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Abstract

:

Neutrophils, traditionally viewed as first responders to infection or tissue damage, exhibit dynamic and diverse roles in ocular health and disease. This review elaborates on previous findings that showed how neutrophils contribute to ocular diseases. In ocular infections, neutrophils play a pivotal role in host defense by orchestrating inflammatory responses to combat pathogens. Furthermore, in optic nerve neuropathies and retinal degenerative diseases like age-related macular degeneration (AMD) and diabetic retinopathy (DR), neutrophils are implicated in neuroinflammation and tissue damage owing to their ability to undergo neutrophil extracellular trap formation (NETosis) and secretion of inflammatory molecules. Targeting neutrophil-dependent processes holds promise as a therapeutic strategy, offering potential avenues for intervention in ocular infections, cancers, and retinal degenerative diseases. Understanding the multifaceted roles of neutrophils in ocular diseases is crucial for developing targeted therapies to improve patient outcomes.
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1. Introduction


Neutrophils are white blood cells, playing a fundamental role in the body’s immune response [1]. They originate from hematopoietic stem cells in the bone marrow through a process called granulopoiesis. During granulopoiesis, these stem cells differentiate into myeloblasts, promyelocytes, myelocytes, metamyelocytes, band cells, and finally, mature neutrophils [1]. Neutrophils are divided into either normal-density neutrophils (NDNs) or low-density neutrophils (LDNs). Immature neutrophils, resting neutrophils, primed neutrophils, and activated neutrophils fall under NDNs. LDNs include immature LDNs, pro-inflammatory LDNs, immunosuppressive LDNs, and exhausted neutrophils [1]. Neutrophils are short-lived; therefore, they must be constantly replenished. This intricate developmental process ensures that a constant supply of neutrophils is ready to combat infections and maintain immune homeostasis [1]. Neutrophils in mice and humans are somewhat different, with mouse neutrophils being defined by the surface expression of lymphocyte antigen 6 family member G (Ly6G) and their lack of defensins [2]. The half-life of neutrophils also differs between mice and humans; however, there is debate over the respective times. The neutrophil-to-lymphocyte ratio (NLR; an important marker for infections and disease transitions) is also different among humans (50–70%) and mice (10–30%). Furthermore, in humans, it is estimated to be around 18 h, and for mice, it is estimated to be around 6–12 h [3].



The primary function of neutrophils is to protect the body against infections, particularly bacteria and fungi [4]. They achieve this through a process called phagocytosis, wherein they engulf and destroy invading microbes [5]. The ability of neutrophils to form neutrophil extracellular traps (NETs) when activated enables efficient removal of microbes as well as debris of cells undergoing cell death [5,6]. Neutrophils also release antimicrobial molecules, such as reactive oxygen species (ROS) and antimicrobial peptides, to enhance their killing capabilities [6]. Additionally, they play a role in modulating the inflammatory response by releasing cytokines and chemokines, which recruit other immune cells to the site of infection [6].



Neutrophils are implicated in various diseases, both infectious and non-infectious. In bacterial infections, they are the first responders, rapidly migrating to the site of infection to eliminate pathogens [7]. However, dysregulated neutrophil activation can lead to tissue damage and exacerbate inflammatory conditions like rheumatoid arthritis and inflammatory bowel disease as well as several age-related and/or neurodegenerative diseases of the central nervous system (CNS) and the retina [8,9,10,11,12,13,14]. Moreover, neutrophil dysfunction is associated with certain immunodeficiencies, making individuals more susceptible to infections [15,16]. Understanding the intricacies of neutrophil development, function, and dysregulation is vital for developing targeted therapies to modulate immune responses in various disease states.



In this review, we discuss the function of neutrophils in several ocular diseases. We demonstrate that although much remains unknown, investigating the role of neutrophils in ocular diseases is warranted, particularly in ocular surface infections, optic nerve neuropathies, and retinal degenerative diseases like age-related macular degeneration (AMD) and diabetic retinopathy (DR), owing to the critical role of these immune cells in maintaining ocular health. Understanding the process of neutrophil activation could elucidate potential therapeutic targets for several ocular diseases.




