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Abstract
Cancer immunotherapy has emerged as a novel cancer treatment, although recent immunotherapy trials have produced suboptimal outcomes, with durable responses seen only in a small number of patients. The tumor microenvironment (TME) has been shown to be responsible for tumor immune escape and therapy failure. The vital component of the TME is tumor-associated macrophages (TAMs), which are usually associated with poor prognosis and drug resistance, including immunotherapies, and have emerged as promising targets for cancer immunotherapy. Recently, nanoparticles, because of their unique physicochemical characteristics, have emerged as crucial translational moieties in tackling tumor-promoting TAMs that amplify immune responses and sensitize tumors to immunotherapies in a safe and effective manner. In this review, we mainly described the current potential nanomaterial-based therapeutic strategies that target TAMs, including restricting TAMs survival, inhibiting TAMs recruitment to tumors and functionally repolarizing tumor-supportive TAMs to antitumor type. The current understanding of the origin and polarization of TAMs, their crucial role in cancer progression and prognostic significance was also discussed in this review. We also highlighted the recent evolution of chimeric antigen receptor (CAR)-macrophage cell therapy.
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	TAMs
	Tumor-associated macrophages

	TME
	Tumor microenvironment

	BMDM
	Bone-marrow derived macrophages

	TRM
	Tissue-resident macrophages

	CCL2
	C-C motif chemokine ligand 2

	CSF-1
	Colony-stimulating factor-1

	GM-CSF
	Granulocyte-macrophage colony-stimulating factor

	TNF-α
	Tumor necrosis factor-alpha

	IL
	Interleukins

	MHC
	Major histocompatibility complex

	EGFR
	Epidermal growth factor receptor

	EMT
	Endothelial-mesenchymal transition

	VEGF
	Vascular endothelial growth factor

	PDGF
	Platelet-derived growth factor

	TGF-ß
	Transforming growth factor-ß

	FGF
	Fibroblast growth factor

	ECM
	Extracellular matrix

	STAT3
	Signal transducer and activator of transcription 3

	TRAIL
	Tumor necrosis factor-related apoptosis-inducing ligand

	PI3K
	Phosphoinositide 3 kinase

	PGE2
	Prostaglandin E2

	Arg-1
	Arginase-1

	PD-L1
	Programmed death-ligand 1

	TREM2
	Triggering receptor expressed on myeloid cells 2

	JAK
	Janus tyrosine kinase

	GSTP1
	Glutathione S transferase P1

	NSCLC
	Non-small lung cancer

	MIP-3ß
	Macrophage inflammatory protein-3ß

	PDAC
	Pancreatic ductal adenocarcinoma

	iPSC
	Induced pluripotent stem cell

	CAR
	Chimeric antigen receptor

	CAR-Ps
	CAR for phagocytosis

	CAR-M
	CAR macrophages

	CDNP
	ß-cyclodextrin nanoparticles

	IMDQ
	Imidazoquinolinone

	SIRP
	Signal regulatory protein

	HA
	Hyaluronic acid

	ZnO
	Zinc oxide

	AuNPs
	Gold nanoparticles

	IONP
	Iron-oxide nanoparticles

	DEX
	Dexamethasone

	DOX
	Doxorubicin

	ACT
	Adoptive cell transfer

	CIK
	Cytokine-induced killer cells




Background
Cancer immunotherapy has emerged as a breakthrough approach in cancer treatment for eliminating minimal residual tumors by activating the inherent capacity of the immune system and improving the survival of advanced-stage patients [1, 2]. Although clinical trials have achieved promising outcomes, there are still certain issues to be addressed, such as low clinical rates, steady rates, immune-related side events, and unusual clinical reactions [3]. To achieve a long-lasting, efficacious antitumor response, cooperation between innate and adaptive immunity is advantageous. Immune cells in cancer patients are not only generally ineffective against cancer cells but also actually encourage tumor development, which reduces the therapeutic efficacy of standard treatments [4, 5]. Among all other innate cells, macrophages are a vital part of the innate immune system and are crucial in normal homeostasis, inflammation, and phagocytosis [6]. The high ratio of macrophages in cancers has been thought to be a mechanism involved in anticancer surveillance [7]. However, several studies have demonstrated that macrophages might act as “bad guys” in oncogenesis and neoplastic development by boosting genetic instability and angiogenesis while suppressing the immune response and cancer cell apoptosis [8].
Based on morphological, phenotypical and functional heterogeneity, macrophages are categorized into two distinct subtypes: M1 and M2 macrophages. M1 macrophages play a crucial role in antitumor immunity and primarily mediate proinflammatory processes in the tumor microenvironment (TME), whereas M2 macrophages have been demonstrated to have protumor features and to promote tumor growth and metastasis [9]. M2 macrophages, along with a small population of M1 macrophages, are called “tumor-associated macrophages” (TAMs), the most diverse immune cells in the TME and critical for tumor growth [9, 10]. Tumor cells secrete chemokines and growth factors to attract macrophages and transform them into the protumorigenic M2 type. The prognostic significance of TAM infiltration is associated with poor clinical outcomes in various cancers, which reduces the response to standard treatments [11, 12]. Furthermore, considerable dynamic changes in macrophage subpopulations were also found to be associated with the efficacy of immunotherapy [13–15]. Therefore, as a new-brand target, researchers are becoming increasingly interested in modulating TAMs for therapeutic purposes.
Nanotechnology is a multidisciplinary scientific research field that focus on various type of nanomaterials as well as on the use of innovative nano-devices in the numerous fields of interest [16]. Nanotechnology enables the detection of tumor at early stage which help to reduce the number of patients with advanced stages of malignancies [17]. With recent developments in nanotechnology, researchers can manipulate nanomaterials to bind to specific receptors, that are overexpressed in tumors, improving specificity and sensitivity which results in better tumor detection [18]. Various types of nanomaterial-based contrast agent such as super magnetic iron oxide (SPIO) and ultra-small super magnetic iron oxide (USPIO) have a longer blood circulation half-life and can recognize unique cell surface markers which results in better MRI contrast properties and have better clarity and accuracy, that helps accurate tumor diagnosis [19, 20]. Specifically engineered nanomaterials administers chemotherapy precisely to the tumor which prevents the drug from causing toxicity to the normal cells surrounding the tumor, enhances the efficacy of radiotherapies and leads to better curative effects [21]. Nanoparticles offers modifiable features such as size, shape, charge, surface and functional properties and this customization can be utilized synergistically with precision medicine therapies to improve patient’s stratification methods, indicates that nanoparticles are approaching the era of precision medicine [18, 22]. Nanoimmunotherapies are nanomaterial-based drug formulations that can improve the therapeutic effects of immunotherapies by focusing on immunosuppressive microenvironment and thus activates the immune system by interacting with other immune cells. With recent nanobiotechnological advancements, nanomaterials have received considerable interest in tumor immunotherapy because of their advantages in targeted delivery, precise locational drug release, simple surface functionalization, combination therapy and low immunogenicity with excellent performance in the activation of the immune system [23, 24]. In fact, targeted drug delivery systems based on a variety of nanomaterials have immensely transformed the fields of TAM-related immunotherapies [25, 26]. These nanomaterials can improve the therapeutic effect of immunotherapies by focusing on the immunosuppressive microenvironment and thus activate the immune system by interacting with other immune cells accompanied by reduced off-target toxicity and immune-related adverse events. Several studies have shown that nanoparticles induce the repolarization of anti-inflammatory M2-type macrophages towards a proinflammatory M1 phenotype, which is associated with tumor inhibition in various cancers [27, 28]. However, TAMs has also been reported to serve as drug depot, that accumulates significant nanoparticles which allows the local delivery of nanotherapeutics to nearby tumor cells and increase their efficacy by changing the spatial diffusion of drugs within tumors. Researchers showed that the uptake of nanoparticles by tumor macrophages was an important mechanism for accumulation of the drug to be delivered into the tumor in a therapeutically beneficial manner and depletion of macrophages resulted in significant decreases of tumor nanoparticle deposition and makes the treatment less effective [29]. By utilizing the synergistic benefits of TAMs and nanomaterials, TAM-targeting nanoimmunotherapies are realizable, feasible, and several macrophage-targeting nanomedicines have been established in recent years.
In our review, we discussed the current understanding of TAM origin, their heterogeneity and plasticity in TME and how macrophage activation and polarization can be controlled and altered for targeted therapeutic purposes, followed by the crucial role of macrophages in cancer progression. We also highlight the recent emergence of chimeric antigen receptor (CAR)-macrophage therapy. The main focus of our review is to describe the current nanomaterial-based potential therapeutic strategies that target TAMs in tumors, including restricting the survival of M2-type TAMs, inhibiting their recruitment toward tumors and functional repolarization of tumor-supportive M2-type TAMs to tumoricidal M1-type TAMs. This article is expected to aid the understanding of recent research progress in material-mediated modulation of the macrophage immune response and advance macrophage-related applications in cancer nanoimmunotherapy.
Main text
Origin and polarization of TAMs
The exact origin of TAMs has always been a topic of controversy. However, with modern lineage tracing technologies, our understanding of TAM origin has changed considerably; thus, TAMs may have at least four origins: a) F4/80high macrophages originate from yolk sac, b) F4/80low macrophages develop from bone marrow [5, 30], c) Langerhans cells are derived from fetal liver [31] and d) some proportion of TAMs originate from extramedullary hematopoiesis [32]. The large proportions of tissue-resident macrophages (TRMs) are initially originated from embryonic progenitors such as yolk sac and fetal liver that seed tissues during the prenatal and perinatal periods and gives rise to locally proliferating, self-maintained TRMs that can persist into adulthood [5, 33]. The mononuclear phagocytic system develops from the primitive ectoderm of yolk sac and gives rise to macrophages without monocytic precursors. Following this primitive system, definitive hematopoiesis occurs in fetal liver, which is initially seeded by hematopoietic progenitors from yolk-sac. The hematopoiesis in the fetal liver diminishes when bone marrow hematopoiesis begins, and hematopoiesis stem cells (HSCs) in the bone marrow and spleen become the primary source of circulating monocytes [34]. In bone marrow, the macrophage lineage differentiates into granulocytes-monocyte precursors, monocytes and dendritic cell precursors, pre-monocytes, monocytes and then into macrophages precursors [35]. In some organs, the embryonic macrophages are swiftly replaced by HSCs-derived monocytes and in some such as brain, macrophage subsets like microglia appears to have an embryonic origin with limited contribution from HSCs under homeostatic conditions [36, 37]. The pancreas, breast and lung are among the tissues that contain macrophages of mixed origin [38, 39]. Researchers revealed that embryonic and monocytic macrophages may have different phenotypes and functions in tumors cells [39, 40]. TAMs are generally assumed to derived from circulating monocytes, although 50% of the macrophages in brain, lungs and pancreatic cancer in mice were found to come from tissue-resident populations [40, 41]. Although, the interplay between TAMs of various origins has yet to be fully understood, but investigations in mice models can give some evidence. Recent reports demonstrated the increased accumulation of tissue-resident macrophages within tumor cells during the initiation of tumor formation, and their depletion led to reduced tumor growth in lung carcinoma [42]. Recently, Etzerodt et al. showed that a distinct subgroup of CD163+ Tim4+ resident omental macrophages was responsible for metastasis in ovarian cancer and that their depletion reduced tumor progression [43]. While both BMDMs and TRMs are seen in tumors, various tumors are likely to contain varying quantities of both. It is also unclear whether TRMs within tumors maintain tissue-specific transcriptional determinants. Further research is required to determine whether TRMs and BMDMs have similar effects on tumor growth, and alternative treatment methods are needed to regulate or deplete these two populations. However, it is evident that decreasing the macrophage population is required to diminish the production of immunosuppressive cytokines in tumors. Moreover, the diversity of TAMs origins contributes to the complexity of the TME; therefore, understanding the origin of TAMs is essential for selecting TAM-targeting strategies. Furthermore, the expression of chemoattractants in the TME determines the quantity and kinds of monocytes recruited from the circulation. As already mentioned, TAMs are a heterogeneous population that includes resident cells of embryonic origin present at birth and invading monocytes/macrophages recruited during early carcinogenesis by chemokines secreted by tumor and stromal cells (such as CCL2, CCL5, and CSF-1) [44]. Initially, based on the various stimulating factors and secreted products, macrophages can be traditionally divided into two categories: classically activated M1 macrophages stimulated by lipopolysaccharides, interferons, granulocyte macrophage colony stimulating factor (GM-CSF), and tumor necrosis factor (TNF-α), which facilitate a proinflammatory response against disease; and alternatively activated M2 macrophages stimulated by IL-4 and IL-13, which eventually activate the JAK/STAT pathway to induce the production of anti-inflammatory cytokines, further expediting tumor progression by rebuilding the TME [45]. However, M1/M2 categorization is too simple due to its vast diversity. In fact, TAMs resemble M2 macrophages and are identified as the M2 type [46], although they do not have any specific markers. In contrast, the polarizing cell surface markers for M1 macrophages (CD86, CD16, CD64, TLR2, CD120b, and SLAMF7) and M2 macrophages (CD23, CD1a, CD1b, CD163, CD226, and CD93) are distinct [47]. Numerous studies have shown the involvement of TAMs in tumor development, highlighting the need to better understand the mechanism of TAMs chemotherapeutic agent interactions to predict the efficacy of standard therapies and to develop therapeutic strategies that enhance the antitumor response of TAMs [48].
TAMs in cancer development
In recent decades, TAMs have gained much attention for their magnificent ability to either restrict or facilitate tumor development. In agreement with their strong protumorigenic impact, TAM infiltration is frequently associated with poor prognosis and short survival in various cancers [49–51]. Numerous studies have reported that a higher density of M2-type macrophages is associated with increased tumor cell proliferation, vascularity, immune suppression, drug resistance, induced histological malignancy, and poor clinical prognosis [52, 53]. It should be obvious that because of their heterogeneous nature, the impact of TAMs on tumor development might fluctuate and be determined by the diversity in the TME. A schematic illustration of the effects of TAMs in tumors is shown in Fig. 1.[image: ]
Fig. 1Role of TAMs in tumor development


