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Abstract

:

Proliferative diabetic retinopathy (PDR), neovascular age-related macular degeneration (nvAMD), retinopathy of prematurity (ROP) and other eye diseases are characterized by retinal and/or choroidal neovascularization, ultimately causing vision loss in millions of people worldwide. nvAMD and PDR are associated with aging and the number of those affected is expected to increase as the global median age and life expectancy continue to rise. With this increase in prevalence, the development of novel, orally bioavailable therapies for neovascular eye diseases that target multiple pathways is critical, since current anti-vascular endothelial growth factor (VEGF) treatments, delivered by intravitreal injection, are accompanied with tachyphylaxis, a high treatment burden and risk of complications. One potential target is apurinic/apyrimidinic endonuclease 1/reduction-oxidation factor 1 (APE1/Ref-1). The multifunctional protein APE1/Ref-1 may be targeted via inhibitors of its redox-regulating transcription factor activation activity to modulate angiogenesis, inflammation, oxidative stress response and cell cycle in neovascular eye disease; these inhibitors also have neuroprotective effects in other tissues. An APE1/Ref-1 small molecule inhibitor is already in clinical trials for cancer, PDR and diabetic macular edema. Efforts to develop further inhibitors are underway. APE1/Ref-1 is a novel candidate for therapeutically targeting neovascular eye diseases and alleviating the burden associated with anti-VEGF intravitreal injections.
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1. Introduction


Angiogenesis, the division and proliferation of endothelial cells, causes an increase in blood vessel growth. Although angiogenesis is essential for development, abnormal angiogenesis can also occur. This is referred to as neovascularization and factors such as ischemia, hypoxia and inflammation can influence the development of neovascularization. Retinal and choroidal neovascularization almost always impairs function and can cause blindness in a wide variety of diseases, including proliferative diabetic retinopathy (PDR), neovascular age-related macular degeneration (nvAMD) and retinopathy of prematurity (ROP) [1,2,3]. Globally, it is estimated that 187 million people have AMD, while 126.6 million people have DR [4,5]. With age being a key risk factor for AMD and DR, these numbers are expected to rise as the global median age, life expectancy and population continue to increase. In addition, an estimated 185,000 premature babies developed ROP worldwide in 2010 and an estimated 32,000 neonates become blind due to ROP every year [6,7].



Current pharmacological treatments for retinal and choroidal neovascularization include biologic therapies targeting the vascular endothelial growth factor (VEGF) signaling pathway, but many patients experience worsened eye disease regardless of the anti-VEGF treatment. This corroborates research indicating that multiple pathways are involved in ocular angiogenesis and targeting other pro-angiogenic pathways may be the future of retinal and choroidal neovascularization medicine [8]. One potential target is apurinic/apyrimidinic endonuclease 1/reduction-oxidation factor 1 (APE1/Ref-1), a multifunctional protein that has both an endonuclease role and a redox-transcription activator role. Targeting APE1/Ref-1 with redox inhibitors may be a promising therapy for neovascular eye disease, as redox activity influences angiogenesis, inflammation, stress responses and cell survival [9]. This review explores the redox-regulated transcription factor activity of APE1/Ref-1 and how its effects on inflammation, angiogenesis and other cellular targets make it a potential candidate for therapeutically modulating neovascular eye diseases, such as nvAMD, PDR and ROP, and the vascular leakage of diabetic macular edema (DME). A small molecule APE1/Ref-1 inhibitor is already in clinical trials. Efforts to develop further inhibitors are underway, as agents such as APE1/Ref-1 redox inhibitors may modulate multiple pathways to have a greater therapeutic effect than current treatments for retinal and choroidal neovascularization (Figure 1).




2. APE1/Ref-1


APE1/Ref-1 (also known as Ref-1, APE, APEX, HAP1, or hAPE) was first described in early work in which an endodeoxyribonuclease that acted on apurinic/apyrimidinic (AP) sites was purified from HeLa cervical cancer cells and human placenta [10,11,12,13]. Later, Curran and colleagues identified a protein that converted transcription factors (TFs) from an oxidized to reduced state functioning in transcriptional regulation. This protein, which was named redox effector factor 1 (Ref-1), turned out to be identical to human APE1 [10,14]. Thus, the endonuclease and redox-regulation roles of APE1/Ref-1 were characterized.



2.1. APE/Ref-1 Functions


While the two major functions of APE1/Ref-1 impact DNA base-excision repair (BER) and redox transcriptional regulation, additional activities have been ascribed, including RNA processing, DNA maintenance, RNA quality control, miRNA metabolism, regulation of stress-response gene expression and mitochondrial DNA (mtDNA) repair [10]. APE1/Ref-1′s endonuclease function regulates both short and long patch BER and accounts for 95% of all BER abasic site repairs [9]. In BER, a glycosylase removes the damaged base to create an abasic site. APE1/Ref-1 then hydrolyzes the phosphodiester backbone, allowing for DNA polymerase to incorporate the correct nucleotides [15]. Although the DNA repair function of APE1/Ref-1 has been preserved from E. coli to humans, the redox function is specific to mammals [16]. The redox function directs transcription factor activity via a thiol/sulfide exchange. APE1/Ref-1 reduces transcription factors to activate their DNA binding, while APE1/Ref-1 becomes oxidized and forms disulfide bonds between cysteine residues. This thiol/sulfide exchange affects gene expression and protein synthesis driven by several TFs, including NF-κB, HIF-1α, STAT3, Nrf2 and others [9,17] (Figure 1A). Additional functions of APE1/Ref-1 include cleavage of siRNA, degradation of RNA, cleavage of RNA-containing abasic sites and transcriptional repression by indirectly binding to Ca2+ response elements [15,18].




2.2. Structure of APE1/Ref-1


APE1/Ref-1 is a globular, α/β protein with two domains. Each domain has a 6-stranded β sheet surrounded by α helices which pack together to form a four-layered α/β sandwich [19] (Figure 2). The N-terminal region contains the nuclear localization sequence and is devoted to redox activity, while the C-terminal region exerts DNA endonuclease activity [20,21,22,23].



When proteins undergo oxidative damage, disulfide bonds form, leading to the loss of function. Redox factors such as APE1/Ref-1 can repair this oxidative damage by undergoing a thiol/sulfide exchange, causing APE1/Ref-1 to be reduced and activate specific transcription factors. Out of the seven cysteine residues in APE1/Ref-1, this thiol-mediated redox signaling depends on the formation of disulfide bonds with C65, C93 and C99 (Figure 2). Substitution of C65, C93 and C99 for alanine resulted in the inhibition of redox activity, while substitution of C138, C208, C296, or C310 resulted in the retainment of redox activity [26]. Mutations in residues C65 and C93 could result in a disruption of the hydrophobic pocket and loss of redox activity. It has also been suggested that C65 and C93 may form a disulfide bridge while in the inactive state [21]. However, compared to other redox regulatory factors such as thioredoxin, APE1/Ref-1 lacks the C-X-X-C motif required to form disulfide bonds [9,10]. It is now clear that the disulfide bridge forms between two APE1/Ref-1 proteins, as no cysteines are close enough to form intramolecular bonds [26]. Out of the cysteine residues of APE1/Ref-1, C99 and C138 are the only residues that are solvent-accessible. C65 and C93 are embedded within the protein and are not readily available for oxidation, so these residues can only act as reductants if local unfolding of APE1/Ref-1 occurs [26].




2.3. APE1/Ref-1 Expression


APE1/Ref-1 is ubiquitous but has differential expression among various tissues. For this review, we only discuss ocular expression of APE1/Ref-1. Under basal conditions, APE1/Ref-1 is predominantly localized to the nucleus to carry out its DNA repair function, but can also be localized to the cytoplasm and mitochondria [21,27]. APE1/Ref-1 was found to be highly expressed during retinal development, specifically in the ganglion cell layer and retinal pigment epithelium (RPE). RPE are specialized pigmented epithelium cells that lie between the retina and Bruch’s membrane and serve to maintain homeostasis of the retina and choroid and are subject to oxidative injury since they are constantly exposed to light [28]. APE1/Ref-1 accompanied the most differentiated cells in a newborn rat retina and expression increased with retinal development. These results suggested that APE1/Ref-1 is associated with retinal cell differentiation in postnatal rats [29]. APE1/Ref-1 is also highly expressed in retinal pericytes, choroidal endothelial cells and retinal endothelial cells and is upregulated in tissues where there is inflammation [28,29,30]. Furthermore, evidence suggests that secretion of APE1/Ref-1 into the extracellular milieu can act as a serological biomarker for vascular inflammation and other chronic diseases [27,31,32,33]. Acetylated APE1/Ref-1 has also been shown to be secreted from cells via the ATP binding cassette transporter A1 [33]. Given the ubiquity of APE1/Ref-1 and the associations of these various tissues with disease, it is not surprising that APE1/Ref-1 has therapeutic relevance.





