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Targeted immunotherapies have emerged as a transformative approach in cancer treatment, offering enhanced specificity to tumor cells, and minimizing damage to healthy tissues. The targeted treatment of the tumor immune system has become clinically applicable, demonstrating significant anti-tumor activity in both early and late-stage malignancies, subsequently enhancing long-term survival rates. The most frequent and significant targeted therapies for the tumor immune system are executed through the utilization of checkpoint inhibitor antibodies and chimeric antigen receptor T cell treatment. However, when using immunotherapeutic drugs or combined treatments for solid tumors like osteosarcoma, challenges arise due to limited efficacy or the induction of severe cytotoxicity. Utilizing nanoparticle drug delivery systems to target tumor-associated macrophages and bone marrow-derived suppressor cells is a promising and attractive immunotherapeutic approach. This is because these bone marrow cells often exert immunosuppressive effects in the tumor microenvironment, promoting tumor progression, metastasis, and the development of drug resistance. Moreover, given the propensity of myeloid cells to engulf nanoparticles and microparticles, they are logical therapeutic targets. Therefore, we have discussed the mechanisms of nanomedicine-based enhancement of immune therapy through targeting myeloid cells in osteosarcoma, and how the related therapeutic strategies well adapt to immunotherapy from perspectives such as promoting immunogenic cell death with nanoparticles, regulating the proportion of various cellular subgroups in tumor-associated macrophages, interaction with myeloid cell receptor ligands, activating immunostimulatory signaling pathways, altering myeloid cell epigenetics, and modulating the intensity of immunostimulation. We also explored the clinical implementations of immunotherapy grounded on nanomedicine.
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1 INTRODUCTION
Osteosarcoma (OS) is a specific type of malignant bone tumor that is particularly concerning in the medical community because it often affects adolescents and young adults. Like other types of malignant tumors, one of the challenges in treating osteosarcoma is chemotherapy resistance. This resistance implies that conventional chemotherapy methods have limited effectiveness against osteosarcoma (Ritter and Bielack, 2010; Gill and Gorlick, 2021). Efforts are being made to identify specific molecular targets and promising innovative approaches in OS treatment (Chen et al., 2021; Wei and Yang, 2023). Osteosarcoma cells genetically differ from their normal counterparts, and tumor-associated antigens (TAAs) often have poor immunogenicity due to immune editing (Meltzer and Helman, 2021). The tumor continuously interacts with the host immune system, ultimately escaping immune surveillance. The tumor microenvironment consists of a complex system made up of tumor cells and the surrounding cells, molecules, and extracellular matrix. Within this microenvironment, interactions between tumor cells and the immunosuppressive cells and matrix cells in the tumor microenvironment form a network of immunosuppressive pathways, simultaneously inhibiting the activation of immune defense (Kansara et al., 2014; Isakoff et al., 2015). Therefore, treatments targeting immune mechanisms, such as immunotherapies, are especially significant. Checkpoint blockade is an immunotherapeutic approach. Under normal circumstances, these immune checkpoints help protect the body’s normal cells from attack (Wei et al., 2017; Guan et al., 2022). However, cancer cells might exploit these immune checkpoints to evade surveillance by the immune system (Postow et al., 2018; Kalbasi and Ribas, 2020). Consequently, by inhibiting certain signals, the ability of immune cells to combat tumor cells is enhanced (Anwar et al., 2020). The key to successful immunotherapy is overcoming local immune suppression in the tumor microenvironment and activating mechanisms leading to tumor eradication (Li et al., 2023). Chimeric Antigen Receptor (CAR) T-cell therapy is another cutting-edge technique in which T cells are genetically engineered to recognize and attack “chimeric” cells carrying specific tumor antigens (Porter et al., 2011; June and Sadelain, 2018). Once these T cells are redirected and proliferated, they are reinfused into the patient, exerting their immunotherapeutic effects against cancer cells (Grupp et al., 2013; Yu et al., 2019). This method has demonstrated significant efficacy in the treatment of hematologic malignancies (Larson and Maus, 2021; Amini et al., 2022). However, so far, treatment of more common sarcomas such as osteosarcoma and solid epithelial cancers typically has not made a significant impact (Depil et al., 2020; Maalej et al., 2023).
But successfully activating myeloid cells to elicit anti-tumor immune responses poses several challenges, including 1) the heterogeneous nature of myeloid cell populations within the tumor microenvironment, 2) the potential for tumor-induced myeloid cell immunosuppression, and 3) the complexities associated with modulating myeloid cell functions without adversely affecting other crucial physiological processes. The intersection between nanomedicine and cancer immunotherapy is becoming the focal point of frontier developments in cancer treatment, with profound therapeutic prospects. Nanodrugs, as the core carrier of this interdisciplinary field, bring revolutionary possibilities for cancer immunotherapy (Lakshmanan et al., 2021). In cancer immunotherapy, the emergence of nanodrugs offers a more precise and targeted approach. Nanodrugs can effectively improve drug delivery, increasing its concentration in tumor cells while reducing toxicity to normal cells (Fang et al., 2018; Fang et al., 2023). An increasing number of preclinical and clinical data indicate that combining nanodrugs with immunotherapy can enhance therapeutic effects by activating immune responses in the tumor microenvironment (Duan et al., 2019a; Liu and Sun, 2021). When targeting cancer cells, nanodrugs generally aim to induce immunogenic cell death, triggering the release of tumor antigens and danger-associated molecular patterns, such as calreticulin translocation, high mobility group box 1 protein, and adenosine triphosphate, capable of inducing immune responses to eliminate tumor cells (Kepp et al., 2021; Fu et al., 2022). In this process, the release of high mobility group box 1 protein (HMGB1) plays a key role, as it can serve as an alarm signal, promoting antigen presentation processes and inducing a stronger immune response (Inoue and Tani, 2014; Stagg et al., 2023). Nanodrugs targeting the tumor immune microenvironment enhance cancer immunotherapy by inhibiting immune suppressive cells (such as M2-like tumor-associated macrophages) and reducing the expression of immune suppressive molecules (such as transforming growth factor β) (Binnemars-Postma et al., 2017; Baig et al., 2020) Moreover, myeloid cells, like M2-like tumor-associated macrophages, are essential components of the tumor immune microenvironment playing an immunosuppressive role, often expressing factors that inhibit immune responses, such as transforming growth factor β (TGF-β). Nanodrugs can target these immunosuppressive myeloid cells, thereby modulating the tumor immune microenvironment (van der Meel et al., 2013; Jin et al., 2018).
