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Drug resistance is one of the most critical challenges in breast cancer (BC) treatment. The occurrence and development of drug resistance are closely related to the tumor immune microenvironment (TIME). Tumor-associated macrophages (TAMs), the most important immune cells in TIME, are essential for drug resistance in BC treatment. In this article, we summarize the effects of TAMs on the resistance of various drugs in endocrine therapy, chemotherapy, targeted therapy, and immunotherapy, and their underlying mechanisms. Based on the current overview of the key role of TAMs in drug resistance, we discuss the potential possibility for targeting TAMs to reduce drug resistance in BC treatment, By inhibiting the recruitment of TAMs, depleting the number of TAMs, regulating the polarization of TAMs and enhancing the phagocytosis of TAMs. Evidences in our review support it is important to develop novel therapeutic strategies to target TAMs in BC to overcome the treatment of resistance.
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1 Introduction

Of all female cancers, BC is the most common cancer with the highest morbidity and mortality in women (1). Moreover, the incidence and mortality of BC are predicted to go on with rising globally (2, 3).

According to the distinction of ER, PR, HER2 level BC could be subtyped as Luminal A (ER+/PR+, HER2+), Luminal B (ER+/PR+, HER2-), HER2amp (ER-/PR-/HER2+), and Basal-like/triple-negative (ER-, PR-, HER2-) (4, 5). The morbidity and mortality of different molecular subtypes of BC differ (6). Distinct subtypes of BC are usually treated with different ways in clinical management (7). Drug therapy can be roughly divided into endocrine therapy, chemotherapy, targeted therapy, and immunotherapy (8). In clinical treatment, endocrine therapy (ET) is seen as the standard treatment for Luminal BC, chemotherapy is the preferred treatment for TNBC, targeted therapy is commonly used for HER2 positive BC treatment, and immunotherapy has been demonstrated to have the best therapeutic efficacy in TNBC, so it is most widely used in the treatment of TNBC.

Presently, the efficacy of treatments in BC has been limited by drug resistance (9), which has resulted in an increased focus on the study of drug resistance in BC. In the previous reports, the development of resistance to BC therapy is strongly linked to genetic mutations, metabolic reprogramming, breast cancer stem cells, EMT and hypoxia of the tumor microenvironment. These alterations are usually associated with the activation of a range of related signaling pathways, as well as the expression of associated signaling molecules (Figure 1). For example, high expression of HER2, EGFR, and FGFR is closely correlated with treatment resistance (10, 11). Activation of MAPK, PI3K-Akt signaling pathways also plays a critical role in treatment resistance of BC (12–16). Notch signaling pathway, Wnt signaling pathway activation, and ERS1 mutations are closely associated with breast cancer CSCs (17, 18). It has also been shown that breast cancer CSCs express elevated levels of ATP-binding cassette (ABC) transporters which pump drugs out of the cells (19). All signaling molecules and signaling pathways we mentioned above also play a significant role in the hypoxia and metabolic reprogramming of the tumor microenvironment (20). In addition, various signaling pathways, including NF-κB, Hedgehog, and JAK/STAT activation, affect BC treatment resistance by influencing the metabolic reprogramming of BCCs, CSC and EMT (21–26).




Figure 1 | Previous reports on drug resistant in BC treatment.



Recently, more and more evidence has revealed that one of the key mechanisms for drug resistance is the alteration of the tumor microenvironment (27–29). Macrophages are the most abundant immune cells in the tumor microenvironment (30, 31), and macrophages that reside in tumor microenvironment are referred to as TAMs (32). Classically, the macrophage phenotypes were divided into M1 and M2 macrophages. Macrophage phenotype is modulated by TIME (33–39). M1 phenotype exhibits proinflammatory responses and tumoricidal, whereas the M2 phenotype is anti-inflammatory and pro-tumor (40–42). Th1 cytokines such as interferon-γ (IFN-γ) or lipopolysaccharide (LPS) stimuli activate the M1 macrophages, and then promote the M1 macrophages secrete pro-inflammatory cytokines such as interlukin-6 (IL-6), interlukin-12 (IL-12), interlukin-23(IL-23), and tumor necrosis factors alpha (TNF-α). Comparatively, the M2 macrophage is enabled by Th2 cytokines such as IL-4, IL-13, glucocorticoids, and immunoglobulin complexes. M2 macrophages regulate angiogenesis, tissue remodeling, and wound healing (43–45). And most of the macrophages in the TIME are M2 macrophages (46, 47). M2 macrophages can encourage the growth, progression, angiogenesis and metastasis of various tumors such as nasopharyngeal, gastric and melanoma (48–50).

Therefore, TAMs are also considered as potential targets for reversing resistance of BC treatment. This review will focus on the current status of the treatment of various subtypes of BC, the impact of TAMs on the resistance of each subtype of BC, and an overview of the solutions to the resistance of BC.



2 The Role of TAMs on the Resistance of Breast Cancer Treatment

Many studies have demonstrated that TAM can induce tumor therapy resistance by enhancing CSC and involvement of the EMT (51), and TAM contributes to the development of therapy resistance in cancers by metabolic reprogramming to promote tumor angiogenesis (52). In addition, TAM secrets inflammatory cytokines and chemokines such as TNF-α, IL-6, CCL18 and so on to influence the therapeutic resistance of cancers (51, 53). As an important component of TIME, TAM induces immunotherapy resistance by inhibiting T-cell functions (54). It is noteworthy that the exosomal microRNAs (miRNAs) from cancer cells induces treatment resistance by regulating the polarization of the macrophage (53). In conclusion, TAM has a significant role in the development of treatment resistance in various tumors. Similarly, TAMs also play an important role in promoting drug resistance of different treatment options for BC. As shown in Table 1 this section will focus on the impact of TAMs on resistance of various therapeutic agents, as well as the specific molecular mechanisms.


Table 1 | The molecular mechanism of TAM-mediated BC treatment resistance.




2.1 Endocrine Therapy

Hormone receptor-positive (HR+), estrogen receptor-positive (ER+) and human epidermal growth factor receptor 2 negatives BC (i.e. Luminal BC) accounting for two-thirds of all BC cases, and endocrine therapy (ET) is the standard treatment for Luminal BC (87). According to the different mechanisms of endocrine therapy drugs, they can be fairly divided into the following categories:1. Selective estrogen receptor modulators (SERMs) represented by tamoxifen. 2. The selective estrogen receptor down-regulator (SERD) represented by fulvestrant. 3. Aromatase inhibitors (AIs) which can be divided into steroid drugs (letrozole and anastrozole) and non-steroid drugs (simestane and formestane) (88). 4. Ovarian function inhibitors represented by goserelin, also known as a gonadal hormone-releasing hormone antagonist (GnRha). This type of drug is rarely used in BC treatment alone and often combinated with other endocrine therapy drugs (89). Although these endocrine treatment programs have achieved satisfactory therapeutic effects clinically, there are still many patients who have de novo drug resistance or acquired drug resistance after long-term treatments. Therefore, it is necessary in order to investigate the mechanisms of resistance. And the possible mechanisms that may result in resistance to endocrine therapy in BC are given in Figure 2.




Figure 2 | Major mechanisms of endocrine therapy resistance in BC in connection with TAMs.




2.1.1 Selective Estrogen Receptor Modulators (SERMs)- Tamoxifen

The cytokines generation in TAMs and breast cancer cells (BCCs) bring multiple signaling pathways crosstalk and then contribute to tamoxifen resistance. For instance, the secretion of CCL2 by TAMs activates the PI3K/Akt/mTOR signaling pathway in BCCs to increase the resistance of BCCs and the recruitment of TAMs, while drug-resistant BCCs secrete TNF-α, activate mTORC1-FOXK1in TAMs, and promote TAMs to polarize to M2 phenotype, secreting more CCL2 to form a positive feedback loop (55). And the glucose transporter SGLT1 is overexpressed in tamoxifen-resistant BCCs, which is expected to result in enhance glycolysis and lactic acid secretion. The BCCs-derived lactic acid promotes TAMs to polarize to M2-like via the HIF-1α/STAT3 pathway. Furthermore, the M2-like TAMs activate the EGFR/PI3K/Akt pathway and ultimately upregulate SGLT1 expression to promote tamoxifen resistance in ER-positive BCCs (56). Studies also have shown that TNF-α and IL-6 secreted by TAMs activate the NF-κB/STAT3/ERK signaling pathway in BCCs and the hyperphosphorylation of Erα, resulting in overexpression of Cyclin D1, c-Myc, CCL2 (MCP-1) and IL-6. Eventually, the tamoxifen resistant is further strengthened (57). Recently, multiple studies have revealed that TAMs in the tumor tissues of obese BC patients secretes cytokines which may also be related to tamoxifen resistance. The presence of necrotic adipocytes surrounded by macrophages forming crown-like structures (CLS) is associated with activation of NF-ĸB in macrophages and increase levels of TNFα, IL - 1β, IL-6, and PGE2 in TIME (58, 90, 91). In addition, tamoxifen resistance is related to high expression of EGFR, and the TAMs infiltration are also increased in BC tissues with high expression of EGFR, so the interaction between TAMs and BCCs with high expression of EGFR may also be the reason of tamoxifen resistance (35). Further studies are still needed to investigate the potential mechanism between TAMs and tamoxifen resistance in a large cohort.



2.1.2 AIs

Research has implicated that Jagged1-Notch pathway in TAMs promotes AI resistance by polarizing TAMs to the M2 phenotype in BC directly (59). However, another mode of action is linked with the interplays between TAMs and BCCs. Anastrozole-Resistant (AnaR) BCCs release leptin, regulate the morphology of macrophages, and increase the motility of macrophages through the CXCR4 signaling. In turn, the activated macrophages promote the growth and movement of AnaR cells in the co-culture system. Consequently, leptin may play a crucial role in AI-resistant phenotype of TAMs in breast cancer (60). Furthermore, macrophages enhance aromatase activity and increase production of estrogen by synthesizing a variety of cytokines such as basic fibroblast growth factor (bFGF), interleukin 2 (IL-2), interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α), prostaglandin 2 (PGE2) and so on (92–95). Although the specific molecular mechanism remains to be elucidated. These studies collectively outline the key role of TAMs in inducing AIs resistance in breast cancer.



2.1.3 Others

In 2011, Stossi et al. also discovered additional molecular mechanisms that caused resistance of endocrine therapy in BC. Macrophage-derived factors through the hierarchical activation of multiple kinases (c-Src, PKC and MAPK) in BCC leads to the recruitment of the complex of ERK2 and c-jun to chromatin, which results in the transcriptional inhibition of ESR1 gene and the loss of ERα expression, thereby producing endocrine therapy resistance in BC (61). Besides, inflammatory macrophage-derived TNFα downregulates estrogen receptor α via activating the Akt pathway which phosphorylates FOXO3a in BCCs (62). This study also has suggested that TNF-α antagonists may reduce endocrine therapy resistance in BC.

Overall, the current research about the effect of TAMs on BC resistance to endocrine therapy mainly spotlights on the most common drugs in SERMs (tamoxifen) and aromatase inhibitors. The influence of TAMs on the resistance of other endocrine therapies is not clear, so further research is needed.




2.2 Chemotherapy

Triple-negative breast cancer (TNBC) is negative for ER, PR, and HER2 expression with a poor prognosis. Chemotherapy is the preferred treatment for this subtype of BC, but the benefits are not universal. The chemotherapeutic drugs are commonly used in BC treatment can be roughly divided into two categories, one type achieves anti-tumor effects by affecting tumor cell DNA synthesis or DNA base pairing, and the other is through interference with cell mitosis. The drugs that interfere with DNA synthesis includes anthracyclines, such as doxorubicin (adriamycin); antimetabolites, such as capecitabine, gemcitabine, methotrexate, and fluorouracil; platinum drugs such as carboplatin and cisplatin; and the alkylating agent cyclophosphamide. The drugs that interfere with tumor cell mitosis (i.e. microtubule inhibitors) include paclitaxel, docetaxel, etc. The chemotherapy resistance of BC is a serious challenge in the process of BC treatment. TIME is at the heart of the occurrence of drug resistance. Since TAMs are an important component of TIME, their influence on the chemotherapy resistance of BC cannot be ignored. The mechanism of TAM related to BC chemotherapy resistance is illustrated in Figure 3.




Figure 3 | Major mechanisms of chemotherapy resistance in BC in connection with TAMs.




