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Abstract

:

Polymorphonuclear neutrophils (PMNs) are traditionally regarded as professional phagocytic and acute inflammatory cells that engulf the microbial pathogens. However, accumulating data have suggested that PMNs are multi-potential cells exhibiting many important biological functions in addition to phagocytosis. These newly found novel activities of PMN include production of different kinds of cytokines/chemokines/growth factors, release of neutrophil extracellular traps (NET)/ectosomes/exosomes and trogocytosis (membrane exchange) with neighboring cells for modulating innate, and adaptive immune responses. Besides, PMNs exhibit potential heterogeneity and plasticity in involving antibody-dependent cellular cytotoxicity (ADCC), cancer immunity, autoimmunity, inflammatory rheumatic diseases, and cardiovascular diseases. Interestingly, PMNs may also play a role in ameliorating inflammatory reaction and wound healing by a subset of PMN myeloid-derived suppressor cells (PMN-MDSC). Furthermore, PMNs can interact with other non-immune cells including platelets, epithelial and endothelial cells to link hemostasis, mucosal inflammation, and atherogenesis. The release of low-density granulocytes (LDG) from bone marrow initiates systemic autoimmune reaction in systemic lupus erythematosus (SLE). In clinical application, identification of certain PMN phenotypes may become prognostic factors for severe traumatic patients. In the present review, we will discuss these newly discovered biological and pathobiological functions of the PMNs.
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1. Introduction


Polymorphonuclear neutrophils (PMNs) have long been known as an essential element of the innate immune system, but have been ignored of their participation in the adaptive immune responses or autoimmune reaction. PMNs usually arrive first to the sites of infection for carrying out phagocytosis of the microbial pathogens in association with release of proteinases and oxidants to kill the invaders. During the process, an acute inflammation concomitant with damage to the neighboring tissues occurs. PMNs are also blamed to be the culprits of certain non-infectious inflammatory diseases such as inflammatory bowel disease, acute gouty arthritis, and reperfusion injury after a cardiovascular attack or organ transplantation. However, in a series of in vivo studies, Sendo et al. [1,2,3] found that depleting PMNs by anti-PMN antibodies in rats led to the abolishment of a number of immune effector functions such as delayed-type hypersensitivity [1], tumor inhibitory activity [2], and antibody-producing capacity [3]. These results may suggest that PMN is not merely a terminally differentiated phagocytic cell against bacterial pathogens and an elicitor of acute inflammation, but can actively participate in the immune responses. More recently, Brinkmann et al. [4] disclosed that PMNs, upon activation, extruded their nuclear DNA and histones in association with the attached granule proteins to form the so-called “neutrophil extracellular traps (NET)” to trap the environmental foreign invaders. Furthermore, neutrophils are found to consist of heterogeneous populations, not only including inflammatory but also of angiogenic subsets, as proposed by Christofferson et al. [5]. These authors showed that the pro-inflammatory PMNs (CD116+ Gr-1+ CXCR4hi) were recruited to the injured sites by CXC chemokines ligand 2 (CXCL2). On the other hand, the pro-angiogenic PMNs (MMP9hiCXCR4hi) were attracted in response to vascular endothelial growth factor A (VEGF-A). Denny et al. [6] identified a high-density (HDG) and a low-density granulocytes (LDG) in the blood circulation of patients with systemic lupus erythematosus (SLE). More interestingly, the LDGs exhibit a striking tendency to NET formation, suggesting this subset is one of the proinflammatory subtypes [7]. Deniset et al. [8] further identified an Ly6Ghi (mature) and an Ly6Gint (immature) subsets of PMNs in the spleen with their main function being eradicating S. pneumoniae [9]. Accordingly, PMNs are currently considered as complex but enigmatic cells in conducting novel biological functions, including effectors of the innate immune responses, tumor killing, autoimmunity, chronic inflammatory reaction, anti-inflammation, and wound repair [10]. In this mini-review, we will discuss in detail the novel biological activities of PMNs in health and disease states consecutively.




2. The Newly Found Biological Functions of PMNs


A number of novel biological functions of PMNs have been successively found, which render them an important member of the immune network and crucial regulator involved in biology and pathobiology.



2.1. Production of Cytokines, Chemokines, and Growth Factors by the PMN for Immune Modulation


Several investigators confirmed that PMNs could produce TNF-α [11,12,13], IL-1β [12,14,15], IL-8 [16,17,18,19], TGF-β1 [20,21], IL-1ra [15,22,23,24], IL-6 [12,13,25], IFN-α [12], G-CSF [12], M-CSF [12], GM-CSF [26], and IL-12 [27]. Critical reviews of these neglected roles of PMNs in the afferent limb of the immune response have been published by Lloyd et al. [12] and later by Cassatella MA [28]. Notably, IL-12 produced by PMNs can facilitate T cell release of IFN-γ [29], which then positively sends feedback to further stimulate the production of IL-12 by themselves as a potent PMN activator [30]. Besides, PMN can express MHC class II antigens following exposure to IL-3, IFN-γ, and GM-CSF, resembling an antigen presenting cell (APC) [31,32]. These intimate interactions between PMNs and T lymphocytes undoubtedly can mediate various physiological as well as pathophysiological processes, including immune responses, inflammation modulation, fetal-maternal tolerance, tumor immunity, autoimmune diseases, inflammatory diseases, and cardiovascular diseases [33].



We have long been devoted in the investigations of cytokine/chemokine gene expression in PMNs of patients with SLE. Hsieh et al. [34] first explored the decreased spontaneous and lipopolysaccharide (LPS)-stimulated IL-8 production by SLE-PMN. In addition, SLE-PMN was found to be hypo-responsive to IL-8 stimulation because of a defective expression of IL-8 chemotactic receptor, CXCR2, on its surface [35]. Later, Hsieh et al. [36] found a defective spontaneous and LPS stimulated IL-1 receptor antagonist (IL-1ra) gene expression in SLE-PMN. For elucidating the effects of abnormal SLE-PMN cytokine expression on autologous T cell response, Yu et al. [37] unveiled that the aberrant peritoneal PMN cytokine expression could skew the autologous mononuclear T cells toward Th2 immune response in autoimmune MRL-lpr/lpr mice.



The production of cytokines/chemokines/growth factors by PMNs of normal individuals and SLE patients in modulating immunological and inflammatory responses are shown in Figure 1, which highlights the homeostasis of Th1/Th2 immune response maintained by normal PMN via releasing balanced cytokines/chemokines/growth factors. In contrast, the deranged cytokine production by either normal or low-density neutrophils from SLE patients skews Th response toward Th2 and subsequently enhances inflammatory and autoimmune outcomes.




2.2. The Physiological and Pathophysiological Roles of the Exocytosed Molecules from PMNs


PMNs are found not only to produce immune-related mediators implicated in the immune network as discussed in the above subsection but to release the tangled webs called neutrophil extracellular traps (NETs) on activation. Besides, PMNs can excrete granule proteins and microparticles, including ectosomes, exosomes, apoptotic bodies, and other microvesicles to affect the physiological or pathophysiological functions of the remote cells/tissues. We are going to discuss first in detail the physiologic formation of NETs and then, the pathological or dark side of diminished NET clearance in eliciting autoimmune diseases and vasculitis.



2.2.1. The Physiology and Molecular Basis of NET Formation


Neutrophils can engulf and kill the invaded pathogens mainly by antimicrobial granules after fusing with them. However, Brainkmann et al. [4] unexpectedly found that the activated PMN could release granule proteins, which are attached with the extruded nuclear chromatin for trapping and killing the extra-corpuscular microbial pathogens. The authors observed that when PMNs are stimulated by bacterial endotoxin or proinflammatory cytokines, they can extrude a web-like structure containing DNA, histones, and different granule proteins such proteinase 3 (Pr3), myeloperoxidase (MPO), elastase (Ela), LP-33, and other granule enzymes, which can then effectively catch and destroy the trapped microbes.



It has been demonstrated that microbes per se and their products, biochemical stimuli, high concentration of calcium ion, immune complexes, platelets and damage-associated molecular patterns (DAMPs) can trigger NET formation or “NETosis”. The molecular basis of NET formation can be arbitrarily divided into NADPH-oxidase (Nox)-dependent and Nox-independent pathways. In addition, certain internal factors (ROS production and/or transcription factor activation) and external factors (alkaline pH and hypertonic conditions) may also affect individual NET pathways [38,39,40].



Nox-dependent NETosis (PMA, LPS or bacteria activation) can induce Nox-ROS whereas Nox-independent NETosis (A23187 or ionomycin) induces mitochondria-ROS, Ca2+ and peptidylarginine deimidase 4 (PAD4) [40]. Both Nox-ROS and mitochondria-ROS can activate different sets of kinases specific for Nox-dependent (ERK1/ERK2) and Nox-independent (ERK1/2, JNK, FAK-2, IKK), as well as common kinases (Akt, p38, Src) [41,42,43,44], leading to transcriptional firing [39]. The Nox-independent and NET pathway-induced high [Ca2+] influx can activate PAD4 and cause histone hypercitrullination [45].



It is believed that Rac proteins (Rac 1, Rac 2, and Rac 3) play an important role in regulating PMN responses to inflammatory signals. These responses include actin remodeling, chemotaxis, and superoxide production by NADPH oxidase [46]. Gavillet et al. [47] reported that Vav-Rac-Pak signaling axis is involved in NET formation. Tatsiy et al. [48] further lineated that TAK1, p38 MAPK, or MEK signaling pathway acts on the early events while Syk or PI3K pathway acts on the late events in PAD4-dependent, ROS-independent NETosis. Boeltz et al. [49] demonstrated that nuclear envelope rupture can be the prerequisite as well as hallmark of NET formation. Neubert et al. [50] noted that rupture of nuclear envelope in NETosis appeared to be a distinct process from the ordinary nuclear envelope breakdown or dissolution. Galdberg et al. [51] further confirmed that B-type lamins (B1 and B2) formed thinner but highly organized meshwork than A-type lamins (A, C), which are crucial for the integrity and elasticity of the nuclear envelope. Based on these findings and further studies, Li et al. [52] concluded that nuclear translocation of PKCα acts as the kinase and induces lamin B phosphorylation to disassemble nuclear membrane in the process of NETosis.




2.2.2. The Dark Side of NET: Its Decreased Clearance Induces Autoantibody Production in Autoimmune Diseases


Several types of NETosis have been reclassified in recent years, such as vital [53], fatal [54,55], and a variety of suicidal NETosis based on the presence of mitochondrial DNA [38]. Accordingly, aberrant NET formation may play a pathological role in inducing immunological/inflammatory disorders, including SLE [56,57], RA [58], multiple sclerosis [59], adult-onset Still’s disease [60], inflammatory bowel diseases [61], anti-cytoplasmic antibody (ANCA)-associated vasculitis (AAV) [62], and diabetes (type 1 and type 2) [63]. Undoubtedly, NET structures can serve as scaffolds for thrombus formation [64] or provide autoantigens in inducing autoantibodies production in the condition of defective NET clearance. The clearance of NETs are found dependent on complement component C1q [65], DNase 1 [65], and C-reactive protein [66].



Obviously, the persistent presence of NETs can break down the self-tolerance by providing autoantigen sources to stimulate autoantibody production in the immune system, such as anti-citrullinated protein antibodies in RA [67], anti-dsDNA and anti-histone antibodies in SLE [68], as well as anti-MPO or andanti-Pr3 autoantibodies in AAVs [69]. Moreover, NET components can accelerate inflammatory reactions via the activation of complement and coagulation systems [70,71], or serving as DAMP to activate NRLP3 inflammasome [60,72]. NETs can also stimulate B cells [73], APCs [74], and T cells [75] to propel autoimmune reactions. It is quite intriguing that NETs can link to resolution as well as induction of inflammation [76,77]. Thereby, NET formation provides a connection among infection, autoimmunity, inflammation, endothelial dysfunction, intravascular thrombosis/atherogenesis and anti-inflammation, as shown in Figure 2. It should be emphasized that the effective clearance of NET formation is critical for physiological defense function against microbial invasion. On the contrary, defective NET clearance can become a pathological process in causing autoimmunity, inflammation and intravascular coagulopathy.





2.3. Extrusion of Granule Proteins, Ectosomes, and Exosomes from PMNs for Remote Cell-Cell Communications


In addition to the roles of NETs in physiology and pathophysisology, the exocytosis of granule proteins, ectosomes, and exosomes from PMNs can mediate the immune modulation and remote cell-cell communication between PMNs and other immune and non-immune cells. We will go on with these issues in detail in the following subsections.



2.3.1. The Effects of Released Granule Proteins in Modulating Innate and Adaptive Immune Responses


In general, neutrophil granules can be divided into four groups according to the different maturation stages: (1) primary or azurophil granules; (2) secondary or specific granules; (3) tertiary granules including arginase and gelatinase, and (4) secretory vesicles such as ectosomes and exosomes [78]. The molecules categorized as the azurophil granule proteins include MPO, Pr3, bactericidal permeability-increasing protein (BPI), defensins, azurocidin (CAP37), elastase and cathepsins. The molecules categorized as the secondary granule proteins are lactoferrin (LF, a vitamin B12-binding protein), lysozyme, and properdin [79].



