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Abstract

:

Diabetic retinopathy (DR) is one of the leading causes of blindness worldwide. Multiple treatment options have been used over time to attempt to modify the natural progression of the disease in both proliferative diabetic retinopathy (PDR) and diabetic macular edema (DME). These two retinal complications are the result of microvascular occlusions and vascular hyperpermeability and are considered one of the leading causes of irreversible blindness in patients of working age. It is now well demonstrated that PDR and DME are associated with increased levels of inflammatory and pro-angiogenic factors in the ocular compartment. To date, laser photocoagulation, vascular endothelial growth factor (VEGF) inhibitors, and corticosteroids have demonstrated efficacy in their treatment in large randomized controlled trials and in real-life observational studies. This manuscript aims to provide a comprehensive review of current treatments, including the main drugs used in diabetic pathologic manifestations, as well as new therapeutic alternatives, such as extended-release intraocular devices.
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1. Introduction


Diabetes mellitus (DM) affects over 422 million people worldwide and almost 1.6 million deaths are directly related to the disease each year. The number of diabetic people is expected to increase to 700 million by 2045 [1]. Diabetic retinopathy (DR) is among the leading causes of acquired vision loss between the ages of 20 and 64 years in developed countries [2]. In non-proliferative DR (NPDR), diabetic macular edema (DME) is the major cause of vision loss [3] and is caused by hyperglycemia-induced damage to endothelial pericytes and tight junctions, which causes a dysfunctional inner blood-retinal barrier (BRB). Associated risk factors include elevated blood glucose, lipids and triglyceride levels, hypertension, advanced diabetic nephropathy, and pregnancy [4]. Excess glucose accumulation leads to the activation of two critical pathways in the pathophysiology of DR and DME: angiogenesis and inflammation [5,6,7].



Vascular endothelial growth factor (VEGF) and placental growth factor (PlGF) induce vascular hyperpermeability and microvascular changes; the former also stimulates angiogenesis and recruitment of inflammatory cells [7,8]. Hyperglycaemia also results in the formation of advanced glycation end products (AGEs) and reactive oxygen species (ROS), which lead to nitric oxide synthase dysregulation. This, in turn, activates pro-inflammatory transcription factors such as nuclear factor κappa-Beta (NFκ-β) followed by an increase in cytokines (IL-1, IL-6, TNFα), and chemokines, such as monocyte chemo-attractant protein 1 (MCP1), intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). Furthermore, this activates endothelial cells, recruitment of inflammatory cells, and increases the level of VEGF. Finally, NFκ-β activation leads also to the synthesis of many proinflammatory molecules by promoting specific gene regulation [8].



Laser treatment for DME was established as the standard of care for nearly 30 years when the Early Treatment of Diabetic Retinopathy Study (ETDRS) was published in 1985 [9]. This study demonstrated that focal photocoagulation of “clinically significant” DME reduces the risk of visual loss, increasing the chances of visual improvement. Moreover, it also demonstrated decreased persistence of edema and less visual field loss. Panretinal photocoagulation (PRP) has been the standard treatment for PDR since the DRS study demonstrated its benefit more than 40 years ago [10]. However, PRP has demonstrated permanent peripheral visual field loss and decreased night vision. On the other hand, it could exacerbate existing DME or increase its incidence.



In 2005, the first pharmacological anti-angiogenic (anti-VEGF) drug was used for the treatment of DME. Anti-VEGF therapy in DME has shown superior visual acuity results and acceptable risks compared to focal or macular grid laser, and has also led to the observation that PDR lesions can be reversed during treatment [11,12,13,14]. Since the advent of anti-VEGF therapy, new alternatives have been developed in search of greater durability and efficacy [15,16]. However, patients need to be followed regularly for retinal assessment, retreatment, or monitoring of side effects. It was therefore clear that a more successful treatment for DME and PDR was needed, and different treatment alternatives for both diabetic retinal complications should be considered [17].