3. Targeting APE1/Ref-1 as a Therapeutic Approach


Pharmacological interventions can be used to target either the endonuclease or redox activity of APE1/Ref-1 and several drugs targeting specific functions of APE1/Ref-1 are currently in clinical trials. The APE1/Ref-1 endonuclease inhibitor methoxyamine completed a phase I clinical trial in patients with advanced solid tumors, used in combination with temozolomide (Clinical Trials Identifier, NCT00892385) [34]. Spiclomazine, fiduxosin and SB206553 are other APE1/Ref-1 inhibitors that work by blocking the interaction of APE1/Ref-1 with NPM1, a protein involved in genomic stability, endoribonuclease activity and RNA maturation [35]. The inhibition of the APE1/Ref-1:NPM1 interaction leads to growth impairment in tumor cell lines, suggesting that APE1/Ref-1 may play an essential role in RNA quality control [35]. However, the inhibition of APE1/Ref-1 redox activity inhibits angiogenesis, inflammation, proliferation and other factors that are key contributors to neovascular eye disease. Therefore, pharmacologically targeting APE1/Ref-1 with redox inhibitors may be an avenue for the development of new therapeutics for these diseases.



3.1. APE1/Ref-1 Redox Inhibitors


APX3330 ((2E)-2-[(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)methylene]-undecanoic acid) (also known as E3330) is a dimethoxy benzoquinone that acts as a redox inhibitor of APE1/Ref-1 by causing increased unfolding of the APE1/Ref-1 protein and oxidation of the active disulfide residues, prohibiting the reduction of the interacting TF and keeping it in an oxidized and inactive state [36]. APX3330 (cLogP = 4.5) does not inhibit endonuclease activity of APE1/Ref-1 and blocks APE1/Ref-1 redox activation of NF-κB, HIF-1α, AP-1 and STAT3 and other TFs in vitro [17,18,37,38,39,40,41,42,43]. Previously, liquid chromatography with tandem mass spectrometry (LC-MS/MS) revealed that APX3330 increased disulfide bond formation of critical cysteine residues in APE1/Ref-1, suggesting a mechanism for its inhibitory effects on APE1/Ref-1 redox activity [41].



APX2009 ((E)-N,N-diethyl-2-((3-methoxy-1,4-dihydronaphthalen-2-yl)methylene)pentanamide) is a second-generation redox inhibitor of APE1/Ref-1. APX2009 lacks the carboxylate group and long alkyl chain that are present in APX3330, reducing its lipophilicity (cLogP = 2.7) and making it a better candidate for an orally bioavailable drug [44,45]. APX2014 (cLogP = 1.9) ((E)-N-methoxy-2-((3-methoxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)methylene)pentanamide), another second-generation redox inhibitor, also lacks the carboxylate group and long alkyl chain of APX3330, increasing its efficacy and oral bioavailability. APX2014 also more potently blocks APE1/Ref-1-induced TF DNA binding than APX3330. Both APX2009 and APX2014 were generated by structure-activity relationship studies initiating from APX3330. In addition, APX2009 showed neuronal protection in dorsal root ganglia cultures [45].



Other reported APE1/Ref-1 redox inhibitors include second-generation APX compounds APX2007 and APX2032. Similar to APX2009 and APX2014, these inhibitors are naphthoquinones and have a shorter lipophilic side chain. The dimethoxy moiety of APX3330 is replaced with a second aromatic ring and the carboxylic acid is replaced with carboxamide to remove the negative charge of APX3330 [15]. These modifications allow for a decrease in lipophilicity, which increases the efficacy of the second-generation compounds in comparison to first-generation APX3330. Additionally, RN8-51, RN7-60, RN10-52 and RN8-5 are other analogues of APX3330 that block the redox activity of APE1/Ref-1 [46]. Analogues RN8-51, RN7-60 and RN10-52 exhibit cell-growth inhibitor effects on ovarian SKOV-3X and HEY-C2 cancer cell lines and decrease Matrigel tube formation of erythroid-colony-forming unit cells (ECFCs) [46]. Reported natural APE1/Ref-1 redox inhibitors include resveratrol, curcumin, isoflavones genistein and daidzein and tanshinone IIA [47]. However, curcumin and isoflavones have many off-target effects [48] and resveratrol has variable bioavailability. Moreover, resveratrol showed no effect on APE1/Ref-1 redox activity in an electrophoretic mobility shift assay (EMSA) [15,46].




3.2. Specificity of APE1/Ref-1 Redox Inhibitors


While none of the natural compounds listed above have specificity for APE1/Ref-1 and have not advanced into clinical trials with APE1/Ref-1 as a target, the specificity and selectivity of APX3330 has been previously characterized. Benzoquinone and naphthoquinone analogs of APX3330 were synthesized for structure activity relationship studies and analyzed for specificity in an attempt to develop a more potent inhibitor of APE1/Ref-1. The ability of compounds to inhibit the redox function of APE1/Ref-1 was assessed in a redox EMSA assay. The benzoquinone analogs showed little improvement of activity due to significant physicochemical changes, while naphthoquinone analogs exhibited low micromolar inhibition [49]. Anthraquinones, indolequinones and dimethylhydroquinones were inactive. The importance of the quinone moiety in APX3330 was established when the naphthoquinone core was replaced by a dimethoxynaphthalene core to create RN7-58, a compound in the same series as APX3330. RN7-58 showed no effect on APE1/Ref-1 redox activity in a redox EMSA assay, despite its similarity in structure [46]. In addition, RN7-58 has been published numerous times as a negative control for biological assays [42,49,50,51]. Crucially, to demonstrate specificity of APX3330, a redox EMSA assay was used to test the ability of APX3330 to inhibit the reduction of transcription factors by thioredoxin, a cellular redox protein. Increasing amounts of APX3330 did not affect thioredoxin, supporting the specificity of APX3330 [46].



APX3330 is also effective in inhibiting the APE1/Ref-1 redox function and blocking the reduction of numerous TFs to an active state. APX3330 blocked the activation of several known TFs and their downstream targets of APE1/Ref-1 in vivo and in vitro, including STAT3, VEGF, NF-κB, MCP-1, HIF-1α, IL-6 and many others, demonstrating the target engagement of the compound via pharmacodynamic regulation [28,40,42,44,52,53,54,55,56,57,58,59,60,61]. Pharmacodynamic studies from biopsies of patients taking APX3330 exhibited downregulation of TFs regulated by APE1/Ref-1, further demonstrating target engagement and APE1/Ref-1-mediated effects in humans [62]. APX3330 also selectively binds to both recombinant APE1/Ref-1 and APE1/Ref-1 from cell nuclear extracts and displayed additional specific on-target properties, including engagement with NF-κB [9,18,26,46,63]. Taken together, the evidence demonstrates that APE1/Ref-1 redox inhibitors such as APX3330 are specific and selective inhibitors of the redox activity of APE1/Ref-1 [46].




3.3. APE1/Ref-1 in Cancer


APE1/Ref-1′s role in DNA repair, RNA quality control, miRNA metabolism and redox activation of transcription factors NF-κB, HIF-1α, STAT3, AP-1 and p53 has suggested that it may be a therapeutic target for many cancers [15,17,64]. Increased expression of APE1/Ref-1 is associated with cancer progression, angiogenesis and resistance to therapy in many cancers, including cancers of the pancreas, bladder, colon, prostate, lung, breast, liver, ovary, bone, malignant peripheral nerve-sheath tumors (MPNST), sarcomas and many more [15,17,26,36,65,66,67,68,69,70,71,72,73,74,75,76,77,78]. Pharmacologically inhibiting the redox function of APE1/Ref-1 may be beneficial for the treatment of various cancers, as the inhibition of APE1/Ref-1 has been associated with enhanced colorectal cancer tumor regression in preclinical studies and enhanced promyelocytic leukemia response to treatment [15,38,64]. APX3330 treatment on pancreatic cancer-associated endothelial cells (PCECs) demonstrated inhibition of tumor angiogenesis, further supporting the notion that APE1/Ref-1 redox activity may be a therapeutic target for many cancers [79]. Conversely, acetylated APE1/Ref-1 in response to hyperacetylation in triple-negative breast cancer may exert chemotherapeutic effects by amplifying intracellular programmed cell death [80].



Moreover, APX3330 is the only APE1/Ref-1 redox inhibitor to enter and complete phase I clinical trials, in which 120 mg tablets of APX3330 were given orally twice a day to patients with progressive advanced solid tumors in a dose escalation up to 600 mg/day. A total of 19 subjects received treatment and 6 subjects reported disease stabilization for over four cycles [81]. Currently, APX3330 is recommended for phase II trials for patients with progressive advanced solid tumors (Clinical Trials Identifier, NCT03375086). Taken together, this evidence suggests that the redox activity of APE1/Ref-1 may be necessary for cancer progression.




