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Abstract

:

Neutrophil extracellular traps (NETs) have been the subject of research in the field of innate immunity since their first description more than a decade ago. Neutrophils are the first cells recruited at sites of inflammation, where they perform their specific functions, including the release of NETs, which consist of web-like structures composed of granule proteins bound to decondensed chromatin fibres. This process has aroused interest, as it contributes to understanding how pathogenic microorganisms are contained, but they are also associated with pathophysiological processes of a wide range of diseases. Currently, there are growing reports of new molecules involved in the formation and release of NETs. However, whether the release of NETs contributes to eye diseases remains unclear. For this reason, the overall aim of this review is to gather current data of recent research in the ophthalmology field, where there is still much to discover.
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1. Introduction


Neutrophils are the main effector cells of an acute inflammation. Their anti-inflammatory role is due to their specialised functions [1]. More than a decade ago, it was posited that, upon activation, neutrophils release extracellular structures composed of granular and nuclear constituents that neutralise bacteria. Since then, these fibrous networks have been called neutrophils extracellular traps (NETs) [2]. As this phenomenon was originally considered a particular form of cell death, different from necrosis or apoptosis, the process was labelled “NETosis” [3]. Recently, this concept has changed due to reports of two forms of NETosis: suicidal and vital [4]. The controversy continues as to whether a NETs release is a physiological host defence process or whether it is a consequence of cellular rupture [5]. It is important to be aware that robust effector functions may also lead to tissue damage [6]. The function of NETs is to offer a physical barrier that foils infectious spreading and raise the extracellular compartment of the concentration of antimicrobial substances [7]. Current research of NETs is expanding worldwide, and new research has uncovered new pathways in terms of understanding the mechanism for activating and releasing NETs. In the present review, we discuss the role of NETs in pathological responses, focusing specifically on eye diseases.




2. Structure of Neutrophil Extracellular Traps


Although the overall composition of NETs remains unknown, it has been described that the main components of NETs structures are nuclear DNA and histones. Also, proteins contained in different neutrophil granules like bactericidal enzymes, such as neutrophil elastase (NE), myeloperoxidase (MPO), lactotransferrin (LTF), gelatinase, cathepsin G (CG), leukocyte proteinase 3 (PR3), calprotectin, cathelicidins, defensins, and actin, among many others, conform NETs [8].



NET scaffolds are composed of DNA fibres that are 15–17 nm in diameter and globular domains with diameters of 25–50 nm [9]. NETs can be studied using different techniques. In recent years, several strategies have been developed to identify NETs in vitro. Fluorescent microscopy is a versatile method that utilises different fluorescent-conjugated antibodies to specifically detect proteins, in combination with cell-membrane selective DNA-intercalating probes. Although there are some software programs that attempt to analyse NETs, but this technique is still observer-dependent, which is its main limitation. [10]. Another technique to study the release of NETs combines fluorescent microscopy and flow cytometry, also called multispectral imaging flow cytometry (MIFC) [11]. Scanning electron microscopy (SEM) has been useful to identify NETs. However, remnants of fibrin, fibronectin, and collagen can mimic NETs, revealing that SEM has limitations when NETs are analysed in tissue [12]. In order to quantify NETs, several methods have been described [11,13,14,15,16]. Each method offers alternatives for quantifying the release of NETs. So far, however, there is no single method for quantifying NETs.




3. Releasing of Neutrophil Extracellular Traps


The first description of NETs was performed with several stimuli, such as phorbol 12-myristate 13-acetate (PMA), bacterial lipopolysaccharide (LPS), and interleukin-8 (IL-8) [4,17]. Since then, a substantial number of inducers have been described, including harmful agents such as bacteria, fungi, protozoa and viruses, as well as their components [18]. In recent years, an increased number of activators have been proposed to induce the release of NETs, such as high-glucose medium, complement-derived peptides, autoantibodies, cigarette smoke, urate crystals, calcium ionophore, and activated platelets [4,19,20,21]. The mechanism by which neutrophils release NETs is not completely understood. It seems that the NETs releasing pathway depends on the stimuli. Recently, de Bont and colleagues reported that LPS, PMA, and the calcium ionophore A23187 promote NETs releasing through different pathways [22]. Another interesting study has mentioned that diverse stimuli for releasing NETs are heterogeneous in terms of both protein composition and post-translational modifications by means of proteomic approaches. This suggests that NETs induced in different conditions may have different biological effects [23].




4. Suicidal and Vital NETosis


Suicidal NETosis is the first and most studied model. Several stimuli can promote this process, but the best studied are those stimulated through PMA. In this context, it should be noted that this mechanism is dependent on reactive oxygen species (ROS) generation [4,5,24]. It persists for 2–4 h and consists of a specific neutrophil lysis, which begins with chromatin decondensation, followed by nuclear membrane disintegration and a mixture of DNA material and cytoplasmic components, including neutrophil granule contents. This leads to plasmatic membrane dissolution and cell death [24]. It has been reported that there are two different mechanisms of vital NETosis, depending on the origin of DNA release—nuclear or mitochondrial DNA. The former is a ROS-independent generation process; this mechanism has been described as occurring with staphylococcus aureus stimulation, and it has been observed that NETs release is through a vesicular-dependent manner and is very rapid (5–60 min) [25]. Meanwhile, in the latter process, NETs that are released contain only mitochondrial DNA [26]. In this non-cell death mechanism, the NETs release is preserved, as well as the phagocyte neutrophil capability. This seems to represent a response against microorganism aggression [6,26].




5. Neutrophil Extracellular Traps Pathways and Involved Molecules


The mechanism by which NETs are released is still controversial and is being studied by various research groups. Since their first description to date, we know that more than 30 components of the neutrophil granules are involved, and fibres are composed of DNA and histones. Thus, NETosis processes have been described as aforementioned. We also know that, on one hand, they contribute to inflammatory resolution processes, but on the other, they can contribute within the pathophysiological mechanism of diseases, although the exact molecular and biochemical mechanisms involved in NETs release are not completely understood.



The NETosis process has been described by several authors as dynamic, beginning with the disappearance of the nuclear structure and followed by a rupture of the nuclear envelope. Then, the components of the nucleus portion are commingled with the cytoplasm. Finally, the rupture of the neutrophil membrane occurs, although we know that the latter does not occur with certain stimuli. Independent of the stimulus, the NET release process is independent of transcription [27]. The release of NETs is evolutionarily conserved within the animal and plant kingdoms and has been described in different species [4].



It has been described that suicidal NETosis model depends on the protein kinase C activity (PCK) as the key modulator of this pathway, which is also NADPH oxidase 2 (Nox 2) dependent [5]. This pathway initiates with the recognition of any stimulus that activates receptors, which induces the activation of signal-related kinases, such as PKC, p38, PI3K, Src, Raf/MERK/Erk, Akt, and Ark [28,29,30,31]. All of them are well-known and important kinases for Nox2-dependent NETs formation [30,32]. Further downstream, the multimeric complex of NADPH oxidase assembles at the phagosomal membrane and generates ROS. With ROS generation, cytosolic calcium increases, acting as a cofactor for peptidyl arginase deaminase 4 (PAD4). PAD4 is an enzyme that endorses deamination of histones, and therefore, favours chromatin decondensation [24]. However, there is evidence suggesting that physiological stimuli induce PAD4-dependent ROS-independent NETosis [33].



At the same time, while neutrophil elastase (NE) and myeloperoxidase (MPO) translocate from cytoplasm to the nucleus [34,35], MPO binds to chromatin and synergises with NE decondensing chromatin [34]. Subsequently, Nox2 complex produces ROS that work as second messengers, promoting nuclear membrane disintegration. This oxidative activation is important because NE binds to F- actin filaments in the cytoplasm and must degrade them in order to enter the nucleus [35]. This process allows nuclear content mixtures into the cytoplasm, ultimately loosing the plasmatic membrane and then discharging the neutrophil contents as extracellular traps [6,24,36]. Interestingly, pharmacological inhibition of NADPH oxidase or ROS scavengers block NETs formation with certain stimuli [32]. Moreover, neutrophils from patients’ chronic granulomatous disease, a primary immunodeficiency with mutations in NADPH oxidase subunits, lose their ability to release NETs in response to mitogens and some microbes, genetically confirming the relevance of ROS [37]. In contrast, there are some NETs stimuli, such as immune complexes, ionomycin and nicotine, that have been proposed to trigger NETosis independently of NADPH oxidase, depending instead on mitochondrial ROS [38].



Vital NETosis, in contrast to suicidal NETosis, is a live cell process at the time of releasing NETs. Neutrophils can release part of or the entire nucleus without breaching the cell membrane, resulting in an anuclear cytoplasm that is still able to move and phagocytose bacteria [4]. Thus, in this type of NETosis, neutrophils preserve some of their functions.