2.2.1 Doxorubicin (Adriamycin)

The production of cytokines IL-6 and IL-10 causes doxorubicin resistance. Glutathione S-transferase P1 (GSTP1) is a phase II detoxification enzyme, and researchers has discovered that overexpression of GSTP1 notably activates the NF-κB signaling pathway in TAMs and increases the expression of IL-6, which further up-regulates GSTP1 in BCC through AP-1 (c-Jun), eventually leads to doxorubicin resistance (63). Similar to the above mentioned, drug-resistant BCCs and TAMs secrete IL-6 in a paracrine manner. IL-6 may increase the uptake of hemoglobin-binding globin complex by macrophages via stimulating the expression of CD163 in TAMs. Thereby increasing iron deposition in TAMs. The iron deposit further promotes the polarization of TAMs to the M2 phenotype, and then augments the secretion the secretion of IL-6, so that chemotherapy-sensitive BCCs also developed into doxorubicin resistance (96).

Unlike the above studies, a study has found that the breast tumor shed membrane vesicles called microparticles (MPs) which promote strong resistance to the doxorubicin. Drug-resistant BC derived MPs induce CD44- dependent clustering of TAMs, and induces pro-inflammatory cytokine secretion by TAMs, further stimulating the engulfment of TAMs by BCCs (97). The exosomes deliver microRNAs could influence TAMs. Doxorubicin-resistant BCCs secret exosomal miR-222 to directly target PTEN and cause Akt cascade activation and TAMs M2 polarization to induce tumor progression (64).

In addition, a study on TNBC resistance showed that TAMs-mediated doxorubicin resistance can be explained by TAMs secrete high levels of IL-10 and activation of IL-10/IL-10 receptor/STAT3/Bcl-2 signaling pathway (65).



2.2.2 Paclitaxel

The factors generated by TAMs also affect paclitaxel resistance. M2-like TAMs in the tumor microenvironment secrete high levels of IL-10, and also induce drug resistance through the IL-10/STAT3/Bcl-2 signaling pathway (38). TAMs reduce the tumor cell death induced by paclitaxel, etoposide and doxorubicin through the high expression of cathepsin (including cathepsin B and cathepsin S) (66). Overexpression of insulin-like growth factors 1 and 2 (IGFs) in TAMs activates insulin/IGF1R signaling pathway in TNBC cells. Experimental results have suggested that insulin/IGF1 receptor activation and/or interstitial expression of IGF may be one of the principal reasons leading to paclitaxel resistance (67). Additionally, secretion factors of TAMs inhibit paclitaxel-induced mitotic arrest, DNA damage signals and cell death, leading to the occurrence of paclitaxel resistance (68).

Furthermore, a study on long non-coding RNAs (LncRNAs) reported that LINC00337 accelerated the malignant phenotype of BCCs and promoted chemoresistance to paclitaxel through M2-like macrophages (98).



2.2.3 Carboplatin

Carboplatin resistance in BC treatment has also been shown to be related to M2 macrophages. The study verified a hypothesis that macrophages (MΦs) in the bone marrow stroma contribute to BCC dormancy. The dormant BCCs could behave like cancer stem cells (CSC). M2 type macrophages and CSCs form intercellular gap junction communication GJIC), causing carboplatin resistance of BCCs (69).



2.2.4 Others

BCCs secrete CSF-1 to promote the recruitment of TAMs, which is also considered to be a cause of chemotherapy resistance. It was found that the use of a murinized, polyethylene glycol–linked antigen-binding fragment (Fab) against mouse (host) CSF-1 (anti-CSF-1Fab) in combination with the chemotherapy drugs cyclophosphamide, methotrexate and 5-fluorouracil reverse the chemotherapy resistance. The combination therapy reduces macrophage recruitment and downregulates the expression of chemoresistant genes and multi-drug resistance genes (70).

Cystathionine β-synthase (CBS) is an enzyme in the transsulfuration pathway. Overexpressed CBS in BCCs protected them from activated TAMs. CBS may significantly upregulate chemotherapeutic drugs resistance (99).

Thus far, substantial research efforts have revealed a closely correlation between TAMs and chemotherapy resistance. The development of BC chemotherapy resistance is connected with the polarization of TAMs, the generation of cytokines, the overexpression of drug resistance associated proteins, the activation of related signaling pathways and the recruitment of TAMs. These studies provide new targets and strategies for solving the chemotherapy resistance phenomenon in the clinical treatment of BC.




2.3 Targeted Therapy

The therapeutic targets of breast cancer-targeted drugs currently approved by the Food and Drug Administration (FDA) are CDK4/6, mTOR, PARP, PIK3CA, TROP-2, PD-L1, HER2, and EGFR. However, there are only a few studies about the effect of TAMs on the resistance of these targeted drugs. This article will discuss the drugs and targets that have been reported like Olaparib, Lapatinib, Trastuzumab, Bevacizumab, and some novel targeted agents. Figure 4 illustrates the relevant mechanism.




Figure 4 | Major mechanisms of targeted therapy resistance in BC in connection with TAMs.




2.3.1 Olaparib

PARP inhibitor Olaparib is a targeted drug for TNBC which governs the state, phenotype, function, and metabolism of TAMs. On the one hand, the recruitment of TAMs is increased, on the other hand, the PD-L1 and CSF1R are overexpressed. Moreover, Olaparib-treated TAMs functionally limit the proliferation and anti-tumor function of T cells. In summary, the data in the article published by Anita et al. indicated that through glucose and lipid metabolic rearrangement of TAMs driven by the sterol regulatory element-binding protein 1 (SREBF1, SREBP1) pathway after being treated with PARP inhibitors may limit the efficacy of PARP inhibitors and lead to the development of drug resistance (72).



2.3.2 Lapatinib

Lapatinib is a small molecule tyrosine kinase inhibitor (TKI) of HER2 and VEGF. An article showed that the TAMs secrete IL-8 to activate Src/STAT3/ERK1/2-mediated EGFR signaling in BCCs and it participates in the resistance of HER2-positive BC to lapatinib (73).



2.3.3 Trastuzumab

Trastuzumab, a humanized mAb utilized for HER2-overexpressing BC therapy. Bioinformatics analysis has revealed that TAMs as putative drivers of therapeutic resistance (100). Action modes of Trastuzumab include a) inhibition of HER2 mediated cell signaling (101), b) NK cell, T cell, mediated cytotoxicity (ADCC) and macrophage mediated phagocytosis (ADCP) (102, 103). However, TAMs undergoing ADCP after neoadjuvant treatment with trastuzumab have immunosuppressive phenotype and significantly upregulate B7-H4 in TAMs of HER2+ BC patients which cause the immune escape of BCCs. These effects on TAMs indicate that patients have a poor response after treatment with trastuzumab (74).



2.3.4 Bevacizumab

Bevacizumab is a recombinant humanized monoclonal antibody that can bind VEGF to block the proliferation of endothelial cells and the formation of new blood vessels. Bevacizumab is always used in conjunction with chemotherapy drugs for recurrent or metastatic BC. TAMs are polarized into M2b type through Fc-γ receptor and TLR4 signaling pathway. The M2b type TAMs promote resistance to bevacizumab treatment by generating TNFα and activating the immunosuppressive factor IDO1 (75).

Similarly, a study published in 2014 also proved that hypoxia-induced BCCs secret Eotaxin and Oncostatin M, promoting the recruitment and polarization of macrophages into the M2 subtype. The polarization of TAMs into the M2 phenotype is an important reason for promoting breast tumor angiogenesis and leading to Bevacizumab resistance (76).



2.3.5 Vascular Disrupting Agents (VDAs)

Poly (l-glutamic acid)-combretastatin A4 conjugate (PLG-CA4), a new type of Vascular disrupting agent (VDA). PLG-CA4 induces TAMs to polarize toward the M2-like phenotype, which induce the host’s immunosuppressive response, produce therapeutic resistance, and promote tumor growth (104).

In another study on VDA about combretastatin A4 phosphate (CA4P) found that CA4P-induced vascular stenosis, hypoxia, and hemorrhagic necrosis of mouse breast tumors were accompanied by the high level of chemokine CXCL12. Meanwhile, the number of proangiogenic TIE2-expressing macrophages (TEMs) is increased. Thus, the efficacy of CA4P was reduced and the tumor progression was accelerated (77).



2.3.6 Hedgehog Inhibitor -Cyclopamine

M2-like TAMs were demonstrated to attenuate the efficacy of the Hedgehog (Hh) pathway inhibitor cyclopamine in BCCs. IL-6 derived from M2 macrophages mediates the resistance of BCCs to the hedgehog inhibitor Cyclopamine (78).



2.3.7 JAK/STAT Inhibitor- Ruxolitinib

Previous studies have shown that signal transducer and activator of transcription (STAT) are important regulators of macrophage polarization (105). A study on targeted therapy resistance in TNBC uncovered that tumor-derived factors induced the activation of the JAK/STAT3 pathway in macrophages, leading to the BC resistance to JAK/STAT inhibitor ruxolitinib (79).



2.3.8 BET Inhibitor (JQ1)

Previous studies have shown that BET protein controls cell growth, senescence, apoptosis, and differentiation (106, 107). BET protein also promotes tumor development by inducing the expression of some oncogenes such as C-MYC and FOXM1 (107). A study on the BET inhibitor indicated that TNBC-stimulated TAMs make TNBC cells resistant to BETi through the IL-6 or IL-10/STAT3/IKBKE/NF-κB axis (80).



2.3.9 PI3K Inhibitor- GDC-0941

The drug resistance mechanism of GDC0941, an inhibitor against the target PIK3, was revealed in the study of Muhammad et al. In vivo ;experiments demonstrated that GDC-0941 inhibition of PI3K increased the infiltration of TAMs. The expression of macrophage-related cytokines and chemokines were induced at the same time. Also, by using the co-culture system in vitro, it was found that the presence of TAMs activated NF-κB signaling in BCCs, which made tumor cells resistant to PI3K inhibitors (81).



2.3.10 Sorafenib

Sorafenib treatment cannot inhibit 4T1 tumor growth. However, the accumulation of TAMs and infiltration of M2-type TAMs was increased in 4T1 tumors after sorafenib treatment. Targeting TAMs inhibited the growth of 4T1 tumors. So TAMs played a prominent role in sorafenib resistance (82).

In addition to the commonly used targeted drugs, there are many new targeted drugs in the research and development stage. Among them, research on drugs targeting TAMs is of great significance to address the emergence of targeted treatment resistance in BC.




2.4 Immunotherapy

Because the development of BC tumors is guided by the tumor microenvironment, immunotherapy is currently a hot spot in BC treatment research, especially for the treatment of refractory TNBC. Immunotherapy is a very promising and emerging strategy. At present, the most researched immunotherapies in clinical practice include chimeric antigen receptor (CAR) T-cell (CAR-T cell) immunotherapy, immunotherapy for NK cells, dendritic cells (DC), immune checkpoint inhibitors and so on (108). Although these immunotherapy programs have achieved good clinical therapeutic effects, the development of resistance is an inevitable problem. Studies have reported that TAMs were linked to immunotherapy resistance (109). In this section, the role of TAMs in the development of immunotherapy resistance is primarily discussed (Figure 5).




Figure 5 | Major mechanisms of immunotherapy resistance in BC in connection with TAMs. The immunotherapy resistance is also associated with T cell.




2.4.1 CTLA-4 Inhibitor

The receptor tyrosine kinase RON expressed in macrophages inhibits the anti-tumor immune response. After RON was activated by its ligand MSP, the expression of PD-L1 was elevated in TAMs, and the MSP-RON signaling also up-regulates the binding of CD80 and CTLA-4 to inhibit T cell activation, reducing the effectiveness of immune checkpoint inhibitors in the treatment of BC (83).



2.4.2 Agonistic Anti-CD40

Agonistic anti-CD40 treatment is a cancer immunotherapy that engagement of CD40 and agonistic antibodies. Agonistic anti-CD40 treatment gave rise to T cell activation. In parallel, T cell- and IFNγ-dependent upregulation of PD-L1 on TAMs. And this hinders the T cell response induced by anti-CD40, leading to BCCs immunotherapy resistance (84).



2.4.3 Anti-PD-1 Treatment

BC tumors with high expression of TYRO3 inhibit tumor ferroptosis and support an immunosuppressive microenvironment by reducing the ratio of M1/M2 TAMs, thus promoting anti–PD-1 therapy resistance (85).