The impact of these granule proteins on immune responses is largely implicated in APC-T cell immunity. MPO can modulate immune responses by either CD4+T cell activation [80] or dendritic cell suppression [81]. Alpha-defensins and human neutrophil peptides (HNP1) can induce NF-κB signaling in CD4+T cell [82] and the production of IFN-α by plasmatoid dendritic cells (pDC) [83]. Elastase (Ease) can potently promote Th17 response [84] but simultaneously induces DC production of TGF-β for suppressing T cell proliferation [85]. LL-37 (cathelicidin, derived from CAP18) is a chemoattractant for CD4+T cells [86] but can inhibit Toll-like receptor (TLR) signaling in DC [87]. Chertov et al. [88] found that cathepsin G exhibited more potent chemo-attractive activity for monocytes than azurocidin. The same authors also found that azorocidin/CAP37 was a T-cell chemoattractant protein [89]. Heizelmann et al. [90] discovered that azurocidin and fucoidin could modulate LPS-induced monocyte activation. Schwaeble et al. [91] reported that the secondary granule protein, properdin, can indirectly enhance PMN, macrophage, and mast cell migration. The tertiary granule protein, arginase, can suppress T cell proliferation [92] and gelatinase can induce DC migration as well as T cell priming in DTH [93].



Li et al. [94] discovered that LFs could be expressed on the surface of PMN. After contact with CD4+T cells, the LFs were transferred from PMNs to CD4+ cells, suppressing IFN-γ but enhancing IL-10 expression in CD4+T cells. Legrand et al. [95] further found LF could interact with proteoglycans and different receptors on the surface of innate (NK cells, PMNs, macrophages, basophils/mast cells) and adaptive (lymphocytes and APCs) immune cells. Through these interactions, LF can modulate the migration, differentiation, and functions of immune-related cells. In pathobiological sense, decreased LF expression in SLE-PMN can skew CD4+T cells toward Th2 immune responses in SLE patients [94]. In addition, LL-37 was found able to form complexes with DNA. The LL-37-DNA/anti-DNA complexes are easily recognized by FcγRII on pDCs. The endocytosis of the complexes with its recognition via TLR9 in pDC leads to type I IFN production and subsequent immune activation [96].



The effects of different neutrophil granule proteins on immune responses are shown in Figure 3, outlining the functions of the different classes of released granule proteins in regulating immune responses in addition to digesting the engulfed pathogens. Besides, the secretary microvesicles from PMNs can circulate and influence the functions of remote cells by granule proteins and nucleic acids, as depicted in Figure 4.




2.3.2. The Extracellular Microvesicles Budding or Extruded from PMNs for Remote Cell-Cell Communications


Cocucci et al. [97] disclosed that human PMNs could release membrane microvesicles ranging from 5 to 200 nm in diameter, in response to specific activator, through the mechanism of exocytosis. These “exocytosed” microvescicles enclosed by a lipid bilayer can be divided into ectosomes and exosomes. The formation of these vesicles depends on local micro-domains assembled in the endocytic membranes for exosomes and in the surface membrane for ectosomes. The micro-domains are composed of proteins and different types of RNA associated with cytosolic surface. The membrane invaginates inwards to form the exosome precursors (50–150 µm) and buds outwards to form ectosomes (100–500 µm). After exocytosis, these two kinds of microvesicles navigate via extracellular fluid to the remote tissues for cell–cell communications. After fusion with plasma membrane of the target cells via endocytosis, the changes in the biology and physiology of the target cells can be achieved by the two microvesicles [98].




2.3.3. Specific Functions of Ectosomes Extruded from PMNs


Hess et al. [99] showed that ectosomes released from human PMN express clusters of type 1 complement receptor and are co-localized with MPO, elastase and CD59 to bind efficiently to the opsonized bacteria at the site of inflammation in vitro. On the contrary, Gasser et al. [100] found that PMN-derived ectosomes not only fail to exhibit proinflammatory effect on the human macrophages to facilitate their release of IL-8 or TNF-α, but conversely stimulate their TGF-β release. In addition, the ectosome-cell contact is sufficient to block the phagocytosis of macrophages triggered by cytochalasin D inhibition. These results have suggested that PMN-derived ectosomes (PMN-Ect) can exert potent anti-inflammatory activities in the early stage of inflammation. Eken et al. [101] also confirmed that PMN-Ect could interfere with zymosan A (Zym A) activation of macrophages via inhibition of NF-κB p65 phosphorylation and NF-κB translocation. The Mer receptor tyrosine kinase (Mer TK) and PI3K/Akt pathways are presumed to play a key role in this immunomodulatory effect of PMN-Ect. The same authors later confirmed that PMN-Ect could activate another two signaling pathways, an immediate Ca2+ influx and a rapid release of TGF-β, which are independent of Mer TK signaling [102].



Pathophysiologically, the deposition of PMN-Ect-derived MPO onto the inflamed intestinal epithelial cells (IECs) during neutrophil trans-epithelial migration (TEM) would cause loss of epithelial cadherin and thus enhance epithelial injury. This epithelial injury further facilitates neutrophil recruitment via high level of active MMP-9 to cleavage the desmoglein-2 (DSG-2). The enzymatic activity of MMP-9 can further disrupt the intercellular adhesion of IEC to promote TEM of PMN [103]. Slater et al. [104] also demonstrated that PMN-Ect-derived MPO can further retard the ongoing wound healing in IEC by impairing their migration and proliferation through the inhibition on actin dynamics and cell immigration, and the cell cycle arrest [104].



Immunobiology and Immunopathology of Exosomes Extruded from PMN in Health and Disease


Exosomes are exocytotic membrane-derived microvesicles containing nucleic acids, proteins, lipids, amino acids, glycoconjugates, and metabolites in biological fluids for mediating remote cell-cell communication mainly via delivery of proteins and non-coding RNAs (ncRNAs) [105]. The cargo of exosomes allows these bioactive molecules to play roles in many physiological functions such as embryonic development, immune regulation and tissue homeostasis, and in pathological states. These pathological conditions can be categorized into autoimmune connective tissue diseases, as reviewed by Zhu et al. [106], rheumatic inflammatory diseases as reviewed by Console et al. [107], and non-communicable diseases such as cancers or cardiovascular diseases as reviewed by Jimenez-Avalos et al. [108].



The immunological and immunopathological roles of ectosomes and exosomes released from PMN are illustrated in Figure 4. As show in this figure, it is worthy to know that the exocytosed microparticles from PMNs contain a broad spectrum of effector molecules (granule proteins in ectosomes, and proteins, DNAs, miRNAs, non-coding RNAs, and lipids in exosomes) mediating both immunological and immunopathological functions in embryonic development, immune regulation, autoimmunity, inflammation, tumor immunity, and cardiovascular diseases.






2.4. Cross-Talk among PMN and Other Immune-Related Cells via Trogocytosis


One of the intercellular communication ways among immune-related cells relies on the immunological synapse formation with subsequent membrane exchange [109]. Whale et al. [110] demonstrated that bovine PMN passively acquired membrane lipids and integral membrane from apoptotic and necrotic cells. The same authors further confirmed that MHC class II antigens were also passively transferred from allogeneic B cells to PMNs to enhance the proliferative response and cytokine gene expression of alloreactive T cell lines [111]. In addition, Li et al. [112] proved that an active membrane transfer from CD4+T cells to autologous PMNs after contact via the immunological synapse containing HLA class-I and II, CD11b, leukocyte function antigen-1 (LFA-1), and CXCR1 would transduce signals against extrinsic apoptotic and MAP kinase activities to enhance neutrophil functions. Recently, Valgardsdottir et al. [113] demonstrated that human PMNs could conduct trogocytosis rather than phagocytosis of anti-CD20 antibody-opsonized B cells in patients with chronic lymphocytic leukemia. Clinically significantly, Li et al. [112] further demonstrated that decreased total trogocytosis from PMNs to mononuclear cells (MNCs) suppressed IL-2 production by MNCs in the patients with SLE. A critical review of defective SLE-PMN functions in the immune responses has been published by Tsai et al. [114]. The effects and outcomes of the trogocytosis among PMNs, autologous CD4+T, allogeneic CD4+T or allogeneic B, are illustrated in Figure 5, which indicates the membrane transfer between PMNs and other immune-related cells or antibody-targeted tumor cells after cell-cell contact to modulate the immune responses, granule protein-mediated cell survival, and tumor immunity including antibody-dependent cellular cytotoxicity (ADCC) exerted by neutrophils.




2.5. The Biological Significance of Cross-Talk between PMNs and Nonimmune-Related Cells


It has been confirmed that PMNs act not only as initiators in the early stage but also as firefighters in the late stage of inflammation. Following the same line, PMNs may probably play homeostatic roles in infectious and non-infectious inflammation via interactions with nonimmune-related or somatic cells. The cross-talk of PMNs with non-immune related cells such as epithelial cells, periodontal tissue cells, or microbes are discussed in the following subsections.



2.5.1. Neutrophil–Epithelial Interactions


When PMNs migrate to the sites of inflammation in mucosa-lined tissues such as lungs and gastrointestinal tracts, these PMNs have to “talk” to mucosal epithelial cells to “abolish” the damage they exert to the surrounding host tissues. Dysregulated or excessive PMN transmigration would lead to bystander-induced tissue damage as observed in inflammatory mucosal diseases. It is now well realized that adhesion-based PMN-epithelial interactions involve specific cell adhesion molecules such as β2 integrins, CD11b/18 on neutrophils [115]. Similarly, the active inflammatory processes in tissues lined with columnar epithelial cells are characterized by abundant PMN migration that would induce pathological PMN-epithelial interactions and elicit mucosal inflammatory diseases [116,117].




2.5.2. The Cross-Talk among Microbes, Neutrophils, and Periodontal Tissue in the Induction of Periodontitis and Inflammatory Bone Loss in Oral Cavity


Periodontitis is a chronic inflammatory disease that destroys both gingival soft tissues and bone. PMNs are required for the important immunomodulatory functions in periodontium because the absence of PMNs may facilitate overproduction of IL-17 to drive inflammatory bone loss [118]. On the contrary, Chakravarti et al. [119] found that PMN could directly induce osteoclastic bone resorption by stimulating membrane-bound receptor activator of NF-kB ligand (RANKL) expression. Abe et al. [120] disclosed that PMN could secrete B lymphocyte stimulator (BLyS) and APRIL to enhance the survival of RANKL-expressing B and plasma cells to ease bone loss happening in periodontitis. Hajishenallis et al. [118] also discovered that periodontitis is a dysbiotic disease in which PMN becomes the target of immune subversion by periodontal bacteria via microbial exploitation of C5a receptor-1 and Toll-like receptor-2 on PMN. The scenario may indicate the microbe-neutrophil-periodontium interactions in the induction of periodontitis and the neighboring bone loss.



An illustration showing the cross-talk among dysbiosis, neutrophils, B cells, periodontal tissues, and bone tissue in inducing periodontitis and inflammatory bone loss is given in Figure 6, in which the implication of PMN’s novel functions in periodontal dysbiosis are emphasized. The stimulated PMNs not only induce periodontitis but increase production of B cell stimulators (BLyS and APRIL) to facilitate the B cell release of RANKL and enhance osteoclast activity for periodontal bone destruction.






3. Diverse Effector Functions Mediated by Neutrophil Phenotypes with Plasticity in Health and Disease


Recent investigations unveiled that diverse neutrophil phenotypes with plasticity play roles in different unique functions in addition to the action against infections. This neutrophil diversity may emerge in situations of (1) pregnancy, (2) systemic autoimmunity, and (3) tumor immunity. We will discuss the particular effector functions of these heterogeneous neutrophil subpopulations in the following subsections.



3.1. Neutrophil Diversity in Pregnancy


Tabiasco et al. [121] demonstrated that the decidual leukocytes in the first trimester are composed of uterine natural killer cells and macrophages specialized for early placental decidual angiogenesis. Furthermore, Amsalem et al. [122] found that placenta decidual PMNs expressed high level of neutrophil activating markers and angiogenesis-related proteins, VEGF-A, arginase-1 and CCL2, in the second trimester. Interestingly, an immunosuppressive neutrophil population, low density neutrophils (LDNs) or polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs), were found in the blood and placenta of pregnant women for suppressing CD4+ and CD8+T cell proliferation via ROS production [123,124]. This particular PMN subpopulation can skew helper T (Th) immune responses toward Th2 pathway [124]. Nadkarni et al. [125] reported that PMNs exposed to the pregnancy hormones, progesterone and estriol, could induce CD4+T cells to display GARP+CD127loFOXP3+ phenotype by antigen activation. These particular neutrophil-induced regulatory T cells could produce IL-10, IL-17 and VEGF, and then establish the maternal-fetal tolerance as well as normal placental vascularization. In contrast, through a long-term observation, Christoforaki et al. [126] revealed that neutrophil to lymphocyte ratio (NLR) of more than 5.8 was exclusively found in early miscarriage during the first trimester, compared to those without fetal loss in the same period. The roles of neutrophil heterogeneity in inducing maternal-fetal tolerance and placental vascularization are demonstrated in Figure 7. It is quite intriguing that PMN can exert a novel biological function in maternal-fetal tolerance in the early (first trimester) and middle (second trimester) stages of pregnancy. Three different PMN subsets including pregnancy hormone-exposed PMNs, decidual PMNs, and PMN-myeloid-derived suppressor cells (PMN-MDSC) actively participate in maintaining pregnancy via immunoregulation until the third trimester.




