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The present immune therapy was focused on the immune checkpoint blockade or Chimeric Antigen Receptor T-Cell Immunotherapy (CART) transfer, but how to activate the innate immune system to antitumor still lags out. Neutrophils are the most abundant circulating leukocytes in human, and heterogeneous neutrophils have been increasingly recognized as important players in tumor progression. They play double “edge-sward” by either supporting or suppressing the tumor growth, including driving angiogenesis, extracellular matrix remodeling to promote tumor growth, participating in antitumor adaptive immunity, or killing tumor cells directly to inhibit the tumor growth. The complex role of neutrophils in various tumors depends on the tumor microenvironment (TME) they are located, and emerging evidence has suggested that neutrophils may determine the success of tumor immunotherapy in the context of the immune checkpoint blockade, innate immune training, or drug-loaded extracellular microvesicles therapy, which makes them become an exciting target for tumor immunotherapy, but still with challenges. Here, we summarize the latest insights on how to activate neutrophils in antitumor immunity and discuss the advances of neutrophil-targeted immunotherapy strategies.
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Introduction

Neutrophils, the most abundant leukocytes in human peripheral blood circulation, have traditionally been recognized as the frontline defenders against pathogenic microorganisms. Our body produces 1011 neutrophils every day, most of which die without activation (1, 2). The circulation neutrophils with a short lifespan about 6-8 hours (3). It has been reported that neutrophils have an increased life span when activated or entering tissues, which can survive 5.4 days in humans and 6.5 days in mice (4). In a mouse model of head and neck cancer, intravital multiphoton imaging showed that neutrophils could survive for 3 days in tumor microenvironment (TME) (5). Meanwhile, in vitro investigations have revealed that tumor cells secrete cytokines, including granulocyte colony-stimulating factor (G-CSF), GLUT1, or TNF, which can prolong the lifespan of neutrophils and bolster their viability (6–9).

Although their role in host defense has been confirmed, their role in tumor biology remains to be elucidated. The neutrophils influence the immune status in the TME, they can be retrained to help the tumor growth directly, or indirectly by suppressing the antitumor responses of T-cells and macrophages. They generate cytotoxic substances such as proteases, defensins, and reactive oxygen species (ROS) or reactive nitrogen species (RNS) to directly promote tumor cell apoptosis (10, 11). Emerging evidence suggests that activating neutrophils has therapeutic effects in tumor immunotherapy, including the Bacillus Calmette-Guérin (BCG), β-glucan, or a combination therapy involving anti-CD40 antibodies, TNF-α, and tumor-binding antibodies (12–14). Moreover, the activated neutrophils can eradicate the tumor antigen-lost tumor cells in T cell-based immunotherapies. Extracellular vesicles, including exosomes (30-50 nm in diameter) and microvesicles (shedding from the membrane, 100-1000 nm in diameter), were the ideal carriers for chemotherapeutic drugs or mRNA (15–17). Tumor cell-derived microvesicles that packaged chemotherapeutic drugs are a novelty strategy in clinical use in the malignant pleural effusion (MPE) and cholangiocarcinoma (18–20). In this paper, we summarize the mechanism by which neutrophils inhibit tumor progression and the latest advances in targeting neutrophils in tumor immunotherapy.





Characteristics of tumor-associated neutrophils

Neutrophils undergo differentiation and maturation under the influence of G-CSF before entering the circulation (2, 9, 21). They originate from common myeloid progenitors (CMPs), starting from granulocyte monocyte progenitors (GMPs), and go through a series of maturation stages, from the mitotic neutrophil pool (including myeloblasts, promyelocytes, and myelocytes) to metamyelocyte, and finally differentiate into polymorphonuclear neutrophils (PMNs) (22, 23). During this differentiation process, the promyelocyte precursor’s circular nucleus undergoes significant morphological transformations, including nuclear segmentation and the accretion of peripheral heterochromatin (21, 24), which are different in humans and mice (25). The recently discovered human CD66b-CD64dimCD115- neutrophil-committed progenitor cells (NCPs) in the bone marrow are more immature in transcriptome and phenotype compared to GMPs (26). A systematic study was conducted on NCPs using a combination of flow cytometry and single-cell multi-omics techniques, and it was found that there are four subpopulations of cells at different stages of maturation in NCPs, which can be selectively differentiated into CD66b+ neutrophils through two different differentiation pathways (26). The lifespan of neutrophils is very short, about 6-8 hours (3, 27), during which the total number of cells oscillates in a circadian rhythm. In mice, neutrophils are released from the bone marrow into the bloodstream at night. At the end of the night, aging neutrophils return to the bone marrow and are cleared by macrophages (28). At this time, they occupy the ecological niche of other cells such as hematopoietic stem cells, and promote the release of hematopoietic stem cells by regulating adhesion molecules such as CXCL12 (29). The diurnal migration of neutrophils may be a feedback mechanism by which bone marrow stromal cells perceive the concentration of white blood cells in the blood and trigger the next cycle of hematopoietic cell release.

It is known that in early life, the gut microbiota interacts with the developing immune system and undergoes immune training (30). The microbiota actively regulates the production of neutrophils by releasing various bacterial cell components, secreting factors, and metabolites. The strongest evidence is that the use of antibiotics or in a sterile state reduces the number of neutrophils and their precursors in the bone marrow, spleen, and circulation of mice (31), while E. coli strains and cecal contents of mice can restore the number of neutrophils (32). Neutrophils are attracted to the intestinal lumen through the high-affinity formyl peptide receptor 1 (FPR1), indicating an important interaction between the microbiota and neutrophil migration (33). The gut microbiota can also enhance neutrophil recruitment in a TLR4-dependent manner (34). Metabolites produced by microbial communities, such as short-chain fatty acids, indole derivatives, secondary bile acids, etc., have been shown to directly mature neutrophils and regulate their function (35). For example, butyrate can affect immune responses through G protein-coupled receptors (GPCRs) and histone deacetylases (36). The gut microbiota can also control the maturation and aging of neutrophils through the TLR and MYD88 pathways (37).

Similar to macrophages, neutrophils have been artificially classified into N1 antitumor and N2 pro-tumor subsets (38). In humans, neutrophils were marked by CD11b+CD15+CD49d-, while in mice, the neutrophils were marked by CD11b+Ly-6G+. N1 neutrophils exhibit a pro-inflammatory phenotype, while N2 neutrophils, marked by immature band or ring nucleus, display a pro-tumorigenic profile (6, 22, 39). In addition, N1 and N2 neutrophils can be divided by density, the low-density neutrophil (LDN), the normal-density neutrophil (NDN), and the high-density neutrophil (HDN). The LDNs are immature neutrophils with a band of ring nuclei, the HDNs are the mature neutrophils with the hyper-segment nucleus (40). LDN may have higher proliferation potential and lower maturation status. Recent studies have revealed that LDNs isolated from the peripheral blood of cancer patients, pregnant women, or patients with infectious diseases have immunosuppressive functions (41). In stress response, the proportion of LDN increases, and these cells exhibit lower expression of mature markers such as CD11b and CD16. LDNs may play an important role in inflammatory responses due to their high ability to release inflammatory mediators. NDN mainly includes mature neutrophils, which exhibit high maturity and functional activity in stress response, and are more focused on immediate immune defense (9).

Due to the influence of the surrounding environment, the function of neutrophils has plasticity (42). The N1 neutrophils can be polarized to N2 neutrophils in the presence of TGF-β, while the N2 neutrophils can also be polarized to N1 neutrophils in the presence of interferon-β or a combination of interferon-γ and GM-CSF (38, 43). Smad3 is a regulatory factor for neutrophil polarization within TME. The enhanced Smad3 signaling promotes neutrophil polarization towards N2 phenotype, while the lack of Smad3 in neutrophils leads to their polarization towards antitumor phenotype (44).





How neutrophils recruitment to TME

The recruitment of neutrophils to the TME is a multifaceted process that involves the interplay of various signaling molecules and cellular interactions. CXCL1, CXCL2, GM-CSF, and IL-1β were well known for neutrophil chemotaxis (45–47). In humans, CXCL8, also known as IL-8, has the strongest chemotactic ability (48–50). Leukotrienes B4, C5a, and PGE2 also can recruit neutrophils to the TME (22, 51, 52). Furthermore, lactic acid, the terminal product of glycolysis, was reported to recruit the neutrophils and induce the neutrophils to increase the PD-1 expression (16), leading to selective attraction of the N1 phenotype to TME. The neutrophils from the bone marrow into the peripheral circulation are governed by the CXC-chemokine receptor 2 (CXCR2) and CXCR4 (2, 53). The reduction in CXCR4 signaling combined with the activation of CXCR2 signaling elicits the neutrophils’ entry into the peripheral circulation (54). The process of neutrophil migration from blood vessels to specific sites is artificially divided into four stages: rolling, adhesion, crawling, and transmigration (53).





The means by which neutrophil fulfill their function




Phagocytosis

After reaching the tumor site, neutrophils deploy a series of immune defense strategies. Initially, they initiate receptor-mediated endocytosis, known as phagocytosis. Studies have shown that when target cells are identified as abnormal through antibodies or complement systems, phagocytic cells are primed for optimal function (46, 55). The CR3 and Fc receptors carried by neutrophils mediate complement-dependent cytotoxicity (CDC) and antibody-dependent cytotoxicity (ADCC), respectively (56). The onset of phagocytosis depends on proximity between tumor cells and CD11b/CD18 expressed on neutrophils (57). Opsonized tumor cells contact with CR3 or FcRs and adhere to neutrophils through receptors on the surface of neutrophils (58), ultimately initiating phagocytosis after the formation of immune synapses. The engulfment of tumor cells by neutrophils to form phagosomes requires the involvement of calcium ions (Ca2+) and a series of functional proteins (58). After this, neutrophils use various methods to eliminate tumor cells, including degranulation, NETosis, and the release of ROS (Figure 1).




Figure 1 | The main mechanism of neutrophils in combating pathogens. When neutrophils come into contact with opsonized pathogens, phagocytosis is initiated. Firstly, neutrophils extend pseudopodia and encapsule the immunological synapse from all directions, until the immunological synapse detaches from the plasma membrane to form phagosomes. When neutrophils form phagosomes, a portion of the plasma membrane invaginates, causing cytochrome b558 on the plasma membrane to bind with intracellular p47phox and p67phox-p40phox, and assemble into NADPH oxidase. NADPH oxidase is a key enzyme for intracellular ROS production. At the same time, after entering the cytoplasm, the phagosomes come into contact and fuse with neutrophil granules, triggering neutrophil degranulation. NET is a filamentous extracellular structure formed by activated neutrophils. NET formation relies on ROS, MPO, and NE to degrade histones, causing chromosome depolymerization. NE will also activate Caspase11, which binds to Gasdermin-D on the plasma membrane, causing the plasma membrane to be incomplete, and NETs are released into the extracellular space to exert their effects.



