [156,157]. This review sum-
marized the immunosuppressive and immune escape role of
macrophages in the TME. The proposed targeting of TAMs
presents a promising therapeutic strategy. The changes in
the TME following the targeting TAMs, with a focus on
TNBC and HER2+ BC, are also described. The review
concludes with an overview of several combination ther-
apies, aiming to provide a breakthrough in clinical treat-
ments. Immunotherapy has made significant advances in
the treatment of BC, with agents such as atezolizumab and
pembrolizumab showing partial benefits. However, these
therapies are not yet sufficient to eradicate the disease in
all patients. In summary, combination immunotherapy may
offer a more effective approach to enhance the treatment
outcomes for BC.

Although many treatments for TAMs have been re-
ported, new treatments are urgently needed. For example,
actively screening existing drugs for new therapeutic uses is
a promising strategy. As the discovery of new drugs is chal-
lenging, it is beneficial to actively explore new approaches
for screening targeted drugs with FDA approval. In addi-
tion, Treg cells deter the secretion of INF-γ by CD8+ cells,
thereby promoting the activation of the immunosuppressive
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fatty acid synthesis in TAMs mediated by SREBF1. The
inhibition of this protein enhances the potency of ICIs, sug-
gesting that targeting Treg cells or the regulation ofM2-like
TAM lipid metabolism could improve cancer immunother-
apy [57,158–160]. Finally, CAR T cell therapy is a type
of immunotherapy developed from adoptive T cell trans-
fer. Recent studies [161,162] reported CAR T cells en-
gineered to secrete cytokines and chemokines to kill tu-
mor cells. For example, IL-10-expressing CAR T cells re-
sist dysfunction and mediate durable clearance of solid tu-
mors and metastases [161,162] (Table 3). This review elu-
cidates how high expression of PD-L1 and a high level of
M2 TAMs in BC correlates with poor prognosis. The in-
volvement of macrophages in inhibiting the TME conse-
quently diminishes the effectiveness of immunotherapy. Fi-
nally, the methods of targeting TAMs and combined ther-
apy in recent years were summarized, aiming to improve the
TME and offering renewed hope for patients. In the future,
therapeutic strategies targeting M2-TAMs will need to be
further studied and developed to find the most appropriate
combination of therapy and individualized treatment regi-
mens. At the same time, the application of nanotechnology
in cancer therapy has a broad prospect. Nanomaterials can
improve drug accumulation and intratumoral penetration in
tumor tissues and reduce adverse effects on healthy tissues.
Future research must address complex challenges, such as
the clinical transformation of nanomedicine, in order to pro-
mote clinical development. In conclusion, future research
must achieve breakthroughs at multiple levels to enhance
the efficiency and effectiveness of cancer treatments, ulti-
mately offering new hope to patients.
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