In this review, we discuss the mechanisms of preclinical model immunotherapies based on nanomedicine that enhance the therapeutic effect of the immune system by targeting myeloid cells. We focus on strategies established in nanomedicine that complement those established in genetic engineering and molecular biology, potential therapeutic targets, and applications of nanodrugs targeting myeloid cells, particularly tumor-associated macrophages, in osteosarcoma to strengthen immunotherapy. However, due to the heterogeneity of different tumors and individuals, nanoplatform delivery systems may not be effective for all types of tumors. Lastly, we provide our views on the anticipated challenges and future directions of nanomedicine in the era of immunotherapy.
2 MECHANISM OF ACTION OF NANOMEDICINE TARGETING MYELOID CELLS
Nanomedicine provides new mechanisms of action for immunotherapy, including promoting immunogenic cell death, regulating the proportion of different cell subgroups in the myeloid cells, presenting immune-stimulating ligands to immune cells, activating immune-stimulating signal transduction pathways, delivering nucleic acids to cells, changing epigenetics, and controlling the intensity of immune stimulation (Yang et al., 2021) In this section, we briefly introduce the mechanisms of nanomedicines targeting myeloid cells and their potential role in osteosarcoma treatment. As illustrated in Figure 1, Mechanism of Action of Nanoparticles Targeting Bone Marrow Cells in the Modulation of Immunotherapy.
[image: Figure 1]FIGURE 1 | Mechanism of Action of Nanoparticles Targeting Bone Marrow Cells in the Modulation of Immunotherapy After being phagocytosed by myeloid cells, nanoparticles can activate the STING signaling pathway in tumor-associated macrophages, thereby initiating cellular immunity. At the same time, they can release the carried LncRNA or miRNA to silence specific gene expressions, leading to a transformation in the macrophage subtype. Nanoparticles carrying specific ligands such as PD1, B7, and OX40 can bind to specific ligands on dendritic cells and M1-type macrophages, enhancing the antigen presentation ability of dendritic cells and M1-type macrophages and strengthening the specific immunity against tumor cells. Nanoparticles carrying chemotherapy drugs have a direct cytotoxic effect on tumor tissues, promoting immunogenic cell death (ICD) and thus enhancing the direct cytotoxic effects of T cells and NK cells on tumor cells. In addition, during blood transport, nanoparticles wrap Lipidosomes and PEG to reduce cytotoxic side effects on normal tissues, enhancing the specificity of immunotherapy.
2.1 Abnormal phagocytic function of M1 macrophages and immune-inflammatory injury promote immunogenic cell death
The event of tumor cell death that encourages anti-tumor immune responses is known as Immunogenic Cell Death (ICD) (Yu et al., 2023). ICD is a unique form of cell death. ICD releases certain molecules, which in turn activate the immune system (Duan et al., 2019a). In the treatment of osteosarcoma, ICD is employed to activate the immune system, assisting the body in recognizing and eradicating osteosarcoma cells (Figure 2A).
[image: Figure 2]FIGURE 2 | The mode of action of nanoparticles targeting myeloid cells in regulating immunotherapy. (A) Promote immunogenic cell death. Nanoparticles promote the release of ATP and High Mobility Group Box 1 (HMGB1) by promoting tumor immunogenic cell death (ICD), thereby activating the uptake of tumor antigens by antigen-presenting cells in myeloid cells and their subsequent activation, thereby enhancing the direct killing effect of T cells and NK cells on tumor cells. (B) Adjusting the proportion of different cell subpopulations in myeloid cells. By targeting myeloid cells with a nanodrug system and then adjusting the proportion of different subgroups of tumor-associated macrophages, the effects of T cell immunotherapy can be enhanced by depleting the M2 macrophage subpopulation and MDSCs in TAMs. (C) The interaction between nanoparticles and myeloid cell receptor ligands. Nanoparticles provide a series of ligands or release cytokines, co-stimulatory signals DAMPs provided by myeloid antigen-presenting cells to T cells and natural killer cells (NK), receptor-ligand interactions, activating dendritic cells (DCs), T cells and natural killer cells (NKC). (D) Signal transduction in myeloid cells altered by nano drug preparations. Nanodrug formulations can directly deliver drugs to myeloid cells, changing the signal transduction of myeloid cells and enhancing their anti-tumor activity. (E) Nanoparticles Alter Epigenetics of Myeloid Cells. Nanoparticles carrying miRNA are internalized in myeloid cells such as M2 TAMs and solid tumor cells, and siRNA is released, leading to effective gene silencing. (F) Nanoparticles regulate the intensity of immune stimulation. Nanodrug formulations can be designed to interact with external energy sources such as light or heat, thereby precisely controlling the timing of drug release and the intensity of myeloid cell immune stimulation, or controlling their bioactivity through liposomes, the delivery of prodrugs hidden by Polyethylene Glycol (PEG) chains.
ICD reveals that when tumor cells die, they release damage-associated molecular patterns (DAMPs), which in turn activate reactive immune cells, assisting the body’s immune system in recognizing and eliminating remaining cancer cells, such as ATP and high mobility group box 1 (HMGB1), as well as the surface exposure of calreticulin and heat shock protein 90 (HSP90) (Krysko et al., 2012; Ahmed and Tait, 2020). However, conventional cancer ablation treatments like chemotherapy or ionizing radiation exhibit different capacities to induce ICD, and their immunoenhancing effects may be counterbalanced by their toxicity to responsive immune cells (Adkins et al., 2014; Yan et al., 2020). Against this backdrop, nanodrugs promote the release of tumor antigens and DAMPs, allowing antigen-presenting cells to capture and present them to CD8+ T cells, leading to the activation of CD8+ T cells and enhancing their specific cytotoxic effects against cancer cells. Additionally, other myeloid cells, especially dendritic cells, also play a pivotal role during the ICD process. These cells can further enhance the activation and proliferation of T cells. Specifically, the increased expression of surface molecule CD80+ in myeloid cells further strengthens the immune response (Krysko et al., 2013).