In this process, several molecules are involved, including MPO and NE. PAD4 is a nuclear enzyme that performs the citrullination of histones through the change of arginine for citrulline, making the overall charge of the histones less positive, particularly in histone H3 (H3Cit) [39]. This results in a lower affinity for the negatively charged DNA, thereby stimulating chromatin decondensation and eventually releasing NETs [22]. Although it has been described that PAD4 activation concludes in DNA decondensation, NE is sufficient for nuclei decondensation in vitro. However, the mechanism that disassembles the nuclear envelope in neutrophils is still unknown [34].



The mechanisms that regulate PAD4 activation in the NETs releasing process are not yet fully understood. There are still many controversies about the role of PAD4 activity in the release of NETs. For example, it has been described that when calcium ionophore is used, PAD4 is activated and a release of NETs occurs [22,38,40]. In contrast, neutrophil activation with PMA is a potent signal for releasing NETs in a PAD4-independent manner [41,42,43]. Moreover, it has recently been demonstrated that PAD4 activity is necessary to NET formation in a bacterial presence [44].



In this regard, Konig and Andrade have described two mechanisms that are different from NETosis: leukotoxic hypercitrullination (LTH) and defective mitophagy. Both have been erroneously classified as “NETosis” [40]. These authors showed evidence that PAD4 activation is independent of PMA. Actually, when PMA is used as an activator, all protein citrullination including H3Cit is abolished. Moreover, LTH is a NADPH oxidase-independent phenomenon and not necessarily bactericidal; in this process, NET-like structures (NLS) are released [40]. There are several features that distinguish LTH from NETosis—(1) NLS are triggered by prominent and sustained calcium influx and are inhibited by chelation of extracellular calcium [45], (2) NLS are generated independently of NADPH oxidase activity [45], (3) NLS require PAD4 activity and are suppressed by PAD inhibitors [41,46], (4) NLS undergo rapid formation (within minutes) [41], and (5) in LTH, protein citrullination is not limited to histones and transcription factors but encompasses proteins across all molecular weights [47]. On the other hand, defective mitophagy has not been associated with protein citrullination [40,48]. This has been explained as a compensatory mechanism for defect mithophagy. This mechanism is enhanced in neutrophils by inflammatory signals such LPS or C5a after priming with GM-CSF [26].



NETs and Disease


Despite NETs possessing antimicrobial activities and aiding in the resolution of inflammation [43], they also are pathologic in multiple diseases, such as autoimmune diseases [49], including arthritis [50,51], systemic lupus erythematosus [52,53,54,55], antiphospholipid antibody syndrome [56,57], small vessel vasculitis [58], and psoriasis [59,60,61,62]. In cancer, neutrophils affect health through multiple mechanisms, and evidence for the role of NETs have been found [63,64,65,66,67,68,69] and continue to emerge [38]. In the cardiovascular system, NETs have played a role in atherothrombosis and venous thrombosis [70,71,72]. Another important disease in which NETs have relevance in its pathophysiology is sepsis. In this process, it has been demonstrated that a release of NETs increases the risk of venous thromboembolism (VTE). It has also been shown that a high percentage of NETs correlates with a high risk to present sepsis [73]. Moreover, the presence of NETs has induced multiple organ damage in an experimental sepsis model [74]. In lung diseases, NETs have an important role in chronic inflammation, including cystic fibrosis [75,76] and chronic obstructive pulmonary disease (COPD) [21,77,78,79].





6. Eye Diseases


As we have discussed earlier, the release of NETs is an aspect of damage seen in a wide variety of diseases. For a long time, it was considered that the eye was an immune-privilege organ without any immune response. Nevertheless, this idea is not entirely true. Several works have described that ocular immune privilege provides the eye with immune protection against inflammation in order to minimise the risk to vision [80], and the focus was on the ocular privilege associated with Treg response. On the other hand, we know that different diseases have an immune response, and the eye has a series of mechanisms that defend against infections, but it is also true that there are pathologies that are not yet known to regulate this.



In recent years, there has been evidence of NETs and their implication within pathophysiology in ocular diseases.




7. Cornea and Ocular Surface


The cornea is the transparent and avascular dome-shaped tissue of the eye. It represents a physical immune barrier, and together with the tear film, provides the anterior ocular refractive surface. Its transparency is due to the composition and physiology of its cellular constituents [81].



Eye rheum is a medial angle accumulated discharge, independent of any disease. Its composition consists mainly of leukocytes, neutrophils, and their related proteins. Aggregated neutrophil extracellular traps (aggNETs) have also been measured in the eye rheum, and it has been concluded that their presence prevents the spreading of inflammation because they degrade inflammatory mediators [82,83]. However, it has been found that chronic accumulation of aggNETs contributes to inflammation and tissue damage.



7.1. Dry Eye Disease


Dry eye disease (DED) is defined as a multifactorial disease of the ocular surface, characterised by a loss of homeostasis of the tear film and accompanied by ocular symptoms, in which tear film instability and hyperosmolarity occurs. Ocular surface inflammation, damage and neurosensory abnormalities play etiological roles [84]. The dynamic turnover of the corneal epithelium is increased in DED. This is regulated by apoptosis, which stimulates the immune system, leading to the extracellular DNA (eDNA) release and NETosis. It has been suggested that, in healthy eyes, the eDNA is cleared by nucleases contained in tears, but in patients with DED (mainly in severe cases), it has been found to be nuclease deficient. This permits the tear gathering of eDNA and NETs to trigger and perpetrate inflammation of the ocular surface [85]. This theory was supported by Tibrewal and colleagues, who reported the presence of excessive amounts of eDNA in the tear fluid of patients with DED associated with a release of NETs, which was higher in patients with worse DED, which in turn is associated with hyperosmolar stress and the deprivation of nucleases [86]. Therefore, a high amount of NETs is expected to be found on the ocular surface in patients with DED. The outcomes of these studies were supported by Mun and colleagues, through a pilot clinical trial of recombinant human deoxyribonuclease I (0.1% DNase) eye drops in patients with DED. After comparing the use of DNase versus placebo eye drops in 41 patients four times a day for eight weeks, they demonstrated a significant reduction in symptomatic and clinical severity of DED. In relation to the mechanisms previously described, this result could possibly be explained due to degradation of the NETs [87].



Ocular sicca in chronic graft-versus-host disease (GVHD) has also been related to NETosis. GVHD is a complication that takes place in patients after hematopoietic stem cell transplantation, and ocular GVHD (oGVHD) is a particular clinical manifestation of chronic GVHD. Clinical signs and symptoms of oGVHD are related to eyelid disease and tear deficiency. However, it is not considered merely as a specific form of tear deficiency or dry eye. In fact, oGVHD has different pathophysiology and treatment than DED, but it is associated with a dysregulated immunity response. Through the analysis of ocular surface washing from patients with oGVHD, An and colleagues demonstrated an increase in associated NET-cytokines levels, such as MPO and IL-8, among others, which are well-known to be chronic inflammation contributors. Also, they showed therapeutic effects of sub-anticoagulant dose heparin (100 IU/mL) eye drops through the destabilisation and clearance of NETs from the ocular surface [88], demonstrating the essential role of NETs in oGVHD.




7.2. Infectious Keratitis


The leading cause of monocular blindness worldwide is corneal disease, and infectious keratitis is among the leading causes of corneal opacities. This pathology is more common among marginalised populations. The prognosis and clinical outcome of this ocular pathology is determined by the proper identification of the causative microorganism, as well as effective management.



In comparison with other tissues, the late immune response against infectious microbes could be significant because of corneal avascularity. The epidemiology of infectious keratitis is related to the population studied. While in developed countries it is associated with bacterial ulcers, mainly due to contact lens use, in developing countries, fungi are common causative agents [89]. Several keratitis cases in contact lens wearers are often caused by Pseudomonas aeruginosa, a Gramm negative bacterium with a harmful evolution that can cause permanent vision loss. The immune reaction against Pseudomonas is dominated by neutrophil response, but the infiltration pattern changes upon the Pseudomonas strain [90,91]. When Shan and colleagues tested the ability of Pseudomonas strains to release NETs and their vulnerability to be NET-captured, they found that even cytotoxic strains are better inductors of NETs and are less sensitive to be NET-captured [90]. Since the first description of NETs made by Brinkmann in 2004, the antimicrobial properties of NETs were described and explained through degradation of virulence factors and bacteria killing [2]. Current data has explained some NET evasion mechanisms in keratitis are caused by Pseudomonas strains. Pseudomonas employs virulence factors, like the type-3 secretion system (T3SS). T3SS also forms biofilms through Psl exopolysaccharide and favours bacterium NET escape. The inefficacy of neutrophils to penetrate Pseudomonas biofilm leads to the production and release of NETs as an attempt to avoid bacteria spreading [92]. The shedding of outer membrane vesicles (OMVs) contributes to avoid Pseudomonas linking to NETs; thus, the shedding of OMVs as a possible therapeutic target should be considered [93].