Neutrophils internalize fragmented cancer cell plasma membranes and cytoplasmic components through successive bites, eventually precipitating cell necrosis (59, 60). Moreover, it has been observed that C-type lectin receptors (CLRs) on neutrophils can recognize Nidogen-1 on the tumor cell surface, thereby enhancing neutrophil-mediated destruction of these cells (61).

The activation of neutrophils is caused by signals emitted by inflammation or infectious lesions, leading to the release of cytotoxins and activation of phagocytosis. Throughout this cascade reaction, neutrophils increased the expression of CD11b, CD18, and CD66b, which are stored within granules (40, 62). In certain circumstances, CD177 and proteinase 3 (PRTN3) are also appreciably upregulated (63). Unlike the conventionally activated neutrophils found in the peripheral blood, those neutrophils that infiltrate into tumors exhibit a distinct activated phenotype, characterized by the increased expression of CD54 (40). After activation, neutrophils predominantly fulfill their function through the mechanism of phagocytosis, and this process is primarily mediated via several pathways (Figure 2): 1) Upon the capture the microbe by the pseudopodia of neutrophils and the subsequent formation of phagosomes, a segment of the plasma membrane invaginates, allowing the combination of cytochrome b558, one of the subunits of NADPH oxidase embedded in the plasma membrane, with another oxidase subunit resident in the cytoplasm. This juxtaposition culminates in the activation of NADPH oxidase, thereby initiating an oxygen-dependent cytotoxic process; 2) Phagosomes detach from the plasma membrane and enter the cytoplasm where they fuse with lysosomes that store cytotoxic proteins, peptides, and enzymes. This connection can cause degranulation and trigger non-oxidative damage.




Figure 2 | Antitumor potential of neutrophils. Neutrophils exert their different antitumor functions, including direct cytotoxicity against tumor cells and activation of T cell-dependent antitumor immunity. (A) Neutrophils express IgG Fc receptors (FcγR) and complement C3 receptor (CR3), which participates in eliminating cancer cells through ADCC or CDC. At the same time, the interaction between CLR and Nidogen-1 plays a role in neutrophil recognition of tumor cells, and this interaction promotes neutrophil-mediated tumor cell killing. (B) The ROS generated by neutrophils triggers intracellular signaling pathways in tumor cells, leading to the activation and opening of non-selective transient receptor potential of melistatin 2 (TRPM2), thereby inducing lethal Ca2+ influx into cancer cells. (C) Neutrophils release various antitumor factors through degranulation. NE via Fas and histone H1 isoforms that are expressed in numerous tumors types, induces apoptosis in cancer cells. Defensins are the most abundant component of the azurophil granules of neutrophils and are highly toxic against several types of tumor cells. the receptor for advanced glycation end products (RAGE) facilitates neutrophil recognition of tumor cells and the RAGE-Cathepsin G interaction is required for neutrophil cytotoxicity. (D) Neutrophils can promote the antigen presentation function of DC cells and ADCC of NK cells via IL-17. Neutrophils interact with macrophages and UTCαβ in a tripartite manner. Neutrophils promote macrophage production of IL-12, which in turn promotes the polarization of UTCαβ and the production of IFN-γ. Neutrophils express a set of ligands for lymphocyte checkpoints, including 4-1BBL, CD86, CD54, and OX40L representing potential targets to activate the process of neutrophil-mediated T cell antitumor responses.







Degranulation

Cytoplasmic granules, which constitute an arsenal of cytotoxic agents, are a hallmark of neutrophils. According to the composition of matrix and membrane proteins, these particles can be divided into four different subgroups (Table 1): primary (azurophilic) granules, secondary (specific) granules, tertiary (gelatinase) granules, and secretory vesicles (SVs) (2, 21). Primary granules contain antimicrobial substances, including neutrophil elastase (ELANE), cathepsin G, and myeloperoxidase (MPO). Secondary granules contain phagocytic receptors (such as Fc receptors and complement receptors), NADPH oxidase complexes, and lactoferrin. And tertiary granules contain receptors and gelatinase (56, 59, 64). The composition of neutrophil granules is related to various diseases, including rheumatoid arthritis, bullous pemphigoid, and cancer (53). For example, CD18, primarily stored in tertiary granules with some present in secondary granules (57), is associated with liver metastasis in colorectal cancer (65). NE and MMP-9 contribute to tumor metastasis by degrading the basement membrane and releasing vascular endothelial growth factor (VEGF) to promote angiogenesis (2, 53, 57, 66). ELANE is a neutrophil-specific serine protease stored in the azurophil granules (53, 57, 67). Studies have found that neutrophils exert anti-cancer effects by releasing ELANE, which selectively triggers cancer cell apoptosis and supports CD8+ T cell-mediated destruction of distant metastasis (68). ELANE selectively kills different types of tumor cells with minimal toxicity to non-cancer cells, which increases the possibility of developing it as a broad anti-cancer therapy. Degranulation, also referred to as exocytosis in neutrophils, relates to the release of pre-formed mediators from granules. The critical step in neutrophil degranulation is the fusion of granules with the plasma membrane, a process mediated by soluble N-ethylmaleimide-sensitive factor activating protein receptors (SNARE) (2, 67). Subsequently, the concentration of Ca2+ in neutrophils increases, triggering the degranulation of neutrophils (53, 69).


Table 1 | Characteristics of neutrophil granules.







Oxygen burst

During the respiratory burst, superoxide anions catalyze the formation of ROS (70), including hydrogen peroxide (H2O2), hydroxyl radicals (OH·), and alkoxyl (RO·). Enormous evidence suggests that these oxidants play a crucial role in the clearance of tumor cells. The sudden increase of ROS can cause cell lysis necrosis, apoptosis, or other cell death pathways, so many studies emphasize the role of using ROS to promote oxidative death of cancer cells (71, 72). Traditional antitumor methods such as radiotherapy and chemotherapy, as well as emerging methods such as photodynamic therapy, are all aimed at increasing ROS levels to selectively eradicate malignant cells. Neutrophils can also inhibit lung metastasis and colonization by generating H2O2 (73).

ROS can modulate the protein conformation within tumor cells, thereby indirectly affecting the function of crucial signal transduction enzymes, such as kinases and phosphatases. This intricate interplay between ROS and signal transduction proteins forms the cornerstone of tumor therapeutic mechanisms. ROS can activate the intracellular signaling pathways of tumor cells, leading to the opening of non-selective cation channels transient receptor potential of melastatin 2 (TRPM2), which in turn causes lethal calcium influx into the cells (10). ROS can also disrupt the Ras-PI3K Akt signaling cascade by oxidizing specific cysteine residues in Ras and PI3K, thereby inhibiting their interaction and subsequently activating signaling pathways that drive tumor proliferation (74). The impact of ROS is not limited to the PI3K Akt signaling axis; It can also regulate the activity of its upstream signaling molecules, including receptor tyrosine kinase (RTK), ultimately leading to the death of tumor cells (75). In breast cancer cells, ROS can undermine the protein-protein interactions between Bcl-2 and apoptosis-promoting members of the Bcl-2 family, such as Bax and Bak (76), thereby fostering the production of apoptotic pores within mitochondrial membranes. This results in the release of Cytochrome c and the initiation of caspase cascade reactions, ultimately leading to the apoptosis of tumor cells (74).

Nevertheless, the levels of ROS are not static and can fluctuate drastically throughout the various stages of cancer progression. For example, in the early stages of cancer, an increase in ROS levels may accelerate cancer cell death, whereas in the advanced stages, targeting the antioxidant defense systems that permit cancer cells to prosper under elevated ROS conditions may be more effective. This dynamic change indicates that targeting ROS requires different strategies tailored to specific stages of cancer.





NETs

Activated neutrophils can manufacture extracellular structures called NETs, which play an important role in capturing and eliminating microorganisms. These NETs are constituted of DNA, originating from either the nucleus or mitochondria (66), and a variety of proteins. Mass spectrometry has delineated 24 proteins associated with NETs, predominantly characterized by their cationic nature, among which are NE, citrullinated H3 histones, defensins, PRTN3, cathepsin G, and MPO (22). The implications of NETs in the context of cancer remain a subject of debate. Research demonstrated that tumor cells can stimulate neutrophils to form NETs through suicidal NETosis (77), and use it to facilitate the tumor metastasis (78). Recent studies also elucidated that NETs can directly attract tumor cells through the cell surface DNA sensor CCDC25 (79). ITGαvβ1, a component of NETs, can cause an epithelial mesenchymal transition in cancer cells, thereby promoting tumor cell chemoresistance (80). NETs can impede the interaction between immune cells and tumor cells by encapsulating the latter, thereby shielding them from the cytotoxic effects mediated by CD8+ T cells and natural killer (NK) cells (22). On the contrary, our previous research indicated that in patients with non-small cell lung cancer, NETs have the potential to hinder the migration of tumor cells and lead to their destruction by neighboring neutrophils (19). Recent studies have clarified that activated neutrophils in pancreatic ductal adenocarcinoma patients release NETs, where arginase 1 (ARG1) interacts with cathepsin S to obtain enzyme activity, thereby exerting anticancer effects (81).






The tumor promoting effect of neutrophils

Neutrophils have inherent flexibility in adapting to environmental signals and are not limited by their initial maturation stage (42). Immature and mature neutrophils undergo reprogramming at the levels of epigenome, transcriptome, and proteome to support tumor growth after entering the tumor (27).

Neutrophils induce genomic instability by releasing ROS and RNS. The two active molecules ROS and RNS not only make DNA mutate directly, but also exacerbate DNA damage through the interaction of transcription factors like NF-κB and STAT3, hypoxia-inducible factor 1α (HIF-1α), kinases, growth factors, and cytokines (53, 82, 83). Nonetheless, there are also ROS-independent DNA damage and genetic instability mechanisms in neutrophils. For example, in inflammatory colon disease, activated neutrophils can stimulate double-stranded DNA break in intestinal epithelial cells by releasing vesicles containing pro-inflammatory microRNAs such as miR-23A and miR-155 (84).