The purpose of this review is to provide the reader with a ready update in terms of currently available treatment modalities and current preferred practice patterns. The paper discusses, moreover, new avenues in diabetic retinopathy treatments and presents novel and future therapeutic options, as well as the area of research. Anti-VEGF molecules and steroid treatment were first described, as they are the current option available for the treatment of diabetic patients. Then we developed future therapies exploring new pathophysiologic areas.




2. Methods


This article is based on a review of the literature performed by the authors. A literature search was performed in July 2022 using PubMed to identify relevant publications related to DR and DME using the following search terms: “diabetic retinopathy” or “diabetic macular edema” associated with “treatment” or “anti-VEGF” or “steroids”. The aim of this review is to describe the different treatment options for DR and DME and to discuss specific management based on disease characteristics and patient profile.




3. Treatment Options


3.1. Anti-Vascular Endothelial Growth Factor


The main goal of anti-VEGF-based therapies is to block the activity of elevated concentrations of VEGF and restore BRB integrity. The first intravitreal drug used to treat DME was the pegylated anti-VEGF aptamer pegaptanib sodium (Macugen; Pfizer), which selectively blocks VEGF isoform 165 [12]. Its successors superseded the results obtained by blocking all VEGF isoforms (Table 1).



3.1.1. Bevacizumab


Bevacizumab (Avastin; Genentech, Inc., South San Francisco, CA, USA) is a 149 kDa recombinant immunoglobulin G1 humanized monoclonal antibody that was originally approved by the U.S. Food and Drug Administration for the treatment of colorectal cancer in 2004, and its off-label intraocular use at doses of 1.25 to 2.50 mg in 0.05 mL had demonstrated good visual results and efficacy in the treatment of DME [13,14,27]. Bevacizumab binds and neutralizes the three biologically active isoforms of VEGF-A: VEGF165, VEGF121, and VEGF110; the vitreous half-life is 9.8 days with a mean (SD) serum half-life of 18.7 (5.8) days in non-vitrectomized patients [28,29,30]. Bevacizumab proved to be superior to laser therapy which was considered the gold standard of treatment. In the 2-year results of the BOLT study, the bevacizumab arm showed significantly better visual gain than laser (which showed visual loss) [31]. This is unclear in the literature how bevacizumab is non-inferior to other anti-VEGF therapy to treat DME. In the 5-year extension of the randomized clinical controlled trial, DRCRNet protocol T, a significant difference compared to aflibercept and ranibizumab was found in the first 2 years but not in the 5-year extension of the protocol. There was no difference found between anti-VEGF in patients with BCVA 20/40 or better throughout the 2 years of the study. However, in eyes with BCVA of 20/50 or worse, aflibercept was superior to ranibizumab and bevacizumab at one year, whereas at 2 years aflibercept was no longer superior to ranibizumab, but remained superior to bevacizumab [20,32].



The recent DRCRNet protocol AC demonstrated the effectiveness of the initial treatment of bevacizumab with a switch to aflibercept if specific criteria were met, compared to aflibercept monotherapy for DME treatment at 2 years. Half the patients in each group had a ≥2-step improvement from baseline on the ETDRS-DRSS. However, it should be noted that approximately 70% of the patients in the bevacizumab-first switched to aflibercept during the 2-year trial [27]. These data demonstrate that even if it is not FDA-approved, bevacizumab keeps being a safe, effective, and cost-effective option for DME and DR management, at least at the beginning of the disease.