Mycotic keratitis is usually developed from corneal injury due to agricultural work or, less frequently, in contact lens users. Ulcers caused by fungi have worse outcomes than bacterial ulcers [93]. Although neutrophils can clear conidia fungi forms by phagocytosis, the hyphae of fungi are too large to be cleared by this mechanism, and NET release has been reported as a capture and kill neutrophil machinery in yeast and hyphal forms. Jin and colleagues studied the relationship between the quantification of NETs and the prognosis of fungal keratitis in vivo. They studied and measured DNA-releasing neutrophils in 14 patients with clinical and final diagnostic biopsy of fungal keratitis, in which the culture was positive for Fusarium sp., Aspergylus sp., Candida, and Alternaria sp. They demonstrated the existence of NETs in different stages from day 2 to day 22, suggesting their role in the entire stage of this infectious pathology, but they did not find any relationship between the number of NETs and the size of the ulcer. However, they did identify a close relationship between the patient response to therapy and the quantity of NETs [93].





8. Corneal Injuries and Repair


Due to its location, the cornea is susceptible to possible injuries like abrasions, burns, infections, and de-epithelisation. Depending on the damage, those stimuli can trigger the corneal wound healing process, impacting on the tissue transparency and, in some cases, producing permanent impairment of vision [94]. As previously studied, the exacerbated production of NETs offers the basis for the progress and preservation of inflammation. We have previously reported that NET release is presented in a rabbit corneal alkali burn, and intracameral injection of human amniotic mesenchymal stem cells (hAM-MSC) was able to significantly inhibit NET release. hAM-MSC were also able to reduce the number of inflammatory cells and infiltrated neutrophil, as well as neovascularisation and corneal opacity. These effects are attributable to their immunosuppressive molecules [95].




9. Uveitis


Uveitis refers to a group of eye diseases that are defined by intraocular inflammation, specifically affecting the uveal tract, which compromises the iris, ciliary body, and choroid [96]. It also includes other inflammation of adjacent intraocular structures, such as the retina, vitreous, and optic nerve and, depending on the severity, can generate imminently harmful ocular injuries [97]. Uveitis can be acute, chronic, or recurrent, infectious or non-infectious, granulomatous or non-granulomatous, and unilateral or bilateral [98,99].



The main non-infectious causes of uveitis are acute anterior uveitis, Behçet’s disease (BD), Vogt-Koyanagi-Harada (VKH), and juvenile idiopathic arthritis (JIA), among others. Interestingly, it has been described that in non-infectious uveitis, the immune response is the main responsible cause [100].



The main infectious aetiologies of uveitis include pathogens like the herpes virus, Toxoplasma gondii, Mycobacterium tuberculosis, and Treponema pallidum [99], among others. To date, it is estimated that uveitis is responsible for about 10% of legal blindness in the United States per year. The socioeconomic impact of uveitis lies in the main affected age group being the young and middle working-age population; thus, the patients are usually economically active [101,102].



BD is a systemic vasculitis that affects arteries or veins [103]. Clinical features consist of recurrent oral and genital ulcers associated with inflammatory manifestations with skin, eyes, joints, gastrointestinal, and central nervous system involvement. It is histologically diagnosed by an intense neutrophilic infiltrate. There are reports that describe an inappropriate hyperactivity of neutrophils by cytokines and other molecules that produce increased volumes of superoxide anion via NADPH oxidase (Nox2) [103,104]. Clinical criteria for ocular BD diagnosis include anterior and posterior ocular segment involvement: uveitis, hypopyon iritis and retinitis. The wide range of ocular BD features include mild to severe clinical conditions. The most common anterior segment BD manifestation is bilateral non-granulomatous anterior uveitis, usually associated with transient hypopyon, that responds to topical steroid treatments. Posterior segment presentation includes retinitis, vitritis, and retinal vasculitis, which can provoke complications such as cystoid macular oedema and retinal ischaemia, with subsequent retinal neovascularization [105]. In a study conducted by Safi and colleagues, it was described that patients with BD had vasculitis as a result of a high release of NETs. It is also mentioned that 58% of patients had ocular manifestations, such as anterior uveitis, posterior uveitis, and panuveitis, among others [106], suggesting an active role of NETs release in BD aetiopathogenesis. In another study conducted by Perazzio and colleagues, they studied how the neutrophils from patients with severe BD showed up before and after PMA stimulation, with an increase in their oxidative burst activity via a CD40-dependent phosphoinositide 3-kinase/NF-κB pathway. This was compared with cells from patients with mild manifestations of BD [107]. This provided the basis for this team to study the effect of the soluble CD40 ligand (sCD40L), a member of the TNF family, in relation to the release of NETs. This soluble form of CD40 is related to the antigen-presenting cell process, T-cell activation, and platelet aggregation [107,108]. Current data has shown a rise of sCD40L serum levels in BD patients. Recently, Perazzio and colleagues demonstrated a significant increase of NET release and reactive oxygen species production after neutrophil stimulation with sCD40L and a decrease by blocking this molecule [107]. This indicates an active function of this molecule as a possible target for the treatment for BD or other related NET releasing pathologies.



Although increased NET release has been studied in systemic lupus erythematosus and rheumatoid arthritis, there are no current studies of NET release and its association with ocular manifestations of these diseases [50,53]. We consider BD as ocular symptoms that are required criteria for the diagnoses.




10. Vitreoretinal Pathologies


Diabetic retinopathy (DR) is one of the main causes of avoidable bilateral blindness worldwide [109,110,111]. It has been considered as a microvascular complication related to diabetes mellitus, and its diagnosis and classification is based on visible vascular lesions on the retina. There are two main stages—non-proliferative DR (NPDR) and proliferative diabetic retinopathy (PDR). In the first stage of PDR, microaneurysms, retinal haemorrhages, and vascular tortuosity are present in the ophthalmoscopical examination, while in the second stage, frank neovascularization is found [111]. An important additional categorisation in DR is diabetic macular oedema (DME), which is a fluid accumulation into the neural retina that leads to abnormal retinal thickening and often cystoid oedema of the macula [111]. It is one of the major complications of DR [112]. The hallmark of DR pathophysiology lies in the compromised integrity of blood–retinal barrier (BRB). It has been described that long-term hyperglycaemia promotes an increase in vascular capillary permeability, letting neutrophils pass through it, infiltrating choroid and retina and therefore enabling retinopathy progression, which is caused by this chronic inflammation condition [113,114].



Within the pathophysiology of DR there are reports of pro-inflammatory molecules, as well as growth factors involved in the exacerbation of the disease. Several inflammatory cytokines, such as IL-1ß, IL-6, IL-8, tumour necrosis factor-alpha (TNF-α), and monocyte chemoattractant protein-1 (MCP-1), have been reported as elevated in vitreous samples from NPDR patients [115]. In contrast, another study of patients with PDR described elevated levels of pro inflammatory cytokines, IL-1ß, IL-6, IL8, and CCL2. However, they reported that IL-10 was similar to that obtained in the controls [116].



Some important factors such as endothelin 1 (EDN1, also called ET-1), vascular endothelial growth factor (VEGF), and TNF-α have been involved in the inflammatory reactivity and neovascularisation of PDR. By another hand, in patients with DME, it has been found that the levels of angiopoietin-2 (ANg2), an important modulator of angiogenesis of VEGF, is elevated in comparison to controls [111]. In recent years, the use of therapy based on intravitreal injection of anti-vascular endothelial growth factor (anti-VEGF) drugs has become the first line of treatment for PDR [112]. In order to describe another therapy, experiments in vitro have demonstrated that corticosteroids also modulate vascular permeability by suppressing the production of VEGF mRNA, VEGF-mediated protein expression, and VEGF receptor in human cell cultures, macrophages, and endothelial cells [112].



As aforementioned, DME is the major complication in PDR; thus, treatment alternatives have been investigated. Intravitreal steroid administration has shown to be an alternative to anti-VEGF drugs in treatment of naïve eyes affected by DME. This reduced the frequency of anti-VEGF intravitreal injections in patients with coronary diseases, for whom anti-VEGF agents are contraindicated [112,117].



Certain studies associated NET release as a factor involved in the pathogenesis of DR. Wang and colleagues showed that neutrophils from diabetic patients, especially in PDR, are able to promote spontaneous release of NETs and that neutrophils of healthy controls are able to release NETs when they are stimulated by high glucose levels. They also studied the association between high glucose-induced NETosis and NADPH oxidase-derived ROS pathways [113].



Although it has been studied and reported that high glucose medium can increase NET release in vivo and in vitro [118], it has even been reported that levels of NET markers are independent factors for diabetic retinopathy [119]; yet, the molecular mechanisms that stimulate its release has not been clearly elucidated.



The existence of NETosis has been reported in ocular inflammation induced by proinflammatory cytokines in a mouse model and in samples obtained via standard pars plana vitrectomy of diabetic patients with PDR. In the same study, they confirmed the presence of NETs, and these authors proved in their mouse model that NETs can be degraded with DNase I, which has been reported to help in clinical NETs association when used as eye drops [86].