2. Neutrophils in Corneal Infections


Neutrophils are particularly important when it comes to ocular infections, such as with a common infection, conjunctivitis, or inflammation due to keratitis. Conjunctivitis and keratitis can both be caused by viruses or bacteria within the ocular environment [17]. Neutrophils have also been shown to be detrimental in corneal infections due to herpes simplex virus type-1 (HSV-1). Neutrophils within infected corneas expressed HSV-1 antigen and lytic genes and served as a disease-causing vector when adoptively transferred into mast cell-deficient Kit(W-sh) mice, indicating that mast cells serve as protective innate immune cells, and that neutrophils are detrimental in corneal infections [18]. Neutrophils also play a significant role in the reduction and elimination of virus replication in corneal epithelial cells. [19]. NETosis is observed in the infected eyes of murine models and human cases of HSV-1 infection. Furthermore, HSV-1 infection also activates Caspase-1 activation and myeloperoxidase secretion, indicating the activation of cell death (pyroptosis) pathways by neutrophils. Additionally, neutrophil depletion accentuated ocular pathology, augmented viral load, and escalated disease scores, proving the protective role of NETs in curtailing viral replication [19]. One of the leading causes of ocular infections such as conjunctivitis is S. aureus [17]. Phagocytosis by neutrophils is an effective method of eliminating this bacterium, mainly through the subsequent activation of the complement system. The pathogen is detected by the surface-bound opsonin receptors on the neutrophils, such as FcγRII, FcγRIII, CR1, and CR3, subsequently leading to internalization and engulfment in a phagosome. NADPH-dependent oxidases then generate ROS to eliminate the bacteria [20]. Interestingly, if bacteria such as S. aureus evade phagocytosis, neutrophil extracellular traps (NETs) can be deployed to eliminate the pathogen. In addition, S. aureus is known to elicit a different and specific form of NETosis, a countermeasure response against the immune response, eventually allowing the bacteria to spread [21,22]. Panton–Valentine Leukocidin (PVL) is an S. aureus-derived bicomponent leukotoxin that partially localizes to the mitochondria and will trigger ROS and start this altered NET formation [21,22]. On the contrary, neutrophils are also targeted by S.aureus during infection in the eye, particularly the cornea. It is known that syndecan-1-null (Sdc1−/−) mice are resistant to S. aureus corneal infection compared to wild-type mice. Moreover, depletion of neutrophils in the resistant Sdc1−/− mice increased the corneal bacterial burden, suggesting that syndecan-1 modulates neutrophil function to promote infection. Syndecan-1 significantly inhibits neutrophil-mediated bacterial killing without affecting infiltration of neutrophils into the infected cornea [23].



Other bacterial infections include inflammation of the cornea, or keratitis, which is associated with the bacterial etiological agent Streptococcus pyogenes and is dictated by the M-protein coat, which serves as a virulence factor [24]. However, neutrophils that detect the M-protein will release a heparin-binding protein through azurophilic granules, thus triggering the degranulation mechanism through signaling complexes that bind β1 integrins and fibrinogen, leading to bacterial elimination [24,25]. One of the key aftereffects of bacterial infections and the rise of immune cell populations in the eye is the effective resolution of the inflammatory processes. Such resolution after elimination of bacterial infections on ocular surfaces is key to re-establishing homeostasis. It has been shown that in C57BL/6 mouse corneas treated with Resolvin D1 (RvD1; anti-inflammatory molecule) after stimulation with S. aureus, there was reduced cytokine production in mouse corneas, corneal opacity development, thickening, and neutrophil infiltration, indicating downregulation of the inflammatory immune response [26]. Treatment with several resolving factors has been shown to be associated with effective resolution of ocular inflammation, in particular the normalization of neutrophil function after infections, and could serve as a putative therapeutic measure for such ocular diseases [27,28,29,30].