Neutrophils can activate signaling pathways related to tumor cells, promoting tumor progression. In lung tissue damaged by radiation, the presence of neutrophils activates the Notch signaling pathway in metastatic tumor cells, which is a dominant factor in the self-renewal of cancer stem cells and the enhancement of tumorigenesis (85). Furthermore, tumor-infiltrating neutrophils use aconitate decarboxylase 1 (Acod1) to make itaconate, which regulates Nrf2-dependent ferroptosis and leads to the metastasis of breast cancer to the lungs by up-regulating the GM-CSF-JAK/STAT5-C/EBPb pathway (86).

Neutrophils also provide cellular contents that promote the proliferation and metastasis of cancer cells. Neutrophils pre-store an array of soluble mediators within granules—including enzymes, cytokines, and chemokines—to communicate with nearby cancer cells intercellularly, thus playing an assisting role in the process of metastasis by the matrix degradation (53, 60). In lung adenocarcinoma, ELANE infiltrates the tumor cells in the endothelium, leading to the down-regulation of insulin receptor substrate-1 (IRS-1), resulting in the enhancement of the interaction between phosphatidylinositol 3-kinase (PI3K) and the potent mitogen platelet-derived growth factor receptor (PDGFR), which eventually increase its proliferation ability (87). In addition, lung mesenchymal cells (MCs) promote the lipid storage in neutrophils or reprogram neutrophils to immunosuppressive phenotype by PGE2, then promote the breast cancer metastasis, and the MCs (88). Julia et al. demonstrated that neutrophils can form microtentacles (McTNs), allowing neutrophils to form heterotypic clusters with tumor cells, thereby promoting the reattachment, retention in distant sites during metastasis and formation of tumor cell clusters of circulating tumor cells during metastasis (89).

Metabolic reprogramming or dysregulation is a typical feature of cancer, and alterations in iron metabolism are considered a key factor driving the aggressive behavior of cancer cells (90), including unlimited proliferation, resistance to apoptosis, and enhanced metastatic potential. Pathologically activated neutrophils in the TME can exert immunosuppressive effects through ferroptosis, thereby reducing the effectiveness of T cell anti-tumor response (91). Neutrophil gelatinase-associated lipocalin (NGAL) could deliver iron to rapidly proliferating tumor cells, which not only supports tumor growth but also enhances its resistance to treatment, further highlighting the core role of neutrophils in the TME (90).





Interactions between neutrophils and other immune cells

Neutrophils play a complex role in the TME, contributing both to immunosuppression and antitumor immunity. Initially, they can promote an immunosuppressive state by influencing various immune cells (21, 59, 60). Neutrophils secrete cytokines that negatively regulate diverse innate immune cells, thereby enhancing immunosuppression. They also utilize MPO and ROS to inhibit the function of NK cells, which consequently extends the survival of esophageal tumor cells (92). Furthermore, neutrophils impair the function of adaptive immune cells, such as CD8+ T lymphocytes, through multiple pathways (93). They engage in metabolic regulation utilize immune checkpoints, and exert specific molecular mechanisms to suppress the antitumor capabilities of immune cells. For example, tumor-associated neutrophils (TANs) consume essential metabolites like L-arginine, L-cysteine, and L-tryptophan that are necessary for T cell proliferation (48, 94, 95). Aging neutrophils can inhibit the stemness and tumor killing function of CD8+ T cells in elderly mice, thereby promoting tumor progression (96). Additionally, neutrophils can express ligands for inhibitory receptors like LOX1, CD84, and junctional adhesion molecule-like (JaML), which contribute to T cell depletion (22, 48). PD-L1-expressing neutrophils can also modulate the suppressive functions of T and NK cells through the PD-1/PD-L1 axis, thereby not only exacerbating immune suppression but also promoting tumor growth and progression (97, 98).

Paradoxically, neutrophils can also facilitate antitumor responses by orchestrating the recruitment and activation of immune cells, including macrophages, dendritic cells (DCs), NK cells, T lymphocytes, and B lymphocytes (Figure 2). They are integral in T cell-dependent antitumor immune networks and stimulate adaptive immune responses that inhibit the growth of malignancies. For instance, activated T cells in lung cancer increase the expression of co-stimulatory molecules on the neutrophil surface, enhancing T cell proliferation in a positive feedback loop (99). NETs can lower the activation threshold of T lymphocytes, thereby increasing their reactivity to specific antigens (100). In a melanoma model, T cells targeting melanoma cells expressing Trp1 trigger a secondary tumoricidal response by neutrophils, leading to the complete eradication of melanoma cells (101). Neutrophils also enhance the antigen-presenting capabilities of DCs and can act as antigen-presenting cells themselves, cross-presenting antigens to T cells and initiating antitumor immune responses (43). Leucine affects the epigenetic status of neutrophils through its metabolites, thereby regulating the antigen presentation ability of neutrophils, enabling them to activate T cells and improve the efficacy of tumor immunotherapy (102). Following antigen presentation, they directly influence the B cell response (55). Moreover, neutrophils produce various chemokines, including CXCL1, CXCL2, CXCL10, CCL2, and CCL3, which help recruit other immune cells and facilitate intricate bidirectional interactions (45). For instance, TANs have a higher ability to activate CCL4 transcription and recruit macrophages by secreting CCL4 (98). Additionally, neutrophils can induce macrophages to secrete interleukin-12 (IL-12), promoting INF γ pathway activation in unconventional αβ T cells (UTCαβ) and exerting antitumor functions during the early phase of sarcomas (60, 103).

This multifaceted role of neutrophils in the TME underscores their strategic importance in both promoting and suppressing tumorigenic processes.





Prospective therapies targeting tumor-associated neutrophils

In the intricate background of TME, neutrophils play complex and multifaceted roles, which has sparked strong interest in developing therapeutic strategies for tumor immunotherapy targeting these cells. Approaches include neutrophil depletion, the inhibition of specific signaling pathways, and the modulation of neutrophil metabolism. The primary goal of such strategies is to selectively suppress pre-tumor neutrophils while enhancing the efficacy of antitumor neutrophils. The use of immune checkpoint inhibitors in combination with neutrophil-targeted therapies holds promise for enhancing antitumor immunity.




Neutrophils depletion

Evidence from rodent cancer models has elucidated the potential benefits of neutrophil-targeted depletion therapies (45, 98), with the use of anti-Ly6G monoclonal antibodies (mAbs) demonstrating a selective consumption of neutrophils.

An agonist antibody against TRAIL-R2, DS-8273a, has been evaluated in patients with advanced cancers, showing a reduction in MDSCs in the peripheral blood of half the patients without affecting the maturation of myeloid cells and lymphocytes (45). Furthermore, the engagement of CD300ld, a biomarker of PMN-MDSCs, has been shown to modulate the cellular composition of the TME. Knockout and competitive blockade of the extracellular domain (ECD) of CD300ld can reverse the protumor effect of PMN-MDSCs (104). Ruxolitinib is a JAK inhibitor that has been shown in phase I clinical trials to significantly reduce the number of immature neutrophils without affecting the production of normal neutrophils, thereby achieving anti-tumor effects (105). However, in humans, depletion of neutrophils increases the risk of invasive infections, which may lead to increased treatment costs, antibiotic use, prolonged hospitalization, reduced or delayed use of chemical drugs, and in severe cases, life-threatening complications such as septic shock and sepsis syndrome, and even patient death. In clinical practice, G-CSF is often used preventively in cancer patients to prevent adverse consequences caused by excessive reduction of neutrophils (106).





Immune checkpoint combination therapy

The cytotoxic potential of neutrophils is regulated by a delicate balance of signals transmitted through immune checkpoints and activating receptors. Neutrophils also express a suite of lymphocyte checkpoint ligands, including V-domain Ig suppressor of T cell activation (VISTA), PD-L1, CD86, 4-1BB ligand (4-1BBL), and OX40L (22), signaling a new frontier in cancer immunotherapy through targeted neutrophil checkpoints.

Recent findings suggest that targeting NAMPT can inhibit SIRT1 signaling and neutrophil angiogenic gene transcription, offering a potential mechanism for tumor growth inhibition (12). ATG-019, which inhibits both PAK4 and NAMPT, has shown improved efficacy in combination with anti-PD-1 therapy in murine tumor models compared to anti-PD-1 alone, representing a novel treatment strategy for advanced solid tumors and non-Hodgkin’s lymphoma (107, 108). Additionally, the concurrent administration of TNF and anti-CD40 mAb boosts neutrophil activation and toxicity, further promoting tumor cell apoptosis and clearance by enhancing oxidative damage and N1 neutrophil recruitment in the TME (13, 101). Additionally, the anti-CD40 therapy increased the Sellhi neutrophils accumulation and maturation, thus eliciting the neutrophils antitumor response (109).

Compared to traditional radiotherapy and chemotherapy, immune checkpoint inhibitors typically have a lower incidence of adverse reactions. Even if patients stop using immune checkpoint inhibitors, they can often still maintain the treatment benefits (110). However, immunotherapy also faces the challenge of drug resistance. Evidence suggests that the binding affinity of anti-PD-1 receptors decreases within 2-3 months after the last dose of medication (111). In addition, multiple types of tumors and most patients have limited response to single immune checkpoint therapy, and combining other antitumor therapies may be the future path for immune checkpoint inhibitors.





Blocking neutrophil recruitment to primary tumors and metastatic sites

Traditional strategies typically involve depleting the original tumor neutrophils or disrupting their migratory ability, rather than eliminating the entire neutrophil population. As previously noted, CXCR2 and CXCR1 are indispensable for the recruitment of neutrophils into the TME (21). The inhibition of neutrophil recruitment by blocking CXCL8, CXCR1, and CXCR2 has progressed to the clinical evaluation stage (22). The spleen serves as a reservoir for the precursors of TANs, from which TANs are recruited into the tumor stroma by CXCL8 (48, 49). Under normal physiological conditions, CXCL8 is barely detectable; however, within the TME, it rapidly accumulates to effectively regulate the protumor effects of N2 neutrophils, including the promotion of angiogenesis, dedifferentiation, and metastasis of tumor cells (50). The lipid metabolism-related gene enoyl-CoA δ-isomerase 2 (ECI2) can reduce CXCL8 to decrease neutrophil infiltration and NETs formation in the TME, thereby inhibiting colorectal cancer progression (112). Similarly, active PRSS35 can inactivate and degrade CXCL2 by cleaving it, ultimately inhibiting the development of HCC through a similar pathway (113). Inhibiting CXCL8 signal transduction can reduce the recruitment of N2 neutrophils. HuMax-IL8 (BMS-986253), an inhibitor of CXCL8, has been demonstrated to be well-tolerated in patients with advanced cancers and is currently being evaluated for its safety and efficacy in combination with nivolumab (NCT03400332) (50, 114). ABX-IL8, functioning as a neutralizing antibody against CXCL8, can significantly inhibit the promoter activity and collagenase activity of MMP2 in melanoma cells, thereby diminishing tumor metastasis, reducing tumor angiogenesis, and augmenting tumor apoptosis (50).