Barliya and colleagues have demonstrated the existence of NET release in a mouse model and human samples. They injected two well-known inflammatory cytokines, IL-8 and TNF-α, into murine eyes as NET inductors. NETosis was measured by considering specific marker staining for MPO, NE, and H3Cit. They found aggregate neutrophils in anterior and posterior chambers with NET staining markers. Their results confirmed eDNA through the inhibition of H3Cit staining when DNAase treatment was applied. In the same study, the authors analysed vitreous human samples of diabetic patients with proliferative retinopathy that underwent vitrectomy and correlated NET release with the severity of the disease. As expected, they reported that those patients with worse clinical features showed a higher release of NETs [120].




11. Age Macular Degeneration


Age macular degeneration (AMD) is an acquired central retina degeneration and the leading cause of irreversible visual impairment in elderly people. Within its aetiology, environmental factors are well-described as triggers for the disease in both of its forms: dry or atrophic and exudative or neovascular “wet” AMD. The latter is less frequent but the most serious because it causes severe visual loss [121].



The pathogenesis of neovascular AMD is multifactorial; however, it is well-known that the hallmark of macular oedema is the breakdown of the blood retinal barrier (BRB), which leads to vascular leakage. This condition is common in retinal diseases, such as diabetic retinopathy, cystoid macular oedema, ischaemic retinal vein occlusion and some forms of posterior uveitis [122]. The breakdown of the BRB facilitates immune cell infiltration, as previous reports show [123]. Although the molecular mechanisms are not well-understood, it has been reported in histopathological studies of AMD eyes that the presence of “drusen”, lipoproteinaceous undigested products of retinal pigment epithelium (RPE) exist between the RPE and Bruch’s membrane, as well as basal laminar deposits, which are remarkably related to choroidal neovascularisation [124]. Histological reports of these infiltrates have proven the existence of complement molecules like C3, C5b-9, and the membrane attack complex (MAC), as well as macrophages that, due to TNF stimulation, initiate VEGF production by RPE [121,125]. The retina is susceptible to these factors and produces inflammatory cytokines such as VEGF and tissue factors that induce fibrin growth, which act as a platform for Choroidal Neovascularisation (CNV) development [121].



Furthermore, it is known that VEGF not only contributes to vascular dysfunctions, but acts as a pro-inflammatory molecule, as long as it endorses the expression of inflammatory cytokines like IL-8 [126], a biomarker of NET release, and promotes ROS production derived from NADPH oxidase in turn [115]. VEGF is also a regulator of angiogenesis and a main contributor of macular oedema development either in AMD or DR. While the molecular pathogenesis of these pathologies is different, they have a background of inflammatory microenvironment in common [111,127].



Although there is no current data of NETosis related to AMD, as previously mentioned, there is a study on a diabetic rat model where the existence of NETs was demonstrated in eye tissues, specifically vitreous body and retina. Their presence was justified by peripheral neutrophils that had infiltrated when BRB broke. In the same study, authors reported a reduction in NETs release after anti-VEGF therapy [113]. As shown, the research field on AMD is promising.




12. Future Perspectives


The overall aim of this review has been to condense current data of NETs related to healthy eyes and ocular diseases. As demonstrated, the better the understanding of molecular processes during inflammation, the better the assessment of intervention pathways to control it.



Future work concerns taking a deeper approach of NET release mechanisms and molecules involved, in order to obtain new proposals that help with the diagnosis, prognosis and management of ocular pathologies.



A better understanding of NETosis triggers during diseases may aid in discovering new therapeutic potential interventions based on ocular molecular components. Therapeutic interventions centred on clearing NETs as well as inhibiting their signalling molecules could yield innovative targets to work with.



Molecule systems involved in NET release production should be a focus of future research. Assessment of those molecular changes implicated in the NET release process will provide new insights into the pathogenesis and therefore the potential management of a wide range of diseases.



A schematic summary is presented in Figure 1.







Funding


This study was supported by grants from Consejo Nacional de Ciencia y Tecnología (CONACyT): Problemas Nacionales 0311; Fondo Sectorial en Salud 273349. UNAM-PAPIIT-DGAPA: IN215617.




Acknowledgments


Gibrán Alejandro Estúa Acosta is a doctoral student from Programa de Doctorado en Ciencias Biomédicas, Universidad Nacional Autónoma de México (UNAM) and was supported by CONACyT CVU: 661449.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kolaczkowska, E.; Kubes, P. Neutrophil recruitment and function in health and inflammation. Nat. Rev. Immunol. 2013, 13, 159–175. [Google Scholar] [CrossRef]

	



Brinkmann, V. Neutrophil Extracellular Traps Kill Bacteria. Science 2004, 303, 1532–1535. [Google Scholar] [CrossRef]

	



Fuchs, T.A.; Abed, U.; Goosmann, C.; Hurwitz, R.; Schulze, I.; Wahn, V.; Weinrauch, Y.; Brinkmann, V.; Zychlinsky, A. Novel cell death program leads to neutrophil extracellular traps. J. Cell Boil. 2007, 176, 231–241. [Google Scholar] [CrossRef] [PubMed]

	



Brinkmann, V. Neutrophil Extracellular Traps in the Second Decade. J. Innate Immun. 2018, 10, 414–421. [Google Scholar] [CrossRef] [PubMed]

	



Yipp, B.G.; Kubes, P. NETosis: How vital is it? Blood 2013, 122, 2784–2794. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J. Neutrophils in tissue injury and repair. Cell Tissue Res. 2018, 371, 531–539. [Google Scholar] [CrossRef] [PubMed]

	



Kruger, P.; Saffarzadeh, M.; Weber, A.N.R.; Rieber, N.; Radsak, M.; Von Bernuth, H.; Benarafa, C.; Roos, D.; Skokowa, J.; Hartl, D. Neutrophils: Between Host Defence, Immune Modulation, and Tissue Injury. PLOS Pathog. 2015, 11, e1004651. [Google Scholar] [CrossRef] [PubMed]

	



Urban, C.F.; Ermert, D.; Schmid, M.; Abu-Abed, U.; Goosmann, C.; Nacken, W.; Brinkmann, V.; Jungblut, P.R.; Zychlinsky, A. Neutrophil extracellular traps contain calprotectin, a cytosolic protein complex involved in host defense against Candida albicans. PLOS Pathog. 2009, 5, e1000639. [Google Scholar] [CrossRef]

	



Jabłońska, E.; Garley, M.; Iwaniuk, A.; Wrona, W.R.; Dąbrowska, D. New Aspects of the Biology of Neutrophil Extracellular Traps. Scand. J. Immunol. 2016, 84, 317–322. [Google Scholar]

	



Van Der Linden, M.; Westerlaken, G.H.A.; Van Der Vlist, M.; Van Montfrans, J.; Meyaard, L. Differential Signalling and Kinetics of Neutrophil Extracellular Trap Release Revealed by Quantitative Live Imaging. Sci. Rep. 2017, 7, 6529. [Google Scholar] [CrossRef]

	



Zhao, W.; Fogg, D.K.; Kaplan, M.J. A novel image-based quantitative method for the characterization of NETosis. J. Immunol. Methods 2015, 423, 104–110. [Google Scholar] [CrossRef]

	



Krautgartner, W.D.; Klappacher, M.; Hannig, M.; Obermayer, A.; Hartl, D.; Marcos, V.; Vitkov, L. Fibrin Mimics Neutrophil Extracellular Traps in SEM. Ultrastruct. Pathol. 2010, 34, 226–231. [Google Scholar] [CrossRef]

	



Brinkmann, V.; Goosmann, C.; Kühn, L.I.; Zychlinsky, A. Automatic quantification of in vitro NET formation. Front. Immunol. 2012, 3, 413. [Google Scholar] [CrossRef]

	



de Buhr, N.; von Köckritz-Blickwede, M. How Neutrophil Extracellular Traps Become Visible. J. Immunol. Res. 2016, 2016, 4604713. [Google Scholar] [CrossRef]

	



Mohanty, T.; Sørensen, O.E.; Nordenfelt, P. NETQUANT: Automated Quantification of Neutrophil Extracellular Traps. Front. Immunol. 2018, 8, 1999. [Google Scholar] [CrossRef]

	



Arends, E.J.; Van Dam, L.S.; Kraaij, T.; Kamerling, S.W.; Rabelink, T.J.; Van Kooten, C.; Teng, Y.O. A High-throughput Assay to Assess and Quantify Neutrophil Extracellular Trap Formation. J. Vis. Exp. 2019, e59150. [Google Scholar] [CrossRef]

	



Takei, H.; Araki, A.; Watanabe, H.; Ichinose, A.; Sendo, F. Rapid killing of human neutrophils by the potent activator phorbol 12-myristate 13-acetate (PMA) accompanied by changes different from typical apoptosis or necrosis. J. Leukoc. Boil. 1996, 59, 229–240. [Google Scholar] [CrossRef]

	