The ocular surface is very dynamic in terms of its microbial commensal population [31]. However, loss of commensal properties among these bacterial populations on the ocular surface has been associated with several infections, and the involvement of immune cells, including neutrophils, has been widely studied. In mice, loss of L-plastin (LCP1), an actin-bundling protein, resulted in an ocular commensal overgrowth, characterized by an increased presence of conjunctival Streptococcal spp. The commensal overgrowth correlated with susceptibility to P. aeruginosa-induced keratitis [32]. Mechanistically, the elevated commensal burden and the increase in infection susceptibility were linked to defects in neutrophil activation during homeostasis and in infection, along with a compromised bactericidal activity [32]. Additionally, using time-course transcriptome analysis, it has been noted that the neutrophil population had a sharp rise during the early stage of ocular surface infections like fungal keratitis and then gradually decreased as inflammation resolved [33]. Such activation of immune cells and subsequent immune responses led to upregulation of absent in melanoma 2 (AIM2)-, pyrin-, and Z-DNA binding protein 1 (ZBP1)-mediated PANoptosis, a newly identified cell death pathway that is regulated by multifaceted PANoptosome complexes and highlighted by crosstalk among pyroptosis (P), apoptosis (A), and/or necroptosis (N) pathways [33]. Neutrophils have also been shown to play a key role in a murine model of P. aeruginosa corneal infection (keratitis), where neutrophils secrete high levels of IL-1β, which requires the T3SS needle and translocon proteins along with gasdermin D (GSDMD) [34]. Both macrophages and neutrophils show effective immune response upon P. aeruginosa infection through inflammasome activation. Macrophages infected with PAO1 (strain of P. aeruginosa) and mutants lacking ExoS and ExoT (ΔexoST) require NLR family CARD domain-containing 4 (NLRC4) for IL-1β secretion [33]. Neutrophils infected with ΔexoST require NLRC4, but infection with PAO1 is dependent on Nod-like receptor family pyrin domain-containing 3 (NLRP3) and driven by the ADP ribosyl transferase (ADPRT) activity of ExoS [34]. These results indicate that diverse immune response signaling is prevalent in neutrophils and macrophages during P. aeruginosa-mediated corneal infections. Furthermore, ExoS ADPRT is critical in regulating inflammasome subtype usage in neutrophils versus macrophages and plays an unexpected role for NLRP3 in P. aeruginosa keratitis [34]. Furthermore, in A. fumigatus corneal infection, neutrophils are the major source of acidic mammalian chitinase (AMCase), and treatment with AMCase inhibitors or adoptive transfer of neutrophils from AMCase−/− mice resulted in retarded fungal elimination. These findings suggest that chitin synthases are critical fungal virulence factors, and that neutrophil-derived AMCase is an essential regulator of host defense [35]. A mouse model of a P. aeruginosa corneal infection showed that treatment with anti-chemokine (C-C motif) ligand 2 (CCL2) or anti-chemokine (C-C motif) ligand 3 (CCL3) antibodies resulted in a significant reduction in the severity of corneal damage and polymorphonuclear neutrophil (PMN) infiltration at 1 and 7 days after infection, without affecting the rate of bacterial clearance from the cornea. CCL2 and CCL3 are critical regulators of PMN recruitment and may lead to therapeutic strategies for the management of P. aeruginosa keratitis [36]. Interestingly, neutrophil activation and NETosis formation is also known to play a dual role in the pathogenesis of P. aeruginosa keratitis. In a mouse model of P. aeruginosa keratitis, treatment with tobramycin/dexamethasone (TobraDex), 0.3% tobramycin (Tobrex), or 0.1% dexamethasone showed that Tobrex reduced neutrophil infiltration and corneal P. aeruginosa burden [37]. Dexamethasone reduced NETs, bacterial burden, and severe neutrophil infiltration, and TobraDex produced a greater reduction in the amount of neutrophils, NETs, and bacterial burden [37]. This was associated with clinical findings showing that TobraDex- and Tobrex-treated mice exhibited slight corneal damage, whereas dexamethasone-treated mice exhibited very severe corneal damage. These results indicate that NETosis may play a dual role of infection control and corneal damage in P. aeruginosa keratitis [37]. Several neutrophil-derived or neutrophil-regulating factors have been shown to be critical in fungal keratitis and other ocular infections (bacterial and viral), providing ample evidence of the importance of these neutrophils in ocular surface infections [38,39,40].



The role of neutrophils as an acute-phase immune regulator provides a potential therapeutic target for several of these ocular surface infections. Secreted factors from the neutrophils are helpful in eliminating the pathogen; however, an unregulated immune response could be menacing to the ocular tissue. Therefore, effective resolution of inflammation and clearance of immune factors and cells from the infection site is warranted to maintain homeostasis, and treatment modalities targeting these processes should be of importance.




3. Neutrophils in Ocular Malignancies


In the context of cancer, persistent inflammation triggered by chronic infections, autoimmune diseases, or environmental factors creates a microenvironment conducive to tumorigenesis. This inflammatory tumor microenvironment (TME) is characterized by elevated levels of acellular components such as proinflammatory cytokines, growth factors, and ROS, all of which contribute to DNA damage, increased cell proliferation, and suppression of cell death—critical hallmarks of cancer development [41,42].