2.4.4 Other

Commonly used immune checkpoint inhibitors in BC treatment include PD-1, PD-L1, and CTLA-4 inhibitors. Usually, the use of immune checkpoint inhibitors inhibits the development of BC well. However, due to the overexpression of the macrophage-suppressed CD47 signaling, and the presence of the CD47 receptor-inhibiting immune receptor signal regulator protein SIRPα on macrophages, the CD47-SIRPα pathway transmits “don’t eat me” to TAMs. The signaling helps tumor cells escape the elimination of the natural immune system (86).

Since immunotherapy is an emerging BC treatment strategy in recent years, many of the treatment options and drugs are still in the preclinical testing stage. In many other cancer immunotherapy-related studies, it has been shown that the resistance of immunotherapy and the improvement of therapeutic effects were significantly related to the interaction between TAMs and T cells, and the expression of PD-1/PD-L1 (110–112), but the related research of BC is still limited, thus the research on the immunotherapy resistance needs more exploration. Research on overcoming immunotherapy resistance by targeting TAMs has important clinical implications, and will greatly improve the efficacy of immunotherapy in BC.

In light of the above, the development of TAM-induced resistance to BC therapy can be broadly summarized as follows: 1. High expression of drug resistance-associated protein in TAM. 2. Activation of drug resistance-associated signaling pathways in BCC by TAM paracrine cytokines. 3. TAM exposure to cytokine stimulation from other cells in the tumor microenvironment, such as tumor cells, T cells and so on, which causes activation of relevant signaling pathways in TAM. Interestingly, these cells always interact with each other through a feedback loop but not act unilaterally, further increasing the drug resistance of BCCs.





3 How to Overcome Treatment Resistance in Breast Cancer by Targeting TAMs?

Because of the impact of TAMs on BC treatment resistance, various methods have been proposed to reduce or eliminate the resistance. As shown in Table 2, an abundance of studies has demonstrated that inhibiting the recruitment of TAMs, depleting the number of TAMs, regulating the polarization of TAMs and enhancing the phagocytosis of TAMs could be adopted as effective strategies to reverse drug resistance in BC treatment.


Table 2 | Targeted TAMs to overcome therapeutic resistance strategies.




3.1 Inhibit the Recruitment of TAMs

As mentioned above, VDAs such as PLG-CA4 and CAP4 were capable of causing resistance to BC treatment. But it has been turned out the resistance can be reversed by reducing the recruitment of TAMs. For example, TG100-115, the PI3Kγ selective inhibitor, functions by reducing the recruitment of TAMs thereby significantly preventing tumor development and prolonging survival (104). As for CA4P, pharmacological interference with the CXCL12/CXCR4 axis can inhibit the recruitment of TAMs in CA4P-treated tumors, and dramatically improved the efficacy of CA4P treatment (77). Therefore, the combination of VDAs with drugs that inhibit the recruitment of TAMs will further improve the efficacy.

It is well known that CCL2 identified as cytokine intimately linked to tumor immunosuppressive microenvironment. Thus, the researchers designed a protein trap that binds with CCL2 with high affinity and specificity. Plasmid DNA encoding the CCL2 trap (pCCL2) is specifically delivered to the TIME by using targeted lipid-protamine-DNA (LPD) nanoparticles. The pCCL2 trap treatment successfully reduced the numbers of immunosuppressed M2-like TAMs. Hence, the pCCL2 treatment facilitated the checkpoint blockade therapy (113).

Human cathepsin D (cath-D) is produced by human epithelial BCCs, and high cath-D levels are associated with poor prognosis in human BC. In vivo study has revealed that anti-cath-D antibody-based treatment prevented the recruitment of TAMs which may be the important reason for limiting tumor growth (114).



3.2 Depletion the Number of TAMs

Depletion the number of the TAMs has also proved to be an important strategy to reverse BC treatment resistance. Inhibitors targeting the MAPK pathway have been shown to promote acute depletion of major histocompatibility complex class II low-molecular-weight (MHCIIlo) TAMs, increase paclitaxel-induced DNA damage and apoptosis in BCCs, so as to obtain a better curative effect (68).

As previously described sorafenib resistance has a relationship with M2-type TAMs. Researchers synthesized a TAM-targeted probe (IRD-aCD206) by conjugating a monoclonal anti-CD206 antibody with a near-infrared phthalocyanine dye to decrease the number of M2-type TAMs in breast tumors with the sorafenib resistance. IRD-aCD206 PIT inhibited the growth of 4T1 tumors and prevented metastasis to the lungs (82).



3.3 Regulate the Polarization of TAMs

In recent years, nanocomposites and photoimmunotherapy have become a hotspot in BC treatment. They can transform M2 type TAMs into M1 type TAMs, which may help reverse the “cold” tumor immune niche transition to “hot” tumor immune niche and resume immunotherapy based on immune checkpoint blockade (ICB) (126), thereby enhancing the effect of immunotherapy and reversing tumor resistance. The Stimulator of IFN genes (STING) is an exciting target for therapeutic adjuvants in the treatment of TNBC. A study in an agonist of STING receptors ‘cGAMP’ showed that nanoparticle-incorporated cGAMP (cGAMP-NP) stimulates STING more effectively by guiding TAMs to reprogram from M2-like phenotype to M1-like phenotype and enhancing anti-tumor immunity. Most importantly, these data has indicated that the system composed of cGAMP-NP regulated the TIME sufficiently and controlled PD-L1–insensitive TNBC (115). Additionally, the MCT-1/miR-34a/IL-6/IL-6R signal axis promotes TNBC Epithelial-mesenchymal transition (EMT) progression, tumor stem cell differentiation and M2 polarization. Conversely, MCT-1 antagonists inhibit the expression of IL-6R, TAMs are polarized toward M1, and induce the expression of the tumor suppressor gene miR-34a, thereby prevent the PD-1/PD-L1 interaction that increases anti-tumor activity and improving the efficacy of TNBC therapy (116).

Converting TAMs from M2 type to M1 type can not only enhance the efficacy of immunotherapy, but also have a positive impact on targeted therapy and chemotherapy resistance. PARP inhibitor treatment activates the CSF-1/CSF1R axis between TNBC cells and TAMs, thereby promoting immunosuppressive TIME. Reciprocally, blocking CSF1/CSF1R axis decreases the ratio of M2-like TAMs, and overcomes the resistance of PARP inhibitors (72). In 2021, a study on TNBC photoimmunotherapy (PIT) showed that PIT using near-infrared-exposed Cetuximab-targeted gold nanorods (CTX-AuNR) is a promising treatment strategy for treating EGFR-overexpressing TNBC cells, reversing tumor resistance, and regulating TIME (65). A study by Meng Xu et al. also proved that intratumoral injection of IL-21 enhanced tumor-specific CD8+ T cell anti-tumor response by transforming tumor-associated macrophages from M2 phenotype to M1 phenotype, thereby overcoming anti-Her2 resistance (117). EED-IFNγ, a scFv protein containing an engineered effector domain (EED). Treatment with EED-IFNγ increased the proportion of M1-type TAMs in breast tumors, and it is effective on tumors that are resistant to anti-HER2/neu antibody therapy (118). Among targeted therapies, the most interestingly, Z-GP-DA VLBH reverses multidrug resistance in BC, unlike other VDAs. It acts through GM-CSF to induce repolarization of TAMs to the M1phenotype (119).

Studies have shown that M2a-type TAMs activated by Toll-like receptor 4 (TLR4) were converted to M1 phenotype. M1 phenotype TAMs reverse BCCs dormancy through activating NF-кB. It sensitizes BCCs to carboplatin and improves the survival rate (69). Moreover, scientists designed a furin-responsive aggregated drug delivery system AuNPs-D&H-R&C to overcome chemoresistance by reprogramming M2-like TAMs to anti-tumor M1 phenotype (127).

The proprotein convertase 1/3(PC1/3) expressed in TAMs regulated immune response as the Toll-like receptor. PC1/3-knockdown promotes TAMs toward M1 phenotype, and TAMs secreted factors attracted naïve T helper lymphocytes to promote the cytotoxic response and further decrease the resistance of BCCs (120).

However, studies on the use of adjuvant/sensitizers/combination therapy/plant-derived drugs to modulate the polarization of TAMs in BC to overcome treatment resistance are scarce, but intervention of TAMs polarization by pharmacotherapy to overcome resistance has been investigated in other tumors. For example, in cisplatin-resistant lung cancer, dasatinib treatment reverses the polarization of TAMs to the M1 type, thereby improving the sensitivity of lung cancer to cisplatin (128). Likewise, triptolide (TPL) enhances the therapeutic effect drug-resistant ovarian cancer to chemotherapeutic agents by reversing the polarization of M2 macrophages (129). Similar findings have been issued in the studies on pancreatic ductal adenocarcinoma (PDAC) and head and neck squamous cell carcinoma (130, 131). These results allow us to hypothesize that using different types of drugs or combination therapy to target regulating polarization of TAMs in BC may reverse the drug resistance. And this may become a new research hotspot in the future to address the treatment resistance status of BC.



3.4 Enhance the Phagocytic Ability of TAMs

In the strategy of targeting TAMs to resist BC treatment resistance, improving the phagocytic function of TAMs is also a very effective solution. Bone marrow metastasis of BC is usually related to treatment resistance (132). Experiments have shown that in untreated, cetuximab-treated and cyclophosphamide treated (CTX-treated) mice, the bone marrow is full of tumor cells, while in CTX plus cetuximab-treated mice, most of the tumor cells in the bone marrow are cleared. These results indicated that CTX and anti-EGFR therapeutic drugs have a synergistic effect to eliminate BCCs in the bone marrow. CTX enhances the phagocytic function of macrophages and overcomes drug resistance by up-regulating activation of FcgRs (121).

Observation has proved that trastuzumab could lead to treatment resistance. And B7-H4, a key immune checkpoint molecule in TAMs, plays a major role in the resistance. Trastuzumab treatment increases the expression of B7-H4 in TAMs, and the anti-tumor function of NK cells and tumor-specific T cells was inhibited. While the B7-H4 is inhibited, the phagocytic function of TAMs is enhanced, so the therapeutic effect of trastuzumab on HER2+ BC is significantly enhanced (74).

Previous studies showed that miR‐708 as a potential tumor suppressor. Metformin attenuates the breast cancer stem cells (BCSCs) through miR‐708‐mediated suppression of CD47, and promotes phagocytosis of BCSCs by TAMs, increasing BCCs sensitivity to chemotherapeutic agents (122).



3.5 Synergistic Influence of Multiple Mechanisms

In fact, TAMs often undergo various alterations simultaneously to improve the sensitivity of BC treatment.

For example, blocking Eotaxin/Oncostatin M not only hinders the recruitment of TAMs but also prevents them from differentiating into tumor-friendly M2 macrophage subgroups, thereby enhancing the anti-angiogenic effect of Bevacizumab and minimizing the possibility of drug resistance due to the promotion of angiogenesis mediated by M2-like TAMs (76).

Compared with the early single immunotherapy, nanocomposite materials show stronger anti-tumor immunity in BC. A study has constructed a stimulus-responsive multifunctional nano-platform (ZIF-PQ-PDA-AUN) promoted T lymphocytes enter the tumor site, enhanced the phagocytic function of TAMs and significantly reversed the pro-tumor M2-like TAMs to anti-tumor M1-like TAMs (86).

Another study has found that naked or HA-coated PEiPLGA-MTX nanoparticles (NPs) used alone or in combination with PD-L1 antibody promoted the immune regulation of BC tumor microenvironment and significantly reduce primary tumors and metastasis. This study reported that M2 TAMs involved in NPs-mediated inhibition of the IL-10/STAT3/NF-κB signal axis, thereby mediate the regulation of the survival genes, the drug-resistant genes apoptosis-related genes and reducing drug resistance ultimately. In addition, the expression of immunosuppressive factor (IL-10, TGF-β, and PD-L1) is reduced, transforming TAMs from M2 type to M1 type, so the anti-tumor cytotoxic immune response is enhanced (133).

Similarly, in a study on CD47 blockade and Cowpea Mosaic Virus Nanoparticle (CPMV), the authors found that CD47 blockade combined with in situ CPMV vaccine in the 4T1 breast tumor model showed synergistic anti-tumor activity. The researchers observed that CPMV treatment increased the recruitment of CD86+ and major histocompatibility complex class II (MHCII) highly-expressed TAMs, thus significantly enhanced phagocytic capacity of TAMs, ultimately resulting in a powerful anti-tumor immune response (123).