Branzk, N.; Lubojemska, A.; Hardison, S.E.; Wang, Q.; Gutierrez, M.G.; Brown, G.D.; Papayannopoulos, V. Neutrophils sense microbial size and selectively release neutrophil extracellular traps in response to large pathogens. Nat. Immunol. 2014, 15, 1017–1025. [Google Scholar] [CrossRef]

	



Hoppenbrouwers, T.; Autar, A.S.A.; Sultan, A.R.; Abraham, T.E.; van Cappellen, W.A.; Houtsmuller, A.B.; van Wamel, W.J.B.; van Beusekom, H.M.M.; van Neck, J.W.; de Maat, M.P.M. In vitro induction of NETosis: Comprehensive live imaging comparison and systematic review. PLOS ONE 2017, 12, e0176472. [Google Scholar] [CrossRef]

	



Mitroulis, I.; Kambas, K.; Chrysanthopoulou, A.; Skendros, P.; Apostolidou, E.; Kourtzelis, I.; Drosos, G.I.; Boumpas, D.T.; Ritis, K. Neutrophil Extracellular Trap Formation Is Associated with IL-1β and Autophagy-Related Signaling in Gout. PLOS ONE 2011, 6, e29318. [Google Scholar] [CrossRef]

	



Qiu, S.-L.; Deng, J.-M.; Liu, G.-N.; Zhang, H.; Tang, Q.-Y.; Bai, J.; He, Z.-Y.; Li, M.-H.; Zhong, X.-N. Neutrophil extracellular traps induced by cigarette smoke activate plasmacytoid dendritic cells. Thorax 2017, 72, 1084–1093. [Google Scholar] [CrossRef]

	



De Bont, C.M.; Koopman, W.J.; Boelens, W.C.; Pruijn, G.J. Stimulus-dependent chromatin dynamics, citrullination, calcium signalling and ROS production during NET formation. Biochim. et Biophys. Acta (BBA)-Bioenerg. 2018, 1865, 1621–1629. [Google Scholar] [CrossRef]

	



Petretto, A.; Bruschi, M.; Pratesi, F.; Croia, C.; Candiano, G.; Ghiggeri, G.; Migliorini, P. Neutrophil extracellular traps (NET) induced by different stimuli: A comparative proteomic analysis. PLOS ONE 2019, 14, e0218946. [Google Scholar] [CrossRef]

	



Delgado-Rizo, V.; Martínez-Guzmán, M.A.; Iñiguez-Gutierrez, L.; García-Orozco, A.; Alvarado-Navarro, A.; Fafutis-Morris, M. Neutrophil Extracellular Traps and Its Implications in Inflammation: An Overview. Front. Immunol. 2017, 8, 81. [Google Scholar] [CrossRef]

	



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]

	



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]

	



Sollberger, G.; Amulic, B.; Zychlinsky, A. Neutrophil Extracellular Trap Formation Is Independent of De Novo Gene Expression. PLOS ONE 2016, 11, e0157454. [Google Scholar] [CrossRef]

	



Saitoh, T.; Komano, J.; Saitoh, Y.; Misawa, T.; Takahama, M.; Kozaki, T.; Uehata, T.; Iwasaki, H.; Omori, H.; Yamaoka, S.; et al. Neutrophil Extracellular Traps Mediate a Host Defense Response to Human Immunodeficiency Virus-1. Cell Host Microbe 2012, 12, 109–116. [Google Scholar] [CrossRef]

	



DeSouza-Vieira, T.; Guimarães-Costa, A.; Rochael, N.C.; Lira, M.N.; Nascimento, M.T.; Lima-Gomez, P.S.; Mariante, R.M.; Persechini, P.M.; Saraiva, E.M. Neutrophil extracellular traps release induced by Leishmania: Role of PI3Kγ, ERK, PI3Kσ, PKC, and [Ca2+]. J. Leukoc. Biol. 2016, 100, 801–810. [Google Scholar] [CrossRef]

	



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]

	



Remijsen, Q.; Vanden Berghe, T.; Wirawan, E.; Asselbergh, B.; Parthoens, E.; De Rycke, R.; Noppen, S.; Delforge, M.; Willems, J.; Vandenabeele, P. Neutrophil extracellular trap cell death requires both autophagy and superoxide generation. Cell Res. 2011, 21, 290–304. [Google Scholar] [CrossRef]

	



Hakkim, A.; Fuchs, T.A.; Martinez, N.E.; Hess, S.; Prinz, H.; Zychlinsky, A.; Waldmann, H. Activation of the Raf-MEK-ERK pathway is required for neutrophil extracellular trap formation. Nat. Chem. Biol. 2011, 7, 75–77. [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, 9. [Google Scholar] [CrossRef]

	



Papayannopoulos, V.; Metzler, K.D.; Hakkim, A.; Zychlinsky, A. Neutrophil elastase and myeloperoxidase regulate the formation of neutrophil extracellular traps. J. Cell Boil. 2010, 191, 677–691. [Google Scholar] [CrossRef]

	



Metzler, K.D.; Goosmann, C.; Lubojemska, A.; Zychlinsky, A.; Papayannopoulos, V. A Myeloperoxidase-Containing Complex Regulates Neutrophil Elastase Release and Actin Dynamics during NETosis. Cell Rep. 2014, 8, 883–896. [Google Scholar] [CrossRef]

	



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

	



Bianchi, M.; Hakkim, A.; Brinkmann, V.; Siler, U.; Seger, R.A.; Zychlinsky, A.; Reichenbach, J. Restoration of NET formation by gene therapy in CGD controls aspergillosis. Blood 2009, 114, 2619–2622. [Google Scholar] [CrossRef]

	



Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat. Rev. Immunol. 2018, 18, 134–147. [Google Scholar] [CrossRef]

	



Nomura, K.; Miyashita, T.; Yamamoto, Y.; Munesue, S.; Harashima, A.; Takayama, H.; Fushida, S.; Ohta, T. Citrullinated Histone H3: Early Biomarker of Neutrophil Extracellular Traps in Septic Liver Damage. J. Surg. Res. 2019, 234, 132–138. [Google Scholar] [CrossRef]

	



Konig, M.F.; Andrade, F. A Critical Reappraisal of Neutrophil Extracellular Traps and NETosis Mimics Based on Differential Requirements for Protein Citrullination. Front. Immunol. 2016, 7, 209. [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 Boil. 2009, 184, 205–213. [Google Scholar] [CrossRef]

	



Neeli, I.; Radic, M. Opposition between PKC isoforms regulates histone deimination and neutrophil extracellular chromatin release. Front. Immunol. 2013, 4, 38. [Google Scholar] [CrossRef]

	



Holmes, C.L.; Shim, D.; Kernien, J.; Johnson, C.J.; Nett, J.E.; Shelef, M.A. Insight into Neutrophil Extracellular Traps through Systematic Evaluation of Citrullination and Peptidylarginine Deiminases. J. Immunol. Res. 2019, 2019, 1–11. [Google Scholar] [CrossRef]

	



Saha, P.; Yeoh, B.S.; Xiao, X.; Golonka, R.M.; Singh, V.; Wang, Y.; Vijay-Kumar, M. PAD4-dependent NETs generation are indispensable for intestinal clearance of Citrobacter rodentium. Mucosal Immunol. 2019, 12, 761–771. [Google Scholar] [CrossRef]

	



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. Boil. 2012, 92, 841–849. [Google Scholar] [CrossRef]

	



Lewis, H.D.; Liddle, J.; Coote, J.E.; Atkinson, S.J.; Barker, M.D.; Benjamin, D.B.; Bicker, K.L.; Bingham, R.P.; Campbell, M.; Chen, Y.H.; et al. Inhibition of PAD4 activity is sufficient to disrupt mouse and human NET formation. Nat. Methods 2015, 11, 189–191. [Google Scholar] [CrossRef]

	



Darrah, E.; Rosen, A.; Giles, J.T.; Andrade, F. Peptidylarginine deiminase 2, 3 and 4 have distinct specificities against cellular substrates: Novel insights into autoantigen selection in rheumatoid arthritis. Ann. Rheum. Dis. 2012, 71, 92–98. [Google Scholar] [CrossRef]

	



Caielli, S.; Athale, S.; Domic, B.; Murat, E.; Chandra, M.; Banchereau, R.; Baisch, J.; Phelps, K.; Clayton, S.; Gong, M.; et al. Oxidized mitochondrial nucleoids released by neutrophils drive type I interferon production in human lupus. J. Exp. Med. 2016, 213, 697–713. [Google Scholar] [CrossRef]

	



Lee, K.H.; Kronbichler, A.; Park, D.D.-Y.; Park, Y.; Moon, H.; Kim, H.; Choi, J.H.; Choi, Y.; Shim, S.; Lyu, I.S.; et al. Neutrophil extracellular traps (NETs) in autoimmune diseases: A comprehensive review. Autoimmun. Rev. 2017, 16, 1160–1173. [Google Scholar] [CrossRef]

	