Lactate constitutes an effector molecule that not only contributes to inflammation but also plays a crucial role in the onset and progression of cancer (115). Consequently, lactate dehydrogenase inhibitors may represent effective targets for inhibiting tumor progression. Such inhibitors have been proven to alleviate the harmful neutrophil mobilization associated with TAN in malignant tumors (115).





Reduce NETs formation

While NETosis plays an important role in microbial defense, it may be adeptly subverted by tumors to serve their own benefit (59). NETs not only inhibit T cell function but also facilitate the metastasis of tumor cells. By forming a physical barrier on the tumor’s surface, NETs shield tumor cells from CD8+ T cell-mediated assaults (116). Moreover, NETs can induce CD4+ T cells to differentiate into regulatory T cells (Treg cells), thereby establishing a tumor tolerant environment (39). As an emerging target for tumor therapy, the employment of deoxyribonuclease I (DNase I) to clear NETs or the use of related metabolic inhibitors can effectively repress NETosis (21). DNase I has been shown to have the ability to prevent the invasion and migration of lung and colon cancer cells, as well as significantly diminish lung metastasis in tumor models (22, 53). In addition, metformin targeting the mitochondrial DNA (mtDNA) of NETs can alleviate metastasis-abetting inflammatory state, thereby weakening the metastatic potential of hepatocellular carcinoma. The NET inhibitor chloroquine can alleviate hypercoagulability by diminishing NET-dependent thrombosis in cancer patients (39).

The citrullination of histones by peptidylarginine deiminase 4 (PAD4) is considered the main event in the formation of NETs in vivo (21, 46, 59). PDA4 inhibitors can enhance the clinical prognosis for tumor patients by diminishing NETosis (117). Consequently, PAD4 is expected to become an apt target for therapeutic intervention (66). The currently used PAD4 inhibitor in clinical practice is Cl-amidine (21). Moreover, other PAD4 inhibitors, such as BMS-P5, JBI-589, resveratrol (RES), and Simvastatin, have also exhibited therapeutic efficacy in animal models (118).

The formation of NETs is contingent upon H2O2 produced by NADPH oxidase and further metabolized by MPO (2). Therefore, ROS are amongst the most significant inducers of NETs (46, 53, 59), and any substance capable of inhibiting ROS production holds the potential to inhibit NETosis. Previous studies revealed that vitamin C, flavonoids, 5-aminosalicylic acid (5-ASA), N-acetyl-L-cysteine (NAC), PF-1355, or diphenyliodonium (DPI) can inhibit ROS production, thereby suppressing NETosis (21, 118). However, this aspect remains unexplored in the context of tumor treatment.

Although numerous studies have demonstrated that they have a pro-tumor effect, there are also studies suggesting that NETs can inhibit tumor growth by capturing and killing cancer cells (19, 81). In clinical practice, it is crucial to identify the role that NET plays in tumor progression.





Target neutrophil metabolism

The immunomodulatory characteristics of neutrophils within TME are closely related to metabolic remodeling. In response to the increased energy demand caused by rapid proliferation of tumor tissue, neutrophils are adept at utilizing glucose, amino acids, and lipids as key energy substrates within the TME (119). Notably, TANs predominantly obtains energy from glycolytic metabolism, allowing them to function effectively in hypoxic conditions (42, 59). The hypoxic-glycolytic niche in tumors can reprogram mature and immature neutrophils into long-lived and terminally-differentiated subsets, thereby promoting angiogenesis and tumor growth (120). HIF-1α, a pivotal transcriptional regulator, control the expression of enzymes related to glycolysis and facilitates a metabolic shift from oxidative phosphorylation (OXPHOS) to glycolysis in PMN-MDSCs (48). In vitro experimentation with PX-478, an inhibitor of HIF-1α, has demonstrated synergistic enhancement of tumor cell apoptosis when used in conjunction with immune checkpoint inhibitors (121). Despite being highly dependent on glycolysis, neutrophils have the metabolic versatility to eschew glycolysis and upregulate alternative metabolic pathways, including glutaminolysis, OXPHOS, and fatty acid oxidation (FAO), when necessary (22, 60, 119). This metabolic adaptability highlights the challenge of targeting TAN metabolism within TME. Findings have elucidated that immunosuppressive neutrophils present within the TME elevate the expression of lipid transport-related proteins, including CD36 and fatty acid transporter protein 2 (FATP2) (22). The increase in CD36 expression promotes the metabolic transition from glycolysis to FAO, making FAO the main energy source for PMN-MDSC (95). Meanwhile, FATP2 promotes tumorigenesis and immune evasion by regulating the accumulation of arachidonic acid in PMN-MDSC and subsequent synthesis of prostaglandin E2 (PGE2) (48, 122). Consequently, FATP2 and CD36 have emerged as viable targets for selective inhibition to enhance the therapeutic efficacy of cancer treatments (95, 122). The metabolic profiling of TANs critically influences their behavior during tumorigenesis. The metabolic remodeling undergone by neutrophils within neoplastic tissue may provide novel avenues for research and development within future cancer treatment strategies.






Other approaches to inhibit neutrophil function




Coley’s Toxin and the BCG

The administration of Coley’s Toxin and the BCG vaccine represents one of the pioneering instances of immunotherapy in modern medical practice. The therapeutic essence of both Coley’s Toxin and the BCG vaccine lies in their capacity to stimulate neutrophils and other components of the immune system through the introduction of inactivated or attenuated bacterial agents (123, 124). Coley’s Toxin can trigger the release of a series of immune regulatory mediators, including cytokines, lysosomal enzymes, and ROS, which play an important role in directly killing tumor cells and activating other immune effectors (such as NK cells and T lymphocytes) to participate in synergistic antitumor responses (123). Similarly, early investigations have revealed that neutrophils activated by BCG immunotherapy in the context of bladder cancer undergo polarization into an antitumoral phenotype (14). The cytokines released by neutrophils activated by BCG vaccine indirectly enhance the chemotaxis of T cells, thereby enhancing the efficacy of BCG immunotherapy (125).

Applying microbial bioparticles to tumor growth not only activates the killing ability of neutrophils, but also causes significant changes in their transcriptional landscape, migration patterns, and functional properties, ultimately inhibiting tumor proliferation in a neutrophil-dependent manner. The intratumoral delivery of microbial bioparticles has also been observed to enhance the expression of chemokines recruiting NK cells and CD8+ T cells in neutrophils, thereby enhancing the antitumor immune response (126).





Tumor cell-derived drug-loaded microparticles

Previous studies have shown that tumor cells can release various types of extracellular vesicles, one of which is called tumor microparticles (T-MP) with sizes ranging from 100-1000 nm (127). T-MPs have been shown to affect various cancer-related cells and immune cells (Figure 3). As a carrier for chemotherapeutic drug delivery, MP has the advantages of biological safety, simple preparation, and stable properties. The MPs deliver the chemotherapeutic drugs to the nucleus and kill the tumor repopulation cell (128). In addition, the MP contains the tumor common antigen, which activated the DC by cGas-STING pathway, then promotes the tumor-specific CD8+ T cells antitumor response (129). Our previous studies have clarified that methotrexate-loaded tumor cell microparticles (MTX-MPs) activated neutrophils and demonstrated a high level of efficacy and safety in a clinical trial involving patients with MPE or cholangiocarcinoma (18, 19). Recently, we found that the MTX-MP-activated neutrophils promote the T cell antitumor response by increasing the PD-1 degradation in the lysosome pathway in neutrophils (16). Moreover, the MPs without drug promote tumor metastasis by promoting M2 macrophage differentiation, while the MTX-MP promotes M2 polarized toward M1 by activating lysosomal cytochrome P450 and nuclear hnRNPA2B1, thereby recruiting neutrophils to kill tumor cells (17, 129, 130).




Figure 3 | The biological function of tumor microparticles. (A) Ultraviolet radiation has the potential to elicit apoptosis in tumoral cells, facilitating the acquisition of MTX-MP complexes. Upon administration into the organism, these MTX-MPs are capable of deploying antineoplastic actions through a variety of mechanisms: ①Directly inducing apoptosis after tumor cell ingesting MTX-MPs. ②Upon MTX-MPs uptake by neutrophils, they stimulate the neutrophils’ antitumor functions, which include the emission of ROS, the enhancement of T-cell-mediated antitumor responses through the degradation of PD-1 via the lysosome, the secretion of Elastase, and the extrusion of NETs to repair the endothelial layer. ③MTX-MPs are instrumental in prompting the polarization of M2 macrophages into the M1 phenotype. Subsequent to this transformation, M1 macrophages promote the secretion of INF-β through the lysosomal cytochrome P450 and nuclear hnRNPA2B1 signaling pathways. (B) Tumor cells also circulate and transport T-MPs to the periphery during their progression. ①These T-MPs harbor double-stranded DNA of tumor origin, which, upon internalization by DCs, activates the cGAS-STING pathway, markedly augmenting the DCs’ capacity for antigen presentation. ②Following the ingestion of T-MPs, M0 macrophages undergo polarization into M2 macrophages, and the non-coding RNA present within the T-MPs triggers the activation of TLR3, resultant in an augmented secretion of IL-1β by the macrophages and a concomitant promotion of tumor cell proliferation. Moreover, M2 macrophages secrete IL-6, thereby fostering the pulmonary metastasis of lung cancer cells.







Trained immunity

For a long time, people have believed that immune memory is a unique feature of adaptive immune response. Professor Mihai Netea from Nijmegen University first proposed that the innate immune system can also exhibit adaptive features, known as trained immunity (131). One of the most typical examples is that the BCG can induce the well-trained immunity of neutrophils through the genome-wide epigenetic modifications in trimethylation at histone 3 lysine 4 (132). β-glucan can train the innate immune system through type I interferon signaling, reprogram GMP, and reprogram neutrophils into antitumor phenotypes, ultimately inhibiting the occurrence and development of tumors (133). Mulder et al. designed a bone marrow-targeted nanobiological agent that can induce training immunity, thus enhance proliferation and metabolism of neutrophils to inhibit tumor growth (134).