3.4. APE1/Ref-1 in Neuronal Diseases


APE1/Ref-1 repair activity is implicated in many neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS) and cerebral ischemia [17,65]. Upregulation of APE1/Ref-1 in response to oxidative stress, a key pathology of neurodegenerative disease, indicates that APE1/Ref-1 may play a role in the cellular adaptive response. Specifically, APE1/Ref-1 protein levels were elevated in nuclear extracts of the cerebral cortex of AD patients, in hippocampal cells from AD patients, in the CNS of ALS patients and in cells treated with MPP+, a toxin that can induce PD [82,83,84,85,86]. Furthermore, following cerebral ischemia, upregulation of APE1/Ref-1 protects hippocampal neuronal structure, synaptic function and viability [87]. Other evidence suggests that overexpression of APE1/Ref-1 allows for neuroprotection in recovery after ischemic injury, as APE1/Ref-1 DNA BER is essential to repair AP sites following ischemic injury [88].



APE1/Ref-1 redox activity may also be important in sensory neuropathy, as APE1/Ref-1 redox inhibitors demonstrated neuroprotective effects. Chemotherapy-induced peripheral neuropathy (CIPN), a side effect of several chemotherapeutics, results in alterations to peripheral sensory function. Use of APE1/Ref-1 redox inhibitor APX3330 resulted in an increase in DNA repair activity of APE1/Ref-1 in rats, which reduced neurotoxic effects induced by CIPN [89,90]. Further work investigated the effects of APX2009 in response to CIPN and demonstrated that APX2009 produced a neuroprotective effect against cisplatin and oxaliplatin-induced toxicity without affecting the anti-cancer activity of the platins [45]. Given APE1/Ref-1′s role in oxidative stress response in PD, AD, ALS, cerebral ischemia and sensory neuropathy, it is evident that APE1/Ref-1 modulates a wide variety of disease states via various pathways.




3.5. APE1/Ref-1 in Other Diseases


Factors such as AP-1, HIF-1α, NF-κB and STAT3 have been implicated in irritable bowel disease (IBD). Because APE1/Ref-1 regulates these factors, APE1/Ref-1 has also been implicated in IBD and APX3330 reduced enteric neuropathy and intestinal dysfunction [91]. APE1/Ref-1 is also increased in conditions such as ischemia, hypoxia and inflammation, and APE1/Ref-1 serum levels are elevated in mice with acute viral myocarditis, suggesting that APE1/Ref-1 plays a role in inflammatory conditions such as myocarditis [32]. Additional studies demonstrated increased APE1/Ref-1 expression in aortic endothelial cell macrophages of atherosclerotic plaques [31]. Taking this together, APE1/Ref-1 could potentially be used as a biomarker to assess the degree of vascular inflammation. APE1/Ref-1 has also been implicated elsewhere in cardiovascular disease and in gastric cellular response to Helicobacter pylori infection [17,65].





4. Neovascular Eye Diseases


Given the therapeutic relevance of APE1/Ref-1 in a plethora of disease states, APE1/Ref-1 has also been implicated in several neovascular eye diseases. Posterior ocular neovascularization can arise from either the retinal or choroidal vasculature. Retinal neovascularization occurs in PDR and ROP, while choroidal neovascularization occurs in nvAMD. In both cases, neovessels, which lack tight junctions, leak plasma into surrounding tissue, disrupting retinal and choroidal architecture [92]. This disruption ultimately leads to a significant decline in vision. APE1/Ref-1 targets many pathways associated with neovascularization, making it a potential therapeutic target for these neovascular posterior eye diseases.



4.1. Age-Related Macular Degeneration


AMD is the leading cause of irreversible vision loss in those over the age of 65 and costs USD 4.6 billion annually in direct healthcare costs in the United States alone [93,94,95]. Currently, it is estimated that 11 million people in the United States and 187 million people globally have AMD [4,95]. By 2040, the population of those affected with AMD is expected to increase to 288 million [4,96].



There are two types of AMD—dry AMD and nvAMD. Dry AMD accounts for 90% of all AMD, while nvAMD accounts for about 10% of all AMD cases but the majority of AMD-related blindness. Dry AMD is characterized by the accumulation of drusen above Bruch’s membrane, leading to the degeneration of the RPE and photoreceptors and causing vision loss [95,96,97]. nvAMD is characterized by neovascularization in which neovessels from the choroid invade the outer retina, subretinal space, or sub-RPE space, causing a decrease in central vision [98]. Plasma leakage from these neovessels results in ischemia which leads to the production of VEGF to further stimulate neovascularization [97]. Pathways including inflammation, lipid metabolism, cellular toxicity, oxidative stress and extracellular matrix (ECM) maintenance are all implicated in AMD pathogenesis [96].



Risk factors for AMD include aging, genetic susceptibility and environmental risk factors, such as smoking, physical activity, diet, high body mass index (BMI) and diabetes [96,99]. There are, as of yet, no approved therapies for dry AMD. However, because VEGF is a key stimulator of neovascularization, intravitreal (IVT) injections of pharmaceutical agents that target the VEGF pathway are the first-line treatment for nvAMD (see Section 4.4). Other treatment options include laser photocoagulation and photodynamic therapy. Pegaptanib was the first VEGF-A inhibitor approved by the FDA for treatment of AMD in 2004 and works by binding and inhibiting the isoform VEGF165. Other pharmacological agents that target the VEGF pathway and are currently used for AMD treatment in the United States include ranibizumab, bevacizumab, aflibercept and brolucizumab [100].




4.2. Diabetic Retinopathy and Diabetic Macular Edema


DR is the leading cause of blindness among working age adults and affects an estimated 126.6 million people worldwide [5,101]. Pathogenesis of diabetic retinopathy begins when chronic hyperglycemia due to diabetes produces advanced glycation end products, which can lead to retinal capillary occlusion, microaneurysms, macular edema and ischemia [92,102,103]. This initial stage is often referred to as non-proliferative DR (NPDR) [104]. Then, in response to hypoxia, the RPE, pericytes, endothelial cells, retinal ganglion cells and Müller glia produce VEGF, leading to the induction of pro-inflammatory cytokines, such as TNF-α, IL-6 and IL-1β, which induce neovascularization. This neovascular stage is referred to as proliferative DR (PDR) [104,105,106]. One of the most common causes of vision loss in both NPDR and PDR is the leakage of fluid into the macula, termed diabetic macular edema (DME) [104].



Risk factors for DR include hyperglycemia, hypertension, dyslipidemia, high BMI, low levels of physical activity and insulin resistance [102]. Current treatments include the use of anti-VEGF agents, which improve visual acuity in 25–30% of DR patients [102,107,108]. Anti-VEGF therapy for DME results in a decrease in fluid leakage and can be sufficient to restore vision in DME patients [106,109]. Laser photocoagulation is also used for treatment of PDR and DME [104].




4.3. Retinopathy of Prematurity


ROP is a vaso-proliferative retinopathy affecting premature infants that can result in blindness or visual impairment. The incidence of ROP in the United States increased from 14.7% in 2000 to 19.9% in 2012 [110]. Globally, ROP is the biggest threat for vision in premature infants and 68% of infants born weighing less than 1251 g develop ROP [7,111]. Many premature infants are placed in high oxygen incubators to assist with respiration, since premature infants’ lungs are not fully developed and need supplemental oxygen [112]. However, this hyperoxic environment causes downregulation of retinal VEGF and vaso-obliteration of the developing vasculature of the retina. When the infants are returned to normal oxygen conditions, low relative oxygen levels cause an increase in VEGF expression, which drives neovascularization of the retina [7,103,112,113].



Prematurity and low birth weight are the greatest risk factors for ROP [7,112]. Assisted ventilation for longer than one week, high blood-transfusion volumes, low caloric intake, hyperglycemia, insulin therapy and anemia are other risk factors [112]. Current treatments for ROP include laser photocoagulation of the retina to slow the abnormal blood vessel growth. However, laser photocoagulation for ROP has been associated with corneal edema, intraocular hemorrhage and cataract formation. Because VEGF is a key cytokine implicated in ROP, use of anti-VEGF drugs such as bevacizumab has become widely used for treatment of ROP [114]. However, concerns still remain about the safety of anti-VEGF compounds for ROP, particularly the effects bevacizumab may have on neurodevelopment and systemic toxicity. To address bevacizumab systemic toxicity concerns, a recent study indicates that low-dose bevacizumab treatment for ROP results in positive retinal structure outcomes, but many patients require additional treatment [115,116]. Future studies will need to be conducted to evaluate the effects bevacizumab may have on neurodevelopment.