TAMs in tumor proliferation & migration
During homeostasis, not all inflammation is beneficial, and persistent inflammation promotes malignant transformation of cells and supports the tumor [54]. During tumor initiation, resident macrophages are complemented by the recruitment of monocyte-derived macrophages into the TME [5], which results in a mosaic of ontogenic diversity in TAMs that are further modified, giving rise to phenotypic and functional variability in various tumors [39, 55]. TAMs may directly induce cancer cell proliferation by releasing growth factors such as epidermal growth factor receptor (EGFR), which promote the proliferation of cancer cells [56]. Active Wnt/β-catenin signaling induced by an increased number of infiltrating macrophages can enhance the growth of tumor progenitor cells in hepatocellular carcinoma, and specific depletion of macrophages can reduce Wnt and decrease tumor growth [57]. TAMs can aid tumor progression by secreting various mediators that reshape the tumor-promoting TME. Such mediator comprises various cytokines and growth factors that induce cell proliferation and migration, proangiogenic growth factors such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and transforming growth factor-β (TGF-β), NF-kB-mediated factors that protect against apoptosis, and proangiogenic growth factors [58, 59] that favor cancer cell migration and metastasis. Recently, Xia et al. reported the involvement of enhancer of zeste homolog 2 (EZH2) in tumor migration via CCL5, and interestingly, knockdown of EZH2 reduced CCL5 secretion and decreased invasion and metastasis [60]. The rapid multiplication of tumor cells causes the tumor bulk to develop quickly, which induces the necessity for nutrients and oxygen, resulting in the establishment of neoangiogenesis with elevated vascular permeability that contributes to cancer progression [61].
TAMs in metastasis & angiogenesis
Approximately 90% of cancer fatalities occur as a result of metastasis. TAMs behave indirectly by affecting different cell types. Type-2 cytokine-activated macrophages contribute to tissue repair and remodeling [62]. Macrophages disintegrate the extracellular matrix (ECM) by producing ECM-degrading enzymes such as MMPs, cathepsin, and many other types of proteases, which allow tumor cells to escape [63, 64]. To promote metastasis, TAMs upregulate the secretion of immunosuppressive cytokines such as IL-1ra by increasing tumor stemness [65]. Huang et al. showed that CCL5 released by TAMs enhances metastasis by activating the STAT3-β-catenin pathway, whereas silencing CCL5 in TAMs reduces tumor growth and metastasis in prostate cancer [66]. Recent research has shown that cisplatin-induced macrophages promote tumor progression and metastasis in ovarian cancer via the CCL20-CCR6 axis, which can be targeted therapeutically to reduce drug-induced metastasis in advanced-stage ovarian cancer [67]. Another recent study highlighted the importance of Wnt5a+ TAMs as a novel therapeutic target for combating metastasis in colorectal cancer [68]. Metastatic cells use the CCL2-CCR2 pathway to attract monocytes and differentiate them into metastasis-associated macrophages (MAMs) that support tumor cell survival and metastasis by suppressing T cells and, interestingly, ablating the recruitment of MAMs, reducing metastasis and prolonging animal survival, implying that they could be used as therapeutic targets [69, 70]. CD11b-CD18, integrins derived from M2-type exosomes, were found to accelerate the invasiveness and metastasis of cancer cells by increasing the expression of MMP-9, whereas inhibiting this axis reduced macrophage-stimulated metastasis in hepatocellular carcinoma [71]. TAMs may inhibit proapoptotic cytokines such as tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) by regulating the PI3k/Akt pathways in cancer cells [72], and activation of the death receptor TRAIL-R hinders the maintenance and survival of TAMs, repairing the immune system and killing leukemic cells [73]. Exosomes derived from M2 macrophages propagate cancer by transferring miRNAs into cancer cells, including colorectal cancer and pancreatic ductal adenocarcinoma cells [74]. Moreover, TAMs also secrete several enzymes, such as iNOS, COX2 and MMPs, all of which increase angiogenesis through matrix degradation and endothelial cell invasion [75].
TAMs in immunosuppression
Immunosuppression is the key feature of TAM biology. In tumors, most newly differentiated macrophages originate from bone-marrow derived monocytic cells and the population of monocytic cells is composed of classical monocytes and monocytic MDSCs (M-MDSCs), which differentiate into immunosuppressive macrophages and have been identified in tumor of patients and mice [76] and play a crucial role in negative regulation of immune responses [77]. MDSCs release IL-10 to downregulate IL-12 secretion by macrophages while macrophages in turn induce MDSCs to increase IL-10 which decreases IL-6 and TNF-α in macrophages and therefore skewing the immunity towards tumor promoting type 2 response [78]. Recent studies revealed that macrophages derived from M-MDSCs expresses strong expression of S100A9, NOS2, ARG-1, SIGLEC-1 and reduced amount of HLA-DR as compared to monocytes-derived macrophages which contribute into their immunosuppressive nature [79]. Researchers recently demonstrated that tumor-infiltrating M-MDSCs downregulates the STAT3 activity through hypoxia-induced activation of CD45 phosphatase that favors their rapid differentiation into TAMs [80]. Various cytokines are also involved in the immunosuppressive function mediated by MDSC and TAM. To facilitate immune escape in melanoma, IL-1 may recruit MDSCs to promote TAM immunosuppressive programming via IL-1R-MYD88-Tet2 pathway [81]. Recently Kwak et al. demonstrated that M-MDSCs macrophages suppressed T-cell activation and could differentiate into tumor-promoting macrophages while maintaining their gene expression of their precursors and immunosuppressive activity, even in the absence of conditions associated with TME which clearly indicates that immunosuppressive function of macrophages is largely reliant on the nature of their precursors that might be the significant element in characterizing and targeting macrophage activity [79]. This study has also identified the role of S100A9 as a marker of immunosuppressive M-MDSCs-derived TAMs which also provide a potentially different approach to a selective therapeutic targeting of immunosuppressive macrophages via targeting M-MDSCs [79]. Despite the pro-tumorigenic natures of TAMs, they can eat tumor cells, induce tumor apoptosis by secreting NO, ROS, IL-12, which promote anti-tumor responses and restricts tumor development in certain circumstances [82] that suggests that immunosuppressive and immunostimulatory TAM can reside within the same tumor. Thus, selective therapeutic targeting of immunosuppressive macrophages should be designed that aim at reshaping the TAM landscape by translating TAM profile from immunosuppressive into immunostimulatory, which can be achieved by various approaches: 1) by blocking the various cell surface molecules associated with immunosuppressive TAMs such as CD206, CD204, MARCO, SIGLEC1, TREM2, CD63, PD1-PDL1 etc. [14, 55, 83], 2) by inhibiting “do not eat me” signaling to induce phagocytosis [84], 3) by disrupting the epigenetic mechanism of TAM immunosuppression such as PI3k gamma pathways, prostaglandin (PGE2) signaling or regulating the histone deacetylases etc. [85, 86]. TAM are activated by mediators secreted from tumor-infiltrating lymphocytes such as Th2, Treg cells, IL-10, TGF-β [87]. Researchers revealed the compensation between TAMs and Tregs that direct immune evasion [88]. The recruitment of Tregs cells in the TME is aided by chemokines such as CCL2, CCL3, CCL4, CCL5, CCL18, and CCL20 [89]. In colorectal cancer, TAM-derived CCL20 has been found to accelerate CCR6+ Tregs [90]. CCL18 enhances the recruitment of Tregs into the tumor; in contrast, blocking CCL18 inhibits Tregs migration and suppresses tumor growth [91]. Recently, Jing et al. demonstrated that CD169 (also known as SIGLEC1), a phagocytic receptor expressed by TAMs, induces immunosuppression by activating the JAK2/STAT3 pathways [92]. During tumor progression, transition of endothelial cells to mesenchymal state generate cancer-associated fibroblast which secrete HSP90α to stimulate M2 polarization and maintain immunosuppressive microenvironment [93]. CD24 on cancer cells interacts with sialic acid binding Ig-like lectin 10 (Siglec-10), expressed by TAMs, to facilitate tumor cell immune evasion in ovarian and breast cancer [94]. MHC-1 expressed by cancer cells binds with leukocyte immunoglobulins (LILRB1) on TAMs and inhibits phagocytosis, which leads to deprivation of immune surveillance; interestingly, disruption of MHC-1 or LILRB1 enhances the phagocytosis of cancer cells [95]. Complement anaphylatoxins have been found to have a role in TAM-associated T cell suppression [96]. Concurrent work by Molgora et al. demonstrated the critical role of triggering receptor expressed on myeloid cells (TREM2) in immunosuppression in various human cancers and provided strong evidence that TREM2 is a viable therapeutic target to reshape immunosuppressive TAMs to anti-tumoral effects by improving the efficacy of checkpoint blockade therapy [14]. Thus, understanding TAM regulation at the molecular level is necessary and critical in the development of tumor-targeted strategies.
TAMs in therapeutic resistance
Various studies have found an elevated population of TAMs after hazardous anticancer treatments. The demonstration that CSF1 suppression may cure chemoresistance of breast cancer cells in animal models was the first observation that showed TAMs might play a role in mediating chemotherapy resistance [97]. Recent studies showed the increased infiltration of TAMs after gemcitabine treatment, which decreased the therapeutic impact of drugs in pancreatic ductal adenocarcinoma (PDAC) [87, 98] and showed an enhanced therapeutic response to gemcitabine after depleting macrophages [99]. Macrophages express IL-6, TNF-alpha, and cathepsin B to activate STAT3 pathways in tumor cells, which increases the proliferation and survival of cancer cells treated with various chemotherapeutics [11]. A recent study showed aberrantly expressed glutathione S-transferase P1 (GSTP1) in TAMs from breast cancer patients, which stimulated the release of IL-6 by inactivating the NF-κB pathway [100]. Another mechanism underpinning chemoresistance has been discovered to be the epithelial to mesenchymal transition, which can be triggered by macrophages [101, 102]. High expression of CCL2 has always been found to be associated with macrophage infiltration, which was recently observed to induce resistance to tamoxifen by activating PI3K/Akt/mTOR in breast cancer [103]. TAMs have been observed to enhance glycolysis and hypoxia in non-small-cell lung cancer (NSCLC) and hinder the efficacy of PD-L1 [104]. miRNAs derived from TAMs also confer drug resistance and immune escape in various cancers [105, 106], and inhibiting the activity of miRNAs in TAMs promotes an antitumor immune response [107]. A recently published review paper indicated that TAMs contribute to drug resistance by polarizing themselves toward a protumoral phenotype and exerting antiapoptotic signals in cancer cells [108].
Prognostic significance of TAMs
Several researchers have investigated the role of TAMs in solid cancer patients and found that higher density was significantly associated with adverse overall survival (OS) in breast, lung, liver, bladder, prostate and ovarian cancers, although disease-free survival was observed in breast and liver cancer [50, 109–111]. A meta-analysis by Zhang et al. showed that patients with a higher density of TAMs had 1.15-fold higher mortality [109]. In relation to clinicopathological parameters, high TAM density positively correlated with advanced tumor stage, higher TNM stage, severe histological grade, presence of lymphovascular invasion and metastasis in various cancers [50, 110, 112, 113]. For instance, in breast cancer, high TAM density was positively correlated with large tumor size, estrogen/progesterone receptor status, histologic grade, basal phenotype and vascular invasion [50]. Together, these studies suggested that TAMs can be used as diagnostic and prognostic markers and can also be exploited as prediction tools for the clinical outcomes of cancer patients.
TAM-based cell therapies
One recently developed approach to encourage the TAM activation more specifically is the transduction of CARs. CARs consist of a single-chain variable fragment antibody that targets a tumor antigen fused to a transmembrane domain that attaches the antibody to the cell membrane and an intracellular domain that transmits activation and costimulatory signals [114] and is recognized as one of the greatest innovations in cancer treatment after showing excellent outcomes in blood cancer and lymphoma patients [115], although no comparable progress of its applications in solid tumors has been proven beneficial yet because T cells cannot easily penetrate and survive in the TME [116]. The TME in solid tumors recruits myeloid cells, which results in substantial infiltration of macrophages. Therefore, macrophages may be a viable substitute for T cells as CAR recipients. Macrophage-based therapies dynamically depend on TAMs, which exhibit both activating and inhibitory Fc receptors modulated to a tumor-promoting immunosuppressive phenotype and lack antigen specificity [117]. CAR for phagocytosis (CAR-Ps) is a very recent approach being explored to induce the direct phagocytosis of tumors or ECM degradation to inhibit tumor growth and progression in solid tumors. Morrissey & colleagues were the first to prove that CAR-engineered macrophages can encourage phagocytosis. They engineered a family of CAR-Ps that conduct macrophages to eat specifically targeted tumor cells. CAR-Ps contain an extracellular single-chain antibody fragment (ScFv) that recognizes CD19 and CD8 transmembrane domains present in a traditional CD19 CAR-T construct and are introduced into the murine macrophage cell line J774A by lentiviral infection. In this study, the researchers evaluated phagocytosis specificity based on the antigen recognition feature of the ScFv domain of the CAR construct and demonstrated that CAR-Ps cause antigen-coated synthetic particles and entire human cancer cells to be engulfed in a particular manner [118]. Zhang et al. engineered CAR targeting HER2 for macrophages, which consists of one variable region that binds to HER2 to increase the expression of MMPs for degradation of ECM and another intracellular region made up of CD147, which promotes the infiltration of T cells into the TME and subsequently inhibits the tumor growth in a 4 T1 murine breast tumor model [119]. Recently, CAR was shown to endow macrophages with specificity of action against tumor antigens, simultaneously with elevated antitumor functions to encourage an adaptive immune response. Inspired by the achievement of genetically engineered CAR-T cells to express antigen-specific receptors and by using the distinct effector functions of macrophages and their ability to penetrate tumors, Klichinsky et al. genetically engineered human macrophages with CAR to enhance their phagocytic capacity against tumor cells. They accomplished the transduction of anti-HER2 into primary human macrophages [CAR-macrophages (CAR-M)] using a modified replication-incompetent adenovirus. They showed that the adoptive transfer of CAR-Ms efficiently reduced tumor growth in immunodeficient mice with HER2-positive human tumors [120]. Another recent study by Zhang et al. engineered induced pluripotent stem cell (iPSC)-derived CAR-expressing macrophage cells (CAR-iMacs), which bestow antigen-dependent macrophage functions such as cytokine secretion, reprogramming toward pro/anti-inflammatory tumor states and escalated phagocytosis of tumor cells, which confers antitumor cell activities both in vitro and in vivo [121]. In another recent study, researchers developed anti-CCR7 CAR-M cells that direct macrophages toward CCR7-positive cells and remove CCR7-positive cells by screening the intracellular activation domains that trigger tumor cell cytotoxicity, which inhibit tumor growth, prevent metastasis, and induce systemic antitumor immunity, effects that collectively prolong survival [122]. The new approach based on the implementation of the ATAK platform in the evolution of two types of novel therapies will be tested in glioblastoma patients in the coming months: 1) ATAK-CAR monocytes, which combine myeloid cells with CARs against cancer cells, and 2) ATAK-primed monocytes, which act as cell vaccines and stimulate T cells against cancer cells (https://​www.​myeloidtx.​com).
CAR-M technology is a novel therapeutic strategy to manipulate M2 macrophages toward the M1 phenotype, enhance phagocytosis, and attack cancer cells. They are genetically modified to develop an anti-inflammatory M1 profile that produces a variety of proinflammatory cytokines to stimulate antitumor changes in the TME. CAR-Ms can activate dendritic cells, recruit T cells, elevate neoantigen presentation to T cells, and contribute to the long-term adaptive immune response [120]. Regarding this, immune profiling of samples from phase-1 clinical trial patients will be critical to assess the variety of alterations induced in tumor tissue. Magnetic resonance imaging (MRI) and immune PET might be beneficial in this situation to provide additional information. The achievement of this technique offers new avenues in using engineered macrophages to exploit their potential against various tumor antigens.
Potential treatment strategies targeting TAMs via nanomaterials
Fundamental advancements in cancer immunology and translational immunotherapy have resulted in substantial therapeutic effects in clinical studies, including the development of advanced macrophage-based biologics, i.e., biosensors for early cancer diagnosis and CAR macrophages (CAR-Ms) for antigen-specific phagocytosis of tumors [123, 124]. Immune checkpoint inhibitors (ICIs) targeting CTLA-4, PD-L1, and PD-1 have been shown to alleviate tumor constraints of antitumor T-cell immunity in preclinical and clinical studies [125, 126]. However, their efficacy depends on the activation of immune cells, which contributes to building an immunosuppressive TME. Thus, how to obstruct these immunosuppressive cells, of which TAMs have been considered the most common cells that make up a major portion of the tumor mass, is now a matter of concern [10]. Given the functions of TAMs in tumor promotion, a variety of approaches have been developed to counteract their effects. Recently, to target TAMs, researchers have focused on the following approaches: termination of macrophage recruitment, interference of TAM survival, and reprogramming of M2-like TAMs to M1-like. The most recent advances in the specific augmentation of the anticancer immune response by targeting TAMs with nanomaterials have demonstrated great promise and potential clinical relevance (Fig. 2) and are summarized in Table 1 and will be discussed below in details.[image: ]
Fig. 2Schematic representation of TAMs-signaling pathways targeted by nanomaterial, results in inhibition of macrophages recruitment, blocking of macrophages survival and macrophage repolarization