Chowdhury, C.S.; Giaglis, S.; A Walker, U.; Buser, A.; Hahn, S.; Hasler, P. Enhanced neutrophil extracellular trap generation in rheumatoid arthritis: Analysis of underlying signal transduction pathways and potential diagnostic utility. Arthritis Res. Ther. 2014, 16, R122. [Google Scholar] [CrossRef]

	



Yu, H.-C.; Lu, M.-C. The roles of anti-citrullinated protein antibodies in the immunopathogenesis of rheumatoid arthritis. Tzu Chi Med J. 2019, 31, 5–10. [Google Scholar]

	



Kahlenberg, J.M.; Carmona-Rivera, C.; Smith, C.K.; Kaplan, M.J. Neutrophil extracellular trap-associated protein activation of the NLRP3 inflammasome is enhanced in lupus macrophages. J. Immunol. 2013, 190, 1217–1226. [Google Scholar] [CrossRef]

	



Hakkim, A.; Fürnrohr, B.G.; Amann, K.; Laube, B.; Abu Abed, U.; Brinkmann, V.; Herrmann, M.; Voll, R.E.; Zychlinsky, A. Impairment of neutrophil extracellular trap degradation is associated with lupus nephritis. Proc. Natl. Acad. Sci. USA 2010, 107, 9813–9818. [Google Scholar] [CrossRef]

	



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]

	



Van Dam, L.S.; Kraaij, T.; A Kamerling, S.W.; Bakker, J.A.; Scherer, U.H.; Rabelink, T.J.; Van Kooten, C.; Teng, Y.O. Neutrophil extracellular trap formation is intrinsically distinct in ANCA -associated vasculitis and systemic lupus erythematosus. Arthritis Rheumatol. 2019. [Google Scholar] [CrossRef]

	



Meng, H.; Yalavarthi, S.; Kanthi, Y.; Mazza, L.F.; Elfline, M.A.; Luke, C.E.; Pinsky, D.J.; Henke, P.K.; Knight, J.S. In vivo role of neutrophil extracellular traps in antiphospholipid antibody-mediated venous thrombosis. Arthritis Rheumatol. 2017, 69, 655–667. [Google Scholar] [CrossRef]

	



Yalavarthi, S.; Gould, T.J.; Rao, A.N.; Mazza, L.F.; Morris, A.E.; Núñez-Álvarez, C.; Hernández-Ramírez, D.; Bockenstedt, P.L.; Liaw, P.C.; Cabral, A.R.; et al. Release of neutrophil extracellular traps by neutrophils stimulated with antiphospholipid antibodies: A newly identified mechanism of thrombosis in the antiphospholipid syndrome. Arthritis Rheumatol. 2015, 67, 2990–3003. [Google Scholar] [CrossRef]

	



Kessenbrock, K.; Krumbholz, M.; Schönermarck, U.; Back, W.; Gross, W.L.; Werb, Z.; Gröne, H.-J.; Brinkmann, V.; E Jenne, D. Netting neutrophils in autoimmune small-vessel vasculitis. Nat. Med. 2009, 15, 623–625. [Google Scholar] [CrossRef]

	



Hu, S.C.-S.; Yu, H.-S.; Yen, F.-L.; Lin, C.-L.; Chen, G.-S.; Lan, C.-C.E. Neutrophil extracellular trap formation is increased in psoriasis and induces human β-defensin-2 production in epidermal keratinocytes. Sci. Rep. 2016, 6, 31119. [Google Scholar] [CrossRef]

	



Zabieglo, K.; Majewski, P.; Majchrzak-Gorecka, M.; Wlodarczyk, A.; Grygier, B.; Zegar, A.; Kapinska-Mrowiecka, M.; Naskalska, A.; Pyrc, K.; Dubin, A.; et al. The inhibitory effect of secretory leukocyte protease inhibitor (SLPI) on formation of neutrophil extracellular traps. J. Leukoc. Boil. 2015, 98, 99–106. [Google Scholar] [CrossRef]

	



Hoffmann, J.H.; Enk, A.H. Neutrophil extracellular traps in dermatology: Caught in the NET. J. Dermatol. Sci. 2016, 84, 3–10. [Google Scholar] [CrossRef]

	



Shao, S.; Fang, H.; Dang, E.; Xue, K.; Zhang, J.; Li, B.; Qiao, H.; Cao, T.; Zhuang, Y.; Shen, S.; et al. Neutrophil Extracellular Traps Promote Inflammatory Responses in Psoriasis via Activating Epidermal TLR4/IL-36R Crosstalk. Front. Immunol. 2019, 10. [Google Scholar] [CrossRef]

	



Demers, M.; Krause, D.S.; Schatzberg, D.; Martinod, K.; Voorhees, J.R.; Fuchs, T.A.; Scadden, D.T.; Wagner, D.D. Cancers predispose neutrophils to release extracellular DNA traps that contribute to cancer-associated thrombosis. Proc. Natl. Acad. Sci. USA 2012, 109, 13076–13081. [Google Scholar] [CrossRef]

	



Cedervall, J.; Zhang, Y.; Huang, H.; Zhang, L.; Femel, J.; Dimberg, A.; Olsson, A.-K. Neutrophil Extracellular Traps Accumulate in Peripheral Blood Vessels and Compromise Organ Function in Tumor-Bearing Animals. Cancer Res. 2015, 75, 2653–2662. [Google Scholar] [CrossRef]

	



Demers, M.; Wong, S.L.; Martinod, K.; Gallant, M.; Cabral, J.E.; Wang, Y.; Wagner, D.D. Priming of neutrophils toward NETosis promotes tumor growth. OncoImmunology 2016, 5, e1134073. [Google Scholar] [CrossRef]

	



Park, J.; Wysocki, R.W.; Amoozgar, Z.; Maiorino, L.; Fein, M.R.; Jorns, J.; Schott, A.F.; Kinugasa-Katayama, Y.; Lee, Y.; Won, N.H.; et al. Cancer cells induce metastasis-supporting neutrophil extracellular DNA traps. Sci. Transl. Med. 2016, 8, 361ra138. [Google Scholar] [CrossRef]

	



Berger-Achituv, S.; Brinkmann, V.; Abu-Abed, U.; Kühn, L.I.; Ben-Ezra, J.; Elhasid, R.; Zychlinsky, A. A proposed role for neutrophil extracellular traps in cancer immunoediting. Front. Immunol. 2013, 4, 48. [Google Scholar] [CrossRef]

	



Coffelt, S.B.; Wellenstein, M.D.; De Visser, K.E. Neutrophils in cancer: Neutral no more. Nat. Rev. Cancer 2016, 16, 431–446. [Google Scholar] [CrossRef]

	



Nicolás-Ávila, J.Á.; Adrover, J.M.; Hidalgo, A. Neutrophils in Homeostasis, Immunity, and Cancer. Immunity 2017, 46, 15–28. [Google Scholar]

	



Fuchs, T.A.; Brill, A.; Duerschmied, D.; Schatzberg, D.; Monestier, M.; Myers, D.D.; Wrobleski, S.K.; Wakefield, T.W.; Hartwig, J.H.; Wagner, D.D. Extracellular DNA traps promote thrombosis. Proc. Natl. Acad. Sci. USA 2010, 107, 15880–15885. [Google Scholar] [CrossRef]

	



Napirei, M.; Ludwig, S.; Mezrhab, J.; Klöckl, T.; Mannherz, H.G. Murine serum nucleases - contrasting effects of plasmin and heparin on the activities of DNase1 and DNase1-like 3 (DNase1l3). FEBS J. 2009, 276, 1059–1073. [Google Scholar] [CrossRef]

	



Von Brühl, M.-L.; Stark, K.; Steinhart, A.; Chandraratne, S.; Konrad, I.; Lorenz, M.; Khandoga, A.; Tirniceriu, A.; Coletti, R.; Köllnberger, M.; et al. Monocytes, neutrophils, and platelets cooperate to initiate and propagate venous thrombosis in mice in vivo. J. Exp. Med. 2012, 209, 819–835. [Google Scholar] [CrossRef]

	



Kumar, S.; Gupta, E.; Kaushik, S.; Srivastava, V.K.; Saxena, J.; Mehta, S.; Jyoti, A. Quantification of NETs formation in neutrophil and its correlation with the severity of sepsis and organ dysfunction. Clin. Chim. Acta 2019, 495, 606–610. [Google Scholar] [CrossRef]

	



Czaikoski, P.G.; Mota, J.M.; Nascimento, D.C.; Sônego, F.; Castanheira, F.V.; Melo, P.H.; Scortegagna, G.T.; Silva, R.L.; Barroso-Sousa, R.; Souto, F.O.; et al. Neutrophil Extracellular Traps Induce Organ Damage during Experimental and Clinical Sepsis. PLoS ONE 2016, 11, e0148142. [Google Scholar] [CrossRef]

	



Dwyer, M.; Shan, Q.; D’Ortona, S.; Maurer, R.; Mitchell, R.; Olesen, H.; Thiel, S.; Huebner, J.; Gadjeva, M. Cystic fibrosis sputum DNA has NETosis characteristics and neutrophil extracellular trap release is regulated by macrophage migration-inhibitory factor. J. Innate Immun. 2014, 6, 765–779. [Google Scholar] [CrossRef]