Nanomaterial-induced ICD is also employed to boost combination therapies, either by co-encapsulating various drugs into the same particle to assure co-delivery to target cells or by inducing prominent ICD in tumors via combination treatment-loaded particles that result from the amalgamation of drugs with synergistic action patterns (Mishchenko et al., 2019). Additionally, emerging therapeutic approaches also harness external energy sources, such as light or heat, to interact with nanoparticles, thereby enhancing their therapeutic effects. For instance, nanoparticles can be designed to be sensitive to specific wavelengths of light or temperatures, synergistically producing ICD-inducing effects, thereby amplifying the exposure of calreticulin on the surface of tumor cells and the infiltration of immune cells (Guo et al., 2022).
2.2 Adjustment of the ratio of different cell subgroups within tumor-associated macrophages
By regulating strategies that transform TAMs from an M2 phenotype to an M1 phenotype, researchers aim to reshape the tumor microenvironment and promote anti-tumor immune responses. The latest developments in macrophage immunotherapy focus on strategies to reeducate TAMs from M2 to M1 phenotypes. Tumor-associated macrophages (TAMs) are defined as M2-type and are considered an important cellular subset in the tumor microenvironment that exerts immunosuppressive effects (Chen et al., 2019a). TAMs participate in various processes of tumor progression through the expression of cytokines, chemokines, growth factors, proteolytic enzymes, etc., thereby enhancing tumor cell proliferation, angiogenesis, and immune suppression, supporting invasion and metastasis (Pathria et al., 2019).
Utilizing the nanodrug system to target myeloid cells and then regulate the proportion of different subgroups of tumor-associated macrophages is a clinically attractive method because myeloid cells usually act as myeloid-derived suppressor cells (MDSCs) or TAMs with inhibitory effects, and they are reasonable therapeutic targets due to their tendency to phagocytize nanoparticles and microparticles (Zhu et al., 2020; Zhao et al., 2022). In mouse tumor models, intravenously administered nanoparticles easily accumulate in TAMs, and studies show that myeloid cells absorb ten times more nanoparticles than tumor cells (Kwong et al., 2013) Therefore, recent preclinical studies have tried to utilize this effect to eliminate the subgroup of myeloid cells that play an immune suppression role in the tumor immune microenvironment. Furthermore, M2 macrophages can inhibit CD8+ T cells to support tumor survival (Zhao et al., 2022). Therefore, T cell therapy can be enhanced by depleting MDSCs.
Another promising immunotherapeutic strategy to reduce inhibitory myeloid cells is to switch the phenotype that promotes anti-tumor immunity through reprogramming TAM (Li et al., 2021). The reversal of TAMs releases cytokines and gradually inhibits tumor angiogenesis, allowing for the remodeling of the tumor microenvironment (Figure 2B). Activated M1 macrophages are not only effector cells in innate immunity but also antigen-presenting cells that deliver processed antigens to T cells via MHC class II molecules, thereby promoting adaptive immune responses (Han et al., 2021). CD47+ is a protein expressed on the surface of cancer cells. It binds with the signal-regulatory protein α (SIRPα) on macrophages, producing a “don’t eat me” signal, which prevents the phagocytic activity of the macrophages. Blocking the CD47-SIRPα signaling axis and promoting repolarization from M2 to M1 in the tumor microenvironment can significantly prevent the local recurrence and distant metastasis of malignant tumors (Rao et al., 2020).
Furthermore, the latest findings in the field of immunometabolism indicate that macrophages, based on their polarization state, such as M1 macrophages mainly relying on glycolysis for energy and M2 macrophages primarily utilizing fatty acid oxidation and the TCA cycle for energy, display different metabolic characteristics among different macrophage subgroups (Ramesh et al., 2022). Therefore, these metabolic products are essential drivers of cellular signal transduction.
2.3 Interaction between nanoparticles and ligands of myeloid cell receptors
There are many key immune regulatory receptors involved in anti-tumor immunity, especially the co-stimulatory signals presented by myeloid antigen presenting cells to T cells and natural killer (NK) cells, involving cell-cell contacts and receptor-ligand interactions. The size and properties of nanoparticles enable them to serve as a carrier for antibodies and other therapeutic drugs, specifically delivering them to cancer cells (Irvine and Dane, 2020; Zhao et al., 2022). The interaction of nanoparticles with myeloid cell receptor ligands combines nanodrugs with immunotherapy, aiming to enhance the cancer immune response by enhancing key steps in the immune response cascade (Chaib et al., 2020).
The use of nanoparticles can optimize this process and enhance the immune response to cancer in several stages: nanoparticles can more specifically deliver drugs to cancer cells by loading ligands (such as antibodies or small molecules) onto nanoparticles, thus enhancing antigen release (Ifergan and Miller, 2020). Myeloid cells initiate immune responses by taking up and processing antigens. Nanoparticles can be designed to carry specific ligands or release specific signaling molecules that can stimulate myeloid cells, such as macrophages and dendritic cells, to more effectively take up and process antigens (Zhu et al., 2023). Myeloid cells play a pivotal role in T cell activation. This is achieved by presenting antigen fragments through their major histocompatibility complex (MHC) surfaces. Nanoparticles can be designed to enhance this process (Figure 2C), for example, by providing stimulating signals or directly presenting antigen fragments, DCs enhance tumor antigen presentation, leading to an increase in CD8+ T cell tumor infiltration, to more effectively activate T cells (Tuettenberg et al., 2016). Upon activation, the immune system’s key players, namely, Natural Killer (NK) cells and T cells, possess the capability to identify and subsequently eliminate cancer cells that express specific antigens. Nanoparticles carry specific ligands, and release signals that stimulate NK cells, and T cells, thereby enhancing their killing ability against cancer cells (Amoozgar and Goldberg, 2015).