3.6 Others

And researchers have developed an infusion-dialysis procedure for isolating tea nanoparticles (TNPs) that enhance the secretion of cytokines as well as the chemokines from TAMs. More importantly, the DOX-loaded TNPs markedly increased the DOX uptake in MCF-7/ADR multidrug resistant BCCs (124). So, this evidence indicated that the TNPs may exert an antitumor effect via modulating the function of TAMs immune.

AXL inhibitors reduce HIF-1α levels and alter the hypoxic response, leading to the production of key cytokines for TAMs. The observation suggests that inhibition of Axl generates a setting to increase immunotherapy. Accordingly, combining Axl inhibitors with anti–PD-1 in HER2+ BC reduces the primary tumor and metastatic burdens (125).

Overall, the development of nanomaterials, inhibiting key signaling axes, and using of antibodies to related proteins could modulate the function of TAMs as well as alter the number of TAMs. Targeting TAMs has become an important strategy to solve the resistance of BC treatments.




4 Conclusion and Perspectives

In summary, TAMs, as an indispensable part of the tumor microenvironment of BC, have an important impact on the occurrence of BC treatment resistance. TAMs promote the development of BC treatment resistance not only based on the unilateral effect of TAM on BCCs but through a feedback loop interaction between TAMs and BCCs in many cases. In addition to the conventional pharmacological approaches mentioned earlier, TAMs have also been found to play an important role in resistance to some new approaches of treating BC (134). Therefore, targeting TAMs to overcome resistance to BC treatments and enhance the efficacy of drug therapy has become a promising strategy. Regulation of TAMs polarization may be the most promising therapeutic modality compared to the reduction of TAMs recruitment as well as depletion of the number of TAMs. Through the regulation of TAMs polarization, the function of TAMs and the distribution of relevant cytokines in the tumor microenvironment can be affected, thus regulating BC treatment resistance. It is also worth mentioning that the interconnection of the biophysical tumor microenvironment can also influence tumor progression by regulating the polarization of TAMs. BCCs are able to acidify the extracellular environment, and the higher the degree of malignancy, the stronger the ability to acidify the tumor microenvironment (135). Tumor acidosis induces polarization of TAMs to the M2 type in a variety of cancers, including BC (136–138). In addition, proton pump inhibitors can reverse H (+) ion homeostasis in the tumor microenvironment and induce tumor cell death (139). Some in vivo and in vitro experiments have shown proton pump inhibitors enhance the anti-tumor effect of TAM, but their exact role in BC needs to be further studied (139–141). Therefore, reducing the occurrence of resistance in BC by focusing on the alteration of the biophysical tumor microenvironment to regulate the polarization of TAMs may also be a promising therapeutic strategy in the future. At present, scientists have built new platforms and biophysical models that are different from traditional models of tumor microenvironment. For instance, Xuefei Li et al. investigated the crosstalk between cancer cells and macrophages in the tumor microenvironment based on silicon (Computational) co-culture model. The interaction between TAM polarization and epithelial-mesenchymal epithelial of cancer cells was studied (142). In addition, an in silico model have been developed to study the effect of TAM on tumor cell migration (143). Through these new models, we can more accurately study the influence of various components in TIME on tumor therapy, which is also conducive to the study of targeting TAM to overcome drug resistance in BCC treatment (144–146). So, the knowledge of BC immunotherapy needs further investigation in the future. In addition, TAMs can interact with other immune cells in the tumor microenvironment, such as T cells, DC cells, NK cells, to play breast tumors in the development, metastasis, and treatment resistance significant influence. Therefore, exploring various immune cells and their crosstalk in the immune microenvironment may also play a critical role in the development of drug therapy for refractory BC. In conclusion, we speculate that the combination of targeted TAM with existing BC treatments will be an important strategy to overcome BC drug resistance.



Author Contributions

MX and JH conceived and drafted the manuscript. LY discussed the concepts of the manuscript. XC helped drew the figures. YS and XZ approved the version to be submitted.



Funding

This work was supported by the Project of National Natural Science Foundation of China (81972487, 81502276), Project of Natural Science Foundation of Hunan Province (2021JJ20039, 2020JJ4551), Project of Health Commission of Hunan Province (20201926, 202104070680).



Acknowledgments

We would like to thank all the authors who participated in this review.



References

1. Torre, LA, Islami, F, Siegel, RL, Ward, EM, and Jemal, A. Global Cancer in Women: Burden and Trends. Cancer epidemiol Biomarkers Prev Publ Am Assoc Cancer Research Cosponsored by Am Soc Prev Oncol (2017) 26(4):444–57. doi: 10.1158/1055-9965.Epi-16-0858

2. Shams, A, Binothman, N, Boudreault, J, Wang, N, Shams, F, Hamam, D, et al. Prolactin Receptor-Driven Combined Luminal and Epithelial Differentiation in Breast Cancer Restricts Plasticity, Stemness, Tumorigenesis and Metastasis. Oncogenesis (2021) 10(1):10. doi: 10.1038/s41389-020-00297-5

3. Ginsburg, O, Bray, F, Coleman, MP, Vanderpuye, V, Eniu, A, Kotha, SR, et al. The Global Burden of Women's Cancers: A Grand Challenge in Global Health. Lancet (2017) 389(10071):847–60. doi: 10.1016/s0140-6736(16)31392-7

4. Santos, C, Sanz-Pamplona, R, Nadal, E, Grasselli, J, Pernas, S, Dienstmann, R, et al. Intrinsic Cancer Subtypes–Next Steps Into Personalized Medicine. Cell Oncol (Dordr) (2015) 38(1):3–16. doi: 10.1007/s13402-014-0203-7

5. Dent, R, Trudeau, M, Pritchard, KI, Hanna, WM, Kahn, HK, Sawka, CA, et al. Triple-Negative Breast Cancer: Clinical Features and Patterns of Recurrence. Clin Cancer Res (2007) 13(15 Pt 1):4429–34. doi: 10.1158/1078-0432.CCR-06-3045.Citedin:Pubmed

6. Warner, ET, Tamimi, RM, Hughes, ME, Ottesen, RA, Wong, YN, Edge, SB, et al. Racial and Ethnic Differences in Breast Cancer Survival: Mediating Effect of Tumor Characteristics and Sociodemographic and Treatment Factors. J Clin Oncol (2015) 33(20):2254–61. doi: 10.1200/jco.2014.57.1349

7. Valko-Rokytovská, M, Očenáš, P, Salayová, A, and Kostecká, Z. Breast Cancer: Targeting of Steroid Hormones in Cancerogenesis and Diagnostics. Int J Mol Sci (2021) 22(11):5878. doi: 10.3390/ijms22115878

8. Wang, S, Wang, Y, Yu, C, Cao, Y, Yu, Y, Pan, Y, et al. Characterization of the Relationship Between FLI1 and Immune Infiltrate Level in Tumour Immune Microenvironment for Breast Cancer. J Cell Mol Med (2020) 24(10):5501–14. doi: 10.1111/jcmm.15205

9. Tieng, FYF, Latifah, SY, Md Hashim, NF, Khaza'ai, H, Ahmat, N, Gopalsamy, B, et al. Ampelopsin E Reduces the Invasiveness of the Triple Negative Breast Cancer Cell Line, MDA-MB-231. Molecules (Basel Switzerland) (2019) 24(14):2619. doi: 10.3390/molecules24142619

10. Borg, A, Baldetorp, B, Fernö, M, Killander, D, Olsson, H, Rydén, S, et al. ERBB2 Amplification is Associated With Tamoxifen Resistance in Steroid-Receptor Positive Breast Cancer. Cancer Lett (1994) 81(2):137–44. doi: 10.1016/0304-3835(94)90194-5

11. Newby, JC, Johnston, SR, Smith, IE, and Dowsett, M. Expression of Epidermal Growth Factor Receptor and C-Erbb2 During the Development of Tamoxifen Resistance in Human Breast Cancer. Clin Cancer Res (1997) 3(9):1643–51.

12. Flaherty, KT, Robert, C, Hersey, P, Nathan, P, Garbe, C, Milhem, M, et al. Improved Survival With MEK Inhibition in BRAF-Mutated Melanoma. N Engl J Med (2012) 367(2):107–14. doi: 10.1056/NEJMoa1203421

13. Sullivan, RJ, Infante, JR, Janku, F, Wong, DJL, Sosman, JA, Keedy, V, et al. First-In-Class ERK1/2 Inhibitor Ulixertinib (BVD-523) in Patients With MAPK Mutant Advanced Solid Tumors: Results of a Phase I Dose-Escalation and Expansion Study. Cancer Discov (2018) 8(2):184–95. doi: 10.1158/2159-8290.Cd-17-1119

14. Koboldt, DC, Fulton, RS, McLellan, MD, Schmidt, H, Kalicki-Veizer, J, McMichael, JF, et alComprehensive Molecular Portraits of Human Breast Tumours. Nature (2012) 490(7418):61–70. doi: 10.1038/nature11412

15. Miller, TW, Hennessy, BT, González-Angulo, AM, Fox, EM, Mills, GB, Chen, H, et al. Hyperactivation of Phosphatidylinositol-3 Kinase Promotes Escape From Hormone Dependence in Estrogen Receptor-Positive Human Breast Cancer. J Clin Invest (2010) 120(7):2406–13. doi: 10.1172/jci41680

16. Razavi, P, Chang, MT, Xu, G, Bandlamudi, C, Ross, DS, Vasan, N, et al. The Genomic Landscape of Endocrine-Resistant Advanced Breast Cancers. Cancer Cell (2018) 34(3):427–438.e6. doi: 10.1016/j.ccell.2018.08.008

17. Rodriguez, D, Ramkairsingh, M, Lin, X, Kapoor, A, Major, P, and Tang, D. The Central Contributions of Breast Cancer Stem Cells in Developing Resistance to Endocrine Therapy in Estrogen Receptor (ER)-Positive Breast Cancer. Cancers (Basel) (2019) 11(7):1028. doi: 10.3390/cancers11071028.Citedin:Pubmed

18. Takebe, N, Harris, PJ, Warren, RQ, and Ivy, SP. Targeting Cancer Stem Cells by Inhibiting Wnt, Notch, and Hedgehog Pathways. Nat Rev Clin Oncol (2011) 8(2):97–106. doi: 10.1038/nrclinonc.2010.196

19. Dean, M. ABC Transporters, Drug Resistance, and Cancer Stem Cells. J Mammary Gland Biol Neoplasia (2009) 14(1):3–9. doi: 10.1007/s10911-009-9109-9

20. Mathieu, J, Zhang, Z, Zhou, W, Wang, AJ, Heddleston, JM, Pinna, CM, et al. HIF Induces Human Embryonic Stem Cell Markers in Cancer Cells. Cancer Res (2011) 71(13):4640–52. doi: 10.1158/0008-5472.Can-10-3320

21. Zhou, J, Zhang, H, Gu, P, Bai, J, Margolick, JB, and Zhang, Y. NF-kappaB Pathway Inhibitors Preferentially Inhibit Breast Cancer Stem-Like Cells. Breast Cancer Res Treat (2008) 111(3):419–27. doi: 10.1007/s10549-007-9798-y

22. Lenz, G, Hamilton, A, Geng, S, Hong, T, Kalkum, M, Momand, J, et al. T-Darpp Activates IGF-1r Signaling to Regulate Glucose Metabolism in Trastuzumab-Resistant Breast Cancer Cells. Clin Cancer Res (2018) 24(5):1216–26. doi: 10.1158/1078-0432.Ccr-17-0824

23. Ren, JG, Seth, P, Ye, H, Guo, K, Hanai, JI, Husain, Z, et al. Citrate Suppresses Tumor Growth in Multiple Models Through Inhibition of Glycolysis, the Tricarboxylic Acid Cycle and the IGF-1r Pathway. Sci Rep (2017) 7(1):4537. doi: 10.1038/s41598-017-04626-4

24. Gyamfi, J, Lee, YH, Eom, M, and Choi, J. Interleukin-6/STAT3 Signalling Regulates Adipocyte Induced Epithelial-Mesenchymal Transition in Breast Cancer Cells. Sci Rep (2018) 8(1):8859. doi: 10.1038/s41598-018-27184-9

25. Lei, JT, Shao, J, Zhang, J, Iglesia, M, Chan, DW, Cao, J, et al. Functional Annotation of ESR1 Gene Fusions in Estrogen Receptor-Positive Breast Cancer. Cell Rep (2018) 24(6):1434–44. doi: 10.1016/j.celrep.2018.07.009