4.4. Shortcomings of Current Therapies


Current pharmacological interventions for nvAMD, PDR/DME and ROP target the VEGF signaling pathway with IVT injections of bevacizumab, ranibizumab, pegaptanib, aflibercept and brolucizumab [100]. Other neovascular eye diseases currently treated with anti-VEGF therapy include retinal vein occlusion, myopic choroidal neovascularization, neovascular glaucoma, central serous retinopathy, ocular tumors, corneal neovascularization and more [117]. These drugs are usually delivered via an injection into the vitreous humor of the eye in intervals of 4–16 weeks and often continue for life [118]. Anti-VEGF therapy has reduced the rate of legal blindness by over 50% in those affected with nvAMD and PDR regresses as early as 24 h after the first bevacizumab injection [119,120].



Despite these positive outcomes, there are concerns surrounding the safety and efficacy of anti-VEGF therapy for neovascular eye diseases. Many patients become resistant to anti-VEGF therapy and develop tachyphylaxis, or diminished response to medication. Resistance may be due to alterations in neovascular architecture, compensatory mechanisms, alternative angiogenic pathways, genetic variations, or tolerance to anti-VEGF drugs [8,121]. In addition, anti-VEGF drugs have the potential to cause systemic side effects, such as myocardial infarction, stroke, delayed wound healing and non-ocular hemorrhage [122]. One study using health care databases in Ontario, Canada, observed a 1.74-fold increase in the rate of systemic thromboembolic emergencies in over 57,000 patients 1 year after receiving IVT injections of bevacizumab or ranibizumab [123]. Furthermore, treatment responses to anti-VEGF therapy vary between patients and not all patients experience stable vision improvements in response to therapy [96,100]. Because of this, there is a need for alternative treatment options that target other pathways in order to improve patient outcomes.



IVT injections are the standard of care delivery route for anti-VEGF biologics, but these injections are associated with high treatment burden on both the patient and physician [121]. IVT injections are labor-intensive, cause the patient discomfort and have the potential to result in rare but serious complications, such as endophthalmitis, intraocular hemorrhage, cataract, glaucoma, inflammation, or retinal detachment [96,124,125]. In a study that surveyed patient preferences in retinal drug delivery, the majority of respondents reported willingness to receive IVT injections in order to preserve vision, but would prefer alternative drug delivery methods, such as eye drops or oral tablets [126]. This highlights the significance of developing alternative drug delivery methods to increase patient comfort and accessibility to treatment.



Because of tachyphylaxis and the potential for the development of serious complications from IVT injections of anti-VEGF biologics, new therapies that bypass IVT injections and target multiple pathways may be the future of treatment for neovascular eye diseases. Agents that modulate multiple pathways may have a greater therapeutic effect on disease states such as nvAMD, PDR, DME and ROP, since the pathogeneses are so complex for these diseases. Targeting the redox function of APE1/Ref-1 may be a promising therapeutic approach, since APE1/Ref-1 redox activity affects multiple downstream pathways associated with neovascular eye disease, including angiogenesis, inflammation, oxidative stress response and cell-cycle control.





5. APE1/Ref-1 and Angiogenesis in Neovascular Eye Disease


Abnormal angiogenesis of the retinal and choroidal vasculature requires endothelial cell migration, proliferation and degradation of the ECM and can result in loss of vision or blindness [127]. The redox activity of APE1/Ref-1 regulates many transcriptional targets that are involved in ocular angiogenesis and inflammation, such as HIF-1α and its downstream target VEGF, STAT3, NF-κB and others [9,15,78] (Figure 1B,C).



5.1. Role of HIF-1


HIF-1 is a heterodimeric transcription factor that regulates cellular response to hypoxia and is implicated in many ocular diseases, such as PDR, nvAMD and ROP. When oxygen is plentiful, a prolyl hydroxylase hydroxylates highly conserved proline residues on HIF-1α, which promotes the binding of HIF-1α to the von Hippel–Lindau protein (pVHL). When this coupling takes place, an E3-ubiquitin ligase complex associates and targets HIF-1α for degradation [128]. In response to hypoxia, the prolyl hydroxylase is inactivated, allowing HIF-1α to dimerize with HIF-1β to form HIF-1 [129]. Then, HIF-1 translocates to the nucleus and recognizes hypoxia response elements, leading to the upregulation of many pro-angiogenic genes such as VEGF, angiopoietin-2, VE-PTP, CXCR4, PDGF-B, CA9 and other factors that are implicated in retinal and choroidal neovascularization [9,129,130]. The inhibition of HIF-1 results in a reduction in VEGF, CA9 and other proangiogenic genes [9,15]. Redox signaling via APE1/Ref-1 modulates HIF-1 by increasing the transcriptional activity of HIF-1 [36,40,74]. Following the induction of HIF-1, CA9 responds to hypoxia by coordinating with a bicarbonate transporter to regulate intracellular pH [17,50]. APE1/Ref-1 redox signaling also modulates HIF-1-mediated CA9 expression. Although this relationship has not been conclusively shown in the eye, previous studies revealed that reduction of APE1/Ref-1 redox signaling with APX3330 reduces CA9 expression in PDAC cells, demonstrating that APE1/Ref-1 contributes to HIF-1-mediated transcription [74].




5.2. Role of VEGF


VEGF, a downstream target of HIF-1 signaling, is upregulated in response to hypoxia and is important in the development and maintenance of blood vessels [129]. In the eye, RPE-derived VEGF expression increases retinal vascular permeability of the choriocapillaris [124,129,131]. When APE1/Ref-1 was overexpressed in human umbilical vein endothelial cells (HUVECs), VEGF secretion and VEGF mRNA expression were increased. When HUVECs were treated with APX3330, VEGF mRNA expression decreased, suggesting that the redox function of APE1/Ref-1 is important for the induction of VEGF [54].




5.3. Suppression of Angiogenesis In Vitro with APE1/Ref-1 Inhibitors


The redox activity of APE1/Ref-1 is essential for angiogenesis in vitro in a variety of cell types. APE1/Ref-1 inhibitors APX3330, APX2009 and APX2014 have been studied in the context of retinal and choroidal angiogenesis in vitro (Table 1). APX3330 dose-dependently decreased angiogenesis of murine retinal vascular endothelial cells (RVECs) and a macaque choroidal endothelial cell-like cell line (Rf/6a) by suppressing proliferation, migration and tube formation [30,55]. In addition, dual treatment of APX3330 with bevacizumab showed an additive decline in tube formation and proliferation in Rf/6a cells [55]. Second generation APE1/Ref-1 inhibitors APX2009 and APX2014 dose-dependently decreased choroidal sprouting, proliferation, tube formation and endothelial cell migration of human retinal microvascular endothelial cells (HRECs) and Rf/6a cells [44]. Because migration, proliferation and organization of endothelial cells are essential to angiogenesis, these results indicate that APX3330, APX2009 and APX2014 have anti-angiogenic activity.




5.4. Suppression of Angiogenesis In Vivo with APE1/Ref-1 Inhibitors


The redox activity of APE1/Ref-1 is also essential for neovascularization in vivo in Vldlr−/− mice and in the laser-induced CNV model (Table 1). Vldlr−/− mice lack the very low-density lipoprotein receptor and spontaneously develop subretinal neovascularization (Type III CNV). Vldlr−/− mice have higher expression of APE1/Ref-1 in the retina than wild-type littermates and APX3330 decreased neovascularization in Vldlr−/− mice [30]. Following L-CNV (Type II CNV), a single IVT injection of APX3330 for a final intraocular concentration of 20 μM suppressed L-CNV lesion area [28]. Additionally, intraperitoneal (IP) administration of APX3330 twice a day at 50 mg/kg for 5 days on and 2 days off for two weeks reduced L-CNV volume by 25% [44]. IP injection (25 mg/kg twice daily for two weeks) of second-generation APE1/Ref-1 inhibitor APX2009 also decreased L-CNV volume without causing systemic or ocular toxicity, as APX2009 treatment did not affect normal retinal vasculature aside from lesions induced by laser nor did it affect mouse weights [44]. These results demonstrated, for the first time, the effectiveness of systemic administration of APE1/Ref-1 inhibitors at decreasing L-CNV lesion size.



To further test other routes of administration of APX3330, we examined the effects of APX3330 as a treatment for L-CNV when administered by gavage, as pharmacokinetic studies suggested that APX3330 may be more efficacious when administered orally. Mice received either 25 mg/kg or 50 mg/kg gavage of APX3330 twice daily for 14 days. Results demonstrated a significant decrease in lesion volume for both doses compared to vehicle (Figure 3). Moreover, no retinal degeneration was seen in eyes after oral APX3330 treatment. The lesion volume decreased by more than 50% when APX3330 was administered by gavage, compared to previous results that demonstrated a reduction in lesion size by about 25% when APX3330 was administered by IP injection. Comparatively, IVT injection of murine anti-VEGF antibody demonstrates a 30–50% decrease in CNV lesion volume [132,133]. Therefore, these results suggest that oral administration of APX3330 may be a superior route of administration to IP injections to reduce lesion size, indicating that APE1/Ref-1 redox inhibitors such as APX3330 may be potential oral therapeutics for neovascular eye diseases.