3.1.2. Ranibizumab


Ranibizumab (Lucentis; Genentech, South San Francisco, CA, USA) is a 48 kDa anti-VEGF-A affinity-matured monovalent monoclonal antibody fragment designed for ocular use. The estimated vitreous half-life of ranibizumab is ~9 days, and due to the absence of the Fc antibody region, it is cleared from the bloodstream more rapidly and has a short systemic elimination half-life of ~2 h [28,33]. In 2012, it was the first FDA-approved anti-VEGF protein for the treatment of DME. The approval of ranibizumab for DME was based on three results of phase 3 clinical trials (RISE and RIDE) where 2 doses (0.5 or 0.3 mg) were compared to sham injections. The results showed that at 2 years, 44.8% and 45.7% of patients with monthly ranibizumab gained ≥15 letters with the 0.3 and 0.5 mg dosage, respectively, compared with 18.1% and 12.3% in the sham group. Furthermore, structural improvement in optical coherence tomography (OCT) was higher in all ranibizumab groups compared to sham in each measurement posttreatment. Resolution of leakage on fluorescein angiography (FA) and DME on OCT both were statistically significantly more common among ranibizumab-treated patients. Patients randomized to ranibizumab were less likely to develop proliferative diabetic retinopathy (PDR), had higher rates of retinopathy improvement, and lower rates of retinopathy progression [34]. As per DRCRNet protocol S, ranibizumab was shown to be non-inferior to PRP regarding BCVA outcome and visual field changes in patients with PDR. At 2 years, BCVA improved from baseline in the ranibizumab arm, and only stability was obtained from baseline in the PRP group. There was significant visual field loss in the PRP group, and more vitrectomies were required in the PRP group [32,35].



In October 2021, the FDA approved the port delivery system (PDS) ocular implant of ranibizumab (100 mg/mL) for the treatment of neovascular age-related macular degeneration (nAMD) (Susvimo; Genentech, South San Francisco, CA, USA). Currently, two phase 3 clinical trials are being carried out; PAGODA study is comparing Susvimo with a refill every 6 months in DME patients against monthly ranibizumab 0.5 mg, and PAVILION is evaluating the number of patients with ≥2-step improvement from baseline on the ETDRS-DRSS at one year with Susvimo in moderately severe or severe NPDR without DME [36,37]. However, due to concerns about the hermeticity of the seal that prevents the drug from leaking out after injection, in October 2022 the company pulled the product from the market and is expected to solve this problem within a year [38].




3.1.3. Aflibercept


Aflibercept (Eylea; Regeneron, Tarrytown, New York, and Bayer Healthcare Pharmaceuticals, Berlin, Germany) is a 115 KDa recombinant fusion protein that works as a decoy receptor that binds VEGF-A, VEGF-B, and PIGF with a greater affinity than the body’s native receptors. The vitreous half-life of aflibercept in non-vitrectomized animal models is 4 days, less than bevacizumab (7–9 days) and greater than ranibizumab (2.51 days) [28]. Because it has an intact Fc region, it is likely to be subject to FcRn recycling, which is supported by a serum half-life of approximately 5–6 days following intravenous administration [21,39]. Through the 52 weeks of the phase 2 DA VINCI study, patients in the four groups of aflibercept: 0.5 mg aflibercept every 4 weeks (0.5q4), 2 mg aflibercept every 4 weeks (2q4), 2 mg aflibercept for three initial monthly doses and then every 8 weeks, (2q8), 2 mg aflibercept for three initial monthly doses and then on an as-needed (Pro Re Nata-PRN) basis, experienced mean BCVA gains from baseline to week 24 ranging from 8.5 to 11.4 letters compared with only 2.5 letters in the laser PRP group. Because of its improved binding properties, aflibercept represented an opportunity to potentially reduce the treatment burden and follow-up visits to every 8 weeks [22]. VIVID and VISTA, two similarly designed phase 3 trials, showed that after 52 and 100 weeks of treatment aflibercept provides significant and similar sustained improvement with 2q4 and 2q8 dosing regimens. Moreover, the percentage of patients with a ≥2-step improvement in ETDRS-DRSS score from baseline to 1 year was significantly greater in the aflibercept groups compared to laser [23].