In these processes, the interaction of nanoparticles with myeloid cell receptor ligands is crucial. Appropriate ligand design can make nanoparticles more targeted and more effectively activate the immune response. Overall, through these mechanisms, the combination of nanoparticles and immunotherapy can effectively enhance the immune response to cancer.
2.4 Activating the signal transduction pathway for immune stimulation
Nanodrug formulations can deliver drugs directly to myeloid cells, and nanodrug formulations play an important role in altering immune therapeutic drug-mediated myeloid cell signaling, thereby enhancing the anti-tumor activity of myeloid cells (Garner and de Visser, 2020). Nanodrug formulations can change immune therapeutic drug-mediated signal transduction, these drugs target cell signal transduction pathways in various ways to enhance their anti-tumor activity (Kumar et al., 2023).
Nanodrug formulations can provide multiple nanodrug formulations that can change immune therapeutic drug-mediated signal transduction (Figure 2D), these drugs target cell signal transduction pathways in various ways to enhance their anti-tumor activity (Darling et al., 2020; Xia et al., 2022). One of the main applications of nanomaterials in medicine is to promote intracellular drug delivery. Nanomaterials as alternatives to natural viruses have been widely studied to promote the entry of other drugs into the cytoplasm to change the signal transduction of myeloid cells (Fiering, 2017). Cancer immunonanodrugs mainly target TAM by blocking M2-type TAM survival or affecting its signal cascade, limit the recruitment of M2-type macrophages to tumors, and re-induce tumor-promoting M2-type TAM to anti-tumor M1-like phenotype, thereby enhancing the anti-tumor function of myeloid cells or inhibiting the immune-suppressive function of M2-type tumor-associated macrophages (Ovais et al., 2019). In addition, nanodrug formulations can be designed to have an impact on specific signaling pathways. For example, the key role of the stimulant of interferon genes (STING) pathway in anti-tumor immunity is by regulating the receptors or other signaling molecules on the surface of myeloid cells, thereby changing the signal transduction inside the cells, and further affecting the activity of myeloid cells (Luo et al., 2017). This is particularly important for manipulating the role of myeloid cells in immune responses.
2.5 Alteration of myeloid cell epigenetics by nanoparticles
Progress in the nanomedicine realm over the past years has laid the groundwork for the development of siRNA-based drugs as another category of personalized cancer immunonanodrugs (Zins and Abraham, 2020). Small interfering RNA (siRNA) therapies for cancer are increasingly becoming the focus of research interest (Huang et al., 2023).
Various microRNAs (miRNAs) disseminated by exosomes from tumors participate in intercellular communication (Hosseini et al., 2021). Nanoparticles often act as carriers for siRNA, similar to exosomes. siRNA primarily functions to reduce the expression of specific mRNA through the RNA interference (RNAi) mechanism, thereby inhibiting the production of corresponding proteins and altering the epigenetic state of myeloid cells (Xin et al., 2017; Kara et al., 2022). Furthermore, nanoparticles are readily internalized by phagocytic cells, enabling penetration into cells and potential interactions with biological macromolecules such as DNA and proteins (Ashrafizadeh et al., 2022). Nanoparticles carrying miRNAs exhibit high accumulation in myeloid cells and tumor tissues due to prolonged blood circulation and increased pH sensitivity. The current strategy involves both active and passive targeting, where nanoparticles carrying small interfering RNA (siRNA) are internalized into M2 TAMs (Tumor-Associated Macrophages) and solid tumor cells (Kanasty et al., 2013; Zhu and Palli, 2020) (Figure 2E). As the charge reversal occurs in the microenvironment where nanoparticles reside, nanoparticles exhibit effective endosome/lysosome escape and intracellular siRNA release, resulting in effective gene silencing (Song et al., 2018).
2.6 Regulation of the intensity of immune stimulation by nanoparticles
Nanomedicine can more precisely control the timing and location of immune stimulation, thereby maximizing therapeutic effects while reducing potential cellular toxicity.
Nanodrug formulations can be designed to interact with external energy sources such as light or heat, allowing for control over the timing of drug release and the intensity of myeloid cell immune stimulation (Kang et al., 2018; Chu et al., 2019). Furthermore, while combination therapies with anti-cell surface fusion antibodies have demonstrated significant initial anti-tumor activity, they have also resulted in lethal immunotoxicity caused by stimulating circulating white blood cells. To address this issue, researchers have proposed the use of liposomes as drug carriers. These tiny nanoscale vesicular structures can effectively anchor immunostimulants on their surface, ensuring rapid accumulation in tumor tissues while avoiding excessive exposure to the body as a whole (Zhang et al., 2018) (Figure 2F). Moreover, a third strategy in clinical development involves modifying immunostimulatory biologics with polyethylene glycol (PEG), converting them into inactive prodrugs. Once these prodrugs enter the body, they are activated, releasing their bioactivity, thereby ensuring the efficacy and safety of the treatment (Charych et al., 2016).
3 PRECLINICAL AND CLINICAL RESEARCH ON NANODRUGS TARGETING MYELOID CELLS
Nanomedicine offers new opportunities and strategies for cancer treatment by integrating existing therapeutic methods with nanotechnology, aiming to provide safer and more effective treatment options. Here we enumerate the efforts made in preclinical and clinical research on targeted immunotherapy of myeloid cell cancer based on nanoparticles.
3.1 Treatment strategies for promoting immunogenic cell death
The ability to induce ICD varies among traditional cancer ablation therapies, and their immune enhancement effect can be counteracted by toxicity to responding immune cells (Duan et al., 2019a). Nanomedicine formulations present an appealing method for promoting ICD as they effectively induce ICD in cancer cells, which consequently enhances tumor immunogenicity, makes the tumor sensitive to anti-tumor T-cell immunity, and boosts the immunity of anti-tumor T-cells for cancer treatment (Guo et al., 2023).