6. APE1/Ref-1 and Inflammation in Neovascular Eye Disease


Inflammation is a biologic response to injury and chronic inflammation can induce tissue damage. Inflammation plays a role in the development and pathogenesis of many ocular diseases, such as AMD, ROP and DR. In the vitreous of patients affected with retinopathies, increased levels of pro-inflammatory molecules, including TNF-α, IL-6, IL-8, MCP-1, endothelin 1, VEGF and ICAM-1, have been observed [135,136]. Intracellular APE1/Ref-1 is transiently increased in response to inflammation [9]. Specifically, APE1/Ref-1 regulates the transcriptional activity of NF-κB, STAT3, growth factors and cytokines by modulating DNA-binding activity. APE1/Ref-1 inhibitors abrogate the DNA-binding activity of these TFs, indicating that APE1/Ref-1 may play a role in inflammation in neovascular eye disease (Figure 1C) [37,43,52]. Since NF-κB and STAT3 are redox-sensitive, APE1/Ref-1 may regulate the transcriptional activity of these pro-inflammatory molecules by maintaining the reduction of the cysteine residues [9].



6.1. Role of NF-κB


NF-κB activates the transcription of genes involved in proliferation, migration and invasion and contributes to the inflammatory response. In canonical NF-κB signaling, a variety of signaling kinases activate the IκB kinase (IKK) complex. Then, the IKK complex phosphorylates IκBα on select serine residues, signaling for proteasomal degradation of IκBα. This degradation releases NF-κB homo- or heterodimers to translocate to the nucleus and promote the transcription of target genes [137,138]. The molecular components of the NF-κB dimer can include RelA (p65), p50, p52 and others [139]. Activation of pro-inflammatory nuclear transcription factors such as NF-κB results in an increased expression of cytokines, chemokines, VCAM-1, VEGF and other molecules that contribute to the pro-inflammatory milieu [105]. The inhibition of NF-κB results in the reduction of IL-6, IL-8, TNF-α and other inflammatory agents [15].



APE1/Ref-1 redox inhibitors suppress NF-κB expression, as APE1/Ref-1 induces NF-κB expression and contributes to the pro-inflammatory response. APX3330 inhibited DNA binding of NF-κB in a human T cell line without affecting the degradation of IκBα and phosphorylation of p65, both of which are required for NF-κB activation [52]. In the ocular context, APX3330 also suppressed NF-κB transcriptional activity in Rf/6a cells, as 80 and 100 μM doses of APX3330 effectively reduced p65 expression [55]. Second-generation APE1/Ref-1 inhibitors APX2009 and APX2014 dose-dependently reduced translocation of the p65 subunit of NF-κB into the nucleus in HRECs and treatment of HRECs with APX2009 and APX2014 decreased downstream mRNA targets of NF-κB including VCAM1, CCL20 and VEGFA [44]. Additionally, APX3330 treatment of RPE cells effectively blocked the upsurge of NF-κB activity in response to pathological stress induced by oxidized low density lipoprotein (oxLDL), a widely used experimental reagent that triggers inflammation and pathological stress [28]. In Rf/6a cells, APX3330 also downregulated the production of MCP-1, an NF-κB transcriptionally regulated chemokine. APX3330 treatment reduced the upsurge of MCP-1 in RPE cells following oxLDL treatment, implicating APE1/Ref-1′s influence on cytokines in multiple ocular cell types and how it may be a potential target to control inflammation in neovascular eye disease [28,55]. APE1/Ref-1 also regulates various cytokines that are downstream of NF-κB and other pro-inflammatory pathways, as the inhibition of APE1/Ref-1 redox activity with APX3330 suppressed IL-5 and TNF-α production in macrophages [43]. In a vascular inflammation model in which HUVECs were treated with TNF-α, a factor closely associated with NF-κB, secreted acetylated-APE1/Ref-1 rapidly deacetylated and inhibited TNF-α-stimulated endothelial inflammation, suggesting that a conformational change in the extracellular domain of TNF receptor 1 is necessary to regulate TNF-α-stimulated inflammation in response to APE1/Ref-1 [140]. The acetylation of APE1/Ref-1 also affected the functionality of APE1/Ref-1, as acetylated APE1/Ref-1 demonstrated no redox activity, demonstrating that APE1/Ref-1 redox activity affects inflammation. On balance, these results demonstrate that APE1/Ref-1 redox inhibition suppresses NF-κB activity, implicating APE1/Ref-1′s role in the inflammatory neovascular response.




6.2. Role of STAT3


In response to pro-inflammatory cytokines, growth factors and hormones, JAK phosphorylates STAT, which induces dimerization of STAT. Dimerized STAT can then translocate to the nucleus and regulate DNA binding and transcriptional activity [17,141]. STAT3 is a downstream transcriptional target of APE1/Ref-1 and STAT3 signaling promotes inflammation and angiogenesis [37]. The inhibition of APE1/Ref-1 results in the inhibition of STAT3 binding to DNA and a decrease in inflammatory cytokines, while APE1/Ref-1 overexpression results in increased transcriptional activity of STAT3 [17,37]. Treatment of pancreatic ductal adenocarcinoma cells (PDAC) with APX3330 blocked STAT3 DNA binding [37]. As little as 10 μM APX3330 reduced the STAT3 DNA-binding activity in Rf/6a cells, implicating APE1/Ref-1′s role in directing STAT3 DNA binding. Immunoblot analysis of the expression of pSTAT3 in these cells in response to APX3330 treatment revealed no significant alterations in pSTAT3 or total levels of STAT3 [55]. These results indicate that APE1/Ref-1 specifically directs STAT3 DNA binding without directly impacting total STAT3 levels.





7. APE1/Ref-1 and Oxidative Stress in Neovascular Eye Disease


The retina’s high energy demand and metabolic rate makes it particularly prone to reactive oxygen species (ROS) accumulation, thereby contributing to oxidative stress and development of retinopathies [142,143]. ROS are implicated in the process of angiogenesis, as the elevation of ROS production and insufficient ROS scavenging result in the elevation of superoxide anion and hydrogen peroxide levels. Oxidative stress results in the overproduction of superoxide and suppression of antioxidant defense, which leads to mitochondrial dysfunction and induction of pro-inflammatory pathways, ultimately contributing to the development of retinopathies such as DR or ROP [144,145]. In addition, hyperglycemia, hyperlipidemia and inflammation, three hallmarks of diabetes, stimulate the production of ROS and further contribute to the development of DR [142,146]. Not only are ROS involved in the induction of oxidative stress, but ROS can also mediate angiogenesis and inflammation by inducing VEGF expression, HIF-1α signaling and activating the JAK/STAT pathway [143]. Clearly, oxidative stress can adversely affect vision and contribute to the development of many retinopathies.



However, APE1/Ref-1 redox inhibitors may activate ROS-responsive transcription and reverse the effects of oxidative stress [147] (Figure 1D). APX3330 rescued RPE cells from oxidative stress, reducing intracellular accumulation of ROS and attenuating Nrf2/Nrf1, p53, CBF/NF-y, YY1 and MTF-1 transcription factors, all of which have been implicated in oxidative stress response [28]. Other evidence further supports APE1/Ref-1′s redox function in ROS production, as APX3330 treatment following cerium oxide nanoparticle treatment on HUVECs decreased tube formation, indicating the importance of the APE1/Ref-1 pathway in angiogenesis in a ROS-excessive environment [148].



7.1. Role of Nrf2


Nuclear factor erythroid-2-related factor 2 (Nrf2) is a protective transcription factor that is upregulated in response to oxidative stress. Following the induction of oxidative stress, the reduction of cysteine residue 151 of Keap1 allows for Nrf2 to dissociate from Keap1 and enter the nucleus to activate antioxidant response element (ARE) genes, which protect the cell from oxidative stress [142,143,149]. The activation of Nrf2 also prevents the overproduction of pro-inflammatory cytokines such as IL-6 and IL-1β [150]. Previous studies have suggested that the PI3K/Akt and ERK pathways are implicated in the modulation of Nrf2 expression [143,151]. Specifically, in the retina, Nrf2 has been implicated as an important cytoprotective mechanism in response to oxidative stress and may be a potential pharmacological target for retinal diseases [152,153]. In aged retinas, there is an increase in pro-inflammatory molecules and a decline in Nrf2 and heme oxygenase-1 (HO-1), suggesting poor protective response to oxidative stress, which may play a role in the pathogenesis of retinopathies [142,154]. In PDAC cells, the suppression of APE1/Ref-1 redox activity with APX3330 resulted in increased Nrf2 activity in a dose-dependent manner and did not increase ROS levels, suggesting that APE1/Ref-1 redox activity influences Nrf2 activity [39]. However, the induction of pathological stress in human RPE cells with oxLDL resulted in increased Nrf2 activity and, following treatment of APX3330, Nrf2 activity decreased [28]. The disparate effects of APE1/Ref-1 redox inhibitors on Nrf2 levels in RPE cells compared to cancer cells leave open the question on the mechanism by which APE1/Ref-1 inhibition ameliorates oxidative stress in ocular tissues, how these effects contribute to neovascularization and what is the relative role of Nrf2 in the process. This is particularly relevant as HO-1, which is Nrf2-regulated, is upregulated in response to oxidative stress, protecting cells from ROS. HO-1 expression is induced by APX3330 as discussed below.