Reduction in potentially vision-threatening complications, center-involvement DME or PDR, in eyes with moderate to severe NPDR using four doses of aflibercept (basal, 1, 2, and 4 months) and then every 4 months through 2 years was observed in DRCRNet protocol W. The 2-year cumulative probability of developing center-involvement DME or PDR was 16.3% with aflibercept vs 43.5% with sham; nevertheless, preventive treatment did not confer BCVA benefit compared with observation plus treatment with aflibercept only after the development of PDR or vision-reducing center-involvement DME [40]. These findings support results obtained in the PANORAMA study, in which patients with moderate to severe NPDR without center-involvement DME at two years showed ≥2-step improvement in ETDRS-DRSS: 62% of the eyes that received aflibercept every 8 weeks, and 50% of the eyes that received aflibercept every 16 weeks vs 13% in the sham group. The PANORAMA study demonstrated at week 24 that aflibercept improved the severity of DR and suggests that anti-VEGF can reverse disease progression in these patients [41]. The DRCRNet protocol AB compared aflibercept vs vitrectomy plus PRP for patients with PDR and vitreous hemorrhage; at 24 weeks no significant difference in BCVA was found between groups. Interestingly, over the 2 years, 33% of eyes assigned to aflibercept needed vitrectomy and 32% of patients in the vitrectomy plus PRP received subsequent aflibercept; we need to take these results with caution due to the high range of confidence intervals in the results [42]. Currently, high-dose (8 mg) aflibercept is being studied in the phase 3 trial PHOTON, looking for non-inferiority, efficacy, and safety of high-dose aflibercept applied at 12- or 16-week intervals compared with 2 mg aflibercept every 8 weeks for DME treatment [43].




3.1.4. Brolucizumab


Brolucizumab is a 26 kDa single-chain antibody fragment (scFv) that has a high affinity for VEGF. Its low molecular weight allows for a greater drug concentration per injection and offers the potential for more tissue penetration and increased duration of action [44]. Recently, the 52-week outcomes of the two phase 3 pivotal trials KESTREL and KITE were published. Brolucizumab 6 mg was given in five loading doses every 6 weeks followed by dosing every 12 weeks. It achieved non-inferiority compared with aflibercept 2 mg given in five loading doses with a 4-week interval followed by every 8 weeks at 52 weeks. The probabilities for exclusively maintaining q12 dosing after loading through week 52 were 55.1% for the 6 mg arm in KESTREL and 50.3% in KITE. As expected, an additional benefit was observed in the ETDRS-DRSS score; 28.6%, 29.6%, and 21.7% of the patients experienced a ≥2-step improvement in the brolucizumab 3 mg, 6 mg, and aflibercept 2 mg groups from baseline at 52 weeks, respectively. Reported ocular secondary adverse events, especially intraocular inflammation (including retinal vasculitis), retinal vascular occlusion, and endophthalmitis, were of special interest due to the higher incidence of these adverse events reported elsewhere. However, the incidence of severe intraocular inflammation (IOI) with brolucizumab seems lower in DME than nAMD [25,36,37].




3.1.5. Conbercept


In 2013, conbercept (KH902; Chengdu Kanghong Biotech Co., Chengdu, China) was approved in China for the treatment of nAMD [45]. It is a recombinant fusion protein composed of the second immunoglobulin (Ig) domain of VEGFR1 and the third and fourth Ig domains of VEGFR2 to the Fc of human IgG1 [46]. It has similar properties to aflibercept. The Sailing study was a multicentre, randomized, double-masked parallel controlled, phase 3 trial, whose objective was to compare the efficacy and safety of intravitreal conbercept injections versus laser for the treatment of DME; at 1-year completion of the study an extra 1-year follow-up extension with crossover to conbercept was made. A significant improvement in BCVA from baseline to month 12 was observed in the conbercept group, whereas no improvement was observed in the laser group, with a similar outcome in patients who followed treatment in the extension year. Furthermore, patients in the laser group that crossed over to conbercept PRN demonstrated a significant change from months 12 to 24 [24]. A randomized clinical trial comparing other approved therapies with conbercept is needed to establish non-inferiority.