Table 1Nanomaterials developed for termination of macrophage recruitment, TAMs depletion, and TAMs repolarization


	Cancers/cell lines
	Strategy
	Active target
	Nanomaterial type
	Drug
	Diameter (nm)
	Zeta Potential (mV)
	Combination partner(s)
	Outcome
	Ref.

	Breast cancer cell line (4 T1)
	Termination of macrophage recruitment
	CCR2
	Cationic nanoparticle (CNP)
	CNP-siCCR2
	120.9 ± 12.2–128.3 ± 18.1
	2.7–25.2
	–
	Blocking CCL2-CCR2 axis inhibited tumor growth and metastasis
	[127]

	Melanoma cell line (B16F10)
	KLAK-MCP-1 micelles
	KLAKLAK peptides
	11.9 ± 2.3
	7.2 ± 1.1
	–
	Inhibited the tumor growth via inhibiting the infiltration of TAMs and increasing the number of cytotoxic T-lymphocyte
	[128]

	Pancreatic ductal adenocarcinoma (THP1)
	Copper nanoparticles Cu@CuO
	Gemcitabine
	4.9 ± 0.3
	−4.8 ± 2.4
	–
	Induced tumor necrosis, and ultimately suppressed the tumor growth and prolong the survival in PDAC tumors
	[129]

	Colon cancer (SL4)
	CX3CL1
	7C1 nanoparticles
	DC101/ anti-Ly6G antibody
	–
	–
	7C1-Axo-siCX3CL1
	Reduced the expression of CX3CL1 and prevent the recruitment of macrophages in the tumor region
	[130]

	Breast cancer cell line (4 T1)/ Colon cancer (CT26)/Melanoma (B16)
	TAM depletion
	CSF-1R
	Sensitive cluster nanoparticles (BLZ-945SCNs/Pt)
	BLZ-945
	–
	–
	Platinum (Pt)-
	Depleted TAMs, inhibited tumor growth and metastasis by increasing the infiltration of CD8+ cytotoxic T-cells
	[131]

	Melanoma cell line (B16)
	M2NPs
	CSF-1R siRNA
	–
	–
	M2 macrophage binding peptide
	Depleted M2-like TAMs which restored the function of T-cells and inhibit the tumor growth
	[132]

	Breast cancer cell line (4 T1)
	Dextran-grafted-copolymer (DH@ECm)
	BLZ945
	~ 190
	− 20.3
	–
	Depleted TAMs which reverse the TME with increased infiltration of CD8+ cells and inhibit the tumor growth
	[133]

	Bone marrow derived macrophages (BMDMs)
	–
	CA4 nanoparticles (A15-BLZ-NP)
	163.4
	−20.3
	 	Activated anti-tumor immune response which results in improved inhibition of tumor growth
	[134]

	Breast cancer cell lines (4 T1, CT26, 3 T3, and RAW264.7)
	Hypoxia
	Calcium bisphosphonate derived nanoparticles (CaBP-PEG-NP)
	–
	50
	−0.5
	–
	Deplete TAMs, normalize vascular system, reduce angiogenesis, which leads to reduction in hypoxia and inhibition of tumor growth
	[135]

	Sarcoma cell line (S180)
	–
	Lipid-coated calcium zoledronate nanoparticles (CaZol@pMNP)
	–
	85
	Neutral
	–
	TAMs depletion, reduce angiogenesis and inhibit immune suppression to inhibit tumor growth
	[136]

	Breast cancer cell line (4 T1)
	–
	Mannosylated mixed micelles (DAS-MMic)
	Dasatinib
	21.55 ± 0.85
	–
	TAMs depletion, decreased angiogenesis, remodel immunosuppressive TME and inhibit tumor growth
	[137]

	Melanoma cell line (B16F10)
	MMP-2
	Phosphatidylserine nanoparticles (PS-NP)
	130–230
	Negative
	–
	TAMs depletion
	[138]

	Murine breast cancer cell line 4 T1
	PEG liposomes (PEG-FA-Lip)
	Doxorubicin
	138.5 ± 6.8
	−9.3 ± 0.8
	–
	Decreased infiltration of Treg cells to tumor sites, deplete the M2-like TAMs
	[139]

	Melanoma cell line (B16F10)
	Hyaluronic acid-gold
Nanorods (HA-AuNR/M2pep-NP)
	–
	42.93–64.6
	–
	Photothermal therapy
	Eliminated M2-like TAMs, induce ICD to efficiently suppresses the tumor growth and prolongs the survival
	[140]

	Breast cancer cell line (4 T1)
	IL-10/TGF-β/VEGF
	Zoledronic acid nanorods (ZGd-NRs)
	Zoledronic acid,
	100–200
	15.43
	Radiotherapy
	Improved dendritic cell maturation, promoted CD8+ T cell infiltration, and boosted the immune responses
	[141]

	Lung cancer (SCLC, KP1)
	Repolarization of M2 to M1
	–
	Iron oxide nanoparticles (Ferumoxytol)
	–
	15–40
	–
	–
	Prevented development of liver metastasis polarize M2-type to M1-type macrophages,
	[27]

	Melanoma cell lines(B16-F10)
	 	Membrane-coated Fe3O4 nanoparticle (MNP@MDSC)
	–
	85–100
	−18 − − 13
	Photothermal therapy
	Reprograming M2-like to M1-like macrophages, reduced tumor’s metabolic activity and induce immunologic cell death
	[142]

	Colorectal cancer cell line (CT26)/ Breast cancer cell line (4 T1)
	 	Iron-chelated melanin-like nanoparticles Fe@PDA-PEG)
	~ 150
	–
	–
	Recruitment of M1 macrophages and attracting T-helper cells and effector cells to the tumor site to inhibit the tumor growth
	[143]

	Colorectal cancer cell line (MC38)
	 	TLRs
	Cyclodextrin nanoparticles (CDNP)
	R848
	30
	0.90 ± 1.90
	anti-PD-1
	Shifted toward M1 phenotype and inhibit tumor growth and potentiate the efficacy of anti-tumor immune response of anti-PD-1
	[144]