26. Faronato, M, Nguyen, VT, Patten, DK, Lombardo, Y, Steel, JH, Patel, N, et al. DMXL2 Drives Epithelial to Mesenchymal Transition in Hormonal Therapy Resistant Breast Cancer Through Notch Hyper-Activation. Oncotarget (2015) 6(26):22467–79. doi: 10.18632/oncotarget.4164

27. Qian, BZ, and Pollard, JW. Macrophage Diversity Enhances Tumor Progression and Metastasis. Cell (2010) 141(1):39–51. doi: 10.1016/j.cell.2010.03.014

28. Horvath, L, Thienpont, B, Zhao, L, Wolf, D, and Pircher, A. Overcoming Immunotherapy Resistance in non-Small Cell Lung Cancer (NSCLC) - Novel Approaches and Future Outlook. Mol Cancer (2020) 19(1):141. doi: 10.1186/s12943-020-01260-z

29. Xian, G, Zhao, J, Qin, C, Zhang, Z, Lin, Y, and Su, Z. Simvastatin Attenuates Macrophage-Mediated Gemcitabine Resistance of Pancreatic Ductal Adenocarcinoma by Regulating the TGF-β1/Gfi-1 Axis. Cancer Lett (2017) 385:65–74. doi: 10.1016/j.canlet.2016.11.006

30. Hill, BS, Sarnella, A, D'Avino, G, and Zannetti, A. Recruitment of Stromal Cells Into Tumour Microenvironment Promote the Metastatic Spread of Breast Cancer. Semin Cancer Biol (2020) 60:202–13. doi: 10.1016/j.semcancer.2019.07.028

31. Tie, Y, Zheng, H, He, Z, Yang, J, Shao, B, Liu, L, et al. Targeting Folate Receptor β Positive Tumor-Associated Macrophages in Lung Cancer With a Folate-Modified Liposomal Complex. Signal Transduct Target Ther (2020) 5(1):6. doi: 10.1038/s41392-020-0115-0

32. Sedighzadeh, SS, Khoshbin, AP, Razi, S, Keshavarz-Fathi, M, and Rezaei, N. A Narrative Review of Tumor-Associated Macrophages in Lung Cancer: Regulation of Macrophage Polarization and Therapeutic Implications. Trans Lung Cancer Res (2021) 10(4):1889–916. doi: 10.21037/tlcr-20-1241

33. Stout, RD, Jiang, C, Matta, B, Tietzel, I, Watkins, SK, and Suttles, J. Macrophages Sequentially Change Their Functional Phenotype in Response to Changes in Microenvironmental Influences. J Immunol (2005) 175(1):342–9. doi: 10.4049/jimmunol.175.1.342

34. Biswas, SK, and Mantovani, A. Macrophage Plasticity and Interaction With Lymphocyte Subsets: Cancer as a Paradigm. Nat Immunol (2010) 11(10):889–96. doi: 10.1038/ni.1937

35. Xuan, QJ, Wang, JX, Nanding, A, Wang, ZP, Liu, H, Lian, X, et al. Tumor-Associated Macrophages are Correlated With Tamoxifen Resistance in the Postmenopausal Breast Cancer Patients. Pathol Oncol Res (2014) 20(3):619–24. doi: 10.1007/s12253-013-9740-z

36. Weizman, N, Krelin, Y, Shabtay-Orbach, A, Amit, M, Binenbaum, Y, Wong, RJ, et al. Macrophages Mediate Gemcitabine Resistance of Pancreatic Adenocarcinoma by Upregulating Cytidine Deaminase. Oncogene (2014) 33(29):3812–9. doi: 10.1038/onc.2013.357

37. Amit, M, and Gil, Z. Macrophages Increase the Resistance of Pancreatic Adenocarcinoma Cells to Gemcitabine by Upregulating Cytidine Deaminase. Oncoimmunol (2013) 2(12):e27231. doi: 10.4161/onci.27231

38. Yang, C, He, L, He, P, Liu, Y, Wang, W, He, Y, et al. Increased Drug Resistance in Breast Cancer by Tumor-Associated Macrophages Through IL-10/STAT3/bcl-2 Signaling Pathway. Med Oncol (2015) 32(2):352. doi: 10.1007/s12032-014-0352-6

39. Zheng, Y, Yang, J, Qian, J, Qiu, P, Hanabuchi, S, Lu, Y, et al. PSGL-1/Selectin and ICAM-1/CD18 Interactions are Involved in Macrophage-Induced Drug Resistance in Myeloma. Leukemia (2013) 27(3):702–10. doi: 10.1038/leu.2012.272

40. Noy, R, and Pollard, JW. Tumor-Associated Macrophages: From Mechanisms to Therapy. Immun (2014) 41(1):49–61. doi: 10.1016/j.immuni.2014.06.010

41. Poh, AR, and Ernst, M. Targeting Macrophages in Cancer: From Bench to Bedside. Front Oncol (2018) 8:49. doi: 10.3389/fonc.2018.00049

42. Zhang, C, Yu, X, Gao, L, Zhao, Y, Lai, J, Lu, D, et al. Noninvasive Imaging of CD206-Positive M2 Macrophages as an Early Biomarker for Post-Chemotherapy Tumor Relapse and Lymph Node Metastasis. Theranostics (2017) 7(17):4276–88. doi: 10.7150/thno.20999

43. Paulson, JC. Innate Immune Response Triggers Lupus-Like Autoimmune Disease. Cell (2007) 130(4):589–91. doi: 10.1016/j.cell.2007.08.009

44. Chanmee, T, Ontong, P, Konno, K, and Itano, N. Tumor-Associated Macrophages as Major Players in the Tumor Microenvironment. Cancers (Basel) (2014) 6(3):1670–90. doi: 10.3390/cancers6031670

45. Zhu, L, Yang, T, Li, L, Sun, L, Hou, Y, Hu, X, et al. TSC1 Controls Macrophage Polarization to Prevent Inflammatory Disease. Nat Commun (2014) 5:4696. doi: 10.1038/ncomms5696

46. Wu, A, Wei, J, Kong, LY, Wang, Y, Priebe, W, Qiao, W, et al. Glioma Cancer Stem Cells Induce Immunosuppressive Macrophages/Microglia. Neuro-Oncol (2010) 12(11):1113–25. doi: 10.1093/neuonc/noq082

47. Komohara, Y, Ohnishi, K, Kuratsu, J, and Takeya, M. Possible Involvement of the M2 Anti-Inflammatory Macrophage Phenotype in Growth of Human Gliomas. J Pathol (2008) 216(1):15–24. doi: 10.1002/path.2370

48. Li, W, Zhang, X, Wu, F, Zhou, Y, Bao, Z, Li, H, et al. Gastric Cancer-Derived Mesenchymal Stromal Cells Trigger M2 Macrophage Polarization That Promotes Metastasis and EMT in Gastric Cancer. Cell Death Disease (2019) 10(12):918. doi: 10.1038/s41419-019-2131-y

49. Huang, H, Liu, X, Zhao, F, Lu, J, Zhang, B, Peng, X, et al. M2-Polarized Tumour-Associated Macrophages in Stroma Correlate With Poor Prognosis and Epstein-Barr Viral Infection in Nasopharyngeal Carcinoma. Acta oto-laryngologica (2017) 137(8):888–94. doi: 10.1080/00016489.2017.1296585

50. Chen, CF, Ruiz-Vega, R, Vasudeva, P, Espitia, F, Krasieva, TB, de Feraudy, S, et al. ATR Mutations Promote the Growth of Melanoma Tumors by Modulating the Immune Microenvironment. Cell Rep (2017) 18(10):2331–42. doi: 10.1016/j.celrep.2017.02.040

51. Cruceriu, D, Baldasici, O, Balacescu, O, and Berindan-Neagoe, I. The Dual Role of Tumor Necrosis Factor-Alpha (TNF-α) in Breast Cancer: Molecular Insights and Therapeutic Approaches. Cell Oncol (Dordr) (2020) 43(1):1–18. doi: 10.1007/s13402-019-00489-1

52. Kes, MMG, Van den Bossche, J, Griffioen, AW, and Huijbers, EJM. Oncometabolites Lactate and Succinate Drive Pro-Angiogenic Macrophage Response in Tumors. Biochim Biophys Acta Rev cancer (2020) 1874(2):188427. doi: 10.1016/j.bbcan.2020.188427

53. Nowak, M, and Klink, M. The Role of Tumor-Associated Macrophages in the Progression and Chemoresistance of Ovarian Cancer. Cells (2020) 9(5):1299. doi: 10.3390/cells9051299.Citedin:Pubmed

54. Gomez, S, Tabernacki, T, Kobyra, J, Roberts, P, and Chiappinelli, KB. Combining Epigenetic and Immune Therapy to Overcome Cancer Resistance. Semin Cancer Biol (2020) 65:99–113. doi: 10.1016/j.semcancer.2019.12.019

55. Li, D, Ji, H, Niu, X, Yin, L, Wang, Y, Gu, Y, et al. Tumor-Associated Macrophages Secrete CC-Chemokine Ligand 2 and Induce Tamoxifen Resistance by Activating PI3K/Akt/mTOR in Breast Cancer. Cancer Sci (2020) 111(1):47–58. doi: 10.1111/cas.14230

56. Niu, X, Ma, J, Li, J, Gu, Y, Yin, L, Wang, Y, et al. Sodium/glucose Cotransporter 1-Dependent Metabolic Alterations Induce Tamoxifen Resistance in Breast Cancer by Promoting Macrophage M2 Polarization. Cell Death disease (2021) 12(6):509. doi: 10.1038/s41419-021-03781-x

57. Castellaro, AM, Rodriguez-Baili, MC, Di Tada, CE, and Gil, GA. Tumor-Associated Macrophages Induce Endocrine Therapy Resistance in ER+ Breast Cancer Cells. Cancers (Basel) (2019) 11(2):189. doi: 10.3390/cancers11020189

58. Subbaramaiah, K, Howe, LR, Bhardwaj, P, Du, B, Gravaghi, C, Yantiss, RK, et al. Obesity is Associated With Inflammation and Elevated Aromatase Expression in the Mouse Mammary Gland. Cancer Prev Res (Phila) (2011) 4(3):329–46. doi: 10.1158/1940-6207.Capr-10-0381

59. Liu, H, Wang, J, Zhang, M, Xuan, Q, Wang, Z, Lian, X, et al. Jagged1 Promotes Aromatase Inhibitor Resistance by Modulating Tumor-Associated Macrophage Differentiation in Breast Cancer Patients. Breast Cancer Res Treat (2017) 166(1):95–107. doi: 10.1007/s10549-017-4394-2

60. Gelsomino, L, Giordano, C, Camera, G, Sisci, D, Marsico, S, Campana, A, et al. Leptin Signaling Contributes to Aromatase Inhibitor Resistant Breast Cancer Cell Growth and Activation of Macrophages. Biomolecules (2020) 10(4):543. doi: 10.3390/biom10040543

61. Stossi, F, Madak-Erdoğan, Z, and Katzenellenbogen, BS. Macrophage-Elicited Loss of Estrogen Receptor-α in Breast Cancer Cells via Involvement of MAPK and C-Jun at the ESR1 Genomic Locus. Oncogene (2012) 31(14):1825–34. doi: 10.1038/onc.2011.370

62. Gunnarsdóttir, FB, Hagerling, C, Bergenfelz, C, Mehmeti, M, Källberg, E, Allaoui, R, et al. Inflammatory Macrophage Derived Tnfα Downregulates Estrogen Receptor α via FOXO3a Inactivation in Human Breast Cancer Cells. Exp Cell Res (2020) 390(1):111932. doi: 10.1016/j.yexcr.2020.111932

63. Dong, X, Sun, R, Wang, J, Yu, S, Cui, J, Guo, Z, et al. Glutathione S-Transferases P1-Mediated Interleukin-6 in Tumor-Associated Macrophages Augments Drug-Resistance in MCF-7 Breast Cancer. Biochem Pharmacol (2020) 182:114289. doi: 10.1016/j.bcp.2020.114289

64. Chen, WX, Wang, DD, Zhu, B, Zhu, YZ, Zheng, L, Feng, ZQ, et al. Exosomal miR-222 From Adriamycin-Resistant MCF-7 Breast Cancer Cells Promote Macrophages M2 Polarization via PTEN/Akt to Induce Tumor Progression. Aging (2021) 13(7):10415–30. doi: 10.18632/aging.202802