3.1.6. Faricimab


Faricimab is the first bispecific antibody designed for intraocular use. The angiopoietin (Ang) and tyrosine kinase with immunoglobulin-like and epidermal growth factor homology domains (Tie) signaling pathway is a key regulator of vascular stability, and Ang-2 upregulation has been implicated in the pathogeneses of DME and other retinal vascular diseases [47,48]. Its antigen-binding fragments independently inhibit Ang-2 and VEGF-A with high affinity and specificity, while its fragment crystallizable (Fc) region was engineered to reduce Fc-mediated effector functions and systemic half-life [49]. In the phase 2 BOULEVARD trial, faricimab demonstrated statistically significant superior gains at week 24 in treatment-naïve patients randomly assigned to faricimab 6.0 mg every 4 weeks versus ranibizumab 0.3 mg every 4 weeks [50]. In light of these findings, two phase 3 studies, YOSEMITE and RHINE, further investigated faricimab for DME. Both studies reached their primary efficacy endpoint, each demonstrating non-inferior 1-year vision gains with faricimab every 8 weeks or personalized treatment interval (PTI, a modified treat-and-extend—T&E regimen) versus aflibercept every 8 weeks. Decreased treatment burden was demonstrated in YOSEMITE and RHINE, with more than 70% of patients in the T&E groups achieving every-12-week dosing or longer at 1 year. At the week 52 visit, 151 (53%) patients in YOSEMITE and 157 (51%) patients in RHINE achieved dosing every 16 weeks, and a further 60 (21%) patients in YOSEMITE and 62 (20%) patients in RHINE achieved dosing every 12 weeks. These findings highlight the potential role of faricimab in achieving an unmet goal of durable therapies that optimize real-world outcomes [26].




3.1.7. Other Anti-VEGF Therapies


Another antibody biopolymer conjugate (ABC) KSI-301, with molecular weight 950 kDa (KODIAK sciences inc., Palo Alto, California) is under trial for the treatment of nAMD, macula edema secondary to retinal vein occlusion (RVO) and DME. The ABC includes a humanized IgG1 antibody with inert immune effector function and a biopolymer which is a high molecular weight phosphorylcholine polymer covalently bound by single-site specific linkage; this enhances its size and molar dose to increase intraocular durability [51]. In rabbit models it binds and blocks all isoforms of VEGF-A with higher affinity than its intended receptors VEGFR1 and VEGFR2; ocular half-life, also in rabbit models, has been demonstrated to be more than 10.5 days in the retina and more than 12.5 days in the choroid [52]. GLEAM and GLEAMER are both multicenter, randomized, phase 3 studies, whose main goal will be to evaluate the safety, efficacy, and durability of KSI-301 in the treatment of naïve patients with DME compared to aflibercept. KSI-301 will be administered every 8–24 weeks after three loading doses vs aflibercept every 8 weeks after five loading doses; both studies’ endpoints change in BCVA from baseline at 1 year, and treatment will be followed up for 2 years. Another phase 3 study with aims to evaluate this ABC administered every 4 or 6 months after two bimonthly doses in patients with NPDR at 1 year is the GLOW study, which is intended to recruit close to 400 patients [53].



Adjuvant therapies to existing ones are beginning to be explored. A trap agent, OPT-302 (Opthea Limited), binds and neutralizes VEGF-C and -D. A multicenter phase 1b/2a trial evaluated this molecule in combination with aflibercept for refractory DME. A total of 53% of patients treated with combination therapy gained ≥5 letters at week 12 compared with the baseline, which was greater than the predefined success measure of 38%. In a subgroup of patients with a prior history of aflibercept treatment, after switching to combination therapy the mean change in BCVA at week 12 was +6.6 letters and +3.4 letters for those continuing monotherapy [54].





3.2. Steroids


Anti-VEGF agents were the first approved therapy for DME, however not every patient responds to these molecules; as many as 30–40% of patients in clinical trials did not reach a BCVA of 20/40, nor did they gain ≥5 letters [55,56]. Moreover, some patients with a recent history of arteriothrombotic events can be contraindicated to anti-VEGF. For those patients, and even in treatment-naïve ones, alternative treatments such as one or more preparations of corticosteroids may be an option [57,58].