In addition to acellular components, TME is also the site of different cells, tumor-associated neutrophils (TANs) and macrophages (TAMs), T-cells, B-cells, myeloid-derived suppressor cells, mast cells, granulocytes, dendritic cells, adipocytes, vascular endothelial cells, and pericytes [43]. TME formation has also been observed in the case of ocular cancers such as uveal melanoma and conjunctival melanoma [44,45]. Though direct evidence linking neutrophils to ocular cancer remains limited, the established role of neutrophils in TME formation and cancer pathogenesis across various cancer types [46,47,48,49], suggests their potential involvement in ocular malignancies.




4. Neutrophils in Optic Nerve Diseases


Optic nerve diseases or optic neuropathies (ON) result from various causes including inflammation, glaucoma, ischemia, toxins/nutrition, trauma, or genetic factors. These conditions lead to damage to the optic nerve, resulting in the loss of retinal ganglion cells (RGCs), leading to irreversible visual impairment due to the limited capacity of RGC regeneration [50].



Inflammatory optic neuropathies like optic neuritis manifest as subacute unilateral vision loss, eye pain, decreased contrast/color sensitivity, and relative afferent pupillary defect [51]. The primary causes for such neuropathies are demyelination (e.g., multiple sclerosis-associated optic neuritis) and immune dysregulation. Inflammatory demyelination and pro-inflammatory cytokines contribute to conduction block in multiple sclerosis-associated optic neuritis, and neuromyelitis involves aquaporin-4 autoantibody-mediated astrocyte–microglia interaction and complement activation [51]. In the cases of auto-immune or infectious neuropathies, the visual acuity is inversely proportional to the number of infiltrating neutrophils crossing the blood–retina barrier (BRB). In the case of infectious ON, neutrophils release NETs. In addition to capturing and eliminating pathogens, NETs also aggravate the inflammatory response and thus act as a double-edged sword [52]. In ON neuropathies, the number and activation level of neutrophils in the periphery have been shown to be effective markers for assessing disease state and severity. Primary open-angle glaucoma (POAG), a classic example of optic neuropathy, exhibits slow, progressive, irreversible RGC degeneration, visual field defects, optic nerve head cupping, and elevated intraocular pressure [53]. An increased neutrophil-to-lymphocyte ratio (NLR) was observed in patients compared to controls; this ratio was directly correlated with disease severity [54]. These results suggest that the NLR levels may serve as an inflammatory predictor in POAG patients [54]. Ischemic optic neuropathy (ION) results from optic nerve infarction, classified as anterior (AION) or posterior (PION), arteritic or non-arteritic. Non-arteritic AION involves small-vessel ischemia/hypoperfusion, optic nerve swelling, compartment syndrome, and a cycle of axonal degeneration/RGC apoptosis. Arteritic AION is often caused by giant cell arteritis vasculitis [55]. NLR has also been shown to be upregulated in non-arteritic anterior ischemic optic neuropathy (NAION) and is suggestive of a new inflammatory marker for assessment of the severity of inflammation in NAION patients [56,57].



Neutrophils secrete a plethora of soluble factors. Dysregulation in the release of pro-inflammatory cytokines amplifies the inflammatory cascade, potentially leading to neuronal death in the optic nerve [58]. Neutrophils generate antimicrobial peptides, such as defensins and cathelicidins, which aid in combating potential bacterial or viral infections that may exacerbate optic nerve damage [59]. On the other hand, they also generate ROS through the respiratory burst, a potent antimicrobial mechanism. This excessive ROS production can induce oxidative stress, leading to lipid peroxidation, protein modification, and DNA damage, ultimately contributing to neuronal injury and demyelination [60]. In response to inflammatory stimuli, neutrophils release NETs, comprised of decondensed chromatin and antimicrobial proteins. Though NETs are initially a defensive mechanism, they can also cause collateral tissue damage and exacerbate inflammation in optic nerve diseases [61]. Neutrophils secrete proteolytic enzymes, including matrix metalloproteinases (MMPs) and neutrophil elastase, which can degrade and clear debris from the site of injury, facilitating tissue remodeling and regeneration. Experiments have shown that numerous neutrophils enter the mouse eye within a few hours of induction of an inflammatory reaction and express high levels of the atypical growth factor oncomodulin, which promotes optic nerve regeneration [62].