	 	39 ± 1.8
	6.61 ± 1.03
	–
	Reprogramming of TAMs towards anti-tumor M1 phenotype
	[145]

	Breast cancer cell line (4 T1)
	 	CpG- oligodeoxynucleotides ferritin Nano-cages (CpG-ODNs)
	–
	20.24 ± 0.29
	− 11.77 ± 0.40
	–
	Repolarized TAMs to the M1-like in vitro and in vivo, and reduced tumor development in 4 T1 tumor-bearing animal model
	[146]

	Murine Melanoma B16 OVA
	 	PLGA nanoparticles (PNP@R@M-T-NP)
	R848
	188
	−9.7
	–
	Repolarize M2 to M1-type, reduce tumor size and prolong animal survival
	[28]

	LLC Ova cell line
	 	Nanobodies
	Imidazoquinoline
	–
	–
	anti-PD1
	Reduced the tumor growth and increased anti-tumor T-cell response by repolarizing TAMs towards pro-inflammatory phenotype
	[147]

	Breast cancer cell line (4 T1)
	 	IRF5 and NF-κB signaling
	Polymer magnetic nanocarrier (PLGA-ION-R837@M)
	R837
	166.2 ± 1.8
	−19.1 ± 0.1.
	–
	enhanced TAMs repolarization which relieve immunosuppressive TME to activate the anti-tumor immune response
	[148]

	lymphoma cell lines (Raji) epidermoid carcinoma cell line (A-431) and breast cancer cell line (SKBR3)
	 	Phagocytosis
	Liposome (R848-LPs)
	R848
	141.9 ± 57.7
	−23.9 ± 6.0
	Rituximab/ Trastuzumab/ anti-EGFR mouse monoclonal antibody
	Reprogram TAMs to M1-type macrophages
	[149]

	Breast cancer cell line (4 T1)
	 	CD47-SIRPα
	Exosome nano bioconjugates
	aCD47 & aSIRPα
	20
	–
	–
	Repolarize pro-tumor M2 to anti-tumor M1 macrophages, block SIRPα & CD47, improve phagocytosis
	[150]

	Breast cancer cell line (4 T1)
	 	Cell membrane-coated magnetic nanoparticles (gCM-MNs)
	–
	100
	−19
	–
	Repolarization of M2-type to M1-type macrophages
	[151]

	Melanoma cell line (B16F10)
	 	Calcium carbonate nanoparticles (CaCO3)
	CD47 antibody
	100
	–
	–
	Activation of M1-type macrophages, inhibit local tumor recurrence and metastasis post-surgery
	[152]

	Breast cancer cell line (4 T1)
	 	NF-κβ signaling pathway
	Hyaluronic acid- superparamagnetic iron oxide nanoparticles (HIONs)
	–
	–
	–
	–
	Reprogram M2-TAMs to antitumor M1
	[153]

	Breast cancer cell line (MDA-MB-231)
	 	PI3K signaling pathway
	Porous hollow iron oxide nanoparticles (PHNPs@DPA-S-S-BSA-MA@3MA)
	3-methyladenine
	20
	−14.8 − 19.7
	–
	Repolarization of M2-type to M1-type macrophages and activate the immune cell population of CD8+ and CD4+ T-cells, B-cell, NK cells and Treg cells
	[154]

	Cervical cancer cell line (Hela) Lung carcinoma (LLC)
	 	Lactate oxidase and glycolysis pathway
	Hollow MnO2
	lactate oxidase and glycolysis inhibitor
	3.4
	−20
	Anti-PD-L1
	Reduced lactic acid production and reduced population of M2-type macrophages
	[155]

	Hepato cellular carcinoma (JHH-7/HCA-1)
	 	Angiogenesis
	Nanocarrier (NanoMnSor)
	Sorafenib
	136.2 ± 1.0
	−30
	Anti-PD-1 antibody
	Macrophage towards immunostimulatory M1 macrophages and increases the CD8+ cytotoxic T-cells in tumors
	[156]

	Melanoma (B16F10)
	 	NF-κβ signaling pathway
	Copper sulfide nanoparticles (CuS-NP)
	–
	17
	–
	–
	Direct BMDM polarization towards anti-tumor M1-phenotype, remodels TME, prolong median survival
	[157]

	Hepatocellular carcinoma cell line (Hepa1–6 cells)
	Repolarization of M2 to M1
	–
	Lipid nanoparticles (M1/SLNPs)
	Sorafenib
	–
	–
	–
	Increased ratio of M1-type macrophages as compared to M2-type and inhibit the tumor growth
	[158]

	Hepatocellular carcinoma cells (HepG2)
	NKG2D activation
	Selenium nanoparticles (SeNPs)
	Cytokine-induced killer cell immunotherapy
	102 ± 9.6
	153.4
	–
	Promoting M2 to anti-tumor M1 macrophages and increase the infiltration of natural killer cells to tumors
	[159]

	Renal cell carcinoma cell line (OS-RC-2)
	STAT3/hypoxia inducible factor-1 (HIF-1α)
	Lipid nanoparticles formulations (LNPs)
	siRNA STAT3/ HIF-1 α
	90–100
	0.21 ± 0.63
	–
	Increased infiltration of Mφ (CD11b + cells) into the TME and increased level of M1-type macrophages,
	[160]

	Breast cancer cell line (PyMT-Bo1, MFI 17)/ melanoma (MDA.MB.435, MFI 27) and endothelial (HUVEC, MFI 42) cell lines
	MYC pathway
	Perfluorocarbon nanoparticles
	MI3-PD
	262
	−20
	αvβ3 antagonist
	Decreased M2 macrophages in the TME without sparing M1-type
	[161]

	Breast cancer cell line (4 T1)/Melanoma cell lines (B16/F10)
	CSF-1R and Src homology-region 2 (SHP-2)
	Supramolecular nanoparticles
	BLZ-945
	143 ± 34
	7.9
	SHP099/ DNT206
	Reprogramming of M2-type macrophages to anti-tumor M1-type
	[162]

	Breast cancer cell line (4 T1)
	CSF-1R and MAPK pathways
	190.1 ± 27
	−17.1 ± 7.3
	Selumetinib
	Repolarize M2 macrophages to an anti-tumorigenic M1 phenotype
	[163]

	Hepatocellular carcinoma (Hepa1–6)/Pancreatic cancer (KPC)
	CCL2/5 signaling pathways
	BisCCL2/5i mRNA
	100–120
	–
	PD-L1
	TAMs polarization towards the anti-tumoral M1 phenotype and long-term survival
	[164]

	Breast cancer cell line (4 T1)
	Macrophage Inflammatory Protein 3 Beta (MIP-3β)
	Nanoparticles (3-trimethylammonium-propane (DOTAP), Methoxy poly (ethylene glycol)-poly(lactide) (MPEG-PLA), and folic acid modified poly (ethylene glycol)-poly(ε-caprolactone)
	–
	90
	−2.1
	–
	Polarization of macrophages towards M1 polarization, inhibit the tumor growth and metastasis
	[165]

	Melanoma cell lines(B16/F10)
	Repolarization of M2 to M1
	–
	ZnO and gold nanoparticles (AuNP@mSiO2@Dox-ZnO)
	Doxorubicin
	27–72
	–
	Photothermal treatment
	Toxicity to cancer cells and contribute in immunogenic cell death, prevent tumor growth and metastasis
	[166]

	- (RAW 264.7 cells)
	–
	Gold nanoparticles encapsulated CaCO3 (Au@CaCO3-NP)
	–
	32
	–
	–
	Direct repolarization of M2 macrophages towards M1-type
	[167]

	Osteosarcoma (MG63)/Colorectal carcinoma (HCT116)/Breast cancer (MCF7) cell lines
	–
	Hyaluronic acid-dexamethasone micelles (HA-DEX-DOX)
	Dexmethasone & Doxorubicin
	~ 252
	−23 − − 26
	–
	M2-macrophages towards pro-inflammatory M1-type phenotype, encourage Dox-mediated apoptosis
	[168]

	Melanoma cell line (B16)
	–
	PLGA nanoparticles
	Baicalin
	97.2–123.6
	−43.1 ± 0.4/ -17.8 ± 0.3
	Hgp
	Transformation of M2-like TAMs to M1-like, suppress tumor angiogenesis, inhibited metastasis, stimulate NK cell infiltration
	[169]

	Colorectal cancer (CT26-FL3), Pancreatic (PDAC) and breast cancer (4 T1) cell lines
	–
	Lipid calcium phosphate nanoparticles (LCP)
	–
	189.5
	−6.82
	PD-L1
	Inhibited the metastasis and shifted the immunosuppressive TME towards immunostimulatory stage with better cytotoxic T-cell infiltration, which results in prolong animal survival
	[170]

	Breast cancer cell line (4 T1)
	–
	Polymer nanoparticles (P-NPs)
	–
	45
	−25
	Photodynamic Therapy
	Shifts macrophages towards anti-tumorous phenotype, reverse TME and inhibit the tumor growth
	[171]

	Breast cancer cell line (4 T1) or human pulmonary carcinoma cell line (A549)
	NF-κB and IRF5 pathways
	Gadofullerene nanoparticles (Gd@C82)
	–
	~ 55
	−37.7 ± − 0.3
	PD-L1
	Reprogram M2 to M1, induce infiltration of cytotoxic T-lymphocytes and inhibit the tumor growth, promotes efficacy of PD-L1
	[172]

	Desmoplastic Melanoma (BPD6).
	 	Liposomes
	Hydralazine Doxorubicin
	88 ± 4
	−1.8
	–
	Repolarize the TAMs by normalizing tumor blood vessels, effectively inhibit melanoma growth
	[173]

	Melanoma cell line (A375)
	Mitochondrial-mediated apoptosis pathway
	Tellurium Nano stars (GTE-RGD)
	–
	170
	19.9 to + 19.6
	PD-1 & Radiotherapy
	Increase M1 macrophages, potentiated radiotherapy, eradicate tumor, enhance cytotoxic T-lymphocytes
	[174]

	Breast cancer (MCF-7) Renal cell carcinoma (A498)/Lung adenocarcinoma cell line (A549)
	NF-κB and STAT3 pathways
	TCCP-loaded mPEG-PLGA polymeric nanoparticles
	–
	80 ± 1.5
	−11.8 ± − 0.8
	Photodynamic Therapy
	Enhance polarization to M1 macrophages, induced immunogenic cell death, increase anti-tumor immunity of NK cells
	[175]




Termination of macrophage recruitment
Multiple studies have demonstrated the prominent role of chemokine ligands secreted by the TME in regulating TAMs and progenitor cells [176]. Therefore, macrophage-recruiting chemokines (CCL2, CCL3, CCL4 & CCL5), CSF-1, and VEGF are possible therapeutic targets that can stop malignant tumors from spreading by interrupting prometastatic TAMs [177, 178]. To block the CCL2-CCR2 axis, researchers designed siRNA-CCR2-encapsulated cationic nanoparticles (CNP-siCCR2) to suppress the expression of CCR2 in monocytes by blocking the CCL2-CCR2 axis and reshaping the TME to inhibit tumor growth and metastasis [127]. Jung et al. engineered 7C1 nanoparticles loaded with CX3CL1 on 7C1, which successfully reduced the expression of CX3CL1 and prevented the recruitment of macrophages toward the tumor region [130]. Recently, KLAK-MCP-1 micelles containing a CCR2-targeting peptide sequence and apoptotic KLAK peptide to induce apoptosis were synthesized to interrupt the MCP-1/CCR2 axis, which successfully inhibited tumor growth in B16F10 melanoma by inhibiting the infiltration of TAMs into the tumor and elevating cytotoxic T lymphocytes [128]. In another recent study, the researcher engineered CCR2-targeting ultrasmall copper nanoparticles (Cu@CuOx) as a nanovehicle loaded with gemcitabine for PET-guided drug delivery into pancreatic ductal adenocarcinoma tumors. These nanoparticles specifically target CCR2 on monocytes/macrophages and successfully inhibit the recruitment of TAMs to the tumor, which synergizes with the therapeutic effect of gemcitabine, leads to tumor necrosis, and ultimately suppresses tumor growth and prolongs the survival of PDAC tumors under imaging-guided therapy (Fig. 3). Additionally, these ultrasmall nanoparticles showed rapid clearance from the body to reduce toxicity [129].[image: ]
Fig. 3
A Schematic diagram of the synthesis of Cu@CuOx-ECL1i, Cu@CuOx-ECL1i-Gem, and 64Cu-radiolabeled nanoparticles. B STEM of Cu@CuOx-ECL1i. C Number-average hydrodynamic diameter of Cu@CuOx-ECL1i. D In vitro TA-PEG-Gem release profiles of Cu@CuOx-ECL1i-Gem under physiological and acidic conditions. E Tumor growth (F) and mouse survival, curves of KI-implanted mice after being treated with Cu@CuOx-ECL1i-Gem, Cu@CuOx-ECL1i, Cu@CuOx-Gem, gemcitabine (7 mg/kg body weight, IV), gemcitabine (100 mg/kg body weight, IP), and saline. First treatment with Cu@CuOx-ECL1i-Gem started at 10 days’ post-tumor implantation. The Cu@CuOx-Gem and second treatment began at 7 days’ post-tumor implantation. G H&E staining of the tumor slices from mice treated with Cu@CuOx-ECL1i-Gem, H gemcitabine (100 mg/kg body weight), and (I) saline [129]