Smart Nano Drug Delivery Systems (sNDDS) are at the forefront of nanoparticle technology. They allow targeted drug delivery and precise dosage control and amplify the immune response within the tumor by inducing ICD (Li et al., 2022). sNDDS combines the induction of ICD with cancer immunotherapy. For instance, synergistic effects are achieved by using ICD in conjunction with blocking the Programmed Cell Death Protein 1 Ligand and inhibiting the Indoleamine 2,3-dioxygenase 1 (Zhou et al., 2020). A phase I clinical study aimed at investigating the effects of the combined treatment of the IDO1 inhibitor navoximod with the PD-L1 inhibitor atezolizumab for advanced cancer indicated that 6 out of the dose-escalation group patients (9%) achieved partial clinical symptom relief. In the expansion group, 10 patients (11%) experienced either partial or complete clinical symptom relief (Jung et al., 2019). Therefore, although activity was observed, there is no definitive evidence to suggest a benefit of adding navoximod to atezolizumab.
Furthermore, the ability of nanomaterials to induce ICD is used to enhance the therapeutic effect of combination anti-tumor drug therapy, either by encapsulating multiple drugs in the same particle to ensure joint delivery to target cells or by combining the drugs with synergistic interaction modes to produce synergistically enhanced anti-tumor effects (Mishchenko et al., 2019; Yu et al., 2023). Platinum-based chemotherapy is widely used as a first-line treatment for a variety of cancers. PD-1/PD-L1 inhibitors have shown efficacy in a variety of cancers, and the combination of platinum-based chemotherapy and PD-1/PD-L1 inhibitors is gradually becoming a focus of attention (Liu et al., 2023; Ren et al., 2023). Recently, combination therapy has shown significant effects in preclinical models and clinical trials. For example, Oxaliplatin is derived from a metal coordinating group, allowing it to aggregate into solid particles in the presence of metal ions such as zinc. The combination therapy load particles generated by these nanoparticles induce significant ICD in tumors and synergize with anti-PD-L1 therapy in a mouse model (Duan et al., 2019b).
Nanoparticles are also designed to interact with external energy sources while carrying immunostimulatory drugs (Kobayashi and Choyke, 2019). In contrast to free photosensitizers 36, inorganic nanoparticles with a diameter of 25 nm coated with lipid-anchored photosensitizers enhance the exposure of calreticulin on the surface of tumor cells and infiltration of immune cells when combined with infrared light irradiation (Ji et al., 2022). This can cause photodynamic therapy and chemotherapy to produce an ICD inducing effect, leading to regressive changes in the tumor (Alzeibak et al., 2021; Guo et al., 2022). In addition, it has been reported that a laser/glutathione (GSH)-activated nanosystem has tumor penetration capabilities, allowing for efficient immunotherapy. Photodynamic therapy (PDT) is another crucial method for cancer treatment that kills cancer cells using a photosensitizer and light of a specific wavelength. OXA inhibits the growth of cancer cells and, in combination with PDT, induces ICD. Drug delivery activated by laser/glutathione is more advantageous for enhancing ICD and reversing the ITM in deep tumors. The chemotherapeutic PDTOPCPN@NTKPEG significantly reduces tumor growth and metastasis by enhancing cancer immunotherapy, further boosting the effectiveness of cancer treatment. Studies have indicated improvements in the treatment of solid tumors in mice (Huang et al., 2021).
3.2 Adjusting the ratio of various cell subtypes in myeloid cells
The inherent plasticity of macrophages and the ability of macrophages to change their phenotype and function from tumor-promoting (M2 phenotype) to anti-tumor M1 phenotype make them an ideal choice for therapeutic targeting (Ramesh et al., 2021).
Interestingly, it has been reported that the ability of myeloid cells to absorb nanoparticles far exceeds that of tumor cells (Liu et al., 2021; Dong et al., 2022). Thus, recent preclinical studies have sought to utilize nanotechnology to deliver specific drugs aimed at eliminating myeloid cell subpopulations with immunosuppressive functions in the tumor immune microenvironment, specifically MDSCs (Myeloid-derived suppressor cells) (Chen et al., 2019b; Bao et al., 2023). Researchers have employed polymer nanoparticles or micelles with diameters of 20–30 nm as drug carriers. Nanoparticles of this size can rapidly traverse the body’s lymphatic system, reaching their target location (Kourtis et al., 2013). 6-Thioguanine is encapsulated within these nanoparticles and, upon administration, can lead to the depletion or reduction of MDSCs. This may help to enhance the immune system’s attack on tumors, especially in adoptive T-cell therapy (Jeanbart et al., 2015).
Recent studies have also used nanoparticles to target tumor-associated myeloid cells with small interfering RNAs or microRNAs to promote TME reprogramming and anti-tumor immunity. The use of nanoparticles to both target myeloid cells and promote transfection may provide new pathways for myeloid cell reprogramming (Cho et al., 2013; Revia et al., 2019; Lee et al., 2022).
3.3 Interplay between nanoparticles and ligands of receptors in myeloid cells
Anti-tumor immunity involves many key immune regulatory receptors, especially those involved in the co-stimulatory signals presented by myeloid antigen-presenting cells to T cells and natural killer (NK) cells, involving cell-cell connections, and receptor-ligand interactions.
3.3.1 Enhancement of antigen processing and presentation
Human Epidermal Growth Factor Receptor 2 (HER2) is a key biomarker in many types of cancer, particularly in breast cancer. Its overexpression often correlates with the invasiveness and malignancy of cancer (Collins et al., 2021; Nasiri et al., 2022). Consequently, antibody therapies targeting HER2 have been extensively researched and employed clinically. Calreticulin, in certain contexts, can act as an “eat me” signal (Gale et al., 2020; Wang et al., 2022a). It exposes itself on the cell surface, marking these cells to be engulfed by immune system cells such as macrophages or dendritic cells. Polymer nanoparticles bound to the surface of the anti-HER2 antibody and calreticulin work to slow the growth of HER2+ tumors (Yuan et al., 2017). Hence, when the nanoparticle surface is modified with the “eat me” signal and calreticulin, they can be taken up more effectively by tumor cells and MDSCs. This discovery offers a new direction for nanotechnology in cancer therapy.