7.2. Role of HO-1


HO-1 is an Nrf2-regulated gene that catalyzes the degradation of heme and is upregulated in response to oxidative stress to protect cells from ROS accumulation [151]. The induction of HO-1 in response to Nrf2 signaling induces anti-inflammatory effects and can lead to the inhibition of NF-κB signaling; evidence suggests that the ERK and PI3K signaling pathways participate in regulating HO-1 expression [143,149,155]. In the retina, protection from oxidative damage can be aided via upregulation of HO-1 [143]. Although HO-1 expression related to APE1/Ref-1 has not yet been characterized in the eye, the inhibition of APE1/Ref-1 in PDACs with APX3330 induced HO-1 expression [39].





8. APE1/Ref-1 and Cell-Cycle Control in Neovascular Eye Disease


APE1/Ref-1 is crucial in regulating the cell cycle, specifically, by enabling cells to progress from the G1 to the S phase. In prostate cancer cells, treatment with APX2009 induces G1 cell-cycle arrest but does not cause cell death [57]. Similarly, the cell-cycle profiling of HRECs demonstrated that treatment with APX2009 and APX2014 blocked the induction of the S phase and increased the number of cells in the G1 phase [44]. APX2009 and APX2014 also inhibited cell proliferation in HRECs and Rf/6a cells, further supporting the notion that APE1/Ref-1 inhibitors block angiogenesis [44]. In another study, the cell index (CI) was evaluated in response to APX3330 treatment of RVECs. The CI integrates information on cell viability, number, morphology and adhesion. APX3330 reduced CI of RVECs of wildtype and Vldlr−/− mice. APX3330 was more potent at reducing CI values of RVECs than bevacizumab treatment, indicating that targeting the APE1/Ref-1 redox function may be more effective than VEGF targeting for inhibiting cell proliferation [30].



Senescence is also an important contributor to the development of AMD. When RPE cells become senescent, oxidative damage and stress can increase, ultimately promoting AMD [156]. Treatment of ARPE-19 cells with APX3330 protected the cells from a stress-induced senescence-like phenotype [28]. In relation to apoptosis, APE1/Ref-1 redox inhibitors have no cytotoxic effect and do not induce apoptosis in a variety of endothelial cell types. In Rf/6a cells and endothelial colony forming cells (ECFCs), APX3330 did not induce apoptosis [30,55]. Furthermore, APX2009 and APX2014 did not induce apoptosis in HRECs in a TUNEL assay [44]. In the treatment of neovascular diseases, this is ideal, since the pre-existing blood vessels should remain intact while proliferative angiogenesis of new blood vessels is halted.




9. Clinical Relevance and Significance


Taking all this evidence together, targeting APE1/Ref-1 redox function may be a new and promising therapeutic approach for neovascular ocular diseases (Table 1). Recently, we showed, for the first time, that systemic and gavage administration of APE1/Ref-1 redox inhibitors reduced L-CNV [44] (Figure 3). With current treatments for neovascular eye diseases consisting of IVT injections, an orally bioavailable drug may have many benefits that outweigh those of IVT injections. For example, a twice-daily pill of an APE1/Ref-1 redox inhibitor would allow for more steady drug levels than those obtained with a monthly injection.



Several studies have been conducted to assess the systemic exposure and potential toxicity in response to APE1/Ref-1 redox inhibitors. APX3330 displayed appropriate pharmacokinetic characteristics in mice, including half-life, area under the curve (AUC) and bioavailability, with no evidence of toxicity or lethality in vivo as determined by weight loss and bone marrow cellularity [40]. A physiological-based pharmacokinetic (PBPK) model was used to predict plasma concentrations and retinal exposure of oral APX3330 and confirmed the pharmacodynamic appropriateness of a 300 mg dose of a twice-daily pill of APX3330 [157]. In addition, the analysis of the safety and profile of APX3330 revealed that APX3330 is safe for chronic dosing from 240 to 600 mg/day. These data support previous clinical findings and pharmacodynamic studies indicating an APX3330-mediated effect upon cancer cells [62,81]. In humans, the dose-limiting toxicity at 720 mg/day was characterized by a spontaneous, reversible, pruritic, diffuse rash [15].



In addition, in vitro application of APX2009 to dorsal root ganglia and IP injection of APX3330 for IBD resulted in neuronal protection, demonstrating that APE1/Ref-1 inhibitors are not only not systemically toxic, but are also beneficial and protective [45,91]. APX3330 safety and dosing administration has been established by the Eisai pharmaceutical company (Japan) in non-cancer patients (hepatitis) and toxicology studies for phase I and II trials provided strong evidence that APX3330 does not contribute to toxicity [17,158]. In sum, these findings demonstrate that oral administration of APE1/Ref-1 redox inhibitors may effectively reduce neovascularization in the eye without causing systemic or ocular toxicity. A safe, orally bioavailable drug for neovascular eye disease may also help decrease healthcare costs for patients, reduce office visits and increase patient compliance.



Current pharmacological treatments for neovascular eye diseases include drugs that target the VEGF signaling pathway. However, many patients who receive these agents do not respond well, become resistant to therapy, or may even experience worsened eye disease, indicating that current anti-VEGF treatments may not be sufficient [8]. In addition, transgenic mice with inducible VEGF expression in the RPE do not develop CNV, indicating that VEGF alone is not sufficient for inducing neovascularization [159]. Approaches such as targeting the redox function of APE1/Ref-1 may be the future of neovascular eye disease therapeutics, as the redox activity influences multiple relevant pathways involved in angiogenesis, inflammation, stress response and cell survival (Figure 1E).



APE1/Ref-1 redox inhibitor APX3330 has begun a phase II clinical trial for DR and DME (Clinical Trials Identifier NCT04692688). The ZETA-1 trial will explore the safety and efficacy of APX3330. ZETA-1 is a randomized, placebo-controlled, double-masked study in which 80 subjects will be enrolled, which include those with moderately-severe to severe non-proliferative DR, mild PDR and DME. Patients will receive twice-daily oral tablets to ensure a steady systemic level of APX3330 for effective and safe therapy. If successful, the trial could reduce the burden of anti-VEGF IVT injections by providing the first oral therapy for treatment of DR/DME. Moreover, it would pave the way for testing APE1/Ref-1 inhibition in other neovascular eye diseases such as nvAMD or even ROP.




10. Outstanding Research Questions


Although many studies indicate that APX3330 strictly inhibits APE1/Ref-1 redox activity and does not affect APE1/Ref-1 endonuclease activity, some evidence suggests that very high concentrations of APX3330 inhibit APE1/Ref-1 endonuclease activity. The concentrations used in these studies were greater than 100 µM, therefore of limited biological significance [18]. There was one report of disruption of APE1/Ref-1 interaction with DNA polymerase β through the disruption of the N-terminal end of APE1/Ref-1, which interacts with DNA polymerase β, but no evidence supporting an alteration of APE1/Ref-1 endonuclease activity [54]. In addition, the possibly neuron-specific activating effect of APX3330 on APE1/Ref-1′s endonuclease activity further suggests some interaction between activities. Because of this neuronal protective effect, the role of APX3330 directly or indirectly impacting the endonuclease activity of APE1/Ref-1 is an area of great interest and study.



Since downstream targets of APE1/Ref-1 include VEGF, questions still remain if APE1/Ref-1 redox inhibition can be beneficial in anti-VEGF-resistant patients. It also remains to be determined what are all the ocular diseases and patient populations for which APE1/Ref-1 redox inhibitors may be used, since APE1/Ref-1 appears to be implicated in a wide variety of disease states. Because of overlapping pathways implicated in numerous ocular diseases, its use might be applicable for multiple diseases. Moreover, alternative delivery routes for APE1/Ref-1 redox inhibitors could be explored depending on the ocular disease being treated. As mentioned earlier, various studies have evaluated the effects of APE1/Ref-1 redox inhibitors by IVT injection, systemic injection and gavage administration in rodents. Safety, efficacy, systemic exposure, toxicity, patient compliance and many other factors must be considered when weighing these options for human disease therapy [126]. In the case of APX3330, in the 11 clinical trials and over 300 patients treated with oral APX3330 in hepatitis and cancer, a strong safety record and minimal side effects were documented, providing a strong argument for the oral route [62,81]. Oral delivery of APX3330 would be disruptive to the retinal vascular disease field as all approved drugs to date are delivered IVT.