TAM depletion
Suppressing one of the various chemoattractants is too simple to entirely prevent macrophage recruitment to the tumor. Regardless, once TAMs have infiltrated the tumor, they can be removed by various methods. Given the importance of CSF-1R in macrophages, numerous clinical medicines targeting CSF-1R have been discovered, such as BLZ945, PLX3397, PLX7486 and PLX7486 [179, 180]. Researchers have shown that CSF-1R inhibitor-loaded nanoparticles efficiently deplete TAMs and inhibit tumor growth and metastasis [131]. Researchers also designed dual-targeting nanoparticles (M2NPs), regulated by α-peptide coupled with M2-pep (M2 macrophage binding peptide) and loaded with anti-CSF-1R-siRNA, to precisely obstruct the survival signal of M2-type TAMs, which restored T cells and inhibited tumor growth in melanoma tumors [132]. Recently, Wei et al. developed FXIIIa substrate peptide A15-decorated BLZ945 nanoparticles (A15-BLZ-NPs) to selectively target M2-like TAMs and to escalate the efficacy of the antitumor effects of combretastatin A4 nanoparticles (CA4-NPs). Here, A15-BLZ-NP selectively targeted CA4-NP-treated tumors with elevated M2-like TAMs, where they release BLZ945 to deplete M2-like TAMs specifically. CA4-NP improves the delivery of A15-BLZ-NP to tumors, and A15-BLZ-NP specifically targets M2-like TAMs, which collectively leads to remodeled and activated antitumor immune responses that inhibit tumor growth [134]. Currently, various erythrocyte membrane-coated nanoformulations have gained much interest due to their improved immune camouflage characteristics in antitumor research [181]. Recently, researchers designed novel erythrocyte-cancer cell membrane-coated histidine copolymer micelles to deliver BLZ945 that holds immune camouflage capability to prolong circulation time and specifically deplete TAMs, which increases the infiltration of CD8+ cells and inhibits tumor growth [133]. Previous studies reported that bisphosphates can specifically obstruct macrophage survival and benefit nanotechnology [182]. Tian et al. synthesized PEGylated calcium bisphosphate (CaBP-PEG) nanoparticles with CaCl2 and bisphosphate that deplete TAMs, normalize the vascular system, and reduce angiogenesis, leading to a reduction in hypoxia and inhibition of tumor growth in breast cancer [135].
Surface markers of macrophages, such as CD206, can also be used as therapeutic targets [183]. Based on this concept, Zang et al. developed nanotherapeutics of lipid-coated calcium zoledronate nanoparticles (CaZol@pMNPs) enclosing conjugated mannose and covered with an extracellular pH-sensitive material that showed increased cellular internalization and detachment of PEG in low pH-TME, uncovered mannose to encourage delivery of zoledronate for TAM depletion, reduced angiogenesis and inhibited immune suppression to reduce tumor growth [136]. Recently, Zhang et al. synthesized mannosylated mixed micelles loaded with dasatinib (DAS-MMic) that selectively deplete TAMs, reduce the proportion of M2 macrophages, decrease angiogenesis, remodel the immunosuppressive TME, and inhibit tumor growth in a 4 T1 tumor-bearing mouse model [137].
Phosphatidylserine (PS) on the external surface of the cell membrane indicates an “eat me” signal for phagocytic clearance by macrophages and has been used as a targeting ligand in nanoparticles [184]. Knowing that MMP-2 is overexpressed by cancer cells [185] and PS-induced phagocytosis of apoptotic cells, MMP-2-sensitive nanoparticles covered with PS loaded with dasatinib were developed recently by Liu. In this study, PS externalization on the surface of nanoparticles was regulated by MMP-2 secreted by tumor cells, which rendered an “eat me” signal to TAMs for tumor-specific phagocytosis. Here, the author demonstrates the considerable accuracy and efficiency of these nanoparticles in TAM targeting and drug delivery in various biological and tumor-bearing mouse models [138]. Deng et al. also synthesized MMP-2-responsive, folate-modified Dox-loaded liposomes (PEG-FA-Lip) to target both M2-like TAMs and 4 T1 breast cancer cells. PEG-FA-Lip induces immunogenic cell death (ICD) at the tumor region, decreases the infiltration of Treg cells to tumor sites, depletes M2-like TAMs and significantly suppresses the tumor volume in a breast cancer model [139]. Recently, Tian et al. developed photoimmunotherapy nanoparticles, denoted HA-AuNR/M-M2pep, made up of hyaluronic acid-modified gold nanorods that have been surface-modified with MMP2-responsive M2-pep fusion peptides. HA-AuNR/M-M2pep showed better accumulation at tumor sites and discharged M2-pep in the TME with high MMP2 expression to specifically eliminate M2-like TAMs, which induced ICD to efficiently suppress tumor growth and prolong the survival of melanoma-bearing animals [140].
It has been determined that radiation therapy can ionize DNA or produce reactive oxygen species (ROS), which release tumor-associated antigens (TAAs) and induce the production of damage-associated molecular patterns inside the TME, which cause ICD [186, 187]. Recently, Huang et al. constructed self-assembled dual-functional coordination nanorods based on zoledronic acid and gadolinium (ZGd-NRs) that can effectively deposit X-rays and generate a large amount of hydroxyl radicals to stimulate ICD (Fig. 4). Eventually, ZGd-NRs can specifically eliminate TAMs, reprogram the immunosuppressive TME by inhibiting TGF-β, IL-10 and VEGF, enhance the infiltration of CD8+ T cells and significantly potentiate the immune response to anti-PD-L1 treatment in primary, distant and metastatic tumors [141].[image: ]
Fig. 4
A Mechanism of ZGd-NR-sensitized radiation for ICD induction and TAM depletion to synergistically boost antitumor immunity. B-K Immunogenic cell death induction and immunosuppressive tumor microenvironment reprogramming. B Immunofluorescence of CT26 cells stained with anti-CRT antibody, scale bar = 20 μm. C Quantification of relative CRT mean fluorescence intensity (n = 5 biologically independent cells). D Detection of cytoplasmic HMGB1 by ELISA kit (n = 5 biologically independent cells). E Detection of ATP secretion by luciferin-based ATP assay kit (n = 5 biologically independent cells). F Regulation of tumor immunity by TAMs. G Flow cytometry analysis of TAMs (F4/80+ and CD11b+) in tumor tissues (n = 10 biologically independent animals). H Quantification of the levels of TGF-β1 (I), IL-10 (J), and VEGF-A in tumor tissues by ELISA kit, the tumor tissues were harvested 48 h after radiotherapy (0 or 6 Gy × 1, n = 8 biologically independent animals). K Flow cytometry analysis of DCs maturation (CD80+ and CD86+ gated on CD11c+) in tumor-draining lymph nodes; the TDLNs were harvested 5 days after radiotherapy (0 or 6 Gy × 1, n = 8). All data were shown as mean ± SD. N.S. represented non-significance, *p < 0.05, **p < 0.01, ***p < 0.001 [141]


Reprogramming of M2 to M1
Although macrophage depletion may have some benefits in the initial stage of disease, scientists have previously ignored the advantageous effects of M1 macrophages. Instead, researchers should focus on the potential negative consequences of systemic macrophage depletion, such as increased susceptibility to infection and impairment of homeostatic macrophage functions in heathy tissue. The primary goal of immunotherapy is to reverse the immunosuppressive TME to antitumor, although the biggest obstruction is that it is quite difficult for conventional drugs to target only M2 macrophages. As described above, the unique ability of macrophages to modify their phenotype in response to external changes has been recognized for a long time. Therefore, to achieve the benefits of M1 macrophages, reprogramming tumor-promoting M2-type macrophages to tumoricidal M1 macrophages could be a more beneficial approach in tumor eradication than total macrophage depletion.
Currently, iron oxide nanoparticles have attracted much interest due to their broad range of biomedical applications in cancer theranostics [188]. Zanganeh et al. demonstrated that ferumoxytol induces macrophage polarization toward a proinflammatory phenotype and elicits strong antitumor effects through Fenton’s reaction in adenocarcinoma [27]. However, these effects are not sufficient because tumor cells disguise their immunogenicity, and most nanoparticles can be phagocytosed by phagocytes and may never reach their target. To solve this issue, Yu et al. designed a myeloid-derived suppressor cell (MDSC) membrane to coat magnetic Fe3O4 nanoparticles (MNPs@MDSCs) for enhanced antitumor activity. As a major regulator of immune responses in cancer, the MDSC membrane allows immune escape, easily accumulates in the TME, is capable of reprogramming M2-like to M1-like macrophages and induces ICD [142]. Various studies have shown that photothermal therapy (PTT) kills tumor cells, induces the production of TAAs, rebuilds the TME, and activates the specific T-cell immune response [189]. Researchers utilize the advantages of PTT in combination with iron-chelated melanin-like nanoparticles (Fe@PDA-PEG), which allows the recruitment of M1 macrophages as professional antigen-presenting cells to present TAAs, which results in attracting T-helper cells and effector cells to the tumor site to inhibit tumor growth [143].
Toll-like receptor (TLR)-agonists have been recognized as agents to polarize M2-like TAMs to M1-like and are under clinical trial as anticancer agents to determine their suitability for nanomedicine [190]. Rodell et al. designed β-cyclodextrin nanoparticles (CDNPs) that encapsulate R848 (an agonist of TLR-7/8), a vigorous driver of the M1 phenotype. The rapid uptake of these nanoparticles effectively improved drug delivery to TAMs, shifted them toward the tumoricidal M1 phenotype, inhibited tumor growth in colorectal cancer, and potentiated the efficacy of the antitumor immune response of anti-PD-1 [144]. Recently, the same authors showed the efficiency of the same nanoparticles (CDNP-R848) in a murine MC38 cancer model, in which they demonstrated the reprogramming of TAMs toward the antitumor M1 phenotype [145]. Undoubtedly, TLR agonists can activate proinflammatory macrophages, but their use in vivo is limited due to a lack of efficient delivery methods, and they can be cleared easily from the circulation. Researchers believe that nanoparticles can deliver TLR agonists to tumors. Recently, Shan et al. designed an M2-targeted nanocarrier system by encapsulating CpG-ODN in ferritin nanocages, surface functionalized with M2-targeting M2 peptide, denoted as M2pep-rHF-CpG. Following intravenous treatment, M2peprHF-CpG nanoparticles effectively repolarized M1-like TAMs in vitro and in vivo and reduced tumor development in a 4 T1 tumor-bearing animal model [146]. To increase the efficacy and specificity of macrophages, Zhang et al. recently prepared TLR agonist-loaded nanoparticles to modulate the TME. Here, they encapsulated R848 into polylactic-coglycolic acid (PLGA) and then covered the B16-OVA cancer cell membrane (to avoid being removed by the reticuloendothelial system), which was further modified with M2-pep and designated PNP@R@M-T (Fig. 5). The author showed that PNP@R@M-T specifically delivers the drug to M2 macrophages and dramatically repolarizes them toward the M1 type, activates the antitumor immune response, reduces tumor size and prolongs animal survival [28]. Recently, researchers have also focused on strategies to utilize the potential of the Fenton reaction in combination with TLR agonists to potentiate immunotherapies. In one recent study by Liu et al., the author designed a cell membrane-coated nanocarrier system, PLGA-ION-R837@M, consisting of magnetic Fe3O4 and R837, coated with LPS-treated macrophage membranes to target TAMs. The synergistic interaction between Fe3O4 and R837 activates interferon regulatory factor 5 (IRF5) and the NF-κB signaling pathway to enhance TAM repolarization, which relieves the immunosuppressive TME to activate the antitumor immune response [148]. Recently, Bolli et al. designed a strategy to couple the TLR7/8 agonist imidazoquinolinone to single-chain antibody fragments (anti-MMR Nb-IMDQ), target mannose receptor (MMR) on macrophages in a site-specific and quantifiable manner and repolarize protumoral TAMs into an antitumoral type. The anti-MMR Nb-IMDQ conjugates resulted in efficient drug delivery to TAMs high in MMR expression and significantly decreased tumor growth, aligned with an increased antitumor T-cell response by repolarizing TAMs toward a proinflammatory phenotype (Fig. 6) [147]. TAMs were found to be required for antibody-dependent cell phagocytosis, which has been considered a key mechanism for antibody cancer therapy. A recent study demonstrated the potency of R848-encapsulated liposomes (R848-LPs) to accumulate quickly in tumor sites, including TAMs, reprogram TAMs to M1-type macrophages and potentiate antibody-dependent phagocytosis in lymphoma cell lines [149].[image: ]
Fig. 5
A Schematic illustration of PNP@R@M-T developed for efficient and selective reprogramming of M2-like macrophages and enhanced cancer immunotherapy via M2pep-mediated endocytosis. B-F Inhibitory effects of PNP@R@M-T on tumor growth in vivo. B Schematic illustration of induction and treatment of B16-OVA tumors in C57BL/6 mice. C Body weights of mice treated with PBS, R848, PNP@R, PNP@R@M-S, and PNP@R@M-T. D The survival rate was analyzed by the log-rank test (n = 10 mice). E B16-OVA tumor growth. n = 6 mice. F Macroscopic images of tumors taken 18 days after the initiation of treatment. Representative images from 6 mice per group are shown [28]
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Fig. 6
A A well-defined protein-drug conjugate of anti-MMR nanobody with TLR 7/8 agonist IMDQ. The anti-MMR Nb-IMDQ conjugate allows triggering of TLR7/8 specifically of MMR high macrophages, with aim to repolarize these cells into a pro-inflammatory anti-tumoral state, resulting in reduced tumor growth. B-G Anti (α)-MMR Nb-IMDQ therapy delays tumor progression and reprograms TAMs to more M1 phenotype. B LLC-OVA-bearing C57BL/6 mice were injected on day 5, 8, and 11 after cancer cell inoculation with appropriate treatment and mice were sacrificed on day 13. C LLC-OVA bearing mice received α-MMR Nb-IMDQ or HBSS, co-injected with fivefold molar excess of bivalent α-MMR Nb (Biv.MMR) and tumor volumes were measured on day 4, 6, 8, 10, 12, and 13 after cancer cell inoculation. D LLC-OVA bearing mice received α-MMR Nb-IMDQ or BCII10 Nb-IMDQ, co-injected with fivefold molar excess of Biv.MMR, tumor volumes were measured on day 6, 8, 11, 12, and 13 after cancer cell inoculation. p-values are calculated using a two-way ANOVA and significant differences are marked by *: p ≤ 0.05. E The percentage of MHC-II high and MHC-II low TAMs within hematopoietic (CD45+) cells of LLC-OVA tumors is shown as mean ± SEM of n = 4. MHC-II low TAMs were sorted from pools of tumor cell suspensions of each individual experimental group and qRT-PCR analysis was performed for technical triplicates to quantify expression of several M1 and M2-associated genes normalized to ribosomal protein S12 expression. F Percentage of CD4+ T cells, B cells, NK cells, NKT cells, and CD8+ T cells within the hematopoietic (CD45+) cells is shown as mean ± SEM of n = 4, p ≤ 0.05. G Percentage of effector (CD44 + CD62L−) cells within CD4+ T cells and Gzmb+ cells within CD8+ T cells is shown as mean ± SEM. p ≤ 0.05; **: p ≤ 0.01 [147]