In the pathophysiology of DME, other molecules and pathways are up-regulated besides VEGF such as intracellular adhesion molecule (ICAM)-1, tumor necrosis factor (TNF) α, cyclooxygenase-2, and interleukin-6 (IL-6), neutrophils and monocytes are attracted, and vascular permeability deteriorates [59]. Steroids act by downregulating the arachidonic acid pathway, reducing the synthesis of thromboxane, prostaglandins, and leukotrienes, indirectly reducing VEGF synthesis. Corticosteroids inhibit the inflammatory processes involved in DME, including the production of pro-inflammatory mediators, increased levels of VEGF, and the loss of endothelial tension-binding proteins [60,61,62]. Currently available steroid therapies for the treatment of DR and DME are intravitreal and sub-tenon triamcinolone acetonide (TA), the dexamethasone intravitreal implant, and the fluocinolone intravitreal implant.



3.2.1. Triamcinolone Acetonide


The administration of intravitreal TA has demonstrated short-term efficacy (<3 months) for patients with DME unresponsive to at least three doses of bevacizumab with gains of BCVA at 1 month and sustained gains at 2 months but not at 3 months [63]. Compared to intravitreal, sub-tenon administration is less effective in terms of visual gains and anatomic outcomes with no difference at 6 months; patients with intravitreal treatment had a higher intraocular pressure (IOP) response at 3 months with no difference at 1 month and a lower IOP at 6 months [64]. Due to its short duration and the necessity of multiple injections, monotherapy for DME is not usually employed but is a good alternative in combination with anti-VEGF to achieve faster gains in visual acuity, anatomic outcomes, and, more importantly, decrease the number of anti-VEGF injections in the treatment of DME [65].




3.2.2. Dexamethasone


Dexamethasone is a water-soluble corticosteroid that can be delivered to the vitreous cavity by the dexamethasone intravitreal implant (DEX implant; OZURDEX, Allergan, Inc., Irvine, CA, USA). The implant is composed of a biodegradable copolymer of lactic acid and glycolic acid containing micronized dexamethasone. It releases the total dose of dexamethasone over consecutive months after insertion; its efficacy has been demonstrated with similar anatomic outcomes compared to anti-VEGF therapy but with lower BCVA gains in phakic patients at 12 months, this may be due to the progress of lens opacification with treatment. In addition, patients treated with the implant needed fewer retreatment injections compared to anti-VEGF. Dexamethasone implants may be considered in patients in which anti-VEGF is contraindicated, in pseudophakia eyes, in patients who do not want to be treated frequently, and in those not responsive to anti-VEGF [66,67,68]. In a real-world setting, treatment naïve DME patients treated with DEX-implants demonstrated a gain of ≥15 letters in almost 60% of eyes [69,70]. Concerns of adverse effects such as ocular hypertension and the necessity of filtration surgery for secondary glaucoma may be a bias toward the preference for anti-VEGF treatment, but in a randomized clinical trial the need for glaucoma filtering surgery was 0.3% and no patient needed removal of implants for IOP control [71]. The safety profile has been widely studied in the literature [72,73]. There are clinical trials that have shown some benefits of intravitreal steroids in the progression of DR [74]. The DR-Pro-Dex study provides the first long-term evidence that the dexamethasone implant has the potential to not only delay the progression of DR and PDR but may also improve the severity of DR in 24 months [75]. On the other hand, the results of the TRADITION study conclude that the implantation of dexamethasone at the end of a pars plana vitrectomy (PPV) in patients with tractional diabetic retinal detachment improves the severity of PDR and reduces the detachment rates [76].



A phase 3 trial is underway for a topical formulation of dexamethasone, OCS-01 (Oculis, 1.5% ophthalmic suspension), using the nanoparticle technology for delivery. Phase 2 clinical trials showed a decrease in the mean central macular thickness in the treatment arm compared to control eyes, reaching its primary endpoint; moreover, the treatment arm at week 12 had higher gains in visual acuity in letters compared to the control [77].