65. Emami, F, Pathak, S, Nguyen, TT, Shrestha, P, Maharjan, S, Kim, JO, et al. Photoimmunotherapy With Cetuximab-Conjugated Gold Nanorods Reduces Drug Resistance in Triple Negative Breast Cancer Spheroids With Enhanced Infiltration of Tumor-Associated Macrophages. J Controlled release Off J Controlled Release Society (2021) 329:645–64. doi: 10.1016/j.jconrel.2020.10.001

66. Shree, T, Olson, OC, Elie, BT, Kester, JC, Garfall, AL, Simpson, K, et al. Macrophages and Cathepsin Proteases Blunt Chemotherapeutic Response in Breast Cancer. Genes Dev (2011) 25(23):2465–79. doi: 10.1101/gad.180331.111

67. Ireland, L, Santos, A, Campbell, F, Figueiredo, C, Hammond, D, Ellies, LG, et al. Blockade of Insulin-Like Growth Factors Increases Efficacy of Paclitaxel in Metastatic Breast Cancer. Oncogene (2018) 37(15):2022–36. doi: 10.1038/s41388-017-0115-x

68. Olson, OC, Kim, H, Quail, DF, Foley, EA, and Joyce, JA. Tumor-Associated Macrophages Suppress the Cytotoxic Activity of Antimitotic Agents. Cell Rep (2017) 19(1):101–13. doi: 10.1016/j.celrep.2017.03.038

69. Walker, ND, Elias, M, Guiro, K, Bhatia, R, Greco, SJ, Bryan, M, et al. Exosomes From Differentially Activated Macrophages Influence Dormancy or Resurgence of Breast Cancer Cells Within Bone Marrow Stroma. Cell Death Disease (2019) 10(2):59. doi: 10.1038/s41419-019-1304-z

70. Paulus, P, Stanley, ER, Schäfer, R, Abraham, D, and Aharinejad, S. Colony-Stimulating Factor-1 Antibody Reverses Chemoresistance in Human MCF-7 Breast Cancer Xenografts. Cancer Res (2006) 66(8):4349–56. doi: 10.1158/0008-5472.Can-05-3523

71. Yang, J, Liao, D, Chen, C, Liu, Y, Chuang, TH, Xiang, R, et al. Tumor-Associated Macrophages Regulate Murine Breast Cancer Stem Cells Through a Novel Paracrine EGFR/Stat3/Sox-2 Signaling Pathway. Stem Cells (Dayton Ohio) (2013) 31(2):248–58. doi: 10.1002/stem.1281

72. Mehta, AK, Cheney, EM, Hartl, CA, Pantelidou, C, Oliwa, M, Castrillon, JA, et al. Targeting Immunosuppressive Macrophages Overcomes PARP Inhibitor Resistance in BRCA1-Associated Triple-Negative Breast Cancer. Nat Cancer (2021) 2(1):66–82. doi: 10.1038/s43018-020-00148-7

73. Ahmed, S, Mohamed, HT, El-Husseiny, N, El Mahdy, MM, Safwat, G, Diab, AA, et al. IL-8 Secreted by Tumor Associated Macrophages Contribute to Lapatinib Resistance in HER2-Positive Locally Advanced Breast Cancer via Activation of Src/STAT3/ERK1/2-Mediated EGFR Signaling. Biochim Biophys Acta Mol Cell Res (2021) 1868(6):118995. doi: 10.1016/j.bbamcr.2021.118995

74. Hu, X, Liu, Y, Zhang, X, Kong, D, Kong, J, Zhao, D, et al. The Anti-B7-H4 Checkpoint Synergizes Trastuzumab Treatment to Promote Phagocytosis and Eradicate Breast Cancer. Neoplasia (New York NY) (2020) 22(11):539–53. doi: 10.1016/j.neo.2020.08.007

75. Liu, Y, Ji, X, Kang, N, Zhou, J, Liang, X, Li, J, et al. Tumor Necrosis Factor α Inhibition Overcomes Immunosuppressive M2b Macrophage-Induced Bevacizumab Resistance in Triple-Negative Breast Cancer. Cell Death Dis (2020) 11(11):993. doi: 10.1038/s41419-020-03161-x

76. Tripathi, C, Tewari, BN, Kanchan, RK, Baghel, KS, Nautiyal, N, Shrivastava, R, et al. Macrophages are Recruited to Hypoxic Tumor Areas and Acquire a Pro-Angiogenic M2-Polarized Phenotype via Hypoxic Cancer Cell Derived Cytokines Oncostatin M and Eotaxin. Oncotarget (2014) 5(14):5350–68. doi: 10.18632/oncotarget.2110

77. Welford, AF, Biziato, D, Coffelt, SB, Nucera, S, Fisher, M, Pucci, F, et al. TIE2-Expressing Macrophages Limit the Therapeutic Efficacy of the Vascular-Disrupting Agent Combretastatin A4 Phosphate in Mice. J Clin Invest (2011) 121(5):1969–73. doi: 10.1172/jci44562

78. Xu, X, Ye, J, Huang, C, Yan, Y, and Li, J. M2 Macrophage-Derived IL6 Mediates Resistance of Breast Cancer Cells to Hedgehog Inhibition. Toxicol Appl Pharmacol (2019) 364:77–82. doi: 10.1016/j.taap.2018.12.013

79. Irey, EA, Lassiter, CM, Brady, NJ, Chuntova, P, Wang, Y, Knutson, TP, et al. JAK/STAT Inhibition in Macrophages Promotes Therapeutic Resistance by Inducing Expression of Protumorigenic Factors. Proc Natl Acad Sci USA (2019) 116(25):12442–51. doi: 10.1073/pnas.1816410116

80. Qiao, J, Chen, Y, Mi, Y, Jin, H, Wang, L, Huang, T, et al. Macrophages Confer Resistance to BET Inhibition in Triple-Negative Breast Cancer by Upregulating IKBKE. Biochem Pharmacol (2020) 180:114126. doi: 10.1016/j.bcp.2020.114126

81. Usman, MW, Gao, J, Zheng, T, Rui, C, Li, T, Bian, X, et al. Macrophages Confer Resistance to PI3K Inhibitor GDC-0941 in Breast Cancer Through the Activation of NF-κb Signaling. Cell Death Disease (2018) 9(8):809. doi: 10.1038/s41419-018-0849-6

82. Zhang, C, Gao, L, Cai, Y, Liu, H, Gao, D, Lai, J, et al. Inhibition of Tumor Growth and Metastasis by Photoimmunotherapy Targeting Tumor-Associated Macrophage in a Sorafenib-Resistant Tumor Model. Biomater (2016) 84:1–12. doi: 10.1016/j.biomaterials.2016.01.027

83. Ekiz, HA, Lai, SA, Gundlapalli, H, Haroun, F, Williams, MA, and Welm, AL. Inhibition of RON Kinase Potentiates Anti-CTLA-4 Immunotherapy to Shrink Breast Tumors and Prevent Metastatic Outgrowth. Oncoimmunology (2018) 7(9):e1480286. doi: 10.1080/2162402x.2018.1480286

84. Zippelius, A, Schreiner, J, Herzig, P, and Müller, P. Induced PD-L1 Expression Mediates Acquired Resistance to Agonistic Anti-CD40 Treatment. Cancer Immunol Res (2015) 3(3):236–44. doi: 10.1158/2326-6066.Cir-14-0226

85. Jiang, Z, Lim, SO, Yan, M, Hsu, JL, Yao, J, Wei, Y, et al. TYRO3 Induces Anti-PD-1/PD-L1 Therapy Resistance by Limiting Innate Immunity and Tumoral Ferroptosis. J Clin Invest (2021) 131(8):e139434. doi: 10.1172/jci139434

86. Zhao, W, Hu, X, Li, W, Li, R, Chen, J, Zhou, L, et al. M2-Like TAMs Function Reversal Contributes to Breast Cancer Eradication by Combination Dual Immune Checkpoint Blockade and Photothermal Therapy. Small (Weinheim an der Bergstrasse Germany) (2021) 18:e2007051. doi: 10.1002/smll.202007051

87. Xu, Y, Chen, M, Liu, C, Zhang, X, Li, W, Cheng, H, et al. Association Study Confirmed Three Breast Cancer-Specific Molecular Subtype-Associated Susceptibility Loci in Chinese Han Women. Oncologist (2017) 22(8):890–4. doi: 10.1634/theoncologist.2016-0423

88. De Placido, S, Gallo, C, De Laurentiis, M, Bisagni, G, Arpino, G, Sarobba, MG, et al. Adjuvant Anastrozole Versus Exemestane Versus Letrozole, Upfront or After 2 Years of Tamoxifen, in Endocrine-Sensitive Breast Cancer (FATA-GIM3): A Randomised, Phase 3 Trial. Lancet Oncol (2018) 19(4):474–85. doi: 10.1016/S1470-2045(18)30116-5.Citedin:Pubmed

89. Zurrida, S, and Veronesi, U. Milestones in Breast Cancer Treatment. Breast J (2015) 21(1):3–12. doi: 10.1111/tbj.12361

90. Morris, PG, Hudis, CA, Giri, D, Morrow, M, Falcone, DJ, Zhou, XK, et al. Inflammation and Increased Aromatase Expression Occur in the Breast Tissue of Obese Women With Breast Cancer. Cancer Prev Res (Phila) (2011) 4(7):1021–9. doi: 10.1158/1940-6207.CAPR-11-0110

91. Subbaramaiah, K, Sue, E, Bhardwaj, P, Du, B, Hudis, CA, Giri, D, et al. Dietary Polyphenols Suppress Elevated Levels of Proinflammatory Mediators and Aromatase in the Mammary Gland of Obese Mice. Cancer Prev Res (Phila) (2013) 6(9):886–97. doi: 10.1158/1940-6207.Capr-13-0140

92. Reed, MJ, Purohit, A, Duncan, LJ, Singh, A, Roberts, CJ, Williams, GJ, et al. The Role of Cytokines and Sulphatase Inhibitors in Regulating Oestrogen Synthesis in Breast Tumours. J Steroid Biochem Mol Biol (1995) 53(1-6):413–20. doi: 10.1016/0960-0760(95)00087-g

93. Purohit, A, Singh, A, Ghilchik, MW, and Reed, MJ. Inhibition of Tumor Necrosis Factor Alpha-Stimulated Aromatase Activity by Microtubule-Stabilizing Agents, Paclitaxel and 2-Methoxyestradiol. Biochem Biophys Res Commun (1999) 261(1):214–7. doi: 10.1006/bbrc.1999.1010

94. Gingras, S, Moriggl, R, Groner, B, and Simard, J. Induction of 3beta-Hydroxysteroid Dehydrogenase/Delta5-Delta4 Isomerase Type 1 Gene Transcription in Human Breast Cancer Cell Lines and in Normal Mammary Epithelial Cells by Interleukin-4 and Interleukin-13. Mol Endocrinol (Baltimore Md) (1999) 13(1):66–81. doi: 10.1210/mend.13.1.0221

95. Purohit, A, Singh, A, Ghilchik, MW, Serlupi-Crescenzi, O, and Reed, MJ. Inhibition of IL-6+IL-6 Soluble Receptor-Stimulated Aromatase Activity by the IL-6 Antagonist, Sant 7, in Breast Tissue-Derived Fibroblasts. Br J Cancer (2003) 88(4):630–5. doi: 10.1038/sj.bjc.6600785

96. Li, J, He, K, Liu, P, and Xu, LX. Iron Participated in Breast Cancer Chemoresistance by Reinforcing IL-6 Paracrine Loop. Biochem Biophys Res Commun (2016) 475(2):154–60. doi: 10.1016/j.bbrc.2016.05.064

97. Jaiswal, R, Johnson, MS, Pokharel, D, Krishnan, SR, and Bebawy, M. Microparticles Shed From Multidrug Resistant Breast Cancer Cells Provide a Parallel Survival Pathway Through Immune Evasion. BMC Cancer (2017) 17(1):104. doi: 10.1186/s12885-017-3102-2

98. Xing, Z, Zhang, M, Liu, J, Liu, G, Feng, K, and Wang, X. LINC00337 Induces Tumor Development and Chemoresistance to Paclitaxel of Breast Cancer by Recruiting M2 Tumor-Associated Macrophages. Mol Immunol (2021) 138:1–9. doi: 10.1016/j.molimm.2021.07.009

99. Sen, S, Kawahara, B, Gupta, D, Tsai, R, Khachatryan, M, Roy-Chowdhuri, S, et al. Role of Cystathionine β-Synthase in Human Breast Cancer. Free Radical Biol Med (2015) 86:228–38. doi: 10.1016/j.freeradbiomed.2015.05.024

100. Janiszewska, M, Stein, S, Metzger Filho, O, Eng, J, Kingston, NL, Harper, NW, et al. The Impact of Tumor Epithelial and Microenvironmental Heterogeneity on Treatment Responses in HER2+ Breast Cancer. JCI Insight (2021) 6(11):e147617. doi: 10.1172/jci.insight.147617

101. Shak, S. Overview of the Trastuzumab (Herceptin) Anti-HER2 Monoclonal Antibody Clinical Program in HER2-Overexpressing Metastatic Breast Cancer. Herceptin Multinational Investigator Study Group. Semin Oncol (1999) 26(4 Suppl 12):71–7.