Conclusions

Despite commendable progress in understanding the biological complexity, functional characteristics, and heterogeneity of neutrophils, their critical role and significance in the context of cancer have long been overlooked. However, in the past decade, there has been increasing interest in neutrophils in TME. On one hand, neutrophils can contribute to genetic instability within tumor cells, promote angiogenesis, and inhibit the antitumor responses of other immune cells. On the other hand, they can exert antitumor effects through phagocytosis, the production of ROS, and the activation of adaptive immune responses. The dual function of neutrophils in tumor immunity depends on their diversity and plasticity, and the seemingly paradoxical nature of these roles may well be attributable to differential influences exerted by the TME on neutrophil maturation, function, and polarization. So far, most studies have focused on the pre tumor function of neutrophils; however, it remains to be explored whether it is feasible to modulate and harness antitumor capacities.

In summation, a comprehensive understanding of the distinctive characteristics, recruitment processes, and functions of neutrophils within the TME is crucial for developing effective tumor immunotherapy strategies. Further research is needed to elucidate the mechanisms underlying the dual role of neutrophils in tumor biology and to investigate the therapeutic potential of targeting neutrophils in cancer treatment.





Author contributions

PX: Funding acquisition, Writing – review & editing. MZ: Writing – original draft. RJ: Writing – original draft. XZ: Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the National Natural Science Foundation of China (82101926), Medical Health Science and Technology Project of Zhejiang Provincial Health Commission (2023RC208).





Conflict of interest

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





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Brinkmann, V, and Zychlinsky, A. Beneficial suicide: why neutrophils die to make NETs. Nat Rev Microbiol. (2007) 5:577–82. doi: 10.1038/nrmicro1710

2. Borregaard, N. Neutrophils, from marrow to microbes. Immunity. (2010) 33:657–70. doi: 10.1016/j.immuni.2010.11.011

3. Summers, C, Rankin, SM, Condliffe, AM, Singh, N, Peters, AM, and Chilvers, ER. Neutrophil kinetics in health and disease. Trends Immunol. (2010) 31:318–24. doi: 10.1016/j.it.2010.05.006

4. Pillay, J, den Braber, I, Vrisekoop, N, Kwast, LM, de Boer, RJ, Borghans, JAM, et al. In vivo labeling with 2H2O reveals a human neutrophil lifespan of 5.4 days. Blood. (2010) 116:625–7. doi: 10.1182/blood-2010-01-259028

5. Sody, S, Uddin, M, Grüneboom, A, Görgens, A, Giebel, B, Gunzer, M, et al. Distinct spatio-temporal dynamics of tumor-associated neutrophils in small tumor lesions. Front Immunol. (2019) 10:1419. doi: 10.3389/fimmu.2019.01419

6. Coffelt, SB, Wellenstein, MD, and de Visser, KE. Neutrophils in cancer: neutral no more. Nat Rev Cancer. (2016) 16:431–46. doi: 10.1038/nrc.2016.52

7. Maas, RR, Soukup, K, Fournier, N, Massara, M, Galland, S, Kornete, M, et al. The local microenvironment drives activation of neutrophils in human brain tumors. Cell. (2023) 186:4546–4566.e27. doi: 10.1016/j.cell.2023.08.043

8. Ancey, P-B, Contat, C, Boivin, G, Sabatino, S, Pascual, J, Zangger, N, et al. GLUT1 expression in tumor-associated neutrophils promotes lung cancer growth and resistance to radiotherapy. Cancer Res. (2021) 81:2345–57. doi: 10.1158/0008-5472.CAN-20-2870

9. Montaldo, E, Lusito, E, Bianchessi, V, Caronni, N, Scala, S, Basso-Ricci, L, et al. Cellular and transcriptional dynamics of human neutrophils at steady state and upon stress. Nat Immunol. (2022) 23:1470–83. doi: 10.1038/s41590-022-01311-1

10. Gershkovitz, M, Caspi, Y, Fainsod-Levi, T, Katz, B, Michaeli, J, Khawaled, S, et al. TRPM2 mediates neutrophil killing of disseminated tumor cells. Cancer Res. (2018) 78:2680–90. doi: 10.1158/0008-5472.CAN-17-3614

11. Quail, DF, Amulic, B, Aziz, M, Barnes, BJ, Eruslanov, E, Fridlender, ZG, et al. Neutrophil phenotypes and functions in cancer: A consensus statement. J Exp Med. (2022) 219:e20220011. doi: 10.1084/jem.20220011

12. Pylaeva, E, Harati, MD, Spyra, I, Bordbari, S, Strachan, S, Thakur, BK, et al. NAMPT signaling is critical for the proangiogenic activity of tumor-associated neutrophils. Int J Cancer. (2019) 144:136–49. doi: 10.1002/ijc.31808

13. Linde, IL, Prestwood, TR, Qiu, J, Pilarowski, G, Linde, MH, Zhang, X, et al. Neutrophil-activating therapy for the treatment of cancer. Cancer Cell. (2023) 41:356–372.e10. doi: 10.1016/j.ccell.2023.01.002

14. Huang, X, Nepovimova, E, Adam, V, Sivak, L, Heger, Z, Valko, M, et al. Neutrophils in Cancer immunotherapy: friends or foes? Mol Cancer. (2024) 23:107. doi: 10.1186/s12943-024-02004-z

15. Zhang, X, Zhang, H, Gu, J, Zhang, J, Shi, H, Qian, H, et al. Engineered extracellular vesicles for cancer therapy. Adv Mater. (2021) 33:e2005709. doi: 10.1002/adma.202005709

16. Xu, P, Zhang, X, Chen, K, Zhu, M, Jia, R, Zhou, Q, et al. Tumor cell-derived microparticles induced by methotrexate augment T-cell antitumor responses by downregulating expression of PD-1 in neutrophils. Cancer Immunol Res. (2023) 11:501–14. doi: 10.1158/2326-6066.CIR-22-0595

17. Wei, K, Zhang, H, Yang, S, Cui, Y, Zhang, B, Liu, J, et al. Chemo-drugs in cell microparticles reset antitumor activity of macrophages by activating lysosomal P450 and nuclear hnRNPA2B1. Signal Transduct Target Ther. (2023) 8:22. doi: 10.1038/s41392-022-01212-7

18. Gao, Y, Zhang, H, Zhou, N, Xu, P, Wang, J, Gao, Y, et al. Methotrexate-loaded tumour-cell-derived microvesicles can relieve biliary obstruction in patients with extrahepatic cholangiocarcinoma. Nat BioMed Eng. (2020) 4:743–53. doi: 10.1038/s41551-020-0583-0

19. Xu, P, Tang, K, Ma, J, Zhang, H, Wang, D, Zhu, L, et al. Chemotherapeutic tumor microparticles elicit a neutrophil response targeting Malignant pleural effusions. Cancer Immunol Res. (2020) 8:1193–205. doi: 10.1158/2326-6066.CIR-19-0789

20. Guo, M, Wu, F, Hu, G, Chen, L, Xu, J, Xu, P, et al. Autologous tumor cell-derived microparticle-based targeted chemotherapy in lung cancer patients with Malignant pleural effusion. Sci Transl Med. (2019) 11:eaat5690. doi: 10.1126/scitranslmed.aat5690

21. Németh, T, Sperandio, M, and Mócsai, A. Neutrophils as emerging therapeutic targets. Nat Rev Drug Discovery. (2020) 19:253–75. doi: 10.1038/s41573-019-0054-z

22. Jaillon, S, Ponzetta, A, Di Mitri, D, Santoni, A, Bonecchi, R, and Mantovani, A. Neutrophil diversity and plasticity in tumour progression and therapy. Nat Rev Cancer. (2020) 20:485–503. doi: 10.1038/s41568-020-0281-y

23. Hidalgo, A, Chilvers, ER, Summers, C, and Koenderman, L. The neutrophil life cycle. Trends Immunol. (2019) 40:584–97. doi: 10.1016/j.it.2019.04.013

24. Carvalho, LO, Aquino, EN, Neves, ACD, and Fontes, W. The neutrophil nucleus and its role in neutrophilic function. J Cell Biochem. (2015) 116:1831–6. doi: 10.1002/jcb.25124

25. Xie, X, Shi, Q, Wu, P, Zhang, X, Kambara, H, Su, J, et al. Single-cell transcriptome profiling reveals neutrophil heterogeneity in homeostasis and infection. Nat Immunol. (2020) 21:1119–33. doi: 10.1038/s41590-020-0736-z

26. Calzetti, F, Finotti, G, Tamassia, N, Bianchetto-Aguilera, F, Castellucci, M, Canè, S, et al. CD66b-CD64dimCD115- cells in the human bone marrow represent neutrophil-committed progenitors. Nat Immunol. (2022) 23:679–91. doi: 10.1038/s41590-022-01189-z

27. Ballesteros, I, Rubio-Ponce, A, Genua, M, Lusito, E, Kwok, I, Fernández-Calvo, G, et al. Co-option of neutrophil fates by tissue environments. Cell. (2020) 183:1282–1297.e18. doi: 10.1016/j.cell.2020.10.003

28. Casanova-Acebes, M, Pitaval, C, Weiss, LA, Nombela-Arrieta, C, Chèvre, R, A-González, N, et al. Rhythmic modulation of the hematopoietic niche through neutrophil clearance. Cell. (2013) 153:1025–35. doi: 10.1016/j.cell.2013.04.040

29. Laird, DJ, von Andrian, UH, and Wagers, AJ. Stem cell trafficking in tissue development, growth, and disease. Cell. (2008) 132:612–30. doi: 10.1016/j.cell.2008.01.041

30. Donald, K, and Finlay, BB. Early-life interactions between the microbiota and immune system: impact on immune system development and atopic disease. Nat Rev Immunol. (2023) 23:735–48. doi: 10.1038/s41577-023-00874-w

31. Grabowski, Ł, Gaffke, L, Pierzynowska, K, Cyske, Z, Choszcz, M, Węgrzyn, G, et al. Enrofloxacin-the ruthless killer of eukaryotic cells or the last hope in the fight against bacterial infections? Int J Mol Sci. (2022) 23:3648. doi: 10.3390/ijms23073648

32. Sheikh, IA, Bianchi-Smak, J, Laubitz, D, Schiro, G, Midura-Kiela, MT, Besselsen, DG, et al. Transplant of microbiota from Crohn’s disease patients to germ-free mice results in colitis. Gut Microbes. (2024) 16:2333483. doi: 10.1080/19490976.2024.2333483

33. Kuley, R, Stultz, RD, Duvvuri, B, Wang, T, Fritzler, MJ, Hesselstrand, R, et al. N-formyl methionine peptide-mediated neutrophil activation in systemic sclerosis. Front Immunol. (2021) 12:785275. doi: 10.3389/fimmu.2021.785275