Attempts were previously made to develop a knockout of APE1/Ref-1, but complete loss of APE1/Ref-1 is embryonically lethal, as expected due to its critical role in the DNA BER pathway along with its redox signaling activities. Heterozygous knockout of APE1/Ref-1 in mice resulted in increased cancer progression, decreased survival rates and increased sensitivity to oxidative stress due to the reduction in the DNA repair capacity in these mice [10,65,160]. To better understand the biology and tissue-specific activity of APE1/Ref-1, a conditional knockout of APE1/Ref-1 or knock-in of endonuclease-dead or DNA repair-dead mutants still need to be developed, such as an APE1/Ref-1-floxed mouse and transduction with Cre adenovirus. Currently, CRISPR knock-ins in cancer cell lines are being developed with mutations in the various Cys residues (C65, C93, C99 and double-Cys mutations) in APE1/Ref-1 to further understand exactly how APE1/Ref-1 functions as a redox signaling molecule in cells [161]. A redox-deficient mutant (C65A) mutant of APE1/Ref-1 can be used to bypass lethality of an APE1/Ref-1 knockout and further identify targets of APE1/Ref-1′s redox function, as evidence suggests that the APE1/Ref-1 DNA repair function is critical for survival, but the redox function is not [61]. Viral tools such as shRNA for testing these mutants in vitro have been beneficial in teasing apart the biology of APE1/Ref-1 in various tissue types [45,74]. Various cell types can be transfected with APE1/Ref-1 siRNA to increase the understanding of the mechanism of APE1/Ref-1 in neovascular eye diseases, coupled with modulation of APE1/Ref-1′s activities using lentivirus to overexpress wild-type and mutant APE1/Ref-1 to examine the effects of APE1/Ref-1 on expression of target genes.



While we have significant information on APE1/Ref-1′s role in ocular angiogenesis and inflammation, additional studies will clearly be informative. For example, examination of APE1/Ref-1′s influence on novel targets and pathways are currently being explored in our laboratories. Furthermore, APE1/Ref-1 redox inhibitors’ full spectrum of effects in ocular angiogenesis is also unknown. Additional efforts are needed to analyze the mechanism of APE1/Ref-1 and its redox inhibitors in neovascular eye disease. APE1/Ref-1′s effects on various transcriptional targets have been well characterized in various cancers, but its role on other transcriptional targets in the retina and choroid have yet to be elucidated.




11. Conclusions


Given the importance of the redox-regulated transcriptional control by APE1/Ref-1 in neovascular eye disease, modulating this function may make APE1/Ref-1 redox inhibitors potential candidates for treating diseases such as nvAMD, PDR/DME and ROP. Because APE1/Ref-1 simultaneously affects angiogenesis, inflammation, stress response and other key pathways implicated in neovascular eye disease, targeting APE1/Ref-1 may be a novel approach that has the potential to improve disease outcomes in many patients and may be a better therapeutic tactic than current anti-VEGF therapies. APE1/Ref-1 redox inhibitors hold much promise for retinal and choroidal neovascularization by targeting multiple pathways and perhaps bypassing issues that surround IVT anti-VEGF therapy, thereby alleviating some of the burden associated with current therapies.
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Abbreviations




	AD
	Alzheimer’s disease



	ALS
	Amyotrophic lateral sclerosis



	AMD
	Age-related macular degeneration



	AP-1
	Activator protein 1



	APE1/Ref-1
	Apurinic/apyrimidinic endonuclease 1/reduction-oxidation factor 1



	APX2009
	(E)-N,N-diethyl-2-((3-methoxy-1,4-dihydronaphthalen-2-yl)methylene)pentanamide



	APX2014
	(E)-N-methoxy-2-((3-methoxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)methylene)pentanamide



	APX3330
	(2E)-2-[(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)methyelene]-undecanoic acid



	ARE
	Antioxidant response element



	ARPE-19
	Adult retinal pigment epithelium-19



	AUC
	Area under the curve



	BER
	Base-excision repair



	BMI
	Body mass index



	CA9
	Carbonic anhydrase 9



	CBF/NF-Y
	CCAAT-binding factor



	CCL20
	C-C motif chemokine ligand 20



	CI
	Cell index



	CIPN
	Chemotherapy-induced peripheral neuropathy



	CNS
	Central nervous system



	CREB
	cAMP-responsive element (CRE)-binding protein



	CXCR4
	CXC motif chemokine receptor 4



	DME
	Diabetic macular edema



	DR
	Diabetic retinopathy



	ECFCs
	Erythroid-colony-forming unit cells



	ECM
	Extracellular matrix



	EMSA
	Electrophoretic mobility shift assay



	ERK
	Extracellular-signal-regulated kinase



	HEY-C2
	Ovarian cancer cell line



	HIF-1
	Hypoxia-inducible factor 1



	HIF-1α
	Hypoxia-inducible factor 1 α subunit



	HIF-1β
	Hypoxia-inducible factor 1 β subunit



	HO-1
	Heme oxygenase 1



	HRECs
	Human retinal microvascular endothelial cells



	HSF-1
	Heat shock factor 1



	HUVEC
	Human umbilical vein endothelial cells



	ICAM-1
	Intracellular adhesion molecule 1



	IBD
	Inflammatory bowel disease



	IKK
	IκB kinase



	IL-1β
	Interleukin 1β



	IL-6
	Interleukin 6



	IL-8
	Interleukin 8



	IP
	Intraperitoneal



	IVT
	Intravitreal



	JAK/STAT
	Janus kinase/signal transducer and activator of transcription



	LC-MS/MS
	Liquid chromatography with tandem mass spectrometry



	L-CNV
	Laser-induced choroidal neovascularization



	MCP-1
	Monocyte chemoattractant protein-1



	MPP+
	1-methyl-4-phenylpyridinium



	mtDNA
	Mitochondrial DNA



	MTF-1
	Metal regulatory transcription factor 1



	NF-κB
	Nuclear factor κ light-chain-enhancer of activated B cells



	NPDR
	Non-proliferative diabetic retinopathy



	NPM1
	Nucleophosmin 1



	Nrf1
	Nuclear factor erythroid 2-related factor 1



	Nrf2
	Nuclear factor erythroid 2-related factor 2



	nvAMD
	Neovascular age-related macular degeneration



	OCT
	Optical coherence tomography



	oxLDL
	Oxidized low density lipoprotein



	PBPK
	Physiological-based pharmacokinetic



	PD
	Parkinson’s disease



	PDAC
	Pancreatic ductal adenocarcinoma



	PDGF-B
	Platelet-derived growth factor subunit B



	PDR
	Proliferative diabetic retinopathy



	PI3K/Akt
	Phosphoinositide-3-kinase



	PEBP-2
	Polyomavirus enhancer-binding protein 2



	Rf/6a
	Macaque choroidal endothelial cell-like cell line



	ROP
	Retinopathy of prematurity



	ROS
	Reactive oxygen species



	RPE
	Retinal pigment epithelium



	RVECs
	Retinal vascular endothelial cells



	SKOV-3X
	Human ovarian cancer cell line



	STAT3
	Signal transducer and activator of transcription 3



	TF(s)
	Transcription factor(s)