Exosomes have recently shown significant promise in cancer treatment. Recently, Nie et al. designed pH-responsive M1 exosome nanobioconjugates for cancer treatment in which dibenzocyclooctyne-modified antibodies against CD47 and SIRPα were conjugated with azide-modified M1 exosomes linked with pH-sensitive benzoic-imine bonds. On intravenous administration, they specifically recognize CD47 on the surface of tumor cells by aCD47. The acidic environment of the tumor stimulates the cleavage of the benzoimide bond of nanobiological coupling and discharges aSIRPα and aCD47 on macrophages, which abolishes the “do not eat me” signal and stimulates the phagocytosis of tumor cells. Simultaneously, M1-derived exosomes effectively repolarize macrophages from the protumor M2 type to the antitumor M1 type [150]. Recently, researchers used a gene editing technique to construct genetically modified cell membrane-coated magnetic nanoparticles (gCM-MNs) to encourage macrophage membrane surface overexpression of the SIRPα protein, which blocks the CD47-SIRPα pathway. The magnetic core encourages the repolarization of M2-type TAMs to M1, synergistically triggers a potent macrophage immune response and suppresses tumor growth in breast cancer [151]. Chen et al. developed a postsurgical immunotherapeutic fibrin gel (aCD47@CaCO3) using calcium carbonate nanoparticles preloaded with CD47 antibody that gradually dissolve and release aCD47 in tumors in a controlled manner, which encourages the activation of M1-type macrophages and induces the phagocytosis of cancer cells by macrophages, boosts the antitumor immune response and inhibits local tumor recurrence and metastasis postsurgery [152]. Researchers have also investigated a facile way to develop artificially reprogrammed macrophages as live cell therapeutics. They prepared tremendously activated macrophages (HION@Mac) that exhibited outstanding advantages, including activation of the NF-κB signaling pathway and stimulation of macrophages to continuously produce TNF-α and ROS, which induce therapeutic effects against tumors. Interestingly, HION-reprogrammed TAMs resisted the immunosuppressive TME and simultaneously reprogrammed M2-TAMs to antitumor M1 macrophages in a paracrine-like manner (Fig. 7). This study paves the door for cell-type immune therapeutics to enter clinical practice [153].[image: ]
Fig. 7
A Schematic illustration depicting that the artificially reprogrammed HION@Macs target tumors through active chemotaxis and magnet guidance, produce inflammatory factors (such as TNF-α, NO and ROS) to suppress tumor, re-educate in situ M2 macrophages into pro-inflammatory M1 phenotype for synergistic cancer-specific therapy. B-E In vivo tumor targeting and anticancer effect of HION@Macs in BALB/c mice bearing subcutaneously inoculated 4 T1 breast tumor. B Representing IVIS images depicting bio distribution of Møs, M1 Møs, ION@Macs, HION@Macs, HION@Macs plus magnet guidance. The tumor site was designated by white dotted circle. C Tumor growth profiles recorded during 21 days. Tumor bearing BALB/c mice received a total of three injections on the 1st, 3rd, and 5th day (designated by red arrow) since tumor volume reached ≈80 mm3. The asterisks indicate the difference between the HION@Macs + magnet group, the HION@Macs group, and the PBS group. **: p < 0.01; ***: p < 0.001. D Relative body weight of mice from different groups after treatments. E Representative image of tumor tissues harvested from different groups on the 21st day. Group a) HION@Macs + magnet; b) HION@Macs; c) ION@Macs; d) Mø; e) HION; f) PBS (Scale bar: 1 cm). Error bars represent mean ± S.D. (n = 6) [153]


The PTEN/PI3K γ/mTOR signaling pathways have been demonstrated to regulate the TME by repolarizing macrophages and promoting immune suppression during cancer development [191]. Therefore, scientists synthesized porous hollow iron oxide nanoparticles loaded with a PI3K γ inhibitor (3-methyladenine) and blocked them with bovine serum albumin (BSA). Furthermore, their surface was modified by carbonylated mannose (PHNPs@DPA-S-S-BSA-MA@3-MA) to effectively target TAMs only. They upregulated NF-kB p65 by reducing the PI3Kγ protein in macrophages and tumor cells, which efficiently polarized macrophages toward proinflammatory macrophages and activated the immune response by increasing the population of CD8+ and CD4+ T cells, B cells, NK cells and Treg cells, collectively inhibiting tumor growth and reshaping the immunosuppressive TME [154].
Another characteristic feature of cancer cells is the continuous production of lactic acid by aerobic glycolysis which promote the TAM polarization to the M2 phenotype, which increases immunosuppression in the TME and results in hypoxia. Thus, scientists believe that inhibiting the production of lactic acid will efficiently recover the immunosuppressive TME. Recently, the authors designed an RBC-camouflaged hollow MnO2 catalytic nanosystem consisting of lactate oxidase and glycolysis inhibitor that consumes lactic acid and generates oxygen concomitantly, which successfully reverses immunosuppression in the TME by significantly reducing the population of M2-type macrophages after combination treatment with PD-L1 [155]. Furthermore, oxygen-producing nanoparticles were also observed to regulate TAM polarization by decreasing hypoxia [192]. Hypoxia promotes not only the invasiveness of tumor cells but also the development of M2-type TAMs, induces a reduction in the number of functional blood vessels, limits the delivery of drugs and is the main cause of drug resistance. To target the vasculature and to revert the hypoxic condition in the TME, Chang et al. designed a tumor-targeted, biodegradable nanodelivery system that contains a MnO2 core coated with DOPA, formulated with PLGA to form NanoMn, and loaded with sorafenib (an antiangiogenic drug). They used this strategy to deliver sorafenib and MnO2 together to improve the accumulation of sorafenib in hepatocarcinoma and enabled oxygen generation by decreasing hypoxia by the catalytic effect of MnO2 on oxygen generation by H2O2, thus overcoming the resistance to sorafenib. Furthermore, NanoMnSor reprogrammed tumor-promoting macrophages toward immunostimulatory M1 macrophages, increased CD8+ cytotoxic T cells in tumors, and amplified the efficacy of the PD-L1 antibody (Fig. 8). This study provides a new strategy of combining antiangiogenic therapies and oxygen generators to modulate the hypoxic TME [156].[image: ]
Fig. 8
A Schematic representation of mechanism by which NanoMnSor can serve as theranostic anticancer agent. Oxygen generated from NanoMnSor alleviates tumor hypoxia and modulates TME. (1) NanoMnSor treatment overcomes hypoxia-driven resistance to sorafenib and reduces cell proliferation in HCC. (2) NanoMnSor ameliorates immunosuppressive TME by reducing hypoxia-induced tumor infiltration of TAMs, promoting macrophage polarization toward immunostimulatory M1, increasing CD8+ cells, leading to improving efficacy of anti-PD-1 and whole-cell cancer vaccine. (3) NanoMnSor suppresses metastasis in HCC by attenuating hypoxia induced EMT. (4) NanoMnSor treatment enhances antiangiogenic effect of sorafenib via hypoxia alleviation. (5) NanoMnSor potentially serves as CA for tumor imaging because of acidic and redox-active TME-induced decomposition of MnO2 core into Mn2+ ions that enhances tumor contrast in T1-weighted MRI. (B-J) NanoMnSor ameliorates immunosuppression in TME and exerts synergistic anticancer effects when combined with immunotherapy in orthotopic HCC models. B Quantification of mean vessel density in tumors, determined by CD31 and quantitated as percentage of total tumor area at right (n = 6–9). CD31-positive ECs were stained red (C) Hypoxic tumor areas in orthotopic HCA-1 tumor models after different treatments (n = 5–7) are indicated by PIMO-positive staining (green). D Treatment with NanoMnSor decreased CD45+ F4/80+ TAMs in tumors (E) BMDMs were cultured under normoxic conditions for 24 h with or without NanoMn. Quantitative measures of hydroxyl radicals generated by macrophages after exposure to NanoMn at different doses, (n = 3–6). F NanoMn increased expression of M1-like genes and decreased M2- like genes in BMDMs (G) Treatment of NanoMn and NanoMnSor primed macrophages exhibit M1-like phenotype (n = 8–10) and increased cytotoxic CD8+ T cells (H) in tumors, as measured by flow cytometry (n = 9–17). I Increased apoptosis in tumors, indicated by TUNEL staining (green) at 24 days after NanoMnSor treatment. J Sizes of orthotopic HCA-1 tumors [156]