34. Kang, H, Liu, T, Wang, Y, Bai, W, Luo, Y, and Wang, J. Neutrophil-macrophage communication via extracellular vesicle transfer promotes itaconate accumulation and ameliorates cytokine storm syndrome. Cell Mol Immunol. (2024) 21:689–706. doi: 10.1038/s41423-024-01174-6

35. Danne, C, Skerniskyte, J, Marteyn, B, and Sokol, H. Neutrophils: from IBD to the gut microbiota. Nat Rev Gastroenterol Hepatol. (2024) 21:184–97. doi: 10.1038/s41575-023-00871-3

36. Li, G, Lin, J, Zhang, C, Gao, H, Lu, H, Gao, X, et al. Microbiota metabolite butyrate constrains neutrophil functions and ameliorates mucosal inflammation in inflammatory bowel disease. Gut Microbes. (2021) 13:1968257. doi: 10.1080/19490976.2021.1968257

37. Ley, K, Hoffman, HM, Kubes, P, Cassatella, MA, Zychlinsky, A, Hedrick, CC, et al. Neutrophils: New insights and open questions. Sci Immunol. (2018) 3:eaat4579. doi: 10.1126/sciimmunol.aat4579

38. Fridlender, ZG, Sun, J, Kim, S, Kapoor, V, Cheng, G, Ling, L, et al. Polarization of tumor-associated neutrophil phenotype by TGF-beta: “N1” versus “N2” TAN. Cancer Cell. (2009) 16:183–94. doi: 10.1016/j.ccr.2009.06.017

39. Geh, D, Leslie, J, Rumney, R, Reeves, HL, Bird, TG, and Mann, DA. Neutrophils as potential therapeutic targets in hepatocellular carcinoma. Nat Rev Gastroenterol Hepatol. (2022) 19:257–73. doi: 10.1038/s41575-021-00568-5

40. Silvestre-Roig, C, Fridlender, ZG, Glogauer, M, and Scapini, P. Neutrophil diversity in health and disease. Trends Immunol. (2019) 40:565–83. doi: 10.1016/j.it.2019.04.012

41. Pettinella, F, Mariotti, B, Lattanzi, C, Bruderek, K, Donini, M, Costa, S, et al. Surface CD52, CD84, and PTGER2 mark mature PMN-MDSCs from cancer patients and G-CSF-treated donors. Cell Rep Med. (2024) 5:101380. doi: 10.1016/j.xcrm.2023.101380

42. Ng, MSF, Kwok, I, Tan, L, Shi, C, Cerezo-Wallis, D, Tan, Y, et al. Deterministic reprogramming of neutrophils within tumors. Science. (2024) 383:eadf6493. doi: 10.1126/science.adf6493

43. Singhal, S, Bhojnagarwala, PS, O’Brien, S, Moon, EK, Garfall, AL, Rao, AS, et al. Origin and role of a subset of tumor-associated neutrophils with antigen-presenting cell features in early-stage human lung cancer. Cancer Cell. (2016) 30:120–35. doi: 10.1016/j.ccell.2016.06.001

44. Chung, JY-F, Tang, PC-T, Chan, MK-K, Xue, VW, Huang, X-R, Ng, CS-H, et al. Smad3 is essential for polarization of tumor-associated neutrophils in non-small cell lung carcinoma. Nat Commun. (2023) 14:1794. doi: 10.1038/s41467-023-37515-8

45. Shaul, ME, and Fridlender, ZG. Tumour-associated neutrophils in patients with cancer. Nat Rev Clin Oncol. (2019) 16:601–20. doi: 10.1038/s41571-019-0222-4

46. Kraus, RF, and Gruber, MA. Neutrophils—From bone marrow to first-line defense of the innate immune system. Front Immunol. (2021) 12:767175. doi: 10.3389/fimmu.2021.767175

47. Di Carlo, E, Forni, G, Lollini, P, Colombo, MP, Modesti, A, and Musiani, P. The intriguing role of polymorphonuclear neutrophils in antitumor reactions. Blood. (2001) 97:339–45. doi: 10.1182/blood.V97.2.339

48. Veglia, F, Sanseviero, E, and Gabrilovich, DI. Myeloid-derived suppressor cells in the era of increasing myeloid cell diversity. Nat Rev Immunol. (2021) 21:485–98. doi: 10.1038/s41577-020-00490-y

49. Ng, LG, Ostuni, R, and Hidalgo, A. Heterogeneity of neutrophils. Nat Rev Immunol. (2019) 19:255–65. doi: 10.1038/s41577-019-0141-8

50. Cambier, S, Gouwy, M, and Proost, P. The chemokines CXCL8 and CXCL12: molecular and functional properties, role in disease and efforts towards pharmacological intervention. Cell Mol Immunol. (2023) 20:217–51. doi: 10.1038/s41423-023-00974-6

51. Furze, RC, and Rankin, SM. Neutrophil mobilization and clearance in the bone marrow. Immunology. (2008) 125:281–8. doi: 10.1111/j.1365-2567.2008.02950.x

52. Antonio, N, Bønnelykke-Behrndtz, ML, Ward, LC, Collin, J, Christensen, IJ, Steiniche, T, et al. The wound inflammatory response exacerbates growth of pre-neoplastic cells and progression to cancer. EMBO J. (2015) 34:2219–36. doi: 10.15252/embj.201490147

53. Rawat, K, Syeda, S, and Shrivastava, A. Neutrophil-derived granule cargoes: paving the way for tumor growth and progression. Cancer Metastasis Rev. (2021) 40:221–44. doi: 10.1007/s10555-020-09951-1

54. Eash, KJ, Greenbaum, AM, Gopalan, PK, and Link, DC. CXCR2 and CXCR4 antagonistically regulate neutrophil trafficking from murine bone marrow. J Clin Invest. (2010) 120:2423–31. doi: 10.1172/JCI41649

55. Cerutti, A, Puga, I, and Magri, G. The B cell helper side of neutrophils. J Leukoc Biol. (2013) 94:677–82. doi: 10.1189/jlb.1112596

56. Lim, JJ, Grinstein, S, and Roth, Z. Diversity and versatility of phagocytosis: roles in innate immunity, tissue remodeling, and homeostasis. Front Cell Infect Microbiol. (2017) 7:191. doi: 10.3389/fcimb.2017.00191

57. Mollinedo, F. Neutrophil degranulation, plasticity, and cancer metastasis. Trends Immunol. (2019) 40:228–42. doi: 10.1016/j.it.2019.01.006

58. Rosales, C, and Uribe-Querol, E. Phagocytosis: A fundamental process in immunity. BioMed Res Int. (2017) 2017:9042851. doi: 10.1155/2017/9042851

59. Burn, GL, Foti, A, Marsman, G, Patel, DF, and Zychlinsky, A. The neutrophil. Immunity. (2021) 54:1377–91. doi: 10.1016/j.immuni.2021.06.006

60. Hedrick, CC, and Malanchi, I. Neutrophils in cancer: heterogeneous and multifaceted. Nat Rev Immunol. (2022) 22:173–87. doi: 10.1038/s41577-021-00571-6

61. Sionov, RV, Lamagna, C, and Granot, Z. Recognition of tumor nidogen-1 by neutrophil C-type lectin receptors. Biomedicines. (2022) 10:908. doi: 10.3390/biomedicines10040908

62. Silvestre-Roig, C, Hidalgo, A, and Soehnlein, O. Neutrophil heterogeneity: implications for homeostasis and pathogenesis. Blood. (2016) 127:2173–81. doi: 10.1182/blood-2016-01-688887

63. Kuckleburg, CJ, and Newman, PJ. Neutrophil proteinase 3 (PR3) acts on protease-activated receptor-2 (PAR-2) to enhance vascular endothelial cell barrier function. Arteriosclerosis thrombosis Vasc Biol. (2012) 33:275. doi: 10.1161/ATVBAHA.112.300474

64. Teng, T, Ji, A, Ji, X, and Li, Y. Neutrophils and immunity: from bactericidal action to being conquered. J Immunol Res. (2017) 2017:9671604. doi: 10.1155/2017/9671604

65. Benedicto, A, Marquez, J, Herrero, A, Olaso, E, Kolaczkowska, E, and Arteta, B. Decreased expression of the β2 integrin on tumor cells is associated with a reduction in liver metastasis of colorectal cancer in mice. BMC Cancer. (2017) 17:827. doi: 10.1186/s12885-017-3823-2

66. Phillipson, M, and Kubes, P. The neutrophil in vascular inflammation. Nat Med. (2011) 17:1381–90. doi: 10.1038/nm.2514

67. Faurschou, M, and Borregaard, N. Neutrophil granules and secretory vesicles in inflammation. Microbes Infect. (2003) 5:1317–27. doi: 10.1016/j.micinf.2003.09.008

68. Cui, C, Chakraborty, K, Tang, XA, Zhou, G, Schoenfelt, KQ, Becker, KM, et al. Neutrophil elastase selectively kills cancer cells and attenuates tumorigenesis. Cell. (2021) 184:3163–3177.e21. doi: 10.1016/j.cell.2021.04.016

69. Krisztina, F, Szabina, F, and Attila, M. Neutrophil cell surface receptors and their intracellular signal transduction pathways. Int Immunopharmacol. (2013) 17(3):638–50. doi: 10.1016/j.intimp.2013.06.034

70. El-Benna, J, Hurtado-Nedelec, M, Marzaioli, V, Marie, J-C, Gougerot-Pocidalo, M-A, and Dang, PM-C. Priming of the neutrophil respiratory burst: role in host defense and inflammation. Immunol Rev. (2016) 273:180–93. doi: 10.1111/imr.12447

71. An, X, Yu, W, Liu, J, Tang, D, Yang, L, and Chen, X. Oxidative cell death in cancer: mechanisms and therapeutic opportunities. Cell Death Dis. (2024) 15:556. doi: 10.1038/s41419-024-06939-5

72. Lichtenstein, AK, Ganz, T, Selsted, ME, and Lehrer, RI. Synergistic cytolysis mediated by hydrogen peroxide combined with peptide defensins. Cell Immunol. (1988) 114:104–16. doi: 10.1016/0008-8749(88)90258-4

73. Granot, Z, Henke, E, Comen, EA, King, TA, Norton, L, and Benezra, R. Tumor entrained neutrophils inhibit seeding in the premetastatic lung. Cancer Cell. (2011) 20:300–14. doi: 10.1016/j.ccr.2011.08.012