	TNF-α
	Tumor necrosis factor alpha



	TUNEL
	Terminal deoxynucleotidyl transferase dUTP nick end labeling



	VEGF
	Vascular endothelial growth factor



	VE-PTP
	Vascular endothelial protein tyrosine phosphatase



	VHL
	Von Hippel–Lindau



	YY1
	Ying yang-1
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Figure 1. Role of APE1/Ref-1 in neovascular eye diseases. (A) APE1/Ref-1 redox function, inhibited by APX3330, APX2009 and APX2014, serves to regulate many transcription factors by reducing disulfide bonds of transcription factors to induce expression of various genes that play roles in angiogenesis, inflammation, oxidative stress and other pathways. APE1/Ref-1-regulated transcription factors that are linked to neovascular eye disease include HIF-1α, NF-κB, STAT3, AP-1 and p53. Analog RN7-58 is similar to APX3330, APX2009 and APX2014 in structure, but it does not inhibit redox function. (B) APE1/Ref-1 redox activity and low oxygen levels induce expression of HIF-1α, which can then dimerize with HIF-1β to form HIF-1. HIF-1 can then induce the expression of genes, including VEGF and CA9. (C) NF-κB and STAT3 are transcription factors that can be activated by APE1/Ref-1 redox activity, are involved in inflammation and can induce expression of TNF-α, IL-6 and other inflammatory cytokines. (D) Transcription factor Nrf2, repressed by APE1/Ref-1 in many cell types, regulates cellular defenses against oxidative stress and induces expression of HO-1 and other proteins involved in detoxification and elimination of ROS. ROS can also induce oxidative stress by inducing expression of VEGF, HIF-1α and the JAK/STAT pathway, making these various pathways connected. (E) Increases in angiogenesis, inflammation and oxidative stress in a healthy eye can lead to neovascular eye diseases, such as PDR, ROP and nvAMD. APE1/Ref-1 inhibitors, such as APX3330, APX2009 and APX2014, block the redox ability of APE1/Ref-1 to oxidize transcription factors. Blocking APE1/Ref-1 redox activity in the eye can decrease angiogenesis, inflammation and oxidative stress via de-repressing Nrf2. Therefore, APE1/Ref-1 redox inhibitors interfere with pathways implicated in neovascular eye diseases such as PDR, ROP and nvAMD. Created with BioRender.com. Abbreviations: TF(s), transcription factors; HIF-1α, subunit of hypoxia-inducible factor 1; HIF-1, hypoxia-inducible factor 1; STAT3, signal transducer and activator of transcription 3; NF-κB, nuclear factor κ light-chain-enhancer of activated B cells; TNF-α, tumor necrosis factor alpha; IL-6, interleukin 6; VEGF, vascular endothelial growth factor; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme-oxygenase 1; CA9, carbonic anhydrase 9; JAK/STAT, Janus kinase/signal transducer and activator of transcription; PDR, proliferative diabetic retinopathy; nvAMD, neovascular age-related macular degeneration; ROP, retinopathy of prematurity. 
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Figure 2. A ribbon rendering of a monomer of APE1/Ref-1 with key cysteine residues necessary for redox activity shown in red (C65, C93 and C99) and additional cysteine residues not necessary for redox activity shown in purple (C138, C208, C296 and C310). Two beta strands contain C65 and C93 and the connecting loop region contains C99. Structure: 4QHD, rendered with Mol* [24,25]. 
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Figure 3. APX3330 gavage efficacy in a laser-induced CNV model. C57BL/6J mice (7–8-week-old, female) received laser-induced CNV induction using a Micron IV laser injector, then received twice daily gavage for 14 days of 25 mg/kg APX3330, 50 mg/kg APX3330, or ethanol/Cremophor vehicle. (A) Representative OCT images of lesions imaged 14 days post-laser. Scale bars = 100 μm. (B) Representative confocal images of agglutinin-stained choroidal flat mounts following enucleation 14 days post-laser. Scale bars = 100 μm. (C) Quantification of OCT lesion volume [134] (represented in A) using ImageJ software. (D) Quantification of confocal, z-stack agglutinin staining images (represented in B) using ImageJ software. Results demonstrated a significant decrease in lesion size for both 25 mg/kg and 50 mg/kg APX3330 compared to vehicle (***, p = 0.0002, ****, p = 0.0001, ANOVA with Dunnett’s post-hoc test). Mean ± SEM for individual lesions (2–4 per eye) from n = 5 mice per group shown. 
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Table 1. Evidence linking APE1/Ref-1 inhibitors with eye disease. Redox inhibitors APX3330, APX2009 and APX2014 have been assessed in multiple systems. For structures of compounds mentioned, refer to Figure 1. Abbreviations: RVECs, retinal vascular endothelial cells; ARPE-19, adult retinal pigment epithelium-19 cell line; CI, cell index; MCP-1, monocyte chemoattractant protein-1; oxLDL, oxidized low density lipoprotein; ROS, reactive oxygen species; VEGF, vascular endothelial growth factor; NF-κB, Nuclear factor κ light-chain-enhancer of activated B cells; Nrf2/Nrf1, Nuclear factor erythroid 2-related factor 2 and 1; HIF-1, hypoxia-inducible factor 1; CBF/NF-Y, CCAAT-binding factor; YY1, Ying yang-1; MTF1, metal regulatory transcription factor 1; HSF-1, heat shock factor 1; Rf-6a, macaque choroidal endothelial cell-like cell line; STAT3, signal transducer and activator of transcription 3; HRECs, human retinal microvascular endothelial cells; VCAM1, vascular cell adhesion molecule 1; CCL20, C-C motif chemokine ligand 20; VEGFA, vascular endothelial growth factor A; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; IVT, intravitreal; L-CNV, laser-induced choroidal neovascularization; IP, intraperitoneal.






Table 1. Evidence linking APE1/Ref-1 inhibitors with eye disease. Redox inhibitors APX3330, APX2009 and APX2014 have been assessed in multiple systems. For structures of compounds mentioned, refer to Figure 1. Abbreviations: RVECs, retinal vascular endothelial cells; ARPE-19, adult retinal pigment epithelium-19 cell line; CI, cell index; MCP-1, monocyte chemoattractant protein-1; oxLDL, oxidized low density lipoprotein; ROS, reactive oxygen species; VEGF, vascular endothelial growth factor; NF-κB, Nuclear factor κ light-chain-enhancer of activated B cells; Nrf2/Nrf1, Nuclear factor erythroid 2-related factor 2 and 1; HIF-1, hypoxia-inducible factor 1; CBF/NF-Y, CCAAT-binding factor; YY1, Ying yang-1; MTF1, metal regulatory transcription factor 1; HSF-1, heat shock factor 1; Rf-6a, macaque choroidal endothelial cell-like cell line; STAT3, signal transducer and activator of transcription 3; HRECs, human retinal microvascular endothelial cells; VCAM1, vascular cell adhesion molecule 1; CCL20, C-C motif chemokine ligand 20; VEGFA, vascular endothelial growth factor A; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; IVT, intravitreal; L-CNV, laser-induced choroidal neovascularization; IP, intraperitoneal.





	
Intervention

	
System

	
Findings

	
Reference






	
In vitro




	
APX3330

	
RVECs

	
Dose-dependently suppressed proliferation, migration and tube formation

	
[30]




	
APX3330

	
RVECs

	
Reduced CI

	
[30]




	
APX3330

	
ARPE-19

	
Prevented apoptosis and reduced the upsurge of MCP-1 following induction of pathological stress with oxLDL

	
[28]




	
APX3330

	
ARPE-19

	
Reduced accumulation of intracellular ROS, secretion of VEGF and effectively blocked the upsurge of NF-κB in response to induced pathological stress by oxLDL

	
[28]




	
APX3330

	
ARPE-19

	
Protected the cells from a stress-induced senescence-like phenotype

	
[28]




	
APX3330

	
ARPE-19

	
Decreased the transcription activities of Nrf2/Nrf1, p53, NF-κB, HIF-1, CBF/NF-Y, YY1, MTF1 and HSF-1

	
[28]




	
APX3330

	
Rf/6a

	
Reduced p65 expression and NF-κB transcriptional activity

	
[55]




	
APX3330

	
Rf/6a

	
Dose-dependently downregulated the production of MCP-1

	
[55]




	
APX3330

	
Rf/6a

	
Reduced STAT3 and NF-κB DNA binding activity

	
[55]




	
APX3330

	
Rf/6a

	
Dose-dependently suppressed angiogenesis (proliferation, migration and tube formation)

	
[55]




	
APX3330

	
Rf/6a

	
Did not induce apoptosis

	
[55]




	
APX3330 and Bevacizumab (antibody)

	
Rf/6a

	
Additive decline in migration, tube formation and proliferation

	
[55]




	
APX2009APX2014

	
HRECs; Rf/6a

	
Dose-dependently decreased choroidal sprouting, proliferation, tube formation and endothelial cell migration

	
[44]




	
APX2009APX2014

	
HRECs

	
Dose-dependently reduced translocation of the p65 subunit of NF-κB into the nucleus and decreased downstream mRNA targets of NF-κB including VCAM1, CCL20 and VEGFA

	
[44]




	
APX2009APX2014

	
HRECs

	
Did not induce apoptosis in a TUNEL assay and blocked cells from entering the S phase

	
[44]




	
In vivo




	
APX3330

	
Vldlr−/− mice

	
Single IVT injection of 20 μM decreased neovascularization

	
[30]




	
APX3330

	
L-CNV mice

	
Single IVT injection for final intraocular concentration of 20 μM suppressed L-CNV lesion area

	
[28,55]




	
APX3330

	
L-CNV mice

	
IP injection twice a day at 50 mg/kg for 5 days on and 2 days off for two weeks reduced L-CNV volume by 25%

	
[44]




	
APX2009

	
L-CNV mice

	
IP injection (25 mg/kg twice daily for two weeks) decreased L-CNV volume without causing systemic toxicity

	
[44]




	
APX3330

	
L-CNV mice

	
Gavage administration of either 25 mg/kg or 50 mg/kg gavage of APX3330 twice daily for 14 days resulted in decrease of lesion size by >50%

	
Figure 3
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