Another intravitreal therapy using dexamethasone is AR-1105 (Arie, Pharmaceutics, Inc.), which consists of a bio-erodible intravitreal implant manufactured using PRINT® technology, designed to last at least 6 months with a lower dose of dexamethasone than current therapies. In phase 2 studies, it showed improvements in BCVA and macular edema at 6 months. Phase 3 studies are underway [78].



The suprachoroidal delivery of dexamethasone is also studied currently in the form of biodegradable microspheres, OXU-001 (Oxular, Limited). A preclinical study of this therapy in rabbits found that therapeutic levels were maintained for approximately 1 year. The drug is administered via pars plana with a microcatheter designed to target the suprachoroidal space [79]. The company is developing a phase 2 study of OXU-001 in patients with DME.




3.2.3. Fluocinolone Acetonide Implant


Fluocinolone acetonide intravitreal implant (Iluvien®, Alimera Sciences Ltd., Alpharetta, GA, USA), with an average release at 0.25 µg/day and a described duration of 36 months, was approved by the National Institute for Health and Care Excellence (NICE) in 2013 as a treatment option for DME in pseudophakia patients resistant to anti-VEGF therapies. In the FAME studies, only 25% of patients needed more than one injection at 36 months. Real-world results are similar to those reported in the FAME studies, with a substantial gain of vision in patients treated [80,81,82]. Concerning raised IOP with treatment, 25% of patients in the FAME studies needed antihypertensive drops, and 14.3% needed glaucoma surgery despite topical therapy; these results not being supported by real-life studies demonstrated fewer ocular hypertension issues [83,84]. Careful selection of patients is important to avoid complications [85].




3.2.4. Other Steroid Therapies


A Bcl-xl inhibitor is currently under investigation for treating DME or nAMD in patients where anti-VEGF therapy is not considered beneficial. In phase 1 studies, UBX1325 (Unity biotechnology) at 24 weeks demonstrated that 50% of patients had a ≥10 letter gain and 62.5% experienced a ≥5 letter gain. A phase 2a study is currently enrolling patients with DME, aiming to measure ocular and systemic safety and tolerability over 24 weeks [86].



THR-149 (Oxurion) is a plasma kallikrein inhibitor given as an intravitreal injection. At 90 days of the phase 1 trial, 12 patients had an average improvement of 6.4 letters after one dose. A phase 2 trial, KALAHARI, is enrolling 122 patients to randomly assign three monthly injections of THR-149 or aflibercept; the primary outcome will be the mean change in vision from baseline at 3 months. [87]






4. Discussion


Success in the treatment of PDR and DME lies in the appropriate regulation of VEGF and pro-inflammatory factors. Pharmacologic treatment seems to achieve this goal more effectively compared to retinal laser therapy for DME. However, based on the results of the multiple studies mentioned, the pharmacologic treatment seems to emerge as first-line therapy in PDR, but can be only used at this date for delaying PRP. Although, an individualized treatment considering patient adherence, economic burden, and transportation is key to successful outcomes. For example, a patient with a low level of education, no family support, whose home is far from your practice, with PDR with or without DME, may have more benefit from initial PRP than anti-VEGF monotherapy; if possible, the PRP could be applied in one sitting.



The goal of extended durability and greater efficacy for the treatment of DME and DR is increasingly close, due to the discovery of new pathways and molecules involved in its pathogenesis. The recently approved faricimab is an example of this, with more than 70% of the patients with DME in the T&E arm achieving an every-12-weeks or more dosing regimen. We need to wait for real-world data to know if these results are reproducible and adjust to our patients’ needs.