Neutrophils exhibit a complex duality in optic neuropathies, serving both protective and detrimental roles [50,51,52,53,54,55,56,57]. Their antimicrobial defense, debris clearance, and promotion of other immune cell recruitment contribute to inflammation resolution and tissue repair [52]. However, excessive neutrophil activation and infiltration can exacerbate damage through the release of pro-inflammatory cytokines, reactive oxygen species, proteolytic enzymes, and NETs, amplifying inflammation and compromising neuronal function [58,59,60,61,62]. This delicate balance is influenced by disease etiology, stage, and inflammatory milieu, necessitating careful modulation of neutrophil functions to harness their beneficial roles while mitigating detrimental effects for effective therapeutic interventions.




5. Neutrophils in Retinal Degeneration


Neutrophils are now thought to play critical roles in several retinal degenerative diseases, including AMD and DR. However, very little is still known about neutrophil regulation during these pathologies, with more emphasis placed on well-studied immune regulators and cells like microglia, macrophages/monocytes, and mast cells [63,64,65,66,67]. Herein, we aim to elucidate the function of neutrophils in retinal degenerative processes and to provide insight into whether targeting neutrophil activation or neutrophil-derived processes could be beneficial in delaying the progression of these diseases that have limited or no treatment options at present.



Neutrophils have been thought to be important in inherited retinal degenerative diseases including Stargardt disease, a rare genetic disease that causes degenerative changes in the macular region of the retina, an area that is required for visual acuity [68]. Neutrophil myeloperoxidase (MPO) triggers the H2O2-dependent oxidation of chloride anion to generate hypochlorous acid, a potent antimicrobial agent. Aberrant degranulation of neutrophils leads to the release of MPO to the extracellular space, thereby causing tissue damage through induction of oxidation of several additional substrates. RPE cells take up MPO through mannose 6-phosphate receptor and then target it to the lysosomes [69], where MPO exerts both cell-protective and cytotoxic functions. Interestingly, MPO catalyzes the in vitro degradation of N-retinylidene-N-retinylethanolamine, a toxic form of retinal lipofuscin that accumulates in RPE lysosomes and drives the pathogenesis of Stargardt macular degeneration [69]. Furthermore, chronic cellular uptake and accumulation of MPO in lysosomes reduces lysosomal pH, thereby activating transcription factor EB (TFEB) and cell death pathways. These results indicate that acute exposure of neutrophil degranulation proteins to RPE cells triggers the elimination of harmful lipofuscin components, whereas chronic exposure results in progressive accumulation of MPO in lysosomes leading to cell death and might be associated with the progression of Stargardt disease [69].



Neutrophils are now thought to be critical for disease progression in AMD. It has been shown that patients with AMD have a higher NLR compared to healthy controls [70]. Moreover, it has been shown that NLR correlates with disease severity and may serve as a biomarker of inflammation in AMD [71]. Additionally, patients with neo-vascular AMD showed increased expression of the activity marker cluster of differentiation (CD) 66b, decreased expression of adhesion marker CD162, and diminished expression of the resolution of inflammation marker C-X-C chemokine receptor 2 in peripheral blood, suggesting that the activity of circulating neutrophils may differ in patients with neovascular AMD [72]. These results provide evidence that neutrophils are altered in number and activation level in human AMD patients, which could possibly serve as a marker for disease onset. However, larger cohorts need to be evaluated to further establish these findings.



Studies on animal models and human AMD donor tissues suggested that neutrophils infiltrate the retina in non-exudative/dry AMD and trigger retinal degeneration [10,11,12]. Using mouse models that lack the Cryba1 gene (which encodes βA3/A1-crystallin, a lysosomal luminal protein) and Akt2 knockin (KI) specifically in the RPE (Cryba1 cKO and Akt2 KI) and develop an AMD-like phenotype with age, it was shown that neutrophils infiltrate the sub-retinal space of these mouse models with age [10,11,73,74]. Additionally, in a separate well-studied animal model of wet AMD, there was also retinal infiltration of neutrophils [75]. IL-1β (a major inflammatory cytokine associated with AMD) was localized to Ly6G-positive, Iba1-negative infiltrating neutrophils in laser-induced choroidal neovascularization (CNV) lesions in the retina [75]. In addition to these mouse models, human dry AMD cadaver sections also showed extensive infiltration of activated neutrophils as evident from the expression of neutrophil degranulation proteins Lipocalin-2 and MPO as well as NETosis markers, and citrunilated histone positivity in these cells [11,12], suggesting that the infiltration and degranulation of activated neutrophils could thereby be responsible for tissue damage in the retina, leading to progression of AMD.