3.2. A Distinct Class of Neutrophils, Low Density Granulocytes (LDG), in Systemic Autoimmunity


Hacbarth et al. [127] were the first to discover a subpopulation of “low buoyant density granulocytes” from adult SLE patients. Then, Nakou et al. [128] confirmed that these LDGs appeared in the peripheral blood and were correlated to the prevalence of skin diseases and vasculitis in lupus. Denny et al. [6] further disclosed that LDGs secreted increased amount of type I IFNs, TNF-α, and IFN-γ, but showed impaired phagocytic activity. These abnormal granulocytes could also exert endothelial cytotoxicity by interrupting the differentiation of endothelial progenitors to mature endothelial cells. To identify the nature of LDGs, Rahman et al. [129] reported that LDGs exhibited interferon 21-gene signature, various activation markers and lectin-like oxidized low-density lipoprotein receptor-1. These cells can activate CD4+T cells to produce proinflammatory cytokines, IFN-γ, TNF-α, and lymphotoxin-β, quite different from PMN-MDSC. Gene signature study of LDGs by Carlucci et al. [130] found that the most up-regulated genes in lupus LDGs are associated with vascular inflammation and non-calcified plaque burden (NCB). The SLE-LDGs were also found to disrupt high-density lipoprotein (HDL) functions and thereby could promote atherogenesis [130]. Kegerreis et al. [131] surveyed 92-gene module of SLE-LDGs and found that LDG gene signature was enriched in genes linked to neutrophil degranulation and cell cycle regulation induced by type I IFN and TNF. The authors concluded that LDG enrichment in SLE is reflecting increased granulopoiesis in the bone marrow, rather than peripheral neutrophil activation in the disease. Recently, Mistry et al. [132] used the transcriptomics and epigenetics to analyze SLE-LDGs and found 2 subpopulations of intermediate-mature and immature neutrophils with difference in NET formation, oxidized mitochondrial DNA release, chemotaxis, phagocytosis, degranulation, endothelial damage, and response to type I IFN stimulation. The pathological roles of LDG involved in lupus pathogenesis in schemed in Figure 8, disclosing that the pathogenic LDGs originated from immature bone marrow granulopoiesis in SLE patients display characteristic abnormal neutrophil functions with increased NETosis and mediate autoimmune/inflammatory reactions, vascular damage, as well as atherogenesis.




3.3. Roles of PMN-MDSC and Their Released Exosomes in Cancer Immunity and Autoimmune/Inflammatory Diseases


Recently, neutrophils attracted much attention in the context of cancer. PMNs can exert both anti- and pro-tumorigenic functions in the field of tumor immunology. The anti-tumor immunity can be achieved by antibody-dependent granulocyte-mediated cytotoxicity and augmented by trogocytosis [133,134] or immunological check point inhibition [135]. However, the pro-tumorigenic effects of PMN include enhancing local and intravascular invasion and survival, and seeding/metastasis of cancer cells mediated by an individual PMN subpopulation, PMN-MDSCs, and their released exosomes. We discuss in detail these issues in the following subsections.



3.3.1. Molecular Mechanisms of Immunosuppression by PMN-MDSC Phenotype


MDSCs have been observed in blood, lymph nodes, bone marrow, and tumor tissues, in addition to placental decidual tissues that are generally identified by the co-expression of two cell surface-expressed markers, CD11b and Gr-1 [136]. The immunosuppressive activity of MDSCs is linked to the metabolism of L-arginine to L-ornithine to suppress the expression of T cell receptor ξ chain which in turn is necessary for T cell activation [137,138]. Besides, T cell functions could be impaired by these suppressive neutrophils via the interactions between T cell, PD-1 and PD-L1 on PMN-MDSCs for blocking T cell proliferation and cytokine production [139]. Bruno et al. [140] furthermore demonstrated that PMN-MDSC could interact with NK cells to impact the tumor development, angiogenesis and progression.




3.3.2. Clinical Applications of Exosomes Released from PMN-MDSCs in Autoimmune and Inflammatory Diseases


The exosomes released from PMN-MDSCs (PMN-MDSC-Exo) are found immunosuppressive in nature. Wang et al. [141] by using dextran sulfate sodium (DSS)-induced murine colitis as experimental model found that PMN-MDSC-Exo-treated mice showed greater resistance to DSS-induced colitis. A decrease in the proportion of Th1 cells but an increase in regulatory T (Treg) cells was found in mesenteric lymph nodes of DSS colitis after PMN-MDSC-Exo administration. In addition, lower serum levels of IFN-γ and TNF-α were found related to the increased arginase-2 activity. The same authors then by using collagen-induced arthritis (CIA) as animal model of RA discovered that PMN-MDSC-Exo decreased the percentage of Th1 and Th17 cell populations in both in vivo and in vitro animal colitis model. This suppression is related to the content of miR-29a-3p and miR-93-5p in the released exosomes. The two exosome-derived microRNAs were confirmed to inhibit Th1 and Th17 cell differentiation by targeting T-bet and STAT3 [142]. These findings may suggest the therapeutic potential of PMN-MDSC derived exosomal microRNAs in treating immune-mediated inflammatory diseases. Zoller et al. [143] demonstrated that not only PMN-MDSC but also PMN-MDSC-Exo could become a potential therapeutic strategy for treating autoimmune alopecia areata in that autoreactive Th1 and type 1 CD8+ cytotoxic T cell (Tc1) expansion is a dominant feature in the sites of autoimmune-mediated hair follicles.



The roles of PMN-MDSC and PMN-MDSC-Exo in cancer immunity, autoimmunity, and inflammatory diseases are depicted in Figure 9, unveiling the molecular basis of PMN and CD11b+-Gr-1+PMN-MDSC subset in tumor immunity. Normal PMNs can exhibit potent ADCC activity for tumor killing. The suppressive type PMN-MDSCs conversely promote tumor growth via immunosuppression.






4. The Cytotoxicity of PMN on the Other Particular Pathogens and/or Cells via Trogocytosis


Trichomonas vaginalis is a large unicellular motile eukaryotic parasite, which exclusively infects human reproductive system. Mercer et al. [144], by using 3D and 4D live imaging, observed that PMNs kill the parasites in a contact-dependent, NET-independent engulfment process with bites prior to parasite death, i.e., trogocytosis. In addition, Olivera-Valle et al. [145] watched that PMN “bites” sperm and quickly reduces its motility (<5 min) and viability (<20 min) after contact with it in the vaginal lumen but with a low impact on the mucosa damage. These observations indicate PMNs can act as vaginal patrolmen for keeping vaginal homeostasis.




5. The Roles of PMNs in Inflammation Resolution and Wound Healing


PMNs are traditionally regarded as potent effectors in the site of acute inflammatory reaction. However, several lines of evidence support that these acute inflammatory cells may also contribute to amelioration of inflammation and tissue repair after acute stage.



5.1. The Role of PMN in Inflammation Extinction in Acute Inflammatory Sites


It has been demonstrated that PMN’s effects on inflammation resolution are mainly by the release of PMN-derived pro-resolving product, annexin A1 [146], to promote PMN apoptosis, increase in the capacity of engulfment of apoptotic PMNs by macrophages, regulation of TNF-α and IL-6 production by monocytes, and down-regulation of mast cell degranulation. The next step involves the lipid class switching from classical prostaglandins and leukotrienes to pro-resolving lipoxins (Lx) mediated by 15-lipoxygenase (15-Lo) [147]. The generated lipoxin A4 (LxA4) further inhibits PMN recruitment into inflammation site [148]. Anti-inflammatory cytokine IL-10 production by PMN is also presumed to suppress inflammation [149]. In addition, the enhanced neutrophil apoptosis with engulfment by macrophages promotes TGF-β secretion for the abolishment of inflammation [150]. Cumpelik et al. [151] further demonstrated that PMN-derived ectosomes could resolve the acute gouty inflammation by inhibiting C5a-mediated inflammasome priming. Recently, Calvente et al. [152] revealed that hepatic PMNs would facilitate the proinflammatory macrophage into an anti-inflammatory phenotype via granulocytic microRNA-223.



The tissue damage caused by acute inflammation needs to be repaved once the stimulus itself has been removed. Although local macrophages are crucial in remodeling the tissue architecture for restoring functions, recent investigations revealed that PMNs are also important for tissue repair and regeneration.




5.2. The Role of PMN on Wound Healing


Horckmans et al. [153] demonstrated that PMNs could promote myocardial healing after ischemic infarct in mice. Botusan et al. [154] and Hong et al. [155] discovered that hypoxia-induced factor 1α (HIF-1α) was a critical factor for wound healing in diabetes mouse since HIF-1α could up-regulate metabolic proteins, adhesion molecules, soluble growth factors, and extracellular matrix (ECM) components. Therefore, PMN-mediated HIF-1α stabilization in wound micro- environments acts through epithelial cells for promoting damaged barrier restitution and tissue homeostasis. Sumagin et al. [156] demonstrated that epithelial intercellular adhesion molecule-1 (ICAM-1) played an important role in activating epithelial Akt and β-catenin signaling pathway to mediate epithelial proliferation and wound repair. The involvement of PMNs in the inflammation resolution and wound healing are demonstrated in Figure 10, which highlights the molecular basis of the two novel biological activities of PMNs on anti-inflammation and wound healing instead of eliciting inflammatory reaction.





6. The Roles of Neutrophil-Platelet Interactions in Hemotasis, Vascular Inflammation, and Atherogenesis


Platelets are non-nucleated fragment in plasma derived from bone marrow megakaryocytes. Upon activation, platelets can express many adhesion molecules, including P-selectin (CD11b), β2 (CD18/CD41), and β3 integrins (CD61) that can interact with neutrophils [157]. Once platelets adhere to P-selectin glycoprotein ligand-1 (PSGL-1) on PMNs, PMNs activation is induced by enhancing tyrosine phosphorylation and MAP kinase in the sites of acute inflammation to prevent bacterial invasion [158]. On the other hand, the activated platelets may be involved in hemostasis, wound healing, and inflammation [159].



6.1. Dysregulated Neutrophil-Platelet Interactions Foster Sterile Inflammation and Tissue Damage in Immune-Mediated Vascular Diseases


Totani et al. [160] demonstrated that aberrant neutrophil-platelet interactions are a hallmark of cardiovascular diseases. Maugeri et al. [161] discovered that both leukocytes and platelets were activated in patients with giant cell arteritis and polymyalgia rheumatica. In addition, persistent systemic inflammation in different autoimmune diseases such as SLE [162,163], systemic sclerosis [164,165], and RA [166,167] are all related to dysregulated neutrophil-platelet interactions in fostering sterile inflammation and tissue damage.




6.2. Role of Neutrophils in Atherogenesis


It is conceivable that activated neutrophils produce and release reactive oxygen species (ROS), inflammatory leukotrienes, and proteolytic lysosomal enzymes, which can directly damage vascular endothelial cells. As discussed in the previous subsections, the heterotypic interaction between PMNs and platelets might represent a link between hemostasis/thrombosis and inflammatory reactions. Kostis et al. [168] revealed that the association of leukocyte count and the extension of coronary atherosclerosis could be observed by coronary arteriography. Naruko et al. [169] even found neutrophil infiltration in the atherosclerotic lesions in acute coronary syndromes. van Leeuwen et al. [170] observed the accumulation of MPO-positive neutrophils in atherosclerotic lesions in low-density lipoprotein receptor −/− (LDLR−/−) mice. Carbone et al. [171] found that PMNs played a crucial role in accelerating plaque vulnerability via release of different enzymes such as gelatinase, collagenase, elastase, and myeloperoxidase in both early and late stage of atherogenesis to destabilize the mature plaques. Marino et al. [172] further demonstrated that the circulating and intra-plaque neutrophils in patients with carotid atherosclerosis produced IL-8, VEGF and elastase crucial for plaque development and progression. Mittal et al. [173] discovered that transient receptor potential melastatin-2 (TRPM2) expressed in endothelial cells can induce neutrophil activation, trans-endothelial migration, and vascular injury. These observations provide a prospective therapeutic potential in the future for blocking TRPM2 activation in endothelial cells to modify PMN-mediated vascular damage.



The platelet-neutrophil interactions involved in the hemostasis, vascular inflammation, and atherogenesis is shown in Figure 11. It depicts the molecular bases of interaction between PMNs and platelets underlying hemostasis, systemic vasculitis, and artherogenesis.