In the second approach, by loading the SIRPα blocking antibody and CSF1R inhibitor into lipid nanoparticles, the SIRPα immune evasion mechanism can be obstructed. Simultaneously, the inhibition of CSF1R can impact the activity and quantity of macrophages, especially those with immunosuppressive functions in the tumor microenvironment. Moreover, lipid nanoparticles ensure that drugs are delivered to the tumor microenvironment efficiently and in a targeted manner. Research findings indicate that under physiological conditions at pH 7.4, the release rate of the csf-1r inhibitory amphiphilic molecule is less than 20%. However, when co-incubated with macrophage lysate, its release rate increases to over 80% (Kulkarni et al., 2018).
3.3.2 Enhancement of immune cell-mediated killing
Nanoparticles, capable of presenting multiple ligands to engage various immune cell types, enhance T-cell activation and therapeutic effects against malignant tumors in mice, when loaded with both anti-PD1 and anti-OX40 antibodies, compared to simple drug mixtures (Mi et al., 2018). Biocompatible lignin nanoparticles (LNP) carrying TLR7/8 dual agonists are prepared with lignin polymers. These LNPs, targeting M848-like macrophages, shift the tumor microenvironment’s immune cells to an anti-tumor status by increasing cytotoxic T cells, M1-like macrophages, and activated dendritic cells. Co-administering these LNPs with Vinblastine (Vin) amplifies its anti-cancer activity. Effective TLR7/8 agonists targeting the tumor microenvironment (TME) have been successfully delivered using LNPs by targeting the mannose receptor on M206-like macrophages, reprogramming them to an anti-tumor phenotype and boosting NK and T cell killing ability (Figueiredo et al., 2021). Tumor volume reduction has been observed with LNP usage, and co-administration with R848@LNPs amplifies immune cell-mediated tumor killing, suggesting a promising chemotherapy application (Kulkarni et al., 2018).
3.4 Signal transduction in myeloid cells changed by nanomedicine formulations
Nanodrug formulations can alter signal transduction mediated by immunotherapeutic drugs, which target cellular signaling pathways in various ways to enhance their anti-tumor activity (Zhao et al., 2021). Nanomaterials have been widely studied as substitutes for natural viruses to facilitate the entry of other drugs into the cytoplasm to alter the signal transduction of myeloid cells, thereby enhancing the anti-tumor effect of myeloid cells or inhibiting the immunosuppressive effect of M2-type tumor-associated macrophages (Binnemars-Postma et al., 2017; Cheng et al., 2022).
Due to their specific physicochemical properties, nanocarriers are becoming the solution to tumors promoting M2-type tumor-associated macrophages (TAM). Cancer immune nanodrugs mainly target TAM by blocking M2-type TAM survival or affecting their signal cascade to limit M2-type macrophage recruitment to tumors and reinducing M2-type TAM that promotes tumors to the anti-tumor M1-like phenotype (Ovais et al., 2019). Therapeutic inhibition of CSF1R and MAPK signal transduction can effectively repolarize M2 macrophages into anti-tumor M1 phenotypes; A recent study suggests that the strategy of using supramolecular nanoparticles (DSN) loaded with dual kinase inhibitors aims to simultaneously inhibit both the CSF1R and MAPK signaling pathways, thereby reprogramming macrophages to enhance anti-tumor effects. The advantage of this method is that it can target multiple signaling pathways concurrently to synergistically and more effectively modulate macrophage function (Ramesh et al., 2020). Therefore, vertical co-inhibition targeting CSF1R and downstream signaling pathways, such as MAPK, may be a promising strategy for myeloid cell immunotherapy in invasive cancers.
3.5 Signal transduction in myeloid cells changed by nanomedicine formulations
The focus of interest in cancer research is increasingly shifting towards small interfering RNA (siRNA) therapies. Recent studies have leveraged nanoparticles to target tumor-associated myeloid cells with small interfering RNAs or microRNAs, promoting reprogramming of the tumor microenvironment (TME) and anti-tumor immunity.
By loading anti-colony stimulating factor-1 receptor (anti-CSF-2R) small interfering RNA (siRNA) on M1NPs, M2NPs carrying siRNA downregulated the expression of exhaustion markers (PD-3 and Tim-8) on infiltrating CD1+ T cells and increased the expression of immune-stimulating cytokines (IL-12 and IFN-γ) and CD8+ T cell infiltration in the tumor microenvironment, indicating the restoration of T cell immune function (Qian et al., 2017). In many drug delivery strategies, modifying the surface charge of nanoparticles can enhance their intracellular delivery efficiency. With the charge reversal of PC, PEG = MT/PC-NPs release siRNA intracellularly, leading to effective gene silencing. Due to the synergistic effects of siVEGF and siPIGF in tumor cell anti-proliferation and the transition of TME from anti-cancer to anti-tumor. Significantly, in the absence of the endocytosis-regulating factor CHC-1, the uptake capability of 4T1 and M2-TAMs cells for PEG = MT/PC NPs was reduced by 62.6% and 52.9%, respectively (Song et al., 2018). Therefore, PEG = MT/PC/siVEGF/siPIGF NPs (PEG = MT/PC/siV-P NPs) effectively inhibit the metastasis of solid tumors. Overall, this strategy combines the advantages of nanotechnology and gene therapy, suppressing tumors by specifically silencing key genes associated with tumor growth and metastasis. This combined therapy strategy offers a promising treatment option for solid tumors and may provide new avenues for future cancer treatments. A major obstacle in clinical applications is the targeted delivery of siRNA to the desired level of cancer cells. Research into biomimetic cell membrane-coated nanocarriers and biomimetic cell membrane-coating nanotechnology is gaining increasing attention. They combine the properties of cell membranes and nanoparticles, offering a more natural and efficient delivery system, especially in terms of targeted delivery of siRNA for cancer treatment (Huang et al., 2023).