RPE cells govern the anti-inflammatory niche in the sub-retinal space (SRS), a region now thought to be critical for the chronic inflammation associated with AMD [10,11,12,63,64,65]. However, diseased RPE cells trigger infiltration of several immune cells into the sub-retinal space and facilitate their persistence, which subsequently leads to retinal degenerative changes [64,65]. Additionally, other immune cells, like microglia (resident immune cells in the retina), also infiltrate the SRS in the disease state [63]. Microglia have been shown to play a critical dual role in both homeostatic and degenerative processes in the retina [10,63]. The question now is whether there is any dynamic interaction of these immune cells (microglia, neutrophils) in the SRS and what the role of the RPE is in this context (Figure 1). It is known that microglia can eliminate infiltrating neutrophils [76]. However, it can be speculated that in AMD, the changes in the immune niche within the SRS, alterations in RPE function, and the release of pro-inflammatory mediators could reduce the immune surveillance function of the microglia (Figure 1). It has been shown by extensive scRNAseq analysis followed by bioinformatics using the ligand–receptor (LR) loop tool that each of these cell types (microglia, neutrophils, and RPE) shows dynamic interactions in the SRS of a mouse model as the disease progresses [10]. Additionally, RPE-derived factors trigger the activation of microglia, which subsequently activate neutrophils, leading to NETosis formation and LCN-2 and MPO activation [10]. These activated neutrophils could also induce early RPE changes in immune-compromised mice [10]. Therefore, on the basis of these findings, it is understandable that targeting these pro-inflammatory processes in the RPE could be beneficial by inhibiting the infiltration of neutrophils and other immune cells into the SRS. It has been shown that inhibiting AKT2 in the RPE of Cryba1 cKO and Akt2 KI mice diminishes abnormal microglial activation, neutrophil infiltration, and early RPE changes in mouse models [10,11]. Targeting these processes is critical and could have therapeutic importance, leading to the development of therapeutic interventions to delay the progression of AMD. However, in-depth analysis must be explored to identify specific cell–cell interaction pathways at the SRS, particularly using both mouse models and human AMD donor tissues.



In addition to AMD, neutrophils have also been shown to play a critical role in DR [13,14]. Studying retinal tissues from human donors with proliferative diabetic retinopathy and a mouse model of ischemic retinopathies, researchers uncovered a new role for neutrophils in vascular remodeling during disease pathogenesis [77]. They found that senescent blood vessels release signals that attract neutrophils and induce the production of NETs, which ultimately clear diseased endothelial cells and remodel unhealthy vessels. Inhibiting NETosis prevented the regression of senescent vessels and prolonged disease, indicating that clearing senescent retinal blood vessels promotes reparative vascular remodeling [77]. Furthermore, neutrophil elastase (NE), a serine protease secreted by neutrophils, is known to be elevated in diabetes [13]. There is an increase in retinal vascular permeability and levels of NE in both the retina and plasma of diabetic wild-type animals. These abnormalities are significantly reduced in mice lacking elastase (Elane−/−) [13,14]. In vitro studies show that NE increases retinal endothelial cell permeability, partly inhibited by MyD88, NF-κB, and PAR2 inhibitors, and that NE degrades VE-cadherin in a concentration-dependent manner [13]. In mice diabetic for 2 months, deletion or selective inhibition of NE reduces diabetes-induced retinal superoxide levels and inflammation and prevents leukocyte-mediated cytotoxicity of retinal endothelial cells. In mice diabetic for 8 months, genetic deletion of NE significantly inhibits diabetes-induced retinal capillary degeneration [13,14]. These results suggest that proteases released from neutrophils contribute to the development of DR, and that targeting these proteases could be a novel therapy for DR [13,14].