	



Marcos, V.; Zhou-Suckow, Z.; Önder Yildirim, A.; Bohla, A.; Hector, A.; Vitkov, L.; Krautgartner, W.D.; Stoiber, W.; Griese, M.; Eickelberg, O.; et al. Free DNA in cystic fibrosis airway fluids correlates with airflow obstruction. Mediators Inflamm. 2015, 2015, 408935. [Google Scholar] [CrossRef]

	



Grabcanovic-Musija, F.; Obermayer, A.; Stoiber, W.; Krautgartner, W.-D.; Steinbacher, P.; Winterberg, N.; Bathke, A.C.; Klappacher, M.; Studnicka, M. Neutrophil extracellular trap (NET) formation characterises stable and exacerbated COPD and correlates with airflow limitation. Respir. Res. 2015, 16, 347. [Google Scholar] [CrossRef]

	



Obermayer, A.; Stoiber, W.; Krautgartner, W.-D.; Klappacher, M.; Kofler, B.; Steinbacher, P.; Vitkov, L.; Grabcanovic-Musija, F.; Studnicka, M. New Aspects on the Structure of Neutrophil Extracellular Traps from Chronic Obstructive Pulmonary Disease and In Vitro Generation. PLOS ONE 2014, 9, e97784. [Google Scholar] [CrossRef]

	



Hosseinzadeh, A.; Thompson, P.R.; Segal, B.H.; Urban, C.F. Nicotine induces neutrophil extracellular traps. J. Leukoc. Boil. 2016, 100, 1105–1112. [Google Scholar] [CrossRef]

	



Keino, H.; Horie, S.; Sugita, S. Immune Privilege and Eye-Derived T-Regulatory Cells. J. Immunol. Res. 2018, 2018, 1–12. [Google Scholar] [CrossRef]

	



Delmonte, D.W.; Kim, T. Anatomy and physiology of the cornea. J. Cataract. Refract. Surg. 2011, 37, 588–598. [Google Scholar] [CrossRef] [PubMed]

	



Mahajan, A.; Grüneboom, A.; Petru, L.; Podolska, M.J.; Kling, L.; Maueröder, C.; Dahms, F.; Christiansen, S.; Günter, L.; Krenn, V.; et al. Frontline Science: Aggregated neutrophil extracellular traps prevent inflammation on the neutrophil-rich ocular surface. J. Leukoc. Boil. 2019, 105, 1087–1098. [Google Scholar] [CrossRef] [PubMed]

	



Thanabalasuriar, A.; Kubes, P. Rise and shine: Open your eyes to produce anti-inflammatory NETs. J. Leukoc. Boil. 2019, 105, 1083–1084. [Google Scholar] [CrossRef] [PubMed]

	



Craig, J.P.; Nichols, K.K.; Akpek, E.K.; Caffery, B.; Dua, H.S.; Joo, C.-K.; Liu, Z.; Nelson, J.D.; Nichols, J.J.; Tsubota, K.; et al. TFOS DEWS II Definition and Classification Report. Ocul. Surf. 2017, 15, 276–283. [Google Scholar] [CrossRef] [PubMed]

	



Sonawane, S.; Khanolkar, V.; Namavari, A.; Chaudhary, S.; Gandhi, S.; Tibrewal, S.; Jassim, S.H.; Shaheen, B.; Hallak, J.; Horner, J.H.; et al. Ocular Surface Extracellular DNA and Nuclease Activity Imbalance: A New Paradigm for Inflammation in Dry Eye Disease. Investig. Opthalmology Vis. Sci. 2012, 53, 8253–8263. [Google Scholar] [CrossRef] [PubMed]

	



Tibrewal, S.; Ivanir, Y.; Sarkar, J.; Nayeb-Hashemi, N.; Bouchard, C.S.; Kim, E.; Jain, S. Hyperosmolar Stress Induces Neutrophil Extracellular Trap Formation: Implications for Dry Eye Disease. Investig. Opthalmology Vis. Sci. 2014, 55, 7961–7969. [Google Scholar] [CrossRef] [PubMed]

	



Mun, C.; Gulati, S.; Tibrewal, S.; Chen, Y.-F.; An, S.; Surenkhuu, B.; Raju, I.; Buwick, M.; Ahn, A.; Kwon, J.-E.; et al. A Phase I/II Placebo-Controlled Randomized Pilot Clinical Trial of Recombinant Deoxyribonuclease (DNase) Eye Drops Use in Patients With Dry Eye Disease. Transl. Vis. Sci. Technol. 2019, 8, 10. [Google Scholar] [CrossRef] [PubMed]

	



An, S.; Raju, I.; Surenkhuu, B.; Kwon, J.-E.; Gulati, S.; Karaman, M.; Pradeep, A.; Sinha, S.; Mun, C.; Jain, S. Neutrophil extracellular traps (NETs) contribute to pathological changes of ocular graft-vs.-host disease (oGVHD) dry eye: Implications for novel biomarkers and therapeutic strategies. Ocul. Surf. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Austin, A.; Lietman, T.; Rose-Nussbaumer, J. Update on the Management of Infectious Keratitis. Ophthalmology 2017, 124, 1678–1689. [Google Scholar] [CrossRef] [PubMed]

	



Shan, Q.; Dwyer, M.; Rahman, S.; Gadjeva, M. Distinct Susceptibilities of Corneal Pseudomonas aeruginosa Clinical Isolates to Neutrophil Extracellular Trap-Mediated Immunity. Infect. Immun. 2014, 82, 4135–4143. [Google Scholar] [CrossRef] [PubMed]

	



Cole, N.; Willcox, M.D.P.; Fleiszig, S.M.J.; Stapleton, F.; Bao, B.; Tout, S.; Husband, A. Different strains of Pseudomonas aeruginosa isolated from ocular infections or inflammation display distinct corneal pathologies in an animal model. Curr. Eye Res. 1998, 17, 730–735. [Google Scholar] [CrossRef] [PubMed]

	



Thanabalasuriar, A.; Scott, B.N.V.; Peiseler, M.; Willson, M.E.; Zeng, Z.; Warrener, P.; Keller, A.E.; Surewaard, B.G.J.; Dozier, E.A.; Korhonen, J.T.; et al. Neutrophil Extracellular Traps Confine Pseudomonas aeruginosa Ocular Biofilms and Restrict Brain Invasion. Cell Host Microbe 2019, 25, 526–536.e4. [Google Scholar] [CrossRef] [PubMed]

	



Jin, X.; Zhao, Y.; Zhang, F.; Wan, T.; Fan, F.; Xie, X.; Lin, Z. Neutrophil extracellular traps involvement in corneal fungal infection. Mol. Vis. 2016, 22, 944–952. [Google Scholar] [PubMed]

	



Ljubimov, A.V.; Saghizadeh, M. Progress in corneal wound healing. Prog. Retin. Eye Res. 2015, 49, 17–45. [Google Scholar] [CrossRef] [PubMed]

	



Navas, A.; Magaña-Guerrero, F.S.; Domínguez-López, A.; Chávez-García, C.; Partido, G.; Graue-Hernández, E.O.; Sánchez-García, F.J.; Garfias, Y. Anti-Inflammatory and Anti-Fibrotic Effects of Human Amniotic Membrane Mesenchymal Stem Cells and Their Potential in Corneal Repair. STEM CELLS Transl. Med. 2018, 7, 906–917. [Google Scholar] [CrossRef] [PubMed]

	



Bertrand, P.J.; Jamilloux, Y.; Ecochard, R.; Richard-Colmant, G.; Gerfaud-Valentin, M.; Guillaud, M.; Denis, P.; Kodjikian, L.; Sève, P. Uveitis: Autoimmunity… and beyond. Autoimmun. Rev. 2019, 18, 102351. [Google Scholar] [CrossRef]

	



Krishna, U.; Ajanaku, D.; Denniston, A.K.; Gkika, T. Uveitis: A sight-threatening disease which can impact all systems. Postgrad. Med. J. 2017, 93, 766–773. [Google Scholar] [CrossRef]

	



Kim, J.S.; Knickelbein, J.E.; Nussenblatt, R.B.; Sen, H.N. Clinical Trials in Noninfectious Uveitis. Int. Ophthalmol. Clin. 2015, 55, 79–110. [Google Scholar] [CrossRef]

	



Tsirouki, T.; Dastiridou, A.; Symeonidis, C.; Tounakaki, O.; Brazitikou, I.; Kalogeropoulos, C.; Androudi, S. A Focus on the Epidemiology of Uveitis. Ocul. Immunol. Inflamm. 2018, 26, 2–16. [Google Scholar] [CrossRef]

	



Rothova, A.; Hajjaj, A.; de Hoog, J.; Thiadens, A.A.H.J.; Dalm, V.A.S.H. Uveitis causes according to immune status of patients. Acta Ophthalmol. 2019, 97, 53–59. [Google Scholar] [CrossRef]