7. Conclusions and Prospects


PMNs have long been regarded as the first-line defending phagocytic cells against bacterial pathogens. Recently, these traditional acute inflammatory cells have been found to be heterogeneous and able to cross-talk with different immune-related cells, somatic cells, and tumor cells to mediate immune responses, inflammation/anti-inflammation, tumor immunity, hemostasis, tissue homeostasis/wound healing, autoimmunity, inflammatory diseases, and cardiovascular diseases. In addition to releasing cytokines, chemokines, and growth factors to participate in an immune network, PMNs also undergo exocytosis to secrete microvesicles, including exosomes and ectosomes, which are also able to affect the physiology/pathophysiology of remote cells. It will be quite valuable to elucidate further the biological/pathobiological roles of the heterogeneous neutrophil subpopulations including LDG, MDSC, and other cells. In addition, the identification and verification of these neutrophil subpopulations as disease biomarkers in the atherosclerotic plaque will also be a future strategy for early detection and preclusion of deterioration for cardiovascular diseases.
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	AAV
	anti-neutrophil cytoplasmic antibody associated vasculitis



	ADCC
	antibody-dependent cell-mediated cytotoxicity



	AOSD
	adult onset Still’s disease



	APC
	antigen presenting cell



	BLyS
	B lymphocyte stimulator



	CSF
	colony stimulating factor



	CVD
	cardiovascular disease



	DAMP
	damage-associated molecular pattern



	DC
	dendritic cell



	DTH
	delayed-type hypersensitivity



	ECM
	extracellular matrix



	Ect
	ectosome



	Exo
	exosome



	FcγR
	IgG Fc receptor



	G-CSF
	granulocyte colony stimulating factor



	GM-CSF
	granulocyte monocyte colony stimulating factor



	HDG
	high density granulocyte



	HLA
	human leukocyte antigen



	IBD
	inflammatory bowel disease



	IEC
	intestinal epithelial cell



	IFN
	interferon



	IL
	interleukin



	IL-1ra
	interleukin 1 receptor antagonist



	LDG
	low density granulocyte



	LF
	lactoferrin



	LFA
	leukocyte functional antigen



	LPS
	lipopolysaccharide



	LTB4
	leukotriene B4



	Lx
	lypoxin



	M-CSF
	monovcyte cvolony stimulating factor



	MMP
	matrix metalloproteinase



	MNC
	mononuclear cell



	MPO
	myeloperoxidase



	NET
	neutrophil extracellular trap



	NK
	natural killer



	Nox
	NADPH oxidase



	PMN
	polymorphonuclear neutrophil



	PMN-MDSC
	polynorphonuclear myeloid-derived suppressor cell



	PSGL-1
	P-selectin glycoprotein ligand-1



	RA
	rheumatoid arthritis



	RANKL
	receptor activator of nuclear factor kappa B ligand



	ROS
	reactive oxygen species



	SLE
	systemic lupus erythematosus



	Tc
	cytotoxic T cell



	TGF-β1
	transforming growth factor beta 1



	TK
	tyrosine kinase



	TLR
	Toll-like receptor



	TNF-α
	tumor necrosis factor alpha



	Treg
	regulatory T lymphocyte



	VEGF
	vascular endothelial growth factor







References


	



Kudo, C.; Yamashita, T.; Araki, A.; Terashita, M.; Watanabe, T.; Atsumi, M.; Tamura, M.; Sendo, F. Modulation of In Vivo immune response by selective depletion of neutrophils using a monoclonal antibody, RP-3. I. Inhibition by RP-3 treatment of the priming and effector phases of delayed type hypersensitivity to sheep red blood cells in rats. J. Immunol. 1993, 150, 3728–3738. [Google Scholar]

	



Tanaka, E.; Sendo, F. Abrogation of tumor-inhibitory MRC-OX8+ (CD8+) effector T-cell generation in rats by selective depletion of neutrophils In Vivo using a monoclonal antibody. Int. J. Cancer 1993, 54, 131–136. [Google Scholar] [CrossRef] [PubMed]

	



Tamura, M.; Sekiya, S.; Terashita, M.; Sendo, F. Modulation of the in vivo immune response by selective depletion of neutrophils using a monoclonal antibody, RP-3. III. Enhancement by RP-3 treatment of the anti-sheep red blood cell plaque-forming cell response in rats. J. Immunol. 1994, 153, 1301–1308. [Google Scholar] [PubMed]

	



Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil extracellular traps kill bacteria. Science 2004, 303, 1532–1535. [Google Scholar] [CrossRef] [PubMed]

	



Christoffersson, G.; Vågesjö, E.; Vandooren, J.; Lidén, M.; Massena, S.; Reinert, R.B.; Brissova, M.; Powers, A.C.; Opdenakker, G.; Phillipson, M. VEGF-A recruits a proangiogenic MMP-9-delivering neutrophil subset that induces angiogenesis in transplanted hypoxic tissue. Blood 2012, 120, 4653–4662. [Google Scholar] [CrossRef] [PubMed]

	



Denny, M.F.; Yalavarthi, S.; Zhao, W.; Thacker, S.G.; Anderson, M.; Sandy, A.R.; McCune, W.J.; Kaplan, M.J. A distinct subset of proinflammatory neutrophils isolated from patients with systemic lupus erythematosus induces vascular damage and synthesizes type I IFNs. J. Immunol. 2010, 184, 3284–3297. [Google Scholar] [CrossRef]

	



Lood, C.; Blanco, L.P.; Purmalek, M.M.; Carmona-Rivera, C.; De Ravin, S.S.; Smith, C.K.; Malech, H.L.; Ledbetter, J.A.; Elkon, K.B.; Kaplan, M.J. Neutrophil extracellular traps enriched in oxidized mitochondrial DNA are interferogenic and contribute to lupus-like disease. Nat. Med. 2016, 22, 146–153. [Google Scholar] [CrossRef]

	



Deniset, J.F.; Surewaard, B.G.; Lee, W.-Y.; Kubes, P. Splenic Ly6Ghigh mature and Ly6Gint immature neutrophils contribute to eradication of S. pneumoniae. J. Exp. Med. 2017, 214, 1333–1350. [Google Scholar] [CrossRef]

	



Kubes, P. The enigmatic neutrophil: What we do not know. Cell Tissue Res. 2018, 371, 399–406. [Google Scholar] [CrossRef]

	



Liew, P.X.; Kubes, P. The neutrophil’s role during health and disease. Physiol. Rev. 2019, 99, 1223–1248. [Google Scholar] [CrossRef]

	



Bazzoni, F.; Cassatella, M.A.; Laudanna, C.; Rossi, F. Phagocytosis of opsonized yeast induces tumor necrosis factor-alpha mRNA accumulation and protein release by human polymorphonuclear leukocytes. J. Leukoc. Biol. 1991, 50, 223–228. [Google Scholar] [CrossRef] [PubMed]

	



Lloyd, A.R.; Oppenheim, J.J. Poly’s lament: The neglected role of the polymorphonuclear neutrophil in the afferent limb of the immune response. Immunol. Today 1992, 13, 169–172. [Google Scholar] [CrossRef]

	



Haziot, A.; Tsuberi, B.Z.; Goyert, S.M. Neutrophil CD14: Biochemical properties and role in the secretion of tumor necrosis factor-alpha in response to lipopolysaccharide. J. Immunol. 1993, 150, 5556–5565. [Google Scholar]

	



Palma, C.; Cassone, A.; Serbousek, D.; Pearson, C.A.; Djeu, J.Y. Lactoferrin release and interleukin-1, interleukin-6, and tumor necrosis factor production by human polymorphonuclear cells stimulated by various lipopolysaccharides: Relationship to growth inhibition of Candida albicans. Infect. Immun. 1992, 60, 4604–4611. [Google Scholar] [CrossRef]

	



Malyak, M.; Smith, M.F., Jr.; Abel, A.A.; Arend, W.P. Peripheral blood neutrophil production of interleukin-1 receptor antagonist and interleukin-1 beta. J. Clin. Immuol. 1994, 14, 20–30. [Google Scholar] [CrossRef] [PubMed]

	



Cassatella, M.A.; Bazzoni, F.; Ceska, M.; Ferro, I.; Baggiolini, M.; Berton, G. IL-8 production by human polymorphonuclear leukocytes. The chemoattractant formyl-methionyl-leucyl-phenylalanine induces the gene expression and release of IL-8 through a pertussis toxin-sensitive pathway. J. Immunol. 1992, 148, 3216–3220. [Google Scholar]

	



Strieter, R.M.; Kasahara, K.; Allen, R.M.; Standiford, T.J.; Rolfe, M.W.; Becker, F.S.; Chensue, S.W.; Kunkel, S.L. Cytokine-induced neutrophil-derived interleukin-8. Am. J. Pathol. 1992, 141, 397–407. [Google Scholar] [PubMed]

	



Takahashi, G.W.; Andrews, D.F.; Lilly, M.B.; Singer, J.W.; Alderson, M.R. Effect of granulocyte-macrophage colony-stimulating factor and interleukin-3 on interleukin-8 production by human neutrophils and monocytes. Blood 1993, 81, 357–364. [Google Scholar]

	



Fujishima, S.; Hoffman, A.R.; Vu, T.; Kim, K.J.; Zheng, H.; Daniel, D.; Kim, Y.; Wallace, E.F.; Larrick, J.W.; Raffin, T.A. Regulation of neutrophil interleukin 8 gene expression and protein secretion by LPS, TNF-alpha, and IL-1 beta. J. Cell. Physiol. 1993, 154, 478–485. [Google Scholar] [CrossRef] [PubMed]

	



Grotendorst, G.R.; Smale, G.; Pencev, D. Production of transforming growth factor beta by human peripheral blood monocytes and neutrophils. J. Cell. Physiol. 1989, 140, 396–402. [Google Scholar] [CrossRef]

	



Fava, R.A.; Olsen, N.J.; Postlethwaite, A.E.; Broadley, K.N.; Davidson, J.M.; Nanney, L.B.; Lucas, C.; Townes, A.S. Transforming growth factor beta1 (TGF-beta1) induced neutrophil recruitment to synovial tissues: Implications for TGF-beta-driven synovial inflammation and hyperplasia. J. Exp. Med. 1991, 173, 1121–1132. [Google Scholar] [CrossRef] [PubMed]

	



Ulich, T.R.; Guo, K.; Yin, S.; del Castillo, J.; Yi, E.S.; Thompson, R.C.; Eisenberg, S.P. Endotoxin-induced cytokine gene expression In Vivo. IV. Expression of interleukin-1 alpha/beta and interleukin-1 receptor antagonist mRNA during endotoxemia and during endotoxin-initiated local acute inflammation. Am. J. Pathol. 1992, 141, 61–68. [Google Scholar]

	



McColl, S.R.; Paquin, R.; Ménard, C.; Beaulieu, A.D. Human neutrophils produce high levels of the interleukin 1 receptor antagonist in response to granulocyte/macrophage colony-stimulating factor and tumor necrosis factor alpha. J. Exp. Med. 1992, 176, 593–598. [Google Scholar] [CrossRef]

	



Re, F.; Mengozzi, M.; Muzio, M.; Dinarello, C.A.; Mantovani, A.; Colotta, F. Expression of interleukin-1 receptor antagonist (IL-1ra) by human circulating polymorphonuclear cells. Eur. J. Immunol. 1993, 23, 570–573. [Google Scholar] [CrossRef] [PubMed]

	



Melani, C.; Mattia, G.F.; Silvani, A.; Carè, A.; Rivoltini, L.; Parmiani, G.; Colombo, M.P. Interleukin-6 expression in human neutrophil and eosinophil peripheral blood granulocytes. Blood 1993, 81, 2744–2749. [Google Scholar] [CrossRef]

	



Kita, H.; Ohnishi, T.; Okubo, Y.; Weiler, D.; Abrams, J.S.; Gleich, G.J. Granulocyte/macrophage colony-stimulating factor and interleukin 3 release from human peripheral blood eosinophils and neutrophils. J. Exp. Med. 1991, 174, 745–748. [Google Scholar] [CrossRef]

	



Cassatella, M.A.; Meda, L.; Gasperini, S.; D’Andrea, A.; Ma, X.; Trinchieri, G. Interleukin-12 production by human polymorphonuclear leukocytes. Eur. J. Immunol. 1995, 25, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Cassatella, M.A. The production of cytokines by polymorphonuclear neutrophils. Immunol. Today 1995, 16, 21–26. [Google Scholar] [CrossRef]

	



Wagner, C.; Kotsougiani, D.; Pioch, M.; Prior, B.; Wentzensen, A.; Hänsch, G.M. T lymphocytes in acute bacterial infection: Increased prevalence of CD11b(+) cells in the peripheral blood and recruitment to the infected site. Immunology 2008, 125, 503–509. [Google Scholar] [CrossRef]

	



Ellis, T.N.; Beaman, B.L. Interferon-γ activation of polymorphonuclear neutrophil function. Immunology 2004, 112, 2–12. [Google Scholar] [CrossRef]

	



Radsak, M.; Iking-Konert, C.; Stegmaier, S.; Andrassy, K.; Hänsch, G.M. Polymorphonuclear neutrophils as accessory cells for T-cell activation: Major histocompatibility complex class II restricted antigen-dependent induction of T-cell proliferation. Immunology 2000, 101, 521–530. [Google Scholar] [CrossRef] [PubMed]

	



Oehler, L.; Majdic, O.; Pickl, W.F.; Stöckl, J.; Riedl, E.; Drach, J.; Rappersberger, K.; Geissler, K.; Knapp, W. Neutrophil granulocyte-committed cells can be driven to acquire dendritic cell characteristics. J. Exp. Med. 1998, 187, 1019–1028. [Google Scholar] [CrossRef]

	



Müller, I.; Munder, M.; Kropf, P.; Hänsch, G.M. Polymorphonuclear neutrophils and T lymphocytes: Strange bedfellows or brothers in arms? Trends Immunol. 2009, 30, 522–530. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, S.-C.; Tsai, C.-Y.; Sun, K.-H.; Yu, H.-S.; Tsai, S.-T.; Wang, J.-C.; Tsai, Y.-Y.; Han, S.-H.; Yu, C.-L. Decreased spontaneous and lipopolysaccharide stimulated production of interleukin 8 by polymorphonuclear neutrophils of patients with active systemic lupus erythematosus. Clin. Exp. Rheumatol. 1994, 12, 627–633. [Google Scholar] [PubMed]

	



Hsieh, S.-C.; Wu, T.-H.; Tsai, C.-Y.; Li, K.-J.; Lu, M.-C.; Wu, C.-H.; Yu, C.-L. Abnormal In Vitro CXCR2 modulation and defective cationic ion transporter expression on polymorphonuclear neutrophils responsible for hyporesponsiveness to IL-8 stimulation in patients with active systemic lupus erythematosus. Rheumatology 2008, 47, 150–157. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, S.-C.; Tsai, C.-Y.; Sun, K.-H.; Tsai, Y.Y.; Tsai, S.T.; Han, S.-H.; Yu, H.S.; Yu, C.L. Defective spontaneous and bacterial lipopolysaccharide-stimulated production of interleukin-1 receptor antagonist by polymorphonuclear neutrophils of patients with active systemic lupus erythematosus. Br. J. Rheumatol. 1995, 34, 107–112. [Google Scholar] [CrossRef] [PubMed]

	