It is to be noted that in DR, neutrophils have differential functions both as a protective and as an adverse entity. It has been shown that neutrophils can serve as a protective mediator by eliminating senescent cells when the disease has been established, as evident from the studies on human donor tissues with DR [77]. However, these innate immune cells play a detrimental role during the development of DR, as evident from the animal studies on Elane−/− mice [13,14]. Therefore, extensive research is warranted to pinpoint specific pathways by time course studies to understand the extent of neutrophil activation during DR progression.




6. Discussion


Clearly, neutrophils have multifaceted roles in various ocular diseases, including infection, malignancies, and optic nerve and retinal degenerative diseases. In ocular surface infections, neutrophils act as acute-phase immune regulators, releasing factors to help eliminate pathogens [21,22,23,24,25]. However, unregulated neutrophils may cause detrimental consequences to the eye’s surface. Treatment with several anti-inflammatory agents has been shown to be an effective avenue for maintaining homeostasis in infections of the ocular surface [26,27,28,29,30].



Neutrophils have also been shown to have both protective and detrimental roles in optic nerve generation and neuropathies. The protective roles encompass the anti-microbial defense [60,62]; this homeostatic immune cell activation is overpowered when unregulated neutrophil activation due to genetic predisposition and/or environmental factors leads to harmful effects such as chronic inflammation and compromised neuronal function through the formation of NETs [59,61]. It should be noted that the underlying signaling associated with this differential regulation of neutrophil function remains elusive. Therefore, pinpointing the factors and the molecular pathways that drive altered activation of neutrophils could be beneficial in managing diseases involving optic nerve degeneration.



In diseases like AMD and DR, the leading cause of blindness in the modern world, inflammation plays a key role, and neutrophils have shown to be associated with the pathogenesis of these diseases [10,11,12,13,14,77,78,79,80]. They infiltrate the retina, leading to inflammation and neuronal damage [10,11,12,13,14]. Though other immune cells have been shown to be important for AMD progression [63,64,65,66,67], very little is known about how neutrophils infiltrate the retina in AMD and cause retinal degenerative changes. In AMD, the loss of the RPE’s anti-inflammatory functions and the subsequent release of pro-inflammatory mediators is thought to trigger neutrophil infiltration into the SRS and activation [10,11,12]. In the disease state, the dynamic cell–cell interactions in the SRS (between the diseased RPE, microglia, and infiltrating neutrophils) are now thought to be critical for the onset of retinal degeneration, as seen in AMD [10]. Therefore, understanding these cellular interactions could be important in establishing treatment modalities to inhibit the activation of chronic inflammation, a critical process in AMD pathogenesis. Interestingly, in DR, neutrophils have protective functions, such as eliminating senescent cells and maintaining retinal homeostasis [76], but they also contribute to both disease onset and progression [13,14]. Understanding this stage- and context-dependent function of neutrophils is essential for developing targeted therapeutic strategies for these debilitating retinal degenerative diseases.




7. Conclusions


In conclusion, it can be stated that neutrophils are central to the pathophysiology of various ocular diseases, exerting diverse effects ranging from protective to detrimental (Figure 2). Further research into their specific functions in different disease contexts is crucial for developing effective therapeutic interventions.




8. Future Directions


In-depth experimental validations using both human donor samples and mouse models is required to identify specific signaling molecules (like pro-inflammatory mediators and NETosis components) that govern neutrophil activation in ocular pathologies. It is understandable that there is a scarcity of human donor tissues; therefore, in vitro iPSC-derived models (i.e., disease in a dish) from human donors could potentially serve as an effective alternative to understand the underlying signaling, and they could be an important tool for putative drug screening.
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Figure 1. Dynamic interactions in the subretinal space during AMD progression. Multiple interactions can occur at the subretinal space during AMD progression. Ligand–receptor (LR) pairs interact in cell types known to be critical for AMD pathogenesis like the RPE, microglia, and neutrophils. Understanding these cell–cell interactions, including those between (a) microglia and RPE, (b) neutrophils and RPE, (c) RPE and microglia and/or neutrophils, (d) microglia and neutrophils, and (e) neutrophils and microglia, could be beneficial in understanding the pathways associated with chronic inflammatory transitions, known to be critical in AMD progression. L-1 to 4: Ligand 1 to 4; R-1 and 2: RPE receptor 1 and 2; MR-1 and 2: microglia receptor 1 and 2; NR-1 and 2: neutrophil receptor 1 and 2. Template for RPE, neutrophils, and microglia was obtained from BioRender.com accessed on 26 June 2024. 
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Figure 2.