3.6 Regulating the immune stimulation intensity of myeloid cells by nanoparticles
Adjusting the pharmacokinetics of immunotherapy drugs to improve safety and thereby control the intensity of immune stimulation. The dosing regimen of immunotherapy has a profound impact on the therapeutic effect of preclinical models (Rothschilds and Wittrup, 2019). Therefore, there is an urgent need to develop smarter systems to regulate immune responses with outstanding spatiotemporal precision and enhanced safety.
The ability to remotely manipulate the phenotype of macrophages is crucial for effective treatment of solid tumors involving tumor-associated macrophages. A study developed a light-responsive nano-carrier based on upconversion nanoparticles (UCNPs) for near-infrared (NIR) light-mediated regulation of intracellular calcium levels, which dictate macrophage polarization. This nano-carrier, facilitating macrophage M1 or M2 polarization by increasing or depleting intracellular calcium levels under NIR light application, holds potential for remote in-body immunity manipulation via NIR light-controlled macrophage polarization (Kang et al., 2018).
Immunostimulants such as agonistic anti-CD137 and interleukin (IL)-2 can produce effective antitumor immunity, but they also cause severe toxicity that hinders their clinical application (Srivastava et al., 2017). While anti-CD137 and IL-2-Fc fusion proteins demonstrate strong anti-tumor effects, they can also trigger a robust systemic immune response, potentially leading to severe immune-related side effects. To address this issue, researchers have explored the use of liposomes as delivery tools. By anchoring IL-2 and anti-CD137 to the surface of liposomes, these immunostimulants can be ensured to primarily act at the tumor site, thus reducing systemic toxicity. Employing this method, the liposomes have exhibited anti-tumor efficacy comparable to the free forms of IL-2 and anti-CD137 across various tumor models, but without any systemic toxicity (Zhang et al., 2018). Therefore, surface-anchored particle delivery provides a universal method to harness the potent stimulatory activity of immunostimulants without compromising systemic toxicity.
The third strategy currently under clinical development is to control the biological activity of immune stimulatory cytokines by presenting them as a non-active prodrug masked by a polyethylene glycol (PEG) chain. Interleukin is an effective immunotherapy for metastatic tumors and cancer, with durable effects in about 10% of patients (Olivo Pimentel et al., 2021). However, severe side effects limit the maximum dose, thus limiting the number of patients who can receive treatment and potential cures (Bentebibel et al., 2019). NKTR-214’s tumor-killing CD8+ T cells are coupled with Foxp3 (+). NKTR-214 exposes tumors to a quantity of pegylated IL2 that is 500 times the amount of aldehyde-based interleukin and provides durable immunity against tumor re-stimulation in combination with anti-CTLA-4 antibodies (Charych et al., 2016).
4 SYNERGISTIC APPROACH OF NANOPARTICLE-BASED TARGETING OF MYELOID CELLS WITH OTHER THERAPEUTIC METHODS
The challenges faced by immunotherapy are multifaceted. While some patients exhibit remarkably positive responses to this treatment, many others still achieve limited outcomes. Low response rates, potential resistance emerging over time, and adverse reactions possibly induced by immunotherapy are issues that researchers and clinicians in this field must confront (Huang et al., 2019; Ji et al., 2022). To overcome these challenges, clinical researchers are contemplating the combination with other treatment modalities. The philosophy behind combined therapies is that multi-pronged interventions can amplify the effects of immunotherapy while reducing the adverse reactions or side effects of a singular treatment. This also implies that future cancer treatments might become increasingly personalized, determining the optimal treatment strategy based on the patient’s specific situation and the type of cancer.
4.1 Integration of nanomaterials with radiotherapy and magnetic hyperthermia
STING pathway is an essential mechanism for sensing DNA damage within cells. When abnormal DNA appears in cells, such as cytoplasmic DNA released due to viral infection or DNA damage, cGAS recognizes it and activates the STING pathway. The activation of this pathway leads to the production of a large number of pro-inflammatory cytokines and interferons, further activating innate immune cells like macrophages and dendritic cells, and enhancing adaptive immunity. The reason radiotherapy can trigger the activation of the cGAS-STING pathway is that radiation can cause DNA breaks. These broken fragments might escape into the cytoplasm, where they are recognized by cGAS and activate the STING pathway (Chen et al., 2016; Zhang et al., 2020). A long-standing concern is that even local radiotherapy can impair anti-tumor immunity due to damage or inhibition of tumor-infiltrating T cells. The initially successful pro-inflammatory radiotherapy response can also be weakened by the accumulation of immunosuppressive immune cells in the tumor (Liang et al., 2017). Although radiotherapy can induce ICD, it rarely promotes sustained anti-tumor immunity effectively as a monotherapy (Walle et al., 2018). Nanomaterials can be designed to interact directly with external energy, thereby amplifying the ICD caused by treatments such as radiotherapy and magnetic hyperthermia (Frey et al., 2014; Derer et al., 2016).
Immunotherapy has a tremendous prospect in improving cancer treatment, and several methods use nanoparticles to improve the immune activation caused by radiotherapy. Radiotherapy combined with immunotherapy has been proven to enhance the immune response and can induce “abscopal effects”. A recent study reported an improved cancer immunotherapy method using antigen capture nanoparticles (AC-NPs). The study found that when radiotherapy is combined with anti-PD-1 treatment, tumor cell death induced by XRT and the release of tumor antigens can be more easily recognized and attacked by stimulated T cells, while the anti-PD-1 treatment unlocks the anti-tumor activity of these T cells. Furthermore, by depleting Treg cells, the immune response against tumors can be further enhanced, as this reduces the cells that inhibit immune attacks (Min et al., 2017). Therefore, the combined application of XRT, anti-PD-1 therapy, and Treg depletion offers a potent strategy to enhance the immune system’s attack on tumors through multiple mechanisms. This integrated treatment strategy provides new opportunities to improve the efficacy of immunotherapy and may offer better treatment options for patients who do not respond well to conventional treatments (Sharabi et al., 2015).