Yu, C.-L.; Sun, K.-H.; Tsai, C.-Y.; Tsai, Y.-Y.; Tsai, S.-T.; Huang, D.-F.; Han, S.-H.; Yu, H.-S. Expression of Th1/Th2 cytokine mRNA in peritoneal exudative polymorphonuclear neutrophils and their effects on mononuclear cell Th1/Th2 cytokine production in MRL-lpr/lpr mice. Immunology 1998, 95, 480–487. [Google Scholar] [CrossRef]

	



Yousefi, S.; Mihalache, C.; Kozlowski, E.; Schmid, I.; Simon, H.U. Viable neutrophils release mitochondrial DNA to form neutrophil extracellular traps. Cell Death Differ. 2009, 16, 1438–1444. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.A.; Palaniyar, N. Transcriptional firing helps to drive NETosis. Sci. Rep. 2017, 7, 41749. [Google Scholar] [CrossRef]

	



Ravindran, M.; Khan, M.A.; Palaniyar, N. Neutrophil extracellular trap formation: Physiology, pathology, and pharmacology. Biomolecules 2019, 9, 365. [Google Scholar] [CrossRef] [PubMed]

	



Parker, H.; Dragunow, M.; Hampton, M.B.; Kettle, A.J.; Winterbourn, C.C. Requirements for NADPH oxidase and myeloperoxidase in neutrophil extracellular trap formation differ depending on the stimulus. J. Leukoc. Biol. 2012, 92, 841–849. [Google Scholar] [CrossRef] [PubMed]

	



Keshari, R.S.; Verma, A.; Barthwal, M.K.; Dikshit, M. Reactive oxygen species-induced activation of ERK and p38 MAPK mediates PMA-induced NETs release from human neutrophils. J. Cell. Biochem. 2013, 114, 532–540. [Google Scholar] [CrossRef] [PubMed]

	



Douda, D.N.; Yip, L.; Khan, M.A.; Grasemann, H.; Palaniyar, N. Akt is essential to induce NADPH-dependent NETosis and to switch the neutrophil death to apoptosis. Blood 2014, 123, 597–600. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.A.; Farahvash, A.; Douda, D.N.; Licht, J.-C.; Grasemann, H.; Sweezey, N.; Palaniyar, N. JNK activation turns on LPS- and Gram-negative bacteria-induced NADPH oxidase-dependent suicidal NETosis. Sci. Rep. 2017, 7, 3409. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, M.; Stadler, S.; Correll, S.; Li, P.; Wang, D.; Hayama, R.; Leonelli, L.; Han, H.; Grigoryev, S.A.; et al. Histone hypercitrullination mediates chromatin decondensation and neutrophil extracellular trap formation. J. Cell. Biol. 2009, 184, 205–213. [Google Scholar] [CrossRef]

	



Dinauer, M.C. Regulation of neutrophil function by Rac GTPases. Curr. Opin. Hematol. 2003, 10, 8–15. [Google Scholar] [CrossRef] [PubMed]

	



Gavillet, M.; Martinod, K.; Renella, R.; Wagner, D.D.; Williams, D.A. A key role for Rac and Pak signaling in neutrophil extracellular traps (NETs) formation defines a new potential therapeutic target. Am. J. Hematol. 2018, 93, 269–276. [Google Scholar] [CrossRef]

	



Tatsiy, O.; McDonald, P.P. Physiological stimuli induce PAD4-dependent, ROS-independent NETosis, with early and late events controlled by discrete signaling pathways. Front. Immunol. 2018, 9, 2036. [Google Scholar] [CrossRef]

	



Boeltz, S.; Amini, P.; Anders, H.-J.; Andrade, F.; Bilyy, R.; Chatfield, S.; Cichon, I.; Clancy, D.M.; Desai, J.; Dumych, T.; et al. To NET or not to NET: Current opinions and state of the science regarding the formation of neutrophil extracellular traps. Cell Death Differ. 2019, 26, 395–408. [Google Scholar] [CrossRef]

	



Neubert, E.; Meyer, D.; Rocca, F.; Günay, G.; Kwaczala-Tessmann, A.; Grandke, J.; Senger-Sander, S.; Geisler, C.; Egner, A.; Schön, M.P.; et al. Chromatin swelling drives neutrophil extracellular trap release. Nat. Commun. 2018, 9, 3767. [Google Scholar] [CrossRef]

	



Goldberg, M.W.; Huttenlauch, I.; Hutchison, C.J.; Stick, R. Filaments made from A- and B-type lamins differ in structure and organization. J. Cell Sci. 2008, 121, 215–225. [Google Scholar] [CrossRef]

	



Li, Y.; Li, M.; Weigel, B.; Mall, M.; Werth, V.P.; Liu, M.-L. Nuclear envelope rupture and NET formation is driven by PKCα-mediated lamin B disassembly. EMBO Rep. 2020, 21, e48779. [Google Scholar] [CrossRef] [PubMed]

	



Pilsczek, F.H.; Salina, D.; Poon, K.K.H.; Fahey, C.; Yipp, B.G.; Sibley, C.D.; Robbins, S.M.; Green, F.H.Y.; Surette, M.G.; Sugai, M.; et al. A novel mechanism of rapid nuclear neutrophil extracellular trap formation in response to Staphylococcus aureus. J. Immunol. 2010, 185, 7413–7425. [Google Scholar] [CrossRef] [PubMed]

	



Masuda, S.; Nakazawa, D.; Shida, H.; Miyoshi, A.; Kusunoki, Y.; Tomaru, U.; Ishizu, A. NETosis markers: Quest for specific, objective, and quantitative markers. Clin. Chim. Acta 2016, 459, 89–93. [Google Scholar] [CrossRef]

	



Pai, D.; Gruber, M.; Pfaehler, S.-M.; Bredthauer, A.; Lehle, K.; Trabold, B. Polymorphonuclear cell chemotaxis and suicidal NETosis: Simultaneous observation using fMLP, PMA, H7, and live cell imaging. J. Immunol. Res. 2020, 2020, 1415947. [Google Scholar] [CrossRef]

	



Villanueva, E.; Yalavarthi, S.; Berthier, C.C.; Hodgin, J.B.; Khandpur, R.; Lin, A.M.; Rubin, C.J.; Zhao, W.; Olsen, S.H.; Klinker, M.; et al. Netting neutrophils induce endothelial damage, infiltrate tissues, and expose immunostimulatory molecules in systemic lupus erythematosus. J. Immunol. 2011, 187, 538–552. [Google Scholar] [CrossRef] [PubMed]

	



Moore, S.; Juo, H.-H.; Nielsen, C.T.; Tyden, H.; Bengtsson, A.A.; Lood, C. Role of neutrophil extracellular traps regarding patients at risk of increased disease activity and cardiovascular comorbidity in systemic lupus erythematosus. J. Rheumatol. 2020, 47, 1652–1660. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Peng, W.; Liang, X.; Wang, W. Anti-citrullinated protein antibodies are associated with neutrophil extracellular trap formation in rheumatoid arthritis. J. Clin. Lab. Anal. 2020, 35, e23662. [Google Scholar] [CrossRef] [PubMed]

	



Paryzhak, S.; Dumych, T.; Mahorivska, I.; Boichuk, M.; Bila, G.; Peshkova, S.; Nehrych, T.; Bilyy, R. Neutrophil-released enzymes can influence composition of circulating immune complexes in multiple sclerosis. Autoimmunity 2018, 51, 297–303. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Q.; Shi, H.; Zeng, T.; Liu, H.; Su, Y.; Cheng, X.; Ye, J.; Yin, Y.; Liu, M.; Zheng, H.; et al. Increased neutrophil extracellular traps activate NLRP3 and inflammatory macrophages in adult-onset Still’s disease. Arthritis Res. Ther. 2019, 21, 9. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Wang, C.; Liu, Y.; Li, B.; Zhang, W.; Wang, L.; Yu, M.; Zhao, X.; Du, J.; Zhang, J.; et al. Neutrophil extracellular traps induce intestinal damage and thrombotic tendency in inflammatory bowel disease. J. Crohns Colitis 2020, 14, 240–253. [Google Scholar] [CrossRef]

	



Söderberg, D.; Segelmark, M. Neutrophil extracellular traps in vasculitis, friend or foe? Curr. Opin. Rheumatol. 2018, 30, 16–23. [Google Scholar] [CrossRef] [PubMed]

	



Carestia, A.; Frechtel, G.; Cerrone, G.; Linari, M.A.; Gonzalez, C.D.; Casais, P.; Schattner, M. NETosis before and after hyperglycemic control in type 2 diabetes mellitus patients. PLoS ONE 2016, 11, e0168647. [Google Scholar] [CrossRef]

	



Qi, H.; Yang, S.; Zhang, L. Neutrophil extracellular traps and endothelial dysfunction in atherosclerosis and thrombosis. Front. Immunol. 2017, 8, 928. [Google Scholar] [CrossRef] [PubMed]

	



Farrera, C.; Fadeel, B. Macrophage clearance of neutrophil extracellular traps is a silent process. J. Immunol. 2013, 191, 2647–2656. [Google Scholar] [CrossRef]

	



Schorn, C.; Janko, C.; Krenn, V.; Zhao, Y.; Munoz, L.E.; Schett, G.; Herrmann, M. Bonding the foe-NETting neutrophils immobilize the pro-inflammatory monosodium urate crystals. Front. Immunol. 2012, 3, 376. [Google Scholar] [CrossRef] [PubMed]

	



Khandpur, R.; Carmona-Rivera, C.; Vivekanandan-Giri, A.; Gizinski, A.; Yalavarthi, S.; Knight, J.S.; Friday, S.; Li, S.; Patel, R.M.; Subramanian, V.; et al. NETs are a source of citrullinated autoantigens and stimulate inflammatory responses in rheumatoid arthritis. Sci. Transl. Med. 2013, 5, 178ra40. [Google Scholar] [CrossRef] [PubMed]

	



Gripenberg, M.; Helve, T.; Kurki, P. Profiles of antibodies to histones, DNA and IgG in patients with systemic rheumatic diseases determined by ELISA. J. Rheumatol. 1985, 12, 934–939. [Google Scholar]

	



Tang, S.; Zhang, Y.; Yin, S.-W.; Gao, X.-J.; Shi, W.-W.; Wang, Y.; Huang, X.; Wang, L.; Zou, L.-Y.; Zhao, J.-H.; et al. Neutrophil extracellular trap formation is associated with autophagy-related signalling in ANCA-associated vasculitis. Clin. Exp. Immunol. 2015, 180, 408–418. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Wang, C.; Zhao, M.-H.; Chen, M. Neutrophil extracellular traps can activate alternative complement pathways. Clin. Exp. Immunol. 2015, 181, 518–527. [Google Scholar] [CrossRef]

	



Gould, T.J.; Vu, T.T.; Swystun, L.L.; Dwivedi, D.J.; Mai, S.H.C.; Weitz, J.I.; Liaw, P.C. Neutrophil extracellular traps promote thrombin generation through platelet-dependent and platelet-independent mechanisms. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1977–1984. [Google Scholar] [CrossRef] [PubMed]

	



Whittall-García, L.P.; Torres-Ruiz, J.; Zentella-Dehesa, A.; Tapia-Rodríguez, M.; Alcocer-Varela, J.; Mendez-Huerta, N.; Gómez-Martín, D. Neutrophil extracellular traps are a source of extracellular HMGB1 in lupus nephritis: Associations with clinical and histopathological features. Lupus 2019, 28, 1549–1557. [Google Scholar] [CrossRef]

	



Gestermann, N.; Di Domizio, J.; Lande, R.; Demaria, O.; Frasca, L.; Feldmeyer, L.; Di Lucca, J.; Gilliet, M. Netting neutrophils activate autoreactive B cells in lupus. J. Immunol. 2018, 200, 3364–3371. [Google Scholar] [CrossRef]

	



Papadaki, G.; Kambas, K.; Choulaki, C.; Vlachou, K.; Drakos, E.; Bertsias, G.; Ritis, K.; Boumpas, D.T.; Thompson, P.R.; Verginis, P.; et al. Neutrophil extracellular traps exacerbate Th1-mediated autoimmune responses in rheumatoid arthritis by promoting DC maturation. Eur. J. Immunol. 2016, 46, 2542–2554. [Google Scholar] [CrossRef] [PubMed]

	



Tillack, K.; Breiden, P.; Martin, R.; Sospedra, M. T lymphocyte priming by neutrophil extracellular traps links innate and adaptive immune responses. J. Immunol. 2012, 188, 3150–3159. [Google Scholar] [CrossRef] [PubMed]

	



Ribon, M.; Seninet, S.; Mussard, J.; Sebbag, M.; Clavel, C.; Serre, G.; Boissier, M.-C.; Semerano, L.; Decker, P. Neutrophil extracellular traps exert both pro- and anti-inflammatory actions in rheumatoid arthritis that are modulated by C1q and LL-37. J. Autoimmun. 2019, 98, 122–131. [Google Scholar] [CrossRef] [PubMed]

	



de Bont, C.M.; Eerden, N.; Boelens, W.C.; Pruijn, G.J.M. Neutrophil proteases degrade autoepitopes of NET-associated proteins. Clin. Exp. Immunol. 2020, 199, 1–8. [Google Scholar] [CrossRef]

	



Borregaard, N.; Cowland, J.B. Granules of the human neutrophilic polymorphonuclear leukocyte. Blood 1997, 89, 3503–3521. [Google Scholar] [CrossRef] [PubMed]

	



Cowland, J.B.; Borregaard, N. The individual regulation of granule protein mRNA levels during neutrophil maturation explains the heterogeneity of neutrophil granules. J. Leukoc. Biol. 1999, 66, 989–995. [Google Scholar] [CrossRef]

	