In addition to the new molecules in development presented above, many other pathways are involved in DR pathogenesis. This is the case for the AGEs and their receptors (RAGEs). AGEs bind to RAGEs and trigger the production of reactive oxygen species (ROS), with upregulation of the pro-inflammatory molecule NFκ-β [88]. AGEs also increase VEGF expression; this makes it a target for novel treatments to improve microvascular damage in DR. With the objective of blocking or reducing the effects of this pathway, two molecules had been tested in induced diabetic rats: silymarin and fangchinoline [89,90]. The former is a flavonoid compound isolated from Silybum marianum with antioxidant and anti-inflammatory properties. In diabetic rats, it demonstrated an improvement through a decrease in AGEs, RAGEs, and ROS levels, a reduction in p38 MAP kinase and NFκ-β pp65 phosphorylation which was reflected in the inhibition of adhesion molecules and extracellular matrix proteins. The latter is an alkaloid isolated from Stephania tetranda; it acts by attenuating the expression of IL-6, IL-1, TNF-α, and cyclooxygenase [89,91]. Treatment with fangchinoline reduced the plasma concentration of HbA1c, glucose, and AGEs in the retinal tissues of DR rats [90]. Currently, there are only preclinical studies of these molecules, but their results are promising; they may not be more effective than blocking the well-known VEGF pathway, but may work as an adjuvant treatment to decrease treatment burden or increase the effectiveness of intraocular therapies.



Another area of research is the role of damage-associated molecular patterns (DAMPs) which are endogenous danger molecules released from the extracellular and intracellular space of damaged tissue or dead cells. These molecules are expressed in different eye diseases, and diabetic retinopathy; the predominant DAMPs are S100, HMGB1, uric acid, HSPs, ATP, cyclophilin A, Aβ, IL 1-α, IL-33, nuclear DNA, mtROS, formyl peptide, and lipid from the mitochondrial membrane [92]. DAMPs can act on the RAGE, activating the NFκ-β pathway, and activating the transcription of cytokines, chemokines, and other inflammatory mediators involved in DR. These DAMPs can therefore be targeted by novel therapeutics or repurpose existing molecules. In this way, potential treatment prospects are used in different fields of medicine; one of them is tasquinimod, which is used in prostate cancer, and its mechanism of action is poorly understood. It is thought to have an antiangiogenic effect inhibiting myeloid-derived suppressor cells, and down-regulation of hypoxia-inducible factor-1α [93]. Other prospects are the regulators of sirtuins (SIRTs), an enzyme family that comprises seven isoforms whose main action is the modulation of DNA repair, cell cycle, metabolism, and aging. SIRT 1,3,5, and 6 are regulators of DR; they control sensitivity to insulin, glycolysis, gluconeogenesis, and the initiation of the inflammatory process [94,95]. A glycoside extracted from the roots of the licorice plant, glycyrrhizin, when administered to diabetic animal models was able to reduce ROS, IL-1β, TNF-α, cleaved caspase 3 levels, along with retinal vasculature permeability [95]. These two pathways look promising for future human trials and need to be considered as potential targets for DR and DME treatment.



Treatment decisions may be different for each manifestation and may be modified based on its behavior. We must not forget that both DME and PDR are different manifestations of DR and therefore must be assessed individually. We propose, therefore, a treatment algorithm including these two diabetic complications (Figure 1) [96].



Several protocols are currently being developed to better understand the behavior of PDR and DME in different settings and to provide a stronger foundation for an effective and timely treatment regimen.




5. Conclusions


We are facing an exciting era in the development of new, upcoming drugs. Considering the studies that shed light on new molecules and pathways involved in the DR and DME pathogenesis, companies and investigators are placing all their efforts into developing more effective and durable therapies to reach the goals of lower treatment burden and gains in visual acuity for these patients. The control of glycemic, blood pressure, and lipid levels is essential for good results; without proper control, any therapy is destined to fail.







Author Contributions


Conceptualization, V.A.M.-P. and J.H.G.-C.; Methodology, A.S. and A.B. Software, J.E.G.-C.; Validation, J.H.G.-C., A.B., L.K., T.M. and A.S.; Formal Analysis, V.A.M.-P. and J.H.G.-C.; Investigation, V.A.M.-P., A.S., A.B., T.M. and J.H.G.-C.; Resources, V.A.