Adoptive cell therapy (ACT) has been recognized as a promising strategy for cancer treatment [193]. Recently, Xu et al. introduced ACT through copper sulfide nanoparticles (CuS-NPs) that exhibit significant antitumor effects in melanoma-bearing mice. In this study, BMDMs were incubated with PEGylated CuS-NPs and activated by Cu-mediated dynamin-related protein 1 (Drp-1)-mitochondrial fission combined with the Cu-Fenton process, which escalates the production of intracellular reactive oxygen species (ROS) and results in activation of NF-κB, directing BMDM polarization toward the antitumor M1 phenotype (Fig. 9). Furthermore, CuS-NP-stimulated BMDMs demonstrate enhanced phagocytic and digestive capacities by reducing the expression of programmed death-1 (PD-1). Intratumoral transfer of CuS-Mφ reshapes the TME and evokes systemic antitumor immunity, which significantly prolongs the median survival of melanoma-bearing mice [157]. Hou’s group designed a polarized macrophage-based therapy and drug-delivery system for cell chemotherapy by utilizing M1 macrophages, where they act as a therapeutic tool to provide immunotherapy as well as delivery vessels to specifically deliver drugs to tumor cells. M1 macrophages carrying sorafenib (SF) were loaded into lipid nanoparticles (M1/SLNPs). The author demonstrated the increased accumulation of M1/SLNP by tumor sites, which improved the tumor-targeting efficiency of sorafenib and increased the ratio of M1-type macrophages compared to M2 macrophages, ultimately relieving the immunosuppressive TME and inhibiting tumor growth in hepatocellular carcinoma (Fig. 10) [158]. Very recently, scientists developed a nanoparticle-loaded bacterial system, denoted as Ec-PR848, which carries DOX, R848 (TLR7/8 agonist) and bacterial strain MG1655 to target tumor by repolarizing M2 macrophages into M1 macrophages and activate antitumor immunity which ultimately trigger ICD [194]. Researchers have also focused on cytokine-induced killer cell (CIK)-mediated immunotherapy in cancer treatment. In one recent study, the authors combined selenium nanoparticles (SeNPs) with cytokine-induced killer cells (CIK), which effectively increased the infiltration of natural killer cells into tumors and reprogrammed tumor-promoting M2 macrophages to antitumor M1 macrophages, stimulating a strong antitumor response to combat progression. This research proposed a unique method for advancing the therapeutic use of CIK therapy in tumor treatment [159].[image: ]
Fig. 9
A Schematic illustration of redirecting macrophages by CuS NPs for adoptive transfer therapy of solid tumor. B-I Adoptive transfer of CuS-MΦ for enhanced activity against murine melanoma. B Treatment regimen. i.t., Intratumoral injection. C Individual B16F10 tumor growth curves following the treatment with Un-MΦ, PLGA-MΦ, Au-MΦ, CuS-MΦ, CuS NPs alone, or Un-MΦ plus CuS NPs (n = 10). Control, mice without treatment. For CuS NPs alone group or Un-MΦ plus CuS NPs group, injection dose of CuS NPs was 0.3 μg of Cu, which was equivalent to that of 2 × 106 of CuS-MΦ. D-F Kaplan-Meier survival curves of selected compared groups, log-rank analysis (n = 10). G Quantitative analysis of classic macrophages (M1, CD11b + F4/80 + CD206–) versus alternative macrophages (M2, CD11b + F4/80 + CD206+) in tumor on day 20. One-way ANOVA with Tukey’s post-test (n = 5). H The expression of CD206 in either the transferred (F4/80 + DiD+) or tumor-associated (F4/80 + DiD–) macrophages analyzed on the 3rd day after i.t. transfer of the DiD-labeled CuS-MΦ or Un-MΦ to mice bearing B16F10 tumor, normalized by Control group. One-way ANOVA with Tukey’s post-test (n = 5–6). I The population of immune cells in the tumor at day 20 including CD4+ T cells, CD8+ T cells, granzyme B-positive CD8+ T cells (CD8 + GranB+), CTLs (CD8 + IFN-γ+), activated DCs (CD11c + CD86+), Treg cells (CD4 + CD25 + Foxp3+), as well as CD11b + Gr-1+ myeloid-derived suppressor cell (MDSC) subsets including CD11b + Gr-1high granulocytic MDSCs (G-MDSCs) and CD11b + Gr-1int monocytic MDSCs (M-MDSCs). One-way ANOVA with Tukey’s post-test (n = 5). Data are expressed as mean ± s.e.m. [157]
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Fig. 10
A Scheme 1 a Preparation of M1/SLNP. b Schematic illustration of M1/SLNP for tumor targeting delivery to enhance the therapeutic efficiency of HCC, in which dual functional M1-type macrophages as targeting delivery vessel and therapeutic tool. (B-H) M1/SLNP enhanced antitumor efficacy in vitro and in vivo. B Cell viability of M1/SLNP in Hepa1–6 cells in vitro. C in vivo tumor volume changes. D Photographs of tumors. E Tumor weights (F) Body weight changes from Hepa1–6-bearing mice treated with NS, M, M1, free SF, SLNP, M/SLNP, and M1/SLNP via the tail vein. H H&E and Ki67 results of tumor tissues. Magnification: H&E 200×, Ki67 200×. +++p [158].


STAT3 has been reported to connect oncogenesis and immunological evasion, and its activators (oncostatin M and IL-10) are produced by M2 macrophages in TAMs [195]. Shobaki et al. designed a strategy of targeting TAMs to modulate and modify their functions using lipid nanoparticle formulations (CL4H6-LNPs) loaded with STAT3 siRNA and hypoxia-inducible factor-1α (HIF-1α) siRNA. The siRNA-loaded CL4H6-LNPs exhibited strong blood circulation stability and high tumor-specific accumulation, which induced an antitumor response by silencing two targeted genes, STAT3 and HIF-1α, both of which were found to be increased in TAMs and to promote protumorous functions. The treatment led to increased infiltration of Mφs (CD11b + cells) into the TME and increased levels of M1-type macrophages, which resulted in an outstanding antitumor therapeutic response [160]. Transcription factors such as c-MYC have been found to control the macrophage inflammatory response and their polarization toward the M2 phenotype [196]. Therefore, researchers anticipate that c-MYC inhibitors could inhibit macrophage polarization toward the M2 phenotype. The author developed perfluorocarbon nanoparticles encapsulating a c-MYC inhibitor prodrug (MI3-PD) to specifically target M2 macrophages through integrin αvβ3 with the aim of disrupting M2 polarization without compromising their viability. They showed that these nanoparticles decreased M2 macrophages in the TME without sparing M1-type macrophages [161].
As described above, CSF-1/CSF1R is known to control macrophage proliferation, differentiation, and migration. However, clinical data have revealed that single-agent treatment targeting the CSF-1R axis has limited efficacy [197]. Recent data also highlight the importance of the mitogen-activated protein kinase (MAPK) pathway in the activation and proliferation of macrophages [198]. To target both CSF-1 and MAPK, Ramesh et al. developed self-assembled dual inhibitor-loaded nanotherapeutics in which a CSF-1R inhibitor and Src homology-region 2 (SHP-2) (to block the “do not eat me” signal) domain phosphatase were coloaded into lipid nanoparticles to simultaneously inhibit the CSF-1R and SHP-2 pathways via the CSF-1 and MAPK pathways. They demonstrated high drug loading, regulated drug release, minimal drug toxicity, superior phagocytic capabilities and hindrance of the CSF-1 and SHP-2 signaling pathways, which stimulates the continuous reprogramming of M2-type macrophages to antitumor M1-type macrophages [162]. Recently, the same author again focused on inhibiting the CSF-1R and MAPK pathways and recently developed a lipid nanoparticle formulation filled with a dual kinase inhibitor, colony-stimulating factor-1 receptor inhibitor and MAPK pathway inhibitor, which inhibited CSF-1R and MAPK signaling to repolarize M2 macrophages to an antitumorigenic M1 phenotype in the TME. They demonstrated suppressed tumor growth and reduced toxicity in a highly aggressive 4 T1 breast cancer model [163]. Given the importance of CCL2 and CCL5 in TAMs [10, 199], recently, researchers bioengineered a single-domain biospecific antibody encapsulated in a clinically approved lipid nanoparticle that binds and neutralizes CCL2-CCL5 by delivering mRNA. The bisCCL2/5i mRNA nanoparticles significantly induced TAM polarization toward the antitumoral M1 type, relieved immunosuppression in TME and, when combined with PD-L1, attained long-term survival in a mouse model of liver, colorectal, and pancreatic cancer (Fig. 11). The mRNA-LNP-based delivery system can be applied to other TAM-enriched cancer types [164]. In recent studies, researchers also focused on CCL19 or macrophage inflammatory protein 3 beta (MIP-3β) to enhance the interaction among immune responses using the targeted gene delivery system with 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), methoxy poly (ethylene glycol)-poly (lactide) (MPEG-PLA), and folic acid-modified poly (ethylene glycol)-poly(ε-caprolactone) (FA-PEG-PCL) (FDMCA) to polarize macrophages toward M1, inhibiting tumor growth and metastasis in mouse models [165]. The scavenger receptor MARCO (macrophage receptor with collagenous structure) on macrophages has been associated with poor prognosis in breast cancer [200]. Therefore, blocking MARCO with antibodies induces potent antitumor effects by repolarizing TAMs [201] and can be used in combination with nanoparticles.[image: ]
Fig. 11Dual blockade of CCL2 and CCL5 via LNP-mediated mRNA delivery of BisCCL2/5i polarizes macrophage M1 phenotype and reduces the immunosuppression in the TME. A Schematic of the mRNA-loaded LNPs. B In vivo transfection of Luc mRNA-LNPs after repeated administration (i.v., every 4 days, in total 3 doses). The luciferase was injected into mice 6 h post administration of Luc mRNA-LNPs, followed by measuring luc bioluminescence signal using IVIS imaging, n = 3. C The quantification of mCherry-positive cells expressed in murine orthotopic HCC tumor tissue 6 h after injection of mCherry mRNA-LNPs (mCherry mRNA: 0.5 mg kg − 1). mRNA is mainly expressed in monocytes (CD45 + CD11b+) and tumor cells (Hepa1–6-GFP+) (n = 8). D BisCCL2/5i expression in different organs 6 h after each administration of BisCCL2/5i mRNA-LNPs (mRNA: 1 mg kg − 1, i.v., 3 days apart), n = 6. The BisCCL2/5i mRNA was mainly expressed in liver tissue and repeated administration resulted in comparable protein level. E, F mRNA expression of classic M1 (E) and M2 (F) markers in HCC tumor tissues 48 h after systemic administration of formulated LNPs as a dose corresponding to 1 mg kg − 1 mRNA (Mock, HcRed mRNA). Each data point is an individual sample (n = 9); one-way ANOVA and Tukey’s multiple comparisons test. Change of the immunocellular composition in HCC TME 48 h following Mock mRNA-LNPs and BisCCL2/5i mRNA-LNPs treatments (mRNA: 1 mg kg − 1), measured by flow cytometry (n = 4; unpaired two-tailed Student’s t-test). G, H The percentage and cell counts of macrophages (G) and their M2 subtype (H) in total immune cells. I, J Representative flow dots of M1- and M2-phenotype macrophages (I) and ratio of M1/M2 (J). MΦ, macrophages (CD45 + CD11b + CD11c − Ly6C − Ly6G − F4/80+); M2, M2-phenotype macrophages (CD206+). Data are represented as the mean ± s.d. [164]