74. Quast, S-A, Berger, A, and Eberle, J. ROS-dependent phosphorylation of Bax by wortmannin sensitizes melanoma cells for TRAIL-induced apoptosis. Cell Death Dis. (2013) 4:e839–9. doi: 10.1038/cddis.2013.344

75. Reynolds, AR, Tischer, C, Verveer, PJ, Rocks, O, and Bastiaens, PIH. EGFR activation coupled to inhibition of tyrosine phosphatases causes lateral signal propagation. Nat Cell Biol. (2003) 5:447–53. doi: 10.1038/ncb981

76. Pohl, SÖ-G, Agostino, M, Dharmarajan, A, and Pervaiz, S. Cross talk between cellular redox state and the antiapoptotic protein bcl-2. Antioxid Redox Signal. (2018) 29:1215–36. doi: 10.1089/ars.2017.7414

77. Cools-Lartigue, J, Spicer, J, McDonald, B, Gowing, S, Chow, S, Giannias, B, et al. Neutrophil extracellular traps sequester circulating tumor cells and promote metastasis. J Clin Invest. (2013) 123:3446–58. doi: 10.1172/JCI67484

78. He, X-Y, Gao, Y, Ng, D, Michalopoulou, E, George, S, Adrover, JM, et al. Chronic stress increases metastasis via neutrophil-mediated changes to the microenvironment. Cancer Cell. (2024) 42:474–486.e12. doi: 10.1016/j.ccell.2024.01.013

79. Yang, L, Liu, Q, Zhang, X, Liu, X, Zhou, B, Chen, J, et al. DNA of neutrophil extracellular traps promotes cancer metastasis via CCDC25. Nature. (2020) 583:133–8. doi: 10.1038/s41586-020-2394-6

80. Mousset, A, Lecorgne, E, Bourget, I, Lopez, P, Jenovai, K, Cherfils-Vicini, J, et al. Neutrophil extracellular traps formed during chemotherapy confer treatment resistance via TGF-β activation. Cancer Cell. (2023) 41:757–775.e10. doi: 10.1016/j.ccell.2023.03.008

81. Canè, S, Barouni, RM, Fabbi, M, Cuozzo, J, Fracasso, G, Adamo, A, et al. Neutralization of NET-associated human ARG1 enhances cancer immunotherapy. Sci Transl Med. (2023) 15:eabq6221. doi: 10.1126/scitranslmed.abq6221

82. Prasad, S, Gupta, SC, and Tyagi, AK. Reactive oxygen species (ROS) and cancer: Role of antioxidative nutraceuticals. Cancer Lett. (2017) 387:95–105. doi: 10.1016/j.canlet.2016.03.042

83. Reuter, S, Gupta, SC, Chaturvedi, MM, and Aggarwal, BB. Oxidative stress, inflammation, and cancer: How are they linked? Free Radical Biol Med. (2010) 49:1603–16. doi: 10.1016/j.freeradbiomed.2010.09.006

84. Butin-Israeli, V, Bui, TM, Wiesolek, HL, Mascarenhas, L, Lee, JJ, Mehl, LC, et al. Neutrophil-induced genomic instability impedes resolution of inflammation and wound healing. J Clin Invest. (2019) 129:712–26. doi: 10.1172/JCI122085

85. Nolan, E, Bridgeman, VL, Ombrato, L, Karoutas, A, Rabas, N, Sewnath, CAN, et al. Radiation exposure elicits a neutrophil-driven response in healthy lung tissue that enhances metastatic colonization. Nat Cancer. (2022) 3:173–87. doi: 10.1038/s43018-022-00336-7

86. Zhao, Y, Liu, Z, Liu, G, Zhang, Y, Liu, S, Gan, D, et al. Neutrophils resist ferroptosis and promote breast cancer metastasis through aconitate decarboxylase 1. Cell Metab. (2023) 35:1688–1703.e10. doi: 10.1016/j.cmet.2023.09.004

87. Houghton, AM, Rzymkiewicz, DM, Ji, H, Gregory, AD, Egea, EE, Metz, HE, et al. Neutrophil elastase-mediated degradation of IRS-1 accelerates lung tumor growth. Nat Med. (2010) 16:219–23. doi: 10.1038/nm.2084

88. Gong, Z, Li, Q, Shi, J, Li, P, Hua, L, Shultz, LD, et al. Immunosuppressive reprogramming of neutrophils by lung mesenchymal cells promotes breast cancer metastasis. Sci Immunol. (2023) 8:eadd5204. doi: 10.1126/sciimmunol.add5204

89. Ju, JA, Thompson, KN, Annis, DA, Mull, ML, Gilchrist, DE, Moriarty, A, et al. Tubulin-based microtentacles aid in heterotypic clustering of neutrophil-differentiated HL-60 cells and breast tumor cells. Advanced Sci (Weinh). (2024) 2024:e2409260. doi: 10.1002/advs.202409260

90. Liang, W, and Ferrara, N. Iron metabolism in the tumor microenvironment: contributions of innate immune cells. Front Immunol. (2020) 11:626812. doi: 10.3389/fimmu.2020.626812

91. Kim, R, Hashimoto, A, Markosyan, N, Tyurin, VA, Tyurina, YY, Kar, G, et al. Ferroptosis of tumour neutrophils causes immune suppression in cancer. Nature. (2022) 612:338–46. doi: 10.1038/s41586-022-05443-0

92. Spiegel, A, Brooks, MW, Houshyar, S, Reinhardt, F, Ardolino, M, Fessler, E, et al. Neutrophils suppress intraluminal NK cell-mediated tumor cell clearance and enhance extravasation of disseminated carcinoma cells. Cancer Discovery. (2016) 6:630–49. doi: 10.1158/2159-8290.CD-15-1157

93. Emmons, TR, Giridharan, T, Singel, KL, Khan, ANH, Ricciuti, J, Howard, K, et al. Mechanisms driving neutrophil-induced T-cell immunoparalysis in ovarian cancer. Cancer Immunol Res. (2021) 9:790–810. doi: 10.1158/2326-6066.CIR-20-0922

94. Gabrilovich, DI, and Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat Rev Immunol. (2009) 9:162–74. doi: 10.1038/nri2506

95. Li, Q, and Xiang, M. Metabolic reprograming of MDSCs within tumor microenvironment and targeting for cancer immunotherapy. Acta Pharmacol Sin. (2022) 43:1337–48. doi: 10.1038/s41401-021-00776-4

96. Duan, R, Jiang, L, Wang, T, Li, Z, Yu, X, Gao, Y, et al. Aging-induced immune microenvironment remodeling fosters melanoma in male mice via γδ17-Neutrophil-CD8 axis. Nat Commun. (2024) 15:10860. doi: 10.1038/s41467-024-55164-3

97. Li, K, Shi, H, Zhang, B, Ou, X, Ma, Q, Chen, Y, et al. Myeloid-derived suppressor cells as immunosuppressive regulators and therapeutic targets in cancer. Signal Transduct Target Ther. (2021) 6:362. doi: 10.1038/s41392-021-00670-9

98. Xue, R, Zhang, Q, Cao, Q, Kong, R, Xiang, X, Liu, H, et al. Liver tumour immune microenvironment subtypes and neutrophil heterogeneity. Nature. (2022) 612:141–7. doi: 10.1038/s41586-022-05400-x

99. Eruslanov, EB, Bhojnagarwala, PS, Quatromoni, JG, Stephen, TL, Ranganathan, A, Deshpande, C, et al. Tumor-associated neutrophils stimulate T cell responses in early-stage human lung cancer. J Clin Invest. (2014) 124:5466–80. doi: 10.1172/JCI77053

100. Tillack, K, Breiden, P, Martin, R, and Sospedra, M. T lymphocyte priming by neutrophil extracellular traps links innate and adaptive immune responses. J Immunol. (2012) 188:3150–9. doi: 10.4049/jimmunol.1103414

101. Hirschhorn, D, Budhu, S, Kraehenbuehl, L, Gigoux, M, Schröder, D, Chow, A, et al. T cell immunotherapies engage neutrophils to eliminate tumor antigen escape variants. Cell. (2023) 186:1432–1447.e17. doi: 10.1016/j.cell.2023.03.007

102. Wu, Y, Ma, J, Yang, X, Nan, F, Zhang, T, Ji, S, et al. Neutrophil profiling illuminates anti-tumor antigen-presenting potency. Cell. (2024) 187:1422–1439.e24. doi: 10.1016/j.cell.2024.02.005

103. Ponzetta, A, Carriero, R, Carnevale, S, Barbagallo, M, Molgora, M, Perucchini, C, et al. Neutrophils driving unconventional T cells mediate resistance against murine sarcomas and selected human tumors. Cell. (2019) 178:346–360.e24. doi: 10.1016/j.cell.2019.05.047

104. Wang, C, Zheng, X, Zhang, J, Jiang, X, Wang, J, Li, Y, et al. CD300ld on neutrophils is required for tumour-driven immune suppression. Nature. (2023) 621:830–9. doi: 10.1038/s41586-023-06511-9

105. Zak, J, Pratumchai, I, Marro, BS, Marquardt, KL, Zavareh, RB, Lairson, LL, et al. JAK inhibition enhances checkpoint blockade immunotherapy in patients with Hodgkin lymphoma. Science. (2024) 384:eade8520. doi: 10.1126/science.ade8520

106. Chinese Society of Hematology CMA, and Chinese Medical Doctor Association HB. Chinese guidelines for the clinical application of antibacterial drugs for agranulocytosis with fever (2020). Chin J Hematol. (2020) 41:969–78. doi: 10.3760/cma.j.issn.0253-2727.2020.12.001

107. Abril-Rodriguez, G, Torrejon, DY, Liu, W, Zaretsky, JM, Nowicki, TS, Tsoi, J, et al. PAK4 inhibition improves PD-1 blockade immunotherapy. Nat Cancer. (2019) 1:46. doi: 10.1038/s43018-019-0003-0

108. Khan, HY, Uddin, MH, Balasubramanian, SK, Sulaiman, N, Iqbal, M, Chaker, M, et al. PAK4 and NAMPT as novel therapeutic targets in diffuse large B-cell lymphoma, follicular lymphoma, and mantle cell lymphoma. Cancers (Basel). (2021) 14:160. doi: 10.3390/cancers14010160

109. Gungabeesoon, J, Gort-Freitas, NA, Kiss, M, Bolli, E, Messemaker, M, Siwicki, M, et al. A neutrophil response linked to tumor control in immunotherapy. Cell. (2023) 186:1448–1464.e20. doi: 10.1016/j.cell.2023.02.032