	



Suttorp-Schulten, M.S.; Rothova, A. The possible impact of uveitis in blindness: A literature survey. Br. J. Ophthalmol. 1996, 80, 844–848. [Google Scholar] [CrossRef]

	



Sève, P.; Cacoub, P.; Bodaghi, B.; Trad, S.; Sellam, J.; Bellocq, D.; Bielefeld, P.; Sène, D.; Kaplanski, G.; Monnet, D.; et al. Uveitis: Diagnostic work-up. A literature review and recommendations from an expert committee. Autoimmun. Rev. 2017, 16, 1254–1264. [Google Scholar] [CrossRef] [PubMed]

	



Emmi, G.; Becatti, M.; Bettiol, A.; Hatemi, G.; Prisco, D.; Fiorillo, C. Behçet’s Syndrome as a Model of Thrombo-Inflammation: The Role of Neutrophils. Front. Immunol. 2019, 10, 1085. [Google Scholar] [CrossRef] [PubMed]

	



Jennette, J.C. Overview of the 2012 Revised International Chapel Hill Consensus Conference Nomenclature of Vasculitides. Clin. Exp. Nephrol. 2013, 17, 603–606. [Google Scholar] [CrossRef] [PubMed]

	



International Team for the Revision of the International Criteria for Behçet’s Disease (ITR-ICBD). The International Criteria for Behçet’s Disease (ICBD): A collaborative study of 27 countries on the sensitivity and specificity of the new criteria. J. Eur. Acad. Dermatol. Venereol. 2014, 28, 338–347. [Google Scholar] [CrossRef] [PubMed]

	



Safi, R.; Kallas, R.; Bardawil, T.; Mehanna, C.J.; Abbas, O.; Hamam, R.; Uthman, I.; Kibbi, A.-G.; Nassar, D. Neutrophils contribute to vasculitis by increased release of neutrophil extracellular traps in Behçet’s disease. J. Dermatol. Sci. 2018, 92, 143–150. [Google Scholar] [CrossRef] [PubMed]

	



Perazzio, S.F.; Soeiro-Pereira, P.V.; Dos Santos, V.C.; De Brito, M.V.; Salu, B.; Oliva, M.L.V.; Stevens, A.M.; De Souza, A.W.S.; Ochs, H.D.; Torgerson, T.R.; et al. Soluble CD40L is associated with increased oxidative burst and neutrophil extracellular trap release in Behçet’s disease. Arthritis Res. Ther. 2017, 19, 235. [Google Scholar] [CrossRef] [PubMed]

	



Hassan, G.S.; Merhi, Y.; Mourad, W. CD40 Ligand: A neo-inflammatory molecule in vascular diseases. Immunobiology 2012, 217, 521–532. [Google Scholar] [CrossRef]

	



Congdon, N.G.; Friedman, D.S.; Lietman, T. Important Causes of Visual Impairment in the World Today. JAMA 2003, 290, 2057. [Google Scholar] [CrossRef]

	



Klein, B.E.K. Overview of Epidemiologic Studies of Diabetic Retinopathy. Ophthalmic Epidemiol. 2007, 14, 179–183. [Google Scholar] [CrossRef]

	



Rübsam, A.; Parikh, S.; Fort, P.E. Role of Inflammation in Diabetic Retinopathy. Int. J. Mol. Sci. 2018, 19, 942. [Google Scholar] [CrossRef] [PubMed]

	



Semeraro, F.; Morescalchi, F.; Cancarini, A.; Russo, A.; Rezzola, S.; Costagliola, C. Diabetic retinopathy, a vascular and inflammatory disease: Therapeutic implications. Diabetes Metab. Available online: https://doi.org/10.1016/j.diabet.2019.04.002 (accessed on 18 April 2019). [CrossRef] [PubMed]

	



Wang, L.; Zhou, X.; Yin, Y.; Mai, Y.; Wang, D.; Zhang, X. Hyperglycemia Induces Neutrophil Extracellular Traps Formation Through an NADPH Oxidase-Dependent Pathway in Diabetic Retinopathy. Front. Immunol. 2018, 9, 3076. [Google Scholar] [CrossRef] [PubMed]

	



Wellen, K.E.; Hotamisligil, G.S. Inflammation, stress, and diabetes. J. Clin. Investig. 2005, 115, 1111–1119. [Google Scholar] [CrossRef] [PubMed]

	



Boss, J.D.; Singh, P.K.; Pandya, H.K.; Tosi, J.; Kim, C.; Tewari, A.; Juzych, M.S.; Abrams, G.W.; Kumar, A. Assessment of Neurotrophins and Inflammatory Mediators in Vitreous of Patients With Diabetic Retinopathy. Investig. Opthalmology Vis. Sci. 2017, 58, 5594–5603. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Wang, S.; Xia, X. Role of Intravitreal Inflammatory Cytokines and Angiogenic Factors in Proliferative Diabetic Retinopathy. Curr. Eye Res. 2012, 37, 416–420. [Google Scholar] [CrossRef] [PubMed]

	



Lattanzio, R.; Cicinelli, M.V.; Bandello, F.; Zarbin, M.; Zucchiatti, I. Intravitreal Steroids in Diabetic Macular Edema. Vital Dye. Vitreoretinal Surg. 2017, 60, 78–90. [Google Scholar]

	



Park, J.-H.; Kim, J.-E.; Gu, J.-Y.; Yoo, H.J.; Nam-Goong, I.S. Evaluation of Circulating Markers of Neutrophil Extracellular Trap (NET) Formation as Risk Factors for Diabetic Retinopathy in a Case-Control Association Study. Exp. Clin. Endocrinol. Diabetes 2016, 124, 557–561. [Google Scholar] [CrossRef]

	



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]

	



Barliya, T.; Dardik, R.; Nisgav, Y.; Dachbash, M.; Gaton, D.; Kenet, G.; Ehrlich, R.; Weinberger, D.; Livnat, T. Possible involvement of NETosis in inflammatory processes in the eye: Evidence from a small cohort of patients. Mol. Vis. 2017, 23, 922–932. [Google Scholar]

	



Kumar-Singh, R. The role of complement membrane attack complex in dry and wet AMD - From hypothesis to clinical trials. Exp. Eye Res. 2019, 184, 266–277. [Google Scholar] [CrossRef] [PubMed]

	



Klaassen, I.; Van Noorden, C.J.; Schlingemann, R.O. Molecular basis of the inner blood-retinal barrier and its breakdown in diabetic macular edema and other pathological conditions. Prog. Retin. Eye Res. 2013, 34, 19–48. [Google Scholar] [CrossRef] [PubMed]

	



Soto, I.; Krebs, M.P.; Reagan, A.M.; Howell, G.R. Vascular Inflammation Risk Factors in Retinal Disease. Annu. Rev. Vis. Sci. 2019, 5. [Google Scholar] [CrossRef] [PubMed]

	



Kliffen, M.; Van Der Schaft, T.L.; Mooy, C.M.; De Jong, P.T. Morphologic changes in age-related maculopathy. Microsc. Res. Tech. 1997, 36, 106–122. [Google Scholar] [CrossRef]

	



El-Mollayess, G.M.; Noureddine, B.N.; Bashshur, Z.F. Bevacizumab and Neovascular Age Related Macular Degeneration: Pathogenesis and Treatment. Semin. Ophthalmol. 2011, 26, 69–76. [Google Scholar] [CrossRef] [PubMed]

	



Lee, T.-H.; Avraham, H.; Lee, S.-H.; Avraham, S. Vascular Endothelial Growth Factor Modulates Neutrophil Transendothelial Migration via Up-regulation of Interleukin-8 in Human Brain Microvascular Endothelial Cells. J. Boil. Chem. 2002, 277, 10445–10451. [Google Scholar] [CrossRef] [PubMed]

	



Rezar-Dreindl, S.; Eibenberger, K.; Pollreisz, A.; Bühl, W.; Georgopoulos, M.; Krall, C.; Weigert, G.; Schmidt-Erfurth, U.; Sacu, S. The Intraocular Cytokine Profile and Therapeutic Response in Persistent Neovascular Age-Related Macular Degeneration. Investig. Opthalmology Vis. Sci. 2016, 57, 4144. [Google Scholar] [CrossRef]








[image: Cells 08 00979 g001 550] 





Figure 1. Neutrophil extracellular traps in eye. Neutrophil extracellular traps (NETs) are involved in several diseases in eye. NETs are associated with the pathophysiological mechanism, contributing to the exacerbation of the disease in some cases, such as diabetic retinopathy, in corneal diseases for instance, dry eye disease (DED), another disease is uveitis. However, a benefit of the NETs in eye, we can see it in the eye rheum, in which the NETs prevent the spread of inflammation. AggNETS: Aggregated neutrophil extracellular traps; eDNA: extracellular DNA; DED: Dry eye disease. Created with: biorender.com. 
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