102. Balachandran, VP, Cavnar, MJ, Zeng, S, Bamboat, ZM, Ocuin, LM, Obaid, H, et al. Imatinib Potentiates Antitumor T Cell Responses in Gastrointestinal Stromal Tumor Through the Inhibition of Ido. Nat Med (2011) 17(9):1094–100. doi: 10.1038/nm.2438

103. Tsao, LC, Crosby, EJ, Trotter, TN, Agarwal, P, Hwang, BJ, Acharya, C, et al. CD47 Blockade Augmentation of Trastuzumab Antitumor Efficacy Dependent on Antibody-Dependent Cellular Phagocytosis. JCI Insight (2019) 4(24):e131882. doi: 10.1172/jci.insight.131882

104. Qin, H, Yu, H, Sheng, J, Zhang, D, Shen, N, Liu, L, et al. PI3Kgamma Inhibitor Attenuates Immunosuppressive Effect of Poly(l-Glutamic Acid)-Combretastatin A4 Conjugate in Metastatic Breast Cancer. Advanced Sci (Weinheim Baden-Wurttemberg Germany) (2019) 6(12):1900327. doi: 10.1002/advs.201900327

105. Lawrence, T, and Natoli, G. Transcriptional Regulation of Macrophage Polarization: Enabling Diversity With Identity. Nat Rev Immunol (2011) 11(11):750–61. doi: 10.1038/nri3088

106. Belkina, AC, and Denis, GV. BET Domain Co-Regulators in Obesity, Inflammation and Cancer. Nat Rev Cancer (2012) 12(7):465–77. doi: 10.1038/nrc3256

107. Delmore, JE, Issa, GC, Lemieux, ME, Rahl, PB, Shi, J, Jacobs, HM, et al. BET Bromodomain Inhibition as a Therapeutic Strategy to Target C-Myc. Cell (2011) 146(6):904–17. doi: 10.1016/j.cell.2011.08.017

108. Venetis, K, Invernizzi, M, Sajjadi, E, Curigliano, G, and Fusco, N. Cellular Immunotherapy in Breast Cancer: The Quest for Consistent Biomarkers. Cancer Treat Rev (2020) 90:102089. doi: 10.1016/j.ctrv.2020.102089

109. Nagano, M, Saito, K, Kozuka, Y, Ichishi, M, Yuasa, H, Noro, A, et al. CD204-Positive Macrophages Accumulate in Breast Cancer Tumors With High Levels of Infiltrating Lymphocytes and Programmed Death Ligand-1 Expression. Oncol Lett (2021) 21(1):36. doi: 10.3892/ol.2020.12297

110. Qin, J, Zhang, X, Tan, B, Zhang, S, Yin, C, Xue, Q, et al. Blocking P2X7-Mediated Macrophage Polarization Overcomes Treatment Resistance in Lung Cancer. Cancer Immunol Res (2020) 8(11):1426–39. doi: 10.1158/2326-6066.Cir-20-0123

111. La Fleur, L, Botling, J, He, F, Pelicano, C, Zhou, C, He, C, et al. Targeting MARCO and IL37R on Immunosuppressive Macrophages in Lung Cancer Blocks Regulatory T Cells and Supports Cytotoxic Lymphocyte Function. Cancer Res (2021) 81(4):956–67. doi: 10.1158/0008-5472.Can-20-1885

112. Tan, B, Shi, X, Zhang, J, Qin, J, Zhang, N, Ren, H, et al. Inhibition of Rspo-Lgr4 Facilitates Checkpoint Blockade Therapy by Switching Macrophage Polarization. Cancer Res (2018) 78(17):4929–42. doi: 10.1158/0008-5472.Can-18-0152

113. Liu, Y, Tiruthani, K, Wang, M, Zhou, X, Qiu, N, Xiong, Y, et al. Tumor-Targeted Gene Therapy With Lipid Nanoparticles Inhibits Tumor-Associated Adipocytes and Remodels the Immunosuppressive Tumor Microenvironment in Triple-Negative Breast Cancer. Nanoscale Horiz (2021) 6(4):319–29. doi: 10.1039/d0nh00588f

114. Ashraf, Y, Mansouri, H, Laurent-Matha, V, Alcaraz, LB, Roger, P, Guiu, S, et al. Immunotherapy of Triple-Negative Breast Cancer With Cathepsin D-Targeting Antibodies. J immunother Cancer (2019) 7(1):29. doi: 10.1186/s40425-019-0498-z

115. Cheng, N, Watkins-Schulz, R, Junkins, RD, David, CN, Johnson, BM, Montgomery, SA, et al. A Nanoparticle-Incorporated STING Activator Enhances Antitumor Immunity in PD-L1-Insensitive Models of Triple-Negative Breast Cancer. JCI Insight (2018) 3(22):e120638. doi: 10.1172/jci.insight.120638.Citedin:Pubmed

116. Weng, YS, Tseng, HY, Chen, YA, Shen, PC, Al Haq, AT, Chen, LM, et al. MCT-1/miR-34a/IL-6/IL-6r Signaling Axis Promotes EMT Progression, Cancer Stemness and M2 Macrophage Polarization in Triple-Negative Breast Cancer. Mol Cancer (2019) 18(1):42. doi: 10.1186/s12943-019-0988-0

117. Xu, M, Liu, M, Du, X, Li, S, Li, H, Li, X, et al. Intratumoral Delivery of IL-21 Overcomes Anti-Her2/Neu Resistance Through Shifting Tumor-Associated Macrophages From M2 to M1 Phenotype. J Immunol (2015) 194(10):4997–5006. doi: 10.4049/jimmunol.1402603

118. Zhang, H, Lam, L, Nagai, Y, Zhu, Z, Chen, X, Ji, MQ, et al. A Targeted Immunotherapy Approach for HER2/neu Transformed Tumors by Coupling an Engineered Effector Domain With Interferon-γ. Oncoimmunology (2018) 7(4):e1300739. doi: 10.1080/2162402x.2017.1300739

119. Lei, X, Chen, M, Li, X, Huang, M, Nie, Q, Ma, N, et al. A Vascular Disrupting Agent Overcomes Tumor Multidrug Resistance by Skewing Macrophage Polarity Toward the M1 Phenotype. Cancer Lett (2018) 418:239–49. doi: 10.1016/j.canlet.2018.01.016

120. Duhamel, M, Rodet, F, Delhem, N, Vanden Abeele, F, Kobeissy, F, Nataf, S, et al. Molecular Consequences of Proprotein Convertase 1/3 (PC1/3) Inhibition in Macrophages for Application to Cancer Immunotherapy: A Proteomic Study. Mol Cell Proteomics MCP (2015) 14(11):2857–77. doi: 10.1074/mcp.M115.052480

121. Roghanian, A, Hu, G, Fraser, C, Singh, M, Foxall, RB, Meyer, MJ, et al. Cyclophosphamide Enhances Cancer Antibody Immunotherapy in the Resistant Bone Marrow Niche by Modulating Macrophage Fcγr Expression. Cancer Immunol Res (2019) 7(11):1876–90. doi: 10.1158/2326-6066.Cir-18-0835

122. Tan, W, Tang, H, Jiang, X, Ye, F, Huang, L, Shi, D, et al. Metformin Mediates Induction of miR-708 to Inhibit Self-Renewal and Chemoresistance of Breast Cancer Stem Cells Through Targeting Cd47. J Cell Mol Med (2019) 23(9):5994–6004. doi: 10.1111/jcmm.14462

123. Wang, C, and Steinmetz, NF. CD47 Blockade and Cowpea Mosaic Virus Nanoparticle In Situ Vaccination Triggers Phagocytosis and Tumor Killing. Advanced Healthcare Mater (2019) 8(8):e1801288. doi: 10.1002/adhm.201801288

124. Yi, S, Wang, Y, Huang, Y, Xia, L, Sun, L, Lenaghan, SC, et al. Tea Nanoparticles for Immunostimulation and Chemo-Drug Delivery in Cancer Treatment. J Biomed Nanotechnol (2014) 10(6):1016–29. doi: 10.1166/jbn.2014.1782

125. Goyette, MA, Elkholi, IE, Apcher, C, Kuasne, H, Rothlin, CV, Muller, WJ, et al. Targeting Axl Favors an Antitumorigenic Microenvironment That Enhances Immunotherapy Responses by Decreasing Hif-1α Levels. Proc Natl Acad Sci USA (2021) 118(29):e2023868118. doi: 10.1073/pnas.2023868118.Citedin:Pubmed

126. Chen, C, Li, A, Sun, P, Xu, J, Du, W, Zhang, J, et al. Efficiently Restoring the Tumoricidal Immunity Against Resistant Malignancies via an Immune Nanomodulator. J Controlled Release Off J Controlled Release Society (2020) 324:574–85. doi: 10.1016/j.jconrel.2020.05.039

127. Xie, R, Ruan, S, Liu, J, Qin, L, Yang, C, Tong, F, et al. Furin-Instructed Aggregated Gold Nanoparticles for Re-Educating Tumor Associated Macrophages and Overcoming Breast Cancer Chemoresistance. Biomaterials (2021) 275:120891. doi: 10.1016/j.biomaterials.2021.120891

128. Huang, WC, Kuo, KT, Wang, CH, Yeh, CT, and Wang, Y. Cisplatin Resistant Lung Cancer Cells Promoted M2 Polarization of Tumor-Associated Macrophages via the Src/CD155/MIF Functional Pathway. J Exp Clin Cancer Res (2019) 38(1):180. doi: 10.1186/s13046-019-1166-3

129. Le, F, Yang, L, Han, Y, Zhong, Y, Zhan, F, Feng, Y, et al. TPL Inhibits the Invasion and Migration of Drug-Resistant Ovarian Cancer by Targeting the PI3K/AKT/NF-κb-Signaling Pathway to Inhibit the Polarization of M2 TAMs. Front Oncol (2021) 11:704001. doi: 10.3389/fonc.2021.704001

130. Bulle, A, Dekervel, J, Deschuttere, L, Nittner, D, Libbrecht, L, Janky, R, et al. Gemcitabine Recruits M2-Type Tumor-Associated Macrophages Into the Stroma of Pancreatic Cancer. Trans Oncol (2020) 13(3):100743. doi: 10.1016/j.tranon.2020.01.004

131. Yin, X, Han, S, Song, C, Zou, H, Wei, Z, Xu, W, et al. Metformin Enhances Gefitinib Efficacy by Interfering With Interactions Between Tumor-Associated Macrophages and Head and Neck Squamous Cell Carcinoma Cells. Cell Oncol (Dordr) (2019) 42(4):459–75. doi: 10.1007/s13402-019-00446-y

132. Macedo, F, Ladeira, K, Pinho, F, Saraiva, N, Bonito, N, Pinto, L, et al. Bone Metastases: An Overview. Oncol Rev (2017) 11(1):321. doi: 10.4081/oncol.2017.321

133. Cavalcante, RS, Ishikawa, U, Silva, ES, Silva-Júnior, AA, Araújo, AA, Cruz, LJ, et al. STAT3/NF-κb Signalling Disruption in M2 Tumour-Associated Macrophages is a Major Target of PLGA Nanocarriers/PD-L1 Antibody Immunomodulatory Therapy in Breast Cancer. Br J Pharmacol (2021) 178(11):22842304. doi: 10.1111/bph.15373