110. Goswami, S, Pauken, KE, Wang, L, and Sharma, P. Next-generation combination approaches for immune checkpoint therapy. Nat Immunol. (2024) 25:2186–99. doi: 10.1038/s41590-024-02015-4

111. Sun, Q, Hong, Z, Zhang, C, Wang, L, Han, Z, and Ma, D. Immune checkpoint therapy for solid tumours: clinical dilemmas and future trends. Signal Transduct Target Ther. (2023) 8:320. doi: 10.1038/s41392-023-01522-4

112. Chen, L, Dai, P, Liu, L, Chen, Y, Lu, Y, Zheng, L, et al. The lipid-metabolism enzyme ECI2 reduces neutrophil extracellular traps formation for colorectal cancer suppression. Nat Commun. (2024) 15:7184. doi: 10.1038/s41467-024-51489-1

113. Wang, T, Zhou, Y, Zhou, Z, Zhang, P, Yan, R, Sun, L, et al. Secreted protease PRSS35 suppresses hepatocellular carcinoma by disabling CXCL2-mediated neutrophil extracellular traps. Nat Commun. (2023) 14:1513. doi: 10.1038/s41467-023-37227-z

114. Mempel, TR, Lill, JK, and Altenburger, LM. How chemokines organize the tumour microenvironment. Nat Rev Cancer. (2024) 24:28–50. doi: 10.1038/s41568-023-00635-w

115. Khatib-Massalha, E, Bhattacharya, S, Massalha, H, Biram, A, Golan, K, Kollet, O, et al. Lactate released by inflammatory bone marrow neutrophils induces their mobilization via endothelial GPR81 signaling. Nat Commun. (2020) 11:3547. doi: 10.1038/s41467-020-17402-2

116. Teijeira, Á, Garasa, S, Gato, M, Alfaro, C, Migueliz, I, Cirella, A, et al. CXCR1 and CXCR2 chemokine receptor agonists produced by tumors induce neutrophil extracellular traps that interfere with immune cytotoxicity. Immunity. (2020) 52:856–871.e8. doi: 10.1016/j.immuni.2020.03.001

117. Jia, Y, Jia, R, Taledaohan, A, Wang, Y, and Wang, Y. Structure-activity relationship of PAD4 inhibitors and their role in tumor immunotherapy. Pharmaceutics. (2024) 16:335. doi: 10.3390/pharmaceutics16030335

118. Chamardani, TM, and Amiritavassoli, S. Inhibition of NETosis for treatment purposes: friend or foe? Mol Cell Biochem. (2022) 477:673–88. doi: 10.1007/s11010-021-04315-x

119. Xiang, H, Yang, R, Tu, J, Xi, Y, Yang, S, Lv, L, et al. Metabolic reprogramming of immune cells in pancreatic cancer progression. Biomed Pharmacother. (2023) 157:113992. doi: 10.1016/j.biopha.2022.113992

120. Wang, J, and Cao, X. The tumor niche can reprogram long-lived protumorigenic neutrophils. Trends Immunol. (2024) 45:155–7. doi: 10.1016/j.it.2024.02.001

121. Lee, K, and Kim, HM. A novel approach to cancer therapy using PX-478 as a HIF-1α inhibitor. Arch Pharm Res. (2011) 34:1583–5. doi: 10.1007/s12272-011-1021-3

122. Veglia, F, Tyurin, VA, Blasi, M, De Leo, A, Kossenkov, AV, Donthireddy, L, et al. Fatty acid transport protein 2 reprograms neutrophils in cancer. Nature. (2019) 569:73–8. doi: 10.1038/s41586-019-1118-2

123. Duong, MT-Q, Qin, Y, You, S-H, and Min, J-J. Bacteria-cancer interactions: bacteria-based cancer therapy. Exp Mol Med. (2019) 51:1–15. doi: 10.1038/s12276-019-0297-0

124. Simons, MP, O’Donnell, MA, and Griffith, TS. Role of neutrophils in BCG immunotherapy for bladder cancer. Urol Oncol: Semin Original Investigat. (2008) 26:341–5. doi: 10.1016/j.urolonc.2007.11.031

125. Zhang, Y, Lee, C, Geng, S, Wang, J, Bohara, U, Hou, J, et al. Immune-enhancing neutrophils reprogrammed by subclinical low-dose endotoxin in cancer treatment. EMBO Mol Med. (2024) 16:1886–900. doi: 10.1038/s44321-024-00100-7

126. Yam, AO, Bailey, J, Lin, F, Jakovija, A, Youlten, SE, Counoupas, C, et al. Neutrophil conversion to a tumor-killing phenotype underpins effective microbial therapy. Cancer Res. (2023) 83:1315–28. doi: 10.1158/0008-5472.CAN-21-4025

127. Pavlyukov, MS, Yu, H, Bastola, S, Minata, M, Shender, VO, Lee, Y, et al. Apoptotic cell-derived extracellular vesicles promote Malignancy of glioblastoma via intercellular transfer of splicing factors. Cancer Cell. (2018) 34:119–135.e10. doi: 10.1016/j.ccell.2018.05.012

128. Ma, J, Zhang, Y, Tang, K, Zhang, H, Yin, X, Li, Y, et al. Reversing drug resistance of soft tumor-repopulating cells by tumor cell-derived chemotherapeutic microparticles. Cell Res. (2016) 26:713–27. doi: 10.1038/cr.2016.53

129. Zhang, H, Tang, K, Zhang, Y, Ma, R, Ma, J, Li, Y, et al. Cell-free tumor microparticle vaccines stimulate dendritic cells via cGAS/STING signaling. Cancer Immunol Res. (2015) 3:196–205. doi: 10.1158/2326-6066.CIR-14-0177

130. Chen, J, Sun, W, Zhang, H, Ma, J, Xu, P, Yu, Y, et al. Macrophages reprogrammed by lung cancer microparticles promote tumor development via release of IL-1β. Cell Mol Immunol. (2020) 17:1233–44. doi: 10.1038/s41423-019-0313-2

131. Netea, MG, Quintin, J, and van der Meer, JWM. Trained immunity: a memory for innate host defense. Cell Host Microbe. (2011) 9:355–61. doi: 10.1016/j.chom.2011.04.006

132. Moorlag, SJCFM, Rodriguez-Rosales, YA, Gillard, J, Fanucchi, S, Theunissen, K, Novakovic, B, et al. BCG vaccination induces long-term functional reprogramming of human neutrophils. Cell Rep. (2020) 33:108387. doi: 10.1016/j.celrep.2020.108387

133. Kalafati, L, Kourtzelis, I, Schulte-Schrepping, J, Li, X, Hatzioannou, A, Grinenko, T, et al. Innate immune training of granulopoiesis promotes anti-tumor activity. Cell. (2020) 183:771–785.e12. doi: 10.1016/j.cell.2020.09.058

134. Priem, B, van Leent, MMT, Teunissen, AJP, Sofias, AM, Mourits, VP, Willemsen, L, et al. Trained immunity-promoting nanobiologic therapy suppresses tumor growth and potentiates checkpoint inhibition. Cell. (2020) 183:786–801.e19. doi: 10.1016/j.cell.2020.09.059




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

Copyright © 2025 Zhu, Jia, Zhang and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1524038-g002.jpg
0‘0 Ca?* M Fas
o ONE
il TRPM2 o =4
© NRP1 DNA
o . damage
&« _0 © defensin | O defensin
tumor cell lysis
cathepsm G
tumor cell lysis RAGE

DC cell

NK cell

tumor cell

macrophage





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The success of the tumor immunotherapy: neutrophils from bench to beside

      

        		

          Introduction

        



        		

          Characteristics of tumor-associated neutrophils

        



        		

          How neutrophils recruitment to TME

        



        		

          The means by which neutrophil fulfill their function

        

          		

            Phagocytosis

          



          		

            Degranulation

          



          		

            Oxygen burst

          



          		

            NETs

          



        



        



        		

          The tumor promoting effect of neutrophils

        



        		

          Interactions between neutrophils and other immune cells

        



        		

          Prospective therapies targeting tumor-associated neutrophils

        

          		

            Neutrophils depletion

          



          		

            Immune checkpoint combination therapy

          



          		

            Blocking neutrophil recruitment to primary tumors and metastatic sites

          



          		

            Reduce NETs formation

          



          		

            Target neutrophil metabolism

          



        



        



        		

          Other approaches to inhibit neutrophil function

        

          		

            Coley’s Toxin and the BCG

          



          		

            Tumor cell-derived drug-loaded microparticles

          



          		

            Trained immunity

          



        



        



        		

          Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1524038-g003.jpg
/\ >

uv MTX Q\% @
Z» T cell activation Tumor cell death
Tumor cell

| V PD-1 degradation
Neutrophil
activation ' X

M2 macrophage

!

Release NET N\
to seal off the
damaged endothelium

Iysqsome \

=Y

M1 macrophage

T cell activation Tumor cell death

Circulatiing T-MPs DC activation

@b, (Lo
\@L %= T S
= Tumor proliferation

MO macrophage

Tumor metastasis





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1524038-g001.jpg
§ Cyt b558 6
Q p47phox
¥ pP67phox-p40phox

Phagocyt03|s
@ ’ @ » Degranulation
° o
e
(P Caspase11 “’}@ ._
® Gasdermin-D 2
O

NETosis





OEBPS/Images/fimmu.2025.1524038_cover.jpg
, frontiers | Frontiers in Immunology

The success of the tumor immunotherapy:
neutrophils from bench to beside





OEBPS/Images/table1.jpg
Representative Time

ranul Biomarker : ntent
< < = < substances of formation Senl
" I CD63, CD68, idase(+) 1 " acid phosphatase (67), MPO (2, 53, 57, 67), ELANE (53, 57, 67),

primary granwe Granulophysin perdxidase promyelocyte-stage cathepsin G (53, 57, 67), PRTN3 (53, 67)

CD15, CD66, CD67, 1 FcR (46), CR (46), NADPH oxidase complex (2), lactoferrin
secondary granule | CD11b/CD18, lactoferrin mygtocyte: (2), defensins/phagocytin (2), lysozyme (2, 67), NGAL (57),

metamyelocyte stage
Gp91phox/p22phox cyt-B (67)
. . Gelatinase (57), CDI18 (57, 67), lysozyme (2, 67), cyt-B (67),
tertiary granule CD11b/CD18 gelatinase band cell stage MMP9 (57)
P CD10, CD13, CD45, P the late maturation s

secretory vesicle CRI, CD35 alkaline phosphatase of neutrophil cyt-B (67), CR (67), plasma protein (2, 67)