Nanoparticles, especially those made from heavy atoms like gold, can interact intensely with ionizing radiation, leading to an increase in the production of reactive oxygen species (ROS), thereby enhancing radiation-induced cell damage (Wang et al., 2022b). A recent clinical trial confirmed that this Phase 2-3 trial evaluated the safety and efficacy of preoperative treatment for local advanced soft tissue sarcoma patients with Hafnium Oxide (HfO2) nanoparticles NBTXR3 activated by radiotherapy versus radiotherapy alone. The ability to inject hafnium oxide nanoparticles into tumors doubled the pathological complete response rate to radiotherapy in sarcoma patients (Rancoule et al., 2016). This trial validated the mode of action of such new radiopotentiation agents, which may open up a broad field for clinical applications in soft tissue sarcoma and other cancers.
4.2 Integration of nanomaterials with chemotherapy
Recently, a multifunctional nanoparticle system, HA-DOX/PHIS/R848, was designed, which combines immunotherapy with chemotherapy by targeting myeloid cells and cancer cells for the treatment of solid tumors. R848 is a known immunomodulator that can activate specific types of immune cells. Binding R848 to nanoparticles ensures its effective release in the tumor microenvironment, further activating the immune response. Cancer cells that overexpress CD44 can specifically internalize HA-DOX, meaning the drug can enter target cells more precisely, thereby enhancing therapeutic efficiency. By integrating chemotherapy with DOX and immunotherapy with R848, a higher therapeutic efficacy might be achieved. Chemotherapy can directly kill cancer cells, while immunotherapy activates the immune system to attack cancer. In cancer cells that overexpress CD44, HA-DOX is specifically internalized and significantly inhibits cell growth through CD44-mediated endocytosis. The HA-DOX/PHIS/R848 nanoparticles demonstrate outstanding tumor-targeting capabilities, significantly inhibiting tumor growth through modulating tumor immunity and killing tumor cells (Liu et al., 2018).
CXCR4 is a crucial receptor on the cells of various solid tumors, including hepatocellular carcinoma (HCC). Nanoparticles targeting CXCR4 were used to co-deliver sorafenib and biaspeptide to HCC cells expressing CXCR4. In both in vitro and in vivo experiments, this combined delivery strategy displayed a synergistic therapeutic effect against HCC. This synergy may arise from the simultaneous release of both drugs in the tumor microenvironment following nanoparticle delivery (Zheng et al., 2019). These study results indicate that the combined treatment of chemotherapy drugs provides an effective strategy for improving the treatment effect of cancer, and emphasizes the potential application of ligand-modified tumor-targeted nanoparticle carriers as a promising cancer treatment method in drug delivery.
4.3 Merging nanomaterials with gene editing
The CRISPR-Cas9 system has revolutionarily transformed the field of gene editing. To make the CRISPR-Cas9 system more effective and safe in clinical settings, research on its delivery strategy has become paramount (Hsu et al., 2014). The biggest challenge faced by CRISPR/Cas9 therapy is how to deliver it safely and effectively to target sites in vivo. Smart nanoparticles can be designed to recognize and bind to specific cells or tissues, ensuring the accurate arrival of the CRISPR-Cas9 system at its target (Cong et al., 2013). These nanocarriers can respond to various endogenous stimuli (such as pH, enzymes, or redox potentials) and exogenous stimuli (such as light, magnetism, or ultrasound) to release their payload. For instance, in the tumor microenvironment, the acidic pH can serve as a trigger for nanoparticles to release their cargo (Chen et al., 2023). Nanotechnology has greatly facilitated the delivery of cancer drugs. Some nanoparticles can be designed to release their cargo only under specific stimuli (like specific pH or the presence of enzymes), offering potential for targeted delivery to specific cells or tissues (Xu et al., 2021). Besides the CRISPR-Cas9 system, other gene-editing tools are being developed, such as CRISPR-Cas12 and CRISPR-Cas13. Nanoparticles can serve as delivery vehicles for these new editors, similarly offering targeting, selectivity, and stimulus-responsiveness (Wang et al., 2022b).
The combination of nanotechnology and gene editing technology provides a safe and reliable strategy for activating the body’s immune response for cancer immunotherapy. Nanoparticles carry miRNA or plasmid DNA and show myeloid cell targeting ligands, to genetically reprogram endogenous myeloid cells to promote anti-tumor immune responses.
5 CONCLUSION AND PERSPECTIVES
As demonstrated by the numerous examples discussed above, nanomedicine has the capability to effectively target specific cell populations, such as bone marrow cells. Consequently, it holds potential to enhance cancer immunotherapy in various ways. Preclinical evidence provides compelling motivation for clinical trials of many of these concepts. Nanoparticles integrate multiple functions and have been explored as unique avenues for the development of cancer immunotherapies (Yin et al., 2020).
While many TAM modulators have achieved tremendous success in treating various tumors, they face significant challenges, including poor tumor accumulation and off-target side effects. Using advanced nanostructures, not only can they deliver TAM modulators to enhance therapeutic effects, but they can also act as TAM modulators through macrophage-based drug carrier engineering strategies (Zheng et al., 2022). Safe methods for systematically targeting potent innate immune stimuli, such as STING or TLR agonists, to tumors, remain to be developed. It remains unclear whether nanodrug formulations of innate stimuli are a safe solution due to the orientation of nanoparticles in the blood circulation, spleen, and liver towards myeloid cells. Another major challenge is how to robustly deliver genetic material to myeloid cells in the body, with recent attempts using nanopolymer materials to target RNA or DNA to myeloid cells, but with still low in vivo transfection efficiency.
This offers tremendous potential for combining immunotherapy with nanomedicine (Quintin et al., 2012; Wang et al., 2014). Advances in the field of immunotherapy, especially in conjunction with nanotechnology, have paved new pathways for cancer treatment. Although these strategies are still in the research and clinical trial phases, their potential clinical application prospects are vast. As the technology continues to evolve and clinical trials progress, we anticipate these novel approaches will bring more treatment opportunities for cancer patients.
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