134. Liu, YP, Suksanpaisan, L, Steele, MB, Russell, SJ, and Peng, KW. Induction of Antiviral Genes by the Tumor Microenvironment Confers Resistance to Virotherapy. Sci Rep (2013) 3:2375. doi: 10.1038/srep02375

135. Montcourrier, P, Silver, I, Farnoud, R, Bird, I, and Rochefort, H. Breast Cancer Cells Have a High Capacity to Acidify Extracellular Milieu by a Dual Mechanism. Clin Exp Metastasis (1997) 15(4):382–92. doi: 10.1023/a:1018446104071

136. Bohn, T, Rapp, S, Luther, N, Klein, M, Bruehl, TJ, Kojima, N, et al. Tumor Immunoevasion via Acidosis-Dependent Induction of Regulatory Tumor-Associated Macrophages. Nat Immunol (2018) 19(12):1319–29. doi: 10.1038/s41590-018-0226-8

137. Zhang, A, Xu, Y, Xu, H, Ren, J, Meng, T, Ni, Y, et al. Lactate-Induced M2 Polarization of Tumor-Associated Macrophages Promotes the Invasion of Pituitary Adenoma by Secreting Ccl17. Theranostics (2021) 11(8):3839–52. doi: 10.7150/thno.53749

138. Ma, B, Cheng, H, Mu, C, Geng, G, Zhao, T, Luo, Q, et al. The SIAH2-NRF1 Axis Spatially Regulates Tumor Microenvironment Remodeling for Tumor Progression. Nat Commun (2019) 10(1):1034. doi: 10.1038/s41467-019-08618-y

139. Vishvakarma, NK, and Singh, SM. Immunopotentiating Effect of Proton Pump Inhibitor Pantoprazole in a Lymphoma-Bearing Murine Host: Implication in Antitumor Activation of Tumor-Associated Macrophages. Immunol Lett (2010) 134(1):83–92. doi: 10.1016/j.imlet.2010.09.002

140. Vishvakarma, NK, and Singh, SM. Augmentation of Myelopoiesis in a Murine Host Bearing a T Cell Lymphoma Following In Vivo Administration of Proton Pump Inhibitor Pantoprazole. Biochimiev (2011) 93(10):1786–96. doi: 10.1016/j.biochi.2011.06.022

141. Kulshrestha, A, Katara, GK, Ibrahim, SA, Riehl, VE, Schneiderman, S, Bilal, M, et al. In Vivo Anti-V-ATPase Antibody Treatment Delays Ovarian Tumor Growth by Increasing Antitumor Immune Responses. Mol Oncol (2020) 14(10):2436–54. doi: 10.1002/1878-0261.12782

142. Li, X, Jolly, MK, George, JT, Pienta, KJ, and Levine, H. Computational Modeling of the Crosstalk Between Macrophage Polarization and Tumor Cell Plasticity in the Tumor Microenvironment. Front Oncol (2019) 9:10. doi: 10.3389/fonc.2019.00010

143. Lee, SWL, Seager, RJ, Litvak, F, Spill, F, Sieow, JL, Leong, PH, et al. Integrated in Silico and 3D In Vitro Model of Macrophage Migration in Response to Physical and Chemical Factors in the Tumor Microenvironment. Integr Biol Quant Biosci Nano to Macro (2020) 12(4):90–108. doi: 10.1093/intbio/zyaa007

144. Portillo-Lara, R, and Annabi, N. Microengineered Cancer-On-a-Chip Platforms to Study the Metastatic Microenvironment. Lab Chip (2016) 16(21):4063–81. doi: 10.1039/c6lc00718j

145. Piasentin, N, Milotti, E, and Chignola, R. The Control of Acidity in Tumor Cells: A Biophysical Model. Sci Rep (2020) 10(1):13613. doi: 10.1038/s41598-020-70396-1

146. Trisilowati,, and Mallet, DG. In Silico Experimental Modeling of Cancer Treatment. ISRN Oncol (2012) 2012:828701. doi: 10.5402/2012/828701




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Xiao, He, Yin, Chen, Zu and Shen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-799428-g004.jpg





OEBPS/Images/fimmu-12-799428-g001.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Tumor-Associated Macrophages: Critical Players in Drug Resistance of Breast Cancer

      

        		

          1 Introduction

        



        		

          2 The Role of TAMs on the Resistance of Breast Cancer Treatment

        

          		

            2.1 Endocrine Therapy

          

            		

              2.1.1 Selective Estrogen Receptor Modulators (SERMs)- Tamoxifen

            



            		

              2.1.2 AIs

            



            		

              2.1.3 Others

            



          



          



          		

            2.2 Chemotherapy

          

            		

              2.2.1 Doxorubicin (Adriamycin)

            



            		

              2.2.2 Paclitaxel

            



            		

              2.2.3 Carboplatin

            



            		

              2.2.4 Others

            



          



          



          		

            2.3 Targeted Therapy

          

            		

              2.3.1 Olaparib

            



            		

              2.3.2 Lapatinib

            



            		

              2.3.3 Trastuzumab

            



            		

              2.3.4 Bevacizumab

            



            		

              2.3.5 Vascular Disrupting Agents (VDAs)

            



            		

              2.3.6 Hedgehog Inhibitor -Cyclopamine

            



            		

              2.3.7 JAK/STAT Inhibitor- Ruxolitinib

            



            		

              2.3.8 BET Inhibitor (JQ1)

            



            		

              2.3.9 PI3K Inhibitor- GDC-0941

            



            		

              2.3.10 Sorafenib

            



          



          



          		

            2.4 Immunotherapy

          

            		

              2.4.1 CTLA-4 Inhibitor

            



            		

              2.4.2 Agonistic Anti-CD40

            



            		

              2.4.3 Anti-PD-1 Treatment

            



            		

              2.4.4 Other

            



          



          



        



        



        		

          3 How to Overcome Treatment Resistance in Breast Cancer by Targeting TAMs?

        

          		

            3.1 Inhibit the Recruitment of TAMs

          



          		

            3.2 Depletion the Number of TAMs

          



          		

            3.3 Regulate the Polarization of TAMs

          



          		

            3.4 Enhance the Phagocytic Ability of TAMs

          



          		

            3.5 Synergistic Influence of Multiple Mechanisms

          



          		

            3.6 Others

          



        



        



        		

          4 Conclusion and Perspectives

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-12-799428-g002.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2021.799428_cover.jpg
, frontiers
in Immunology

Tumor-Associated Macrophages:
Critical Players in Drug
Resistance of Breast Cancer





OEBPS/Images/table2.jpg
Target TAMs to overcome therapeutic
resistance strategies

Inhibit the recruitment of TAMs

Consume the number of TAMs

Regulate the polarization of TAMs

Enhance the phagocytic ability of TAMs

Synergistic influence of multiple
mechanisms

Others

Concrete methods

Use TG100-115, the PI3Ky selective inhibitor

Interference with the CXCL12/CXCR4 axis

The plasmid DNA encoding the CCL2 trap (pCCL2)

Anti-cath-D antibody treatment

Use the MAPK pathway inhibitors.

Synthesize TAM-targeted probe (IRD-aCD206)

The agonist of STING receptors nanoparticle-incorporated cGAMP (CGAMP-NP)

MCT-1 antagonists

Block CSF1/CSF1R axis

Photoimmunotherapy (PIT) using near-infrared-exposed Cetuximab-targeted gold nanorods (CTX-
AUNR)

Intratumoral injection of IL-21

EED-IFNy, an scFv protein containing an engineered effector domain (EED).

Z-GP-DA VLBH through GM-CSF to induce repolarization of TAMs to the M1phenotype.
Activation of Toll-like receptor 4 (TLR4)

Activation of NF-«B.

Furin-responsive aggregated drug delivery system AuNPs-D&H-R&C

PC1/3-knockdown

Cetuximab-treated and cyclophosphamide treated (CTX-treated) combined with anti-EGFR therapy.

Inhibit B7-H4
Metformin induces miR-708-mediated suppression of CD47
Block Eotaxin/Oncostatin M

Construct a stimulus-responsive multifunctional nano-platform (ZIF-PQ-PDA-AUN)
Use HA-coated PEIPLGA-MTX nanoparticles (NPs)

CD47 blockade combined with Cowpea Mosaic Virus Nanoparticle (CPMV)

Use the tea nanoparticles (TNPs)

Use the AXL inhibitors

References

(104)
(77)
(113)
(114)
(68)
®2)
(115)
(116)
(72)
(65)

{117)
(118)
(69, 119)
(119)

(120)
(121)
(74)
(122)
(76)

(86)
(79)
(123)
(124)
(125)





OEBPS/Images/fimmu-12-799428-g005.jpg





OEBPS/Images/fimmu-12-799428-g003.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/table1.jpg
Treatment Drug Name
Strategy
Endocrine Tamoxifen
therapy

Als

Others

Chemotherapy Doxorubicin
(Adriamycin)

Paclitaxel

Carboplatin

Others

Targeted
therapy

Olaparib
Lapatinib
Trastuzumab

Bevacizumab

Vascular
disrupting agents
(VDAS)
Hedgehog
inhibitor
-Cyclopamine
Ruxolitinib

BET inhibitor
[Ale}))

PI3K inhibitor-
GDC-0941
Sorafenib
Immunotherapy CTLA-4 inhibitor
CDA40 agonist
Anti-PD-1
antibody
Other

Signal Pathways

PISK/Ak/mTOR
mTORC1-FOXK1
HIF-10/STAT3
EGFR/PI3K/Akt
NF-Kb/STAT3/ERK
NF-xB

EGFR overexpression

Jagged1-Notch

Increased expression of CXCR4
signal

Activation of c-Src, PKC and
MAPK

Akt/FOXO3a

NF-xB

AP-1(c-jun)
PTEN/Akt
IL-10R/STAT3/Bcl-2

IL-10/STAT3/Bcl-2
Unclear

insulin/IGF1R
MAPK/ERK kinase (MEK)
GJIC

High expression of CSF-1
EGFR/STAT3/SOX2

sterol regulatory element-binding

protein 1 (SREBF1, SREBP1)
Src/STAT3/ERK1/2-mediated
EGFR signaling

B7-H4 expression was
upregulated

Fc-y receptor and TLR4

High expression of IDO1
Eotaxin and Oncostatin M.
CXCL12/CXCR4 axis

Hedgehog pathway

JAK/STAT3
IL-6 or IL-10/STAT3/IKBKE/NF-
kB axis

NF-xB
Unclear
MSP-RON
Unclear

High expression of TYRO3

CDA47-SIRPa.

Cells/Tissues

MCF-7
THP-1
T47D, MCF-7
THP-1
MCF-7
THP-1

patients with postmenopausal, ER-positive,
Her-2-negative, infiltrating ductal carcinoma

THP-1
MCF-7

MCF-7

TD47, MCF-7
MDA-MB-231
RAW264.7
MCF-7

THP-1

BT-20,
MDA-MB-453
T47D, BT549
BMDM

4T1

TS

T47D,
MDA-MB-231
PBMC, BMNC
MCF-7

4707, 4T1
PBMC, BMDM

SKBR3
PBMC, BMDM

RAW264.7
MDA-MB-231, 4T1
MDA-MB-231, MCF-7
N202

BMDM

THP-1

THP-1
MCF-7
MDA-MB-231
MDA-MB-468
BT549

4T1

RAW264.7

F4/80+ peritoneal macrophages

PMBC
4T1

Tumor mononuclear cells in 4T1 tumor-

bearing mice

TAMs responses

Secret CCL2
Increase the recruitment
Polarize to M2 phenotype

Secret TNF-o. and IL-6

Form crown-like structures
©Ls)

Secret TNFo,, IL-18, IL-6 and
PGE2

Increase the infiltration

Polarize to M2 phenotype
Increase the motility

Secret factors
Secret TNF-o.
Secret IL-6

Polarized to M2 phenotype
Secret IL-10

Secret IL-10

High expression of cathepsin
Secret IGF

Secret factors

Direct cell-cell contacts

Increase the recruitment
Secret EGFR
Glucose and lipid metabolic

Secret IL-8

Immunosuppressive
phenotype
Polarize into M2b type

Polarize to M2 phenotype
Increase the recruitment

M2 macrophages secret IL-6

Activation of JAK/STAT3
Secret IL-6 and IL-10

Secret cytokines and
chemokines

Increase the recruitment
High expression of PD-L1
High expression of PD-L1
Reduce the ratio of M1/M2
TAMs

High expression of SIRPa.

References

(39)

(59)
(60)

(78)

(79
(©0)