Gan, P.-Y.; Holdsworth, S.R.; Kitching, A.R.; Ooi, J.D. Myeloperoxidase (MPO)-specific CD4+T cells contribute to MPO-anti-neutrophil cytoplasmic antibody (ANCA) associated glomerulonephritis. Cell Immunol. 2013, 282, 21–27. [Google Scholar] [CrossRef]

	



Odobasic, D.; Kitching, A.R.; Yang, Y.; O’Sullivan, K.M.; Muljadi, R.C.M.; Edgtton, K.L.; Tan, D.S.Y.; Summers, S.A.; Morand, E.F.; Holdsworth, S.R. Neutrophil myeloperoxidase regulates T-cell-driven tissue inflammation in mice by inhibiting dendritic cell function. Blood 2013, 121, 4195–4204. [Google Scholar] [CrossRef]

	



Vaschetto, R.; Grinstein, J.; Del Sorbo, L.; Khine, A.A.; Voglis, S.; Tullis, E.; Slutsky, A.S.; Zhang, H. Role of human neutrophil peptides in the initial interaction between lung epithelial cells and CD4+ lymphocytes. J. Leukoc. Biol. 2007, 81, 1022–1031. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Qiao, L.; Lv, X.; Trivett, A.; Yang, R.; Oppenheim, J.J.; Yang, D.; Zhang, N. Alarmin human α defensin HNP1 activates plasmacytoid dendritic cells by triggering NF-κB and IRF1 signaling pathways. Cytokine 2016, 83, 53–60. [Google Scholar] [CrossRef]

	



Souwer, Y.; Kormelink, T.G.; Taanman-Kueter, E.W.; Muller, F.J.; van Capel, T.M.M.; Varga, D.V.; Bar-Ephraim, Y.E.; Teunissen, M.B.M.; van Ham, S.M.; Kuijpers, T.W.; et al. Human TH17 cell development requires processing of dendritic cell-derived CXCL8 by neutrophil elastase. J. Allergy Clin. Immunol. 2018, 141, 2286–2289. [Google Scholar] [CrossRef] [PubMed]

	



Maffia, P.C.; Zittermann, S.E.; Scimone, M.L.; Tateosian, N.; Amiano, N.; Guerrieri, D.; Lutzky, V.; Rosso, D.; Romeo, H.E.; Garcia, V.E.; et al. Neutrophil elastase converts human immature dendritic cells into transforming growth factor-beta1-secreting cells and reduces allostimulatory ability. Am. J. Pathol. 2007, 171, 928–937. [Google Scholar] [CrossRef] [PubMed]

	



Agerberth, B.; Charo, J.; Werr, J.; Olsson, B.; Idali, F.; Lindbom, L.; Kiessling, R.; Jörnvall, H.; Wigzell, H.; Gudmundsson, G.H. The human antimicrobial and chemotactic peptides LL-37 and alpha-defensins are expressed by specific lymphocyte and monocyte populations. Blood 2000, 96, 3086–3093. [Google Scholar] [CrossRef]

	



Kandler, K.; Shaykhiev, R.; Kleemann, P.; Klescz, F.; Lohoff, M.; Vogelmeier, C.; Bals, R. The anti-microbial peptide LL-37 inhibits the activation of dendritic cells by TLR ligands. Int. Immunol. 2006, 18, 1729–1736. [Google Scholar] [CrossRef]

	



Chertov, O.; Ueda, H.; Xu, L.L.; Tani, K.; Murphy, W.J.; Wang, J.M.; Howard, O.M.; Sayers, T.J.; Oppenheim, J.J. Identification of human neutrophil-derived cathepsin G and azurocidin/CAP37 as chemoattractants for mononuclear cells and neutrophils. J. Exp. Med. 1997, 186, 739–747. [Google Scholar] [CrossRef]

	



Chertov, O.; Michiel, D.F.; Xu, L.; Wang, J.M.; Tani, K.; Murphy, W.J.; Longo, D.L.; Taub, D.D.; Oppenheim, J.J. Identification of defensin-1, defensin-2, and CAP37/azurocidin as T-cell chemoattractant proteins released from interleukin-8-stimulated neutrophils. J. Biol. Chem. 1996, 271, 2935–2940. [Google Scholar] [CrossRef] [PubMed]

	



Heinzelmann, M.; Polk, H.C., Jr.; Miller, F.N. Modulation of lipopolysaccharide-induced monocyte activation by heparin-binding protein and fucoidan. Infect. Immun. 1998, 66, 5842–5847. [Google Scholar] [CrossRef] [PubMed]

	



Schwaeble, W.J.; Reid, K.B. Does properdin crosslink the cellular and the humoral immune response? Immunol. Today 1999, 20, 17–21. [Google Scholar] [CrossRef]

	



Munder, M.; Schneider, H.; Luckner, C.; Giese, T.; Langhans, C.-D.; Fuentes, J.M.; Kropf, P.; Mueller, I.; Kolb, A.; Modolell, M.; et al. Suppression of T-cell functions by human granulocyte arginase. Blood 2006, 108, 1627–1634. [Google Scholar] [CrossRef] [PubMed]

	



Weber, F.C.; Németh, T.; Csepregi, J.Z.; Dudeck, A.; Roers, A.; Ozsvári, B.; Oswald, E.; Puskás, L.G.; Jakob, T.; Mócsai, A.; et al. Neutrophils are required for both the sanitization and elicitation phase of contact hypersensitivity. J. Exp. Med. 2015, 212, 15–22. [Google Scholar] [CrossRef]

	



Li, K.-J.; Lu, M.-C.; Hsieh, S.-C.; Wu, C.-H.; Yu, H.-S.; Tsai, C.-Y.; Yu, C.-L. Release of surface-expressed lactoferrin from polymorphonuclear neutrophils after contact with CD4+T cells and its modulation on Th1/Th2 cytokine production. J. Leukoc. Biol. 2006, 80, 350–358. [Google Scholar] [CrossRef] [PubMed]

	



Legrand, D.; Elass, E.; Carpentier, M.; Mazurier, J. Interactions of lactoferrin with cells involved in immune function. Biochem. Cell Biol. 2006, 84, 282–290. [Google Scholar] [CrossRef]

	



Lande, R.; Gregorio, J.; Facchinetti, V.; Chatterjee, B.; Wang, Y.-H.; Homey, B.; Cao, W.; Wang, Y.-H.; Su, B.; Nestle, F.O.; et al. Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial peptide. Nature 2007, 449, 564–569. [Google Scholar] [CrossRef]

	



Cocucci, E.; Meldolesi, J. Ectosomes and exosomes: Shedding the confusion between extracellular vesicles. Trends Cell Biol. 2015, 25, 364–372. [Google Scholar] [CrossRef]

	



Meldolesi, J. Exosomes and ectosomes in intercellular communication. Curr. Biol. 2018, 28, R435–R444. [Google Scholar] [CrossRef] [PubMed]

	



Hess, C.; Sadallah, S.; Hefti, A.; Landmann, R.; Schifferli, J.-A. Ectosomes released by human neutrophils are specialized functional units. J. Immunol. 1999, 163, 4564–4573. [Google Scholar] [CrossRef]

	



Gasser, O.; Schifferli, J.A. Activated polymorphonuclear neutrophils disseminate anti-inflammatory microparticles by ectocytosis. Blood 2004, 104, 2543–2548. [Google Scholar] [CrossRef] [PubMed]

	



Eken, C.; Martin, P.J.; Sadallah, S.; Treves, S.; Schaller, M.; Schifferli, J.A. Ectosomes released by polymorphonuclear neutrophils induce a MerTK-dependent anti-inflammatory pathway in macrophages. J. Biol. Chem. 2010, 285, 39914–39921. [Google Scholar] [CrossRef]

	



Eken, C.; Sadallah, S.; Martin, P.J.; Treves, S.; Schifferli, J.A. Ectosomes of polymorphonuclear neutrophils activate multiple signaling pathways in macrophages. Immunobiology 2013, 218, 382–392. [Google Scholar] [CrossRef]

	



Butin-Israeli, V.; Houser, M.C.; Feng, M.; Thorp, E.B.; Nusrat, A.; Parkos, C.A.; Sumagin, R. Deposition of microparticles by neutrophils onto inflamed epithelium: A new mechanism to disrupt epithelial intercellular adhesions and promote transepithelial migration. FASEB J. 2016, 30, 4007–4020. [Google Scholar] [CrossRef] [PubMed]

	



Slater, T.W.; Finkielsztein, A.; Mascarenhas, L.A.; Mehl, L.C.; Butin-Israeli, V.; Sumagin, R. Neutrophil microparticles deliver active myeloperoxidase to injured mucosa to inhibit epithelial wound healing. J. Immunol. 2017, 198, 2886–2897. [Google Scholar] [CrossRef] [PubMed]

	



Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [Google Scholar] [CrossRef]

	



Zhu, T.; Wang, Y.; Jin, H.; Li, L. The role of exosome in autoimmune connective tissue disease. Ann. Med. 2019, 51, 101–108. [Google Scholar] [CrossRef]

	



Console, L.; Scalise, M.; Indiveri, C. Exosomes in inflammation and role as biomarkers. Clin. Chim. Acta 2019, 488, 165–171. [Google Scholar] [CrossRef]

	



Jiménez-Avalos, J.A.; Ferńandez-Macías, J.C.; González-Palomo, A.K. Circulating exosomal microRNAs: New non-invasive biomarkers of non-communicable disease. Mol. Biol. Rep. 2021, 48, 961–967. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, K.A.; Munegowda, M.A.; Xie, Y.; Xiang, J. Intercellular trogocytosis plays an important role in modulation of immune responses. Cell. Mol. Immunol. 2008, 5, 261–269. [Google Scholar] [CrossRef]

	



Whale, T.A.; Beskorwayne, T.K.; Babiuk, L.A.; Griebel, P.J. Bovine polymorphonuclear cells passively acquire membrane lipids and integral membrane proteins from apoptotic and necrotic cells. J. Leukoc. Biol. 2006, 79, 1226–1233. [Google Scholar] [CrossRef] [PubMed]

	



Whale, T.A.; Wilson, H.L.; Tikoo, S.K.; Babiuk, L.A.; Griebel, P.J. Pivotal advance: Passively acquired membrane proteins alter the functional capacity of bovine polymorphonuclear cells. J. Leukoc. Biol. 2006, 80, 481–491. [Google Scholar] [CrossRef]

	



Li, K.-J.; Wu, C.H.; Shen, C.-Y.; Kuo, Y.-M.; Yu, C.-L.; Hsieh, S.-C. Membrane transfer from mononuclear cells to polymorphonuclear neutrophils transduces cell survival and activation signals in the recipient cells via anti-extrinsic apoptotic and MAP kinase signaling pathways. PLoS ONE 2016, 11, e0156262. [Google Scholar] [CrossRef] [PubMed]

	



Valgardsdottir, R.; Cattaneo, I.; Klein, C.; Introna, M.; Figliuzzi, M.; Golay, J. Human neutrophils mediate trogocytosis rather than phagocytosis of CLL B cells opsonized with anti-CD20 antibodies. Blood 2017, 129, 2636–2644. [Google Scholar] [CrossRef]

	



Tsai, C.-Y.; Li, K.-J.; Hsieh, S.-C.; Liao, H.-T.; Yu, C.-L. What’s wrong with neutrophils in lupus? Clin. Exp. Rheumatol. 2019, 37, 684–693. [Google Scholar]

	



Parkos, C.A.; Colgan, S.P.; Madara, J.L. Interactions of neutrophils with epithelial cells: Lessons from the intestine. J. Am. Soc. Nephrol. 1994, 5, 138–152. [Google Scholar] [PubMed]

	



Colgan, S.P.; Comerford, K.M.; Lawrence, D.W. Epithelial cell-neutrophil interactions in the alimentary tract: A complex dialog in mucosal surveillance and inflammation. Sci. World J. 2002, 2, 76–88. [Google Scholar] [CrossRef]

	



Brazil, J.C.; Parkos, C.A. Pathobiology of neutrophil-epithelial interactions. Immunol. Rev. 2016, 273, 94–111. [Google Scholar] [CrossRef] [PubMed]

	



Hajishengallis, G.; Moutsopoulos, N.M.; Hajishengallis, E.; Chavakis, T. Immune and regulatory functions of neutrophils in inflammatory bone loss. Semin. Immunol. 2016, 28, 146–158. [Google Scholar] [CrossRef]

	



Chakravarti, A.; Raquil, M.-A.; Tessier, P.; Poubelle, P.E. Surface RANKL of Toll-like receptor 4-stimulated human neutrophils activates osteoclastic bone resorption. Blood 2009, 114, 1633–1644. [Google Scholar] [CrossRef]

	



Abe, T.; AlSarhan, M.; Benakanakere, M.R.; Maekawa, T.; Kinane, D.F.; Cancro, M.P.; Korostoff, J.M.; Hajishengallis, G. The B cell-stimulatory cytokines BLyS and APRIL are elevated in human periodontitis and are required for B cell-dependent bone loss in experimental murine periodontitis. J. Immunol. 2015, 195, 1427–1435. [Google Scholar] [CrossRef]

	



Tabiasco, J.; Rabot, M.; Aguerre-Girr, M.; El Costa, H.; Berrebi, A.; Parant, O.; Laskarin, G.; Juretic, K.; Bensussan, A.; Rukavina, D.; et al. Human decidual NK cells: Unique phenotype and functional properties—A review. Placenta 2006, 27, S34–S39. [Google Scholar] [CrossRef] [PubMed]

	



Amsalem, H.; Kwan, M.; Hazan, A.; Zhang, J.; Jones, R.L.; Whittle, W.; Kingdom, J.C.P.; Croy, B.A.; Lye, S.J.; Dunk, C.E. Identification of a novel neutrophil population: Proangiogenic granulocytes in second-trimester human decidua. J. Immunol. 2014, 193, 3070–3079. [Google Scholar] [CrossRef]