Recently, Zhang et al. combined ZnO and gold nanoparticles to design a multifunctional nanocomposite, denoted AuNP@mSiO2@DOX-ZnO, that combines the photothermal characteristics of gold nanoparticles, pH-responsive selective drug delivery of ZnO and a chemotherapeutic drug. Their studies revealed that ZnO nanoparticles showed a preference for melanoma cells and caused ICD. Dox- and AuNP@SoO2-based photothermal treatment (PTT) showed direct toxicity to cancer cells and contributed to ICD, preventing tumor growth and metastasis [166]. In another study, scientists synthesized AuNPs and CaCO3-encapsulated nanoparticles (Au@CaCO3) as a stimulant to modulate macrophages. The authors showed the dramatically elevated expression of M2-type macrophages when they were incubated with AuNPs alone. Interestingly, they found that the coincubation of macrophages with Au@CaCO3 mediated their reprogramming from tumor-promoting M2 macrophages toward tumoricidal M1-type macrophages, triggering inflammation in macrophages in cancer treatment [167].
The active role of hyaluronic acid (HA) in macrophage polarization has already gained attention in cancer immunotherapy. Recently, Rangasami et al. designed supramolecular self-assembled HA-derived immunomodulatory nanoparticles with an anti-inflammatory dexamethasone (DEX) moiety as a hydrophobic moiety to form HA-DEX micelles, which were further loaded with Dox, collectively designated HA-DEX-DOX. HA-DEX-DOX effectively induces the reprogramming of immunosuppressive M2 macrophages toward the M1 phenotype and encourages Dox-mediated apoptosis [168]. In one of the recent studies, researchers developed dual-targeting nanocomplexes, one that targets M2-type macrophages by filling them up with antitumor drugs and another an immunostimulator to remodel the TME. In this nanoformulation, they fabricated PLGA nanoparticles that encapsulate baicalin and tumor-associated antigen, Hgp peptide fragment, while CpG-ODN was adsorbed to a polydopamine coating layer on the surface of nanoparticles. Furthermore, the nanoparticles were coupled with M2-pep and α-pep peptides for dual targeting. The nanoformulation effectively consumes M2-type TAMs and remodels the TME to the proinflammatory type (Fig. 12) [169].[image: ]
Fig. 12Effective anti-tumor and tumor microenvironment remodeling after treatment with different nano-complexes in the B16 tumor model. A Schematic illustration of the time sequence of administration of nano-complex to tumor-bearing mice. B Tumor volume from mice that received iv infusion containing different nano-complexes. C Tumor inhibition fractions after receiving iv infusion of various nano-complexes formulations. D Evidence of necrosis in tumors after treatment with different nano-complexes by hematoxylin and eosin (H&E) staining. E Caspase-3 analysis of tumor tissue indicating apoptotic cells by immunofluorescence in frozen tumor sections. F The number of vessels per image field is identified by CD31 label after treatment with different nano-complexes. G VEGF labeled by immunofluorescence indicates the quality of pro-angiogenesis secretion per image field after treatment with different nano-complexes. The data were analyzed by automatic multispectral imaging system (PerkinElmer Vectra II). Scale bar: 100 μm. Three mice were analyzed in every group (n = 3), and one representative image per group is displayed. Data are the mean ± SEM and representative of three independent experiments. Differences between two groups were tested using an unpaired, two-tailed Student’s t-test. Differences among multiple groups were tested with one-way ANOVA followed by Tukey’s multiple comparison. Significant differences between groups are expressed as follows: *P < 0.05, **P < 0.01, or ***P < 0.001 [169]


Liver metastasis is associated with activated hepatic cell (aHSC)-mediated fibrosis, and relaxin (RLN), an antifibrotic peptide, acts as a natural regulator to deactivate aHSCs and control liver fibrosis. Recently, amino ethylanisamide (AEAA, potent ligand for sigma-1 receptor, expressed by aHSC tumor)-targeted lipid calcium phosphate (LCP) nanoparticles have been developed to deliver RLN plasmids into aHSC-expressing tumors for the enhanced secretion of RLN protein. They demonstrated that LCP-mediated expression of RLN potently reduced metastasis and shifted the immunosuppressive TME toward the immunostimulatory stage with better cytotoxic T-cell infiltration, which resulted in prolonged animal survival [170]. Recently, Fu et al. developed polymer nanoparticles (P-NPs) by nanoprecipitation methods in which the polymer polystyrene-comaleic anhydride (PSMA) and conjugated polymer poly [2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (PPV) were coassembled by the nanoprecipitation method, and both acted as critical drivers of macrophage polarization. They reversed the immunosuppressive TME by reprogramming macrophages toward an antitumorous phenotype and inhibiting tumor growth and permitted real-time imaging of nanoparticle uptake by cells and ROS production through PDT to remove residual cells and remaining TAMs [171].
Rebuilding an immunosuppressive TME by reprogramming TAMs to a tumoricidal state and boosting the body’s natural immune system has already gained much attention. One recent study revealed that Gd@C82 nanoparticles modified with β-alanines (GF-Ala) remodel the immunosuppressive TME by reprogramming the tumor-supportive M2 phenotype to antitumor M1 macrophages by activating the NF-κB and IRF5 pathways (Fig. 13), which trigger an antitumor response by inducing the infiltration of cytotoxic T-lymphocytes and inhibiting tumor growth [172].[image: ]
Fig. 13
A Schematic illustration of the preparation of P-NPs and TAM repolarization effect of P-NPs for immune induced anticancer therapy. B Tumor volume in different groups of 4 T1 tumor-bearing mice within 14 days. **p < 0.01. C Representative images of tumor tissues were collected from different groups on the 14th day. D Body weights of mice after different treatments. E Cell viabilities of 4 T1 cancer cells treated with different concentrations of PPV-PSMA-NPs with or without irradiation (30 min, 25 mM cm− 2). F Representative immunofluorescence staining images for CD80 (red), iNOS (red), TNFα (red), CD206 (green) and CD163 (green), as well as immunofluorescence staining observation of TUNEL staining (green) of tumor sections from different groups [172]


Due to the enhanced permeability and retention (EPR) effect, nanoparticle-based treatment confers prolonged blood circulation time, improves tumor targeting efficacy, and reduces off-target effects. Recently, researchers employed hydralazine (HDZ), an antihypertension vasodilator, which is thought to dilate vessels and promote the penetration of nanoparticles more deeply in advanced tumors. They prepared a DiD-loaded liposomal formulation of HDZ, which significantly increased nanoparticle aggregation and penetration in tumors and repolarized TAMs by normalizing tumor blood vessels, which effectively inhibited the growth of desmoplastic melanoma [173]. Presently, researchers synthesize tellurium nanosine (GTE-RGD) by a one-pot hydrothermal method and combine it with radiotherapy and checkpoint blockade in a breast cancer mouse model. GTE-RGD potentiates radiotherapy, which leads to tumor eradication and enhances cytotoxic T lymphocytes, elicits antitumor immunity and inhibits metastasis (Fig. 14). Additionally, nanoparticles were able to efficiently reduce the population of M2-type TAMs and provided an attractive clinical alternative for tumor treatment [174].[image: ]
Fig. 14
A Schematic diagram shows the facile synthesis of triangle-shaped Te nanostar (GTe-RGD) and its combination with checkpoint blocking as an excellent radio sensitizer for boosting immunotherapy, which may provide reasonable evidence of the synergistic effect of RT and immunotherapy. (B-S) In Vivo GTe-RGD-Enhanced RT for Boosting Checkpoint Blockade Immunotherapy. B Schematic diagram of our experiments and the overall survival curves of mice with different treatments (experimental design to evaluate the enhanced cancer RT combined with anti-PD-1 using a bilateral subcutaneous 4 T1 tumor model). Tumors on the right legs were referred to as “primary tumors” and received X-ray treatment, while left tumors were called “distant tumors” and did not undergo RT. Average growth of (C) primary tumors and (D) distant tumors in mice receiving various treatments. E and F Body weight and overall Kaplan-Meier survival curves of 4 T1 tumor-bearing mice in different groups after various treatments. G and H–N Flow-cytometry analysis of immune cells including CD8+ T cells, CD4+ T cells, DCs, and M2 phenotype macrophages in tumor and spleen tissues (n = 5 per group). S Immunofluorescence analysis of CD8 antibody (green, CD8+ T cells) and DAPI (blue, cell nuclei) in primary and distant tumor tissues. (O) Mechanism of anticancer immune responses induced by GTe-RGD-based RT in combination with checkpoint blockade. P and Q Levels of IL-2 and IFN-g secreted by T lymphocytes stimulated with different proportions of dead cancer cells in different treatment groups. R Serum cytokine concentrations in mice after different treatments. All data are presented as mean G SD (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 [174]


Currently, cell membrane-coated nanoparticles, such as red blood cells or natural killer cell membrane-coated nanoparticles, have been steadily utilized in cancer immunotherapy, achieving satisfactory preventive and therapeutic efficacy due to autologous multiantigen presentation and homotypic targeting [175]. Recently, researchers designed the macrophage membrane-coated, TMP195 (TAM repolarization agent)-containing polydopamine nanoparticles to target the inflammatory environment in post-PTT residual tumor tissue, which relieved the immunosuppressive TME and allowed for complete tumor eradication by rescuing T cells [202]. Another recent study by Chen et al. reported a tumor-derived TAM membrane (TAMM) with antigen-homing ability and compatibility to block CSF-1 produced by tumor cells in the TME and inhibit the interactions between TAMs and tumors. Briefly, TAM-like upconversion nanophotosensitizers, denoted NPR@TAMM, have been developed as a potential cancer photodynamic therapy and shifted macrophages from an M2-like phenotype to an inflammatory M1-like state, inducing ICD (Fig. 15), consequently enhancing the antitumor immune response by activating antigen-presenting cells to enhance the production of tumor-specific effector T cells in tumors and offering new opportunities to explore endogenous TAMs as delivery vehicles with potential as personalized tumor therapies [203].[image: ]
Fig. 15
A Schematic illustration of the tumor-associated-macrophage-membrane-coated up conversion nanoparticles for improved photodynamic immunotherapy. B-J In vivo antitumor therapeutic effects. B Schematic illustration of 4 T1 tumor model establishment and the therapeutic regimen. C Tumor growth curves for primary tumor and distant tumor. D Tumor weight for primary tumor. E Tumor weight for distant tumor. F Histological analysis of H&E staining for primary and distant tumor. G Photographs show representative external views of lung with the histological analysis of H&E staining. Arrows indicate focal tumor nodules on lung surfaces. Scale bar = 100 μm. (H, I) Graphs show the quantification of metastatic foci (H) and lesion area (I) in the different treatment groups from part f. J The survival curve of tumor-bearing mice calculated by Kaplan−Meier estimate. Data are means ± SD. *P < 0.05; **P < 0.01. NS, no significance. n = 6/group [203]


Conclusions
TAMs are TME-resident innate immune cells that contribute to tumor development and progression. Therapeutic agents that deplete TAMs, block their recruitment or activate their repolarization toward the antitumoral M1 type have shown great potential for clinical applications [48]. However, loss of the immunostimulatory role of macrophages as phagocytes and professional antigen-presenting cells in the TME is an unavoidable disadvantage of the first two methods and may result in unpredictable and multifaceted stromal reactions in hosts. In contrast, with reprogramming, TAMs can be transformed into proinflammatory macrophages to attenuate their immunosuppressive ability while enhancing their immunostimulatory functions. Recent advancements in nanobiotechnology have allowed the incorporation of several diagnostic and therapeutic agents into nanoparticles. As professional antigen-presenting cells, macrophages bridge the gap between innate and adaptive immunity. The abundantly expressed surface receptors on TAMs, such as mannose, folate, SIGLEC1, or scavenger receptors, could represent novel therapeutic targets [95, 136, 137, 139, 146]. In solid tumors, tumor cells are deeply resident, which usually diminishes the therapeutic effects of drugs. Nanomedicine improves the stability and localization of anticancer drugs and decreases the toxicity of drugs in healthy tissues. After eating up the nanoparticles, TAMs distribute them to the entire tumor, including the hypoxic region, which enhances the distribution and permeability of nanoparticles or drug-loaded nanoparticles in the tissues [156]. Moreover, TAMs can also be employed as carriers for nanoparticles in live-cell therapies to enhance their tumor-killing ability [153]. A number of TME-sensitive targeted preparations may also be designed using a range of physiological differences between the TME and normal tissue, such as low pH, hypoxia, or increased expression of specific enzymes such as MMPs [136, 138, 150].
While nanoparticle-targeting macrophages have resulted in some successes in cancer immunotherapy and drug delivery, there are still various intriguing issues and obstacles to overcome. Due to the extraordinary heterogeneity of TAMs, the time course of macrophage recruitment and polarization status is not clear. Macrophage infiltration is also dependent on the disease severity and stage. The use of macrophage-targeting probes in molecular imaging to determine the status of macrophages in the TME seems promising [204]. The similarity in receptors on normal cells can cause failure in targeting specific targets on immunosuppressive macrophages, resulting in side effects and toxicity. Another critical issue is that nanomedicine-based strategies usually rely on the upregulated expression of TAM receptors, which typically varies with tumor progression. Interactions between cells and nanoparticles, such as internalization and processing of nanoparticles by macrophages and mechanistic studies on the effects of nanoparticles on macrophages, are also essential mechanisms that must be clarified. The immune milieu in the tumor is complex, and TAM-based cancer immunotherapies alone are insufficient to eliminate tumors. Combining these with another immunotherapy, such as PD-L1 or CAR-based treatment, or chemotherapy and radiation is an effective way to tackle this problem. To produce synergistic activity and avoid significant adverse effects, combination therapy must be carefully designed based on the characteristics of nanoparticles and the TME. If we address these obstacles and design nanoparticles with better targeting, macrophages will be a potent weapon that can overcome the problems related to solid tumors, and they will be promising for clinical applications.
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