	



Scapini, P.; Marini, O.; Tecchio, C.; Cassatella, M.A. Human neutrophils in the saga of cellular heterogeneity: Insights and open questions. Immunol. Rev. 2016, 273, 48–60. [Google Scholar] [CrossRef]

	



Köstlin, N.; Hofstädter, K.; Ostermeir, A.-L.; Spring, B.; Leiber, A.; Haen, S.; Abele, H.; Bauer, P.; Pollheimer, J.; Hartl, D.; et al. Granulocytic myeloid-derived suppressor cells accumulate in human placenta and polarize toward a Th2 phenotype. J. Immunol. 2016, 196, 1132–1145. [Google Scholar] [CrossRef] [PubMed]

	



Nadkarni, S.; Smith, J.; Sferruzzi-Perri, A.N.; Ledwozyw, A.; Kishore, M.; Haas, R.; Mauro, C.; Williams, D.J.; Farsky, S.H.P.; Marelli-Berg, F.M.; et al. Neutrophils induce proangiogenic T cells with a regulatory phenotype in pregnancy. Proc. Natl. Acad. Sci. USA 2016, 113, E8415–E8424. [Google Scholar] [CrossRef] [PubMed]

	



Christoforaki, V.; Zafeiriou, Z.; Daskalakis, G.; Katasos, T.; Siristatidis, C. First trimester neutrophil to lymphocyte ratio (NLR) and pregnancy outcome. J. Obstet. Gynaecol. 2020, 40, 59–64. [Google Scholar] [CrossRef]

	



Hacbarth, E.; Kajdacsy-Balla, A. Low density neutrophils in patients with systemic lupus erythematosus, rheumatoid arthritis, and acute rheumatic fever. Arthritis Rheum. 1986, 29, 1334–1342. [Google Scholar] [CrossRef]

	



Nakou, M.; Knowlton, N.; Frank, M.B.; Bertsias, G.; Osban, J.; Sandel, C.E.; Papadaki, H.; Raptopoulou, A.; Sidiropoulos, P.; Kritikos, I.; et al. Gene expression in systemic lupus erythematosus: Bone marrow analysis differentiates active from inactive disease and reveals apoptosis and granulopoiesis signatures. Arthritis Rheum. 2008, 58, 3541–3549. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, S.; Sagar, D.; Hanna, R.N.; Lightfoot, Y.L.; Mistry, P.; Smith, C.K.; Manna, Z.; Hasni, S.; Siegel, R.M.; Sanjuan, M.A.; et al. Low-density granulocytes activate T cells and demonstrate a non-suppressive role in systemic lupus erythematosus. Ann. Rheum. Dis. 2019, 78, 957–966. [Google Scholar] [CrossRef]

	



Carlucci, P.M.; Purmalek, M.M.; Dey, A.K.; Temesgen-Oyelakin, Y.; Sakhardande, S.; Joshi, A.A.; Lerman, J.B.; Fike, A.; Davis, M.; Chung, J.H.; et al. Neutrophil subsets and their gene signature associate with vascular inflammation and coronary atherosclerosis in lupus. JCI Insight 2018, 3, e99276. [Google Scholar] [CrossRef]

	



Kegerreis, B.J.; Catalina, M.D.; Geraci, N.S.; Bachali, P.; Lipsky, P.E.; Grammer, A.C. Genomic identification of low-density granulocytes and analysis of their role in the pathogenesis of systemic lupus erythematosus. J. Immunol. 2019, 202, 3309–3317. [Google Scholar] [CrossRef]

	



Mistry, P.; Nakabo, S.; O’Neil, L.; Goel, R.R.; Jiang, K.; Carmona-Rivera, C.; Gupta, S.; Chan, D.W.; Carlucci, P.M.; Wang, X.; et al. Transcriptomic, epigenetic, and functional analyses implicate neutrophil diversity in the pathogenesis of systemic lupus erythematosus. Proc. Natl. Acad. Sci. USA 2019, 116, 25222–25228. [Google Scholar] [CrossRef] [PubMed]

	



Horner, H.; Frank, C.; Dechant, C.; Repp, R.; Glennie, M.; Herrmann, M.; Stockmeyer, B. Intimate cell conjugate formation and exchange of membrane lipids precede apoptosis induction in target cells during antibody-dependent, granulocyte-mediated cytotoxicity. J. Immunol. 2007, 179, 337–345. [Google Scholar] [CrossRef]

	



Matlung, H.L.; Babes, L.; Zhao, X.W.; van Houdt, M.; Treffers, L.W.; van Rees, D.J.; Franke, K.; Schornagel, K.; Verkuijlen, P.; Janssen, H.; et al. Neutrophils kill antibody-opsonized cancer cells by trogoptosis. Cell Rep. 2018, 23, 3946–3959. [Google Scholar] [CrossRef] [PubMed]

	



Treffers, L.W.; Broeke, T.T.; Rösner, T.; Jansen, J.H.M.; van Houdt, M.; Kahle, S.; Schornagel, K.; Verkuijlen, P.J.J.H.; Prins, J.M.; Franke, K.; et al. IgA-mediated killing of tumor cells by neutrophils is enhanced by CD47-SIRPα checkpoint inhibition. Cancer Immunol. Res. 2020, 8, 120–130. [Google Scholar] [CrossRef]

	



Gabrilovich, D.I.; Bronte, V.; Chen, S.-H.; Colombo, M.P.; Ochoa, A.; Ostrand-Rosenberg, S.; Schreiber, H. The terminology issue for myeloid-derived suppressor cells. Cancer Res. 2007, 67, 425. [Google Scholar] [CrossRef]

	



Rodriguez, P.C.; Zea, A.H.; Culotta, K.S.; Zabaleta, J.; Ochoa, J.B.; Ochoa, A.C. Regulation of T cell receptor CD3zeta chain expression by L-arginine. J. Biol. Chem. 2002, 277, 21123–21129. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, P.C.; Quiceno, D.G.; Zabaleta, J.; Ortiz, B.; Zea, A.H.; Piazuelo, M.B.; Delgado, A.; Correa, P.; Brayer, J.; Sotomayor, E.M.; et al. Arginase I production in the tumor microenvironment by mature myeloid cells inhibits T-cell receptor expression and antigen-specific T-cell responses. Cancer Res. 2004, 64, 5839–5849. [Google Scholar] [CrossRef]

	



Freeman, G.J.; Long, A.J.; Iwai, Y.; Bourque, K.; Chernova, T.; Nishimura, H.; Fitz, L.J.; Malenkovich, N.; Okazaki, T.; Byrne, M.C.; et al. Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family member leads to negative regulation of lymphocyte activation. J. Exp. Med. 2000, 192, 1027–1034. [Google Scholar] [CrossRef] [PubMed]

	



Bruno, A.; Mortara, L.; Baci, D.; Noonan, D.M.; Albini, A. Myeloid derived suppressor cells interactions with natural killer cells and pro-angiogenic activities: Roles in tumor progression. Front. Immunol. 2019, 10, 771. [Google Scholar] [CrossRef]

	



Wang, Y.; Tian, J.; Tang, X.; Rui, K.; Tian, X.; Ma, J.; Ma, B.; Xu, H.; Lu, L.; Wang, S. Exosomes released by granulocytic myeloid-derived suppressor cells attenuate DSS-induced colitis in mice. Oncotarget 2016, 7, 15356–15368. [Google Scholar] [CrossRef]

	



Zhu, D.; Tian, J.; Wu, X.; Li, M.; Tang, X.; Rui, K.; Guo, H.; Ma, J.; Xu, H.; Wang, S. G-MDSC-derived exosomes attenuate collagen-induced arthritis by impairing Th1 and Th17 cell responses. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 165540. [Google Scholar] [CrossRef] [PubMed]

	



Zöller, M.; Zhao, K.; Kutlu, N.; Bauer, N.; Provaznik, J.; Hackert, T.; Schnölzer, M. Immunoregulatory effects of myeloid-derived suppressor cell exosomes in mouse model of autoimmune alopecia areata. Front. Immunol. 2018, 9, 1279. [Google Scholar] [CrossRef]

	



Mercer, F.; Ng, S.H.; Brown, T.M.; Boatman, G.; Johnson, P.J. Neutrophils kill the parasite Trichomonas vaginalis using trogocytosis. PLoS Biol. 2018, 16, e2003885. [Google Scholar] [CrossRef]

	



Olivera-Valle, I.; Latorre, M.C.; Calvo, M.; Gaspar, B.; Gómez-Oro, C.; Collazos, A.; Breton, A.; Caballero-Campo, P.; Ardoy, M.; Asensio, F.; et al. Vaginal neutrophils eliminate sperm by trogocytosis. Hum. Reprod. 2020, 35, 2567–2578. [Google Scholar] [CrossRef]

	



Scannell, M.; Maderna, P. Lipoxins and annexin-1: Resolution of inflammation and regulation of phagocytosis of apoptotic cells. Sci. World J. 2006, 6, 1555–1573. [Google Scholar] [CrossRef] [PubMed]

	



Levy, B.D.; Clish, C.B.; Schmidt, B.; Gronert, K.; Serhan, C.N. Lipid mediator class switching during acute inflammation: Signals in resolution. Nat. Immunol. 2001, 2, 612–619. [Google Scholar] [CrossRef] [PubMed]

	



Fierro, I.M.; Colgan, S.P.; Bernasconi, G.; Petasis, N.A.; Clish, C.B.; Arita, M.; Serhan, C.N. Lipoxin A4 and aspirin-triggered 15-epi-lipoxin A4 inhibit human neutrophil migration: Comparisons between synthetic 15 epimers in chemotaxis and transmigration with microvessel endothelial cells and epithelial cells. J. Immunol. 2003, 170, 2688–2694. [Google Scholar] [CrossRef] [PubMed]

	



De Santo, C.; Arscott, R.; Booth, S.; Karydis, I.; Jones, M.; Asher, R.; Salio, M.; Middleton, M.; Cerundolo, V. Invariant NKT cells modulate the suppressive activity of IL-10-secreting neutrophils differentiated with serum amyloid A. Nat. Immunol. 2010, 11, 1039–1046. [Google Scholar] [CrossRef]

	



Huynh, M.-L.N.; Fadok, V.A.; Henson, P.M. Phosphatidylserine-dependent ingestion of apoptotic cells promotes TGF-beta1 secretion and the resolution of inflammation. J. Clin. Investig. 2002, 109, 41–50. [Google Scholar] [CrossRef]

	



Cumpelik, A.; Ankli, B.; Zecher, D.; Schifferli, J.A. Neutrophil microvesicles resolve gout by inhibiting C5a-mediated priming of the inflammasome. Ann. Rheum. Dis. 2016, 75, 1236–1245. [Google Scholar] [CrossRef]

	



Calvente, C.J.; Tameda, M.; Johnson, C.D.; Del Pilar, H.; Lin, Y.-C.; Adronikou, N.; De Mollerat Du Jeu, X.; Llorente, C.; Boyer, J.; Feldstein, A.E. Neutrophils contribute to spontaneous resolution of liver inflammation and fibrosis via microRNA-223. J. Clin. Investig. 2019, 129, 4091–4109. [Google Scholar] [CrossRef]

	



Horckmans, M.; Ring, L.; Duchene, J.; Santovito, D.; Schloss, M.J.; Drechsler, M.; Weber, C.; Soehnlein, O.; Steffens, S. Neutrophils orchestrate post-myocardial infarction healing by polarizing macrophages towards a reparative phenotype. Eur. Heart J. 2017, 38, 187–197. [Google Scholar] [CrossRef] [PubMed]

	



Botusan, I.R.; Sunkari, V.G.; Savu, O.; Catrina, A.I.; Grünler, J.; Lindberg, S.; Pereira, T.; Ylä-Herttuala, S.; Poellinger, L.; Brismar, K.; et al. Stabilization of HIF-1α is critical to improve wound healing in diabetic mice. Proc. Natl. Acad. Sci. USA 2008, 105, 19426–19431. [Google Scholar] [CrossRef]

	



Hong, W.X.; Hu, M.S.; Esquivel, M.; Liang, G.Y.; Rennert, R.C.; McArdle, A.; Paik, K.J.; Duscher, D.; Gurtner, G.C.; Lorenz, H.P.; et al. The role of hypoxia-inducible factor in wound healing. Adv. Wound Care 2014, 3, 390–399. [Google Scholar] [CrossRef] [PubMed]

	



Sumagin, R.; Brazil, J.C.; Nava, P.; Nishio, H.; Alam, A.; Luissint, A.C.; Weber, D.A.; Neish, A.S.; Nusrat, A.; Parkos, C.A. Neutrophil interactions with epithelial-expressed ICAM-1 enhances intestinal mucosal wound healing. Mucosal Immunol. 2016, 9, 1151–1162. [Google Scholar] [CrossRef] [PubMed]

	



Brown, K.K.; Henson, P.M.; Maclouf, J.; Moyle, M.; Ely, J.A.; Worthen, G.S. Neutrophil-platelet adhesion: Relative roles of platelet P-selectin and neutrophil beta2 (CD18) integrins. Am. J. Respir. Cell Mol. Biol. 1998, 18, 100–110. [Google Scholar] [CrossRef]

	



Hidari, K.I.; Weyrich, A.S.; Zimmerman, G.A.; McEver, R.P. Engagement P-selectin glycoprotein ligand-1 enhances tyrosine phosphorylation and activates mitogen-activated protein kinases in human neutrophils. J. Biol. Chem. 1997, 272, 28750–28756. [Google Scholar] [CrossRef]

	



Zarbock, A.; Polanowska-Grabowska, R.K.; Ley, K. Platelet-neutrophil-interactions: Linking hemostasis and inflammation. Blood Rev. 2007, 21, 99–111. [Google Scholar] [CrossRef] [PubMed]

	



Totani, L.; Evangelista, V. Platelet-leukocyte interactions in cardiovascular disease and beyond. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 2357–2361. [Google Scholar] [CrossRef]

	



Maugeri, N.; Baldini, M.; Rovere-Querini, P.; Maseri, A.; Sabbadini, M.G.; Manfredi, A.A. Leukocyte and platelet activation in patients with giant cell arteritis and polymyalgia rheumatica: A clue to thromboembolic risks? Autoimmunity 2009, 42, 386–388. [Google Scholar] [CrossRef]

	



Mobarrez, F.; Vikerfors, A.; Gustafsson, J.T.; Gunnarsson, I.; Zickert, A.; Larsson, A.; Pisetsky, D.S.; Wallén, H.; Svenungsson, E. Microparticles in the blood of patients with systemic lupus erythematosus (SLE): Phenotypic characterization and clinical associations. Sci. Rep. 2016, 6, 36025. [Google Scholar] [CrossRef]

	



Tydén, H.; Lood, C.; Gullstrand, B.; Nielsen, C.T.; Heegaard, N.H.H.; Kahn, R.; Jönsen, A.; Bengtsson, A.A. Endothelial dysfunction is associated with activation of the type I interferon system and platelets in patients with systemic lupus erythematosus. RMD Open 2017, 3, e000508. [Google Scholar] [CrossRef] [PubMed]

	



Maugeri, N.; Capobianco, A.; Rovere-Querini, P.; Ramirez, G.A.; Tombetti, E.; Valle, P.D.; Monno, A.; D’Alberti, V.; Gasparri, A.M.; Franchini, S.; et al. Platelet microparticles sustain autophagy-associated activation of neutrophils in systemic sclerosis. Sci. Transl. Med. 2018, 10, eaao3089. [Google Scholar] [CrossRef] [PubMed]

	



Chrysanthopoulou, A.; Mitroulis, I.; Apostolidou, E.; Arelaki, S.; Mikroulis, D.; Konstantinidis, T.; Sivridis, E.; Koffa, M.; Giatromanolaki, A.; Boumpas, D.T.; et al. Neutrophil extracellular traps promote differentiation and function of fibroblasts. J. Pathol. 2014, 233, 294–307. [Google Scholar] [CrossRef] [PubMed]

	



Manfredi, A.A.; Baldini, M.; Camera, M.; Baldissera, E.; Brambilla, M.; Peretti, G.; Maseri, A.; Rovere-Querini, P.; Tremoli, E.; Sabbadini, M.G.; et al. Anti-TNFα agents curb platelet activation in patients with rheumatoid arthritis. Ann. Rheum. Dis. 2016, 75, 1511–1520. [Google Scholar] [CrossRef] [PubMed]

	



Ramirez, G.A.; Manfredi, A.A.; Maugeri, N. Misunderstandings between platelets and neutrophils build in chronic inflammation. Front. Immunol. 2019, 10, 2491. [Google Scholar] [CrossRef] [PubMed]

	



Kostis, J.B.; Turkevich, D.; Sharp, J. Association between leukocyte count and the presence and extent of coronary atherosclerosis as determined by coronary arteriography. Am. J. Cardiol. 1984, 53, 997–999. [Google Scholar] [CrossRef]

	



Naruko, T.; Ueda, M.; Haze, K.; van der Wal, A.C.; van der Loos, C.M.; Itoh, A.; Komatsu, R.; Ikura, Y.; Ogami, M.; Shimada, Y.; et al. Neutrophil infiltration of culprit lesions in acute coronary syndromes. Circulation 2002, 106, 2894–2900. [Google Scholar] [CrossRef]

	



van Leeuwen, M.; Gijbels, M.J.J.; Duijvestijn, A.; Smook, M.; van der Gaar, M.J.; Heeringa, P.; de Winther, M.P.J.; Tervaert, J.W.C. Accumulation of myeloperoxidase-positive neutrophils in atherosclerotic lesions in LDLR-/-mice. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 84–89. [Google Scholar] [CrossRef]

	



Carbone, F.; Mach, F.; Montecucco, F. Update on the role of neutrophils in atherosclerotic plaque vulnerability. Curr. Drug Targets 2015, 16, 321–333. [Google Scholar] [CrossRef] [PubMed]

	



Marino, F.; Tozzi, M.; Schembri, L.; Ferraro, S.; Tarallo, A.; Scanzano, A.; Legnaro, M.; Castelli, P.; Cosentino, M. Production of IL-8, VEGF and elastase by circulating and intraplaque neutrophils in patients with carotid atherosclerosis. PLoS ONE 2015, 10, e0124565. [Google Scholar] [CrossRef] [PubMed]

	



Mittal, M.; Nepal, S.; Tsukasaki, Y.; Hecquet, C.M.; Soni, D.; Rehman, J.; Tiruppathi, C.; Malik, A.B. Neutrophil activation of endothelial cell-expressed TRPM2 mediates transendothelial neutrophil migration and vascular injury. Circ. Res. 2017, 121, 1081–1091. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 03119 g001 550] 





Figure 1. The production of cytokines/chemokines/growth factors by PMNs from normal, normal density (SLE-NDG), and low density (SLE-LDG) granulocytes of patients with SLE. The effects of these mediators on Th1/Th2 differentiation and pathological roles are summarized. IL-1ra: IL-1 receptor antagonist, NETs: neutrophil extracellular traps, CSF: colony-stimulating factor. Th: helper T; GM-CSF: granulocyte-macrophage colony stimulating factor; IFN: interferon; IL: interleukin; TGF; transforming growth factor; TNF: tumor necrosis factor. ↑ denotes increase, ↓ denotes decrease. 
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Figure 2. The physiological and pathophysiological roles of NADPH-dependent and NADPH-independent neutrophil extracellular traps (NETs) formation are demonstrated. Left: the web-like NETs with attached granule enzymes not only effectively trap but kill the invasive microbial pathogens as an important defense mechanism in normal physiological condition. Right: Defective NET clearance due to defective DNase-1, CRP, and C1q functions may lead to longstanding presence of the NET in the blood and tissues. These molecules may become autoantigens, damage-associated molecular patterns (DAMP)/alarmins stimulants, or coagulation system activator to induce autoimmunity, inflammatory reaction, and intravascular thrombosis. PMA: phorbol myristate acetate; LPS: lipopolysaccharide; AOSD: Adult onset Still’s disease; MS: multiple sclerosis; IBD: inflammatory bowel disease; DM: diabetes mellius; NLRP: Nucleotide-binding oligomerization domain, Leucine rich Repeat and Pyrin domain containing; APC: antigen presenting cell; ANCA: anti-neutrophil cytoplasmic antibody; SLE: systemic lupus erythematosus; RA: rheumatoid arthritis; CRP: C-reactive protein; NADPH: nicotinamide adenine dinucleotide phosphate-hydrogen ion. 
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Figure 3. Classification of neutrophil granules and their immunological functions. Different granule proteins included in the primary, secondary, and tertiary granules are summarized in brackets. The vesicles extruded from PMNs are simply divided into ectosomes and exosomes. The formation, composition, and biological/pathobiological functions of the secretary vesicles are not shown in the figure and are instead described in detail in Figure 4. MPO: myeloperoxidase; HNP: human neutrophil peptide; IL: interleukin; IFN: interferon; DC: dendritic cell; DTH: delayed-type hypersensitivity; LF: lactoferrin; CD: cluster of differentiation; CAP: cationic antimicrobial protein; LL-37: cathelicidin. 
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Figure 4. The formation, particle size, contents, and detailed immunobiological/immunopathological functions of ectosomes and exosomes extruded from PMN are demonstrated. The ectosomes are microvesicles containing granule proteins and surface membrane-expressed components such as complement receptors and CD59. The ectosomes directly detach from cell surface without deepening into cytoplasm. On the contrary, exosomes vaginate inward into the cytoplasm and take up cytoplasmic DNAs, RNAs, glycoproteins and lipids before extrusion from the cells. CR1: complement receptor type 1; MPO: myeloperoxidase; Ease: elastase; GP: glycoprotein; CD: cluster of differentiation. 
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Figure 5. Membrane transfer among neutrophils and autologous CD4+T, allogeneic B or leukemic B cells for mediating respective effector function. (1) PMNs “trogocytose (bite up)” immunological synapse-associated molecules (HLA-I and II, CD11b, LFA-1, and CXCR1) to enhance their biological functions and survival rate. (2) PMNs trogocytose CD20-anti-CD20 complex from leukemia B cells and then kills these tumor cells by ADCC mechanism. (3) PMNs trogocytose MHC-II antigens from allogeneic B lymphocytes and then present MHC-II to allogeneic T cells to enhance proliferation and cytokine production of the allogeneic T cells, and (4) Autologous CD4+T cells trogocytose lactoferrins (LFs) expressed on PMNs to enhance IL-10 and IFN-γ production for skewing cells to Th2 immune responses. ADCC: antibody-dependent cell-mediated cytotoxicity. MHC: major histocompatibility complex; LFA: lymphocyte function-associated antigen; CD: cluster of differentiation; CXCR: cysteine-amino acid X-cysteine chemokine receptor; IFN: interferon; IL: interleukin; HLA: human leukocyte antigen. 
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Figure 6. Induction of periodontitis and periodontal bone loss by PMNs initiated by periodontal dysbiosis. The periodontal dysbiotic bacteria bind to C5aR-1 and TLR-2 on PMNs. The binding stimulates BLyS and APRIL release from PMNs, which then activate B cells to produce RANKL. The RANkL binds to RANK receptors on macrophages to facilitate these cells differentiating to osteoclasts (OC). Finally, periodontitis and bone loss in the periodontal tissue occur. BLyS: B Lymphocyte Stimulator; APRIL: A PRoliferation-Inducing Ligand; RANK: Receptor Activator of Nuclear factor Kappa; RANKL: RANK ligand; TLR: Toll Like Receptor; C5aR: Complement fragment 5a receptor. 
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Figure 7. The effects of placental decidual neutrophils and neutrophil myeloid-derived suppressor cells (PMN-MDSC) on the placental angiogenesis and maternal-fetal tolerance in the first and second trimesters. NK: natural killer cells, ROS: reactive oxygen species, VEGF: vascular endothelial growth factor; CD: cluster of differentiation; IL: interleukin; FOXP3: Forkhead box P3; GARP: Glycoprotein-A Repetitions Predominant gene; CCL: cysteine-cysteine chemokine ligand. 
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Figure 8. The productive and deleterious effects of low-density granulocytes (LDG) in patients with SLE. LDGs show a tendency to form NETs and induce a number of antinuclear antibodies and anti-neutrophil cytoplasmic antibodies (ANCAs) to mediate autoimmune diseases as shown on the left side. In addition, LDGs can secrete large amount of IFN-α to facilitate CD4+T cell’s production of cytokines and to exert a lot of immunological, inflammation, and vascular effects in patients with SLE as shown on right side. IFN; interferon; LT: lymphotoxin; TNF: tumor necrosis factor; HDL: high density lipoprotein; mito-: mitochondrial. 
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Figure 9. The molecular basis of PMNs on tumor killing, tumor promotion, and immunosuppression. PMNs can mediate tumor killing by way of anti-tumor antibody or anti-immunological checkpoint antibody (anti-PD-L1) via ADCC (A). Furthermore, the ADCC killing activity can augment polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC with surface markers of CD11b+-Gr-1+), which release arginase and suppressive-type exosomes containing miR-29a-3p and miR-93-5p to potently suppress NK, T cells with TCRx, Th1 and Th17 subpopulations whereas Treg is conversely activated (B). These suppressive effects on immune-related cells facilitate immunosuppression and tumor promotion. TCR: T cell receptor; PD: programmed cell death protein; PD-L: programmed cell death protein receptor; NK: natural killer cell; IFN: interferon, TNF: tumor nerosis factor; miR: microRNA; Gr: granulocytic marker; STAT: signal transducer and activator of transcription; T-bet: T box expressed in T cell transcription factor; Treg: regulatory T cell. 
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Figure 10. The molecular mechanism of neutrophils in inflammation resolution and wound healing. (A) Neutrophils release annexin A1 and lipoxin A4 as inflammation-resolution factors to suppress the inflammatory functions of PMNs, macrophages and mast cells. In addition, PMN-released ectosomes (Ecto), and exosomes (Exo) containing miR-223 also play important roles in suppressing inflammation. (B) Neutrophil-released hypoxia-induced factor-α (HIF-α) mediates a crucial role in tissue homeostasis and wound healing through induction of many tissue repair molecules after inflammation resolution. ECM: extracellular matrix; ICAM: intercellular adhesion molecule; miR: microRNA; M2: type 2 macrophage. 
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Figure 11. The interactions between neutrophils and platelets in hemostasis, thrombosis, systemic inflammatory vasculitis, and atherogenesis via binding between adhesion molecules (P-selectin, β2-integrin and β3-integrin) on platelets and P-selectin glycoprotein ligand-1 (PSGL-1) on neutrophils. After ligand-receptor binding, the released mediators including ROS, LTB4, and lysosomal enzymes can induce inflammatory vasculitis, whereas other factors including IL-8, VEGF and elastase can facilitate atheroma plaque development and atherogenesis in the blood vessels. LTB4: leukotriene B4; VEGF: vascular endothelial growth factor; ROS: reactive oxygen species; PL: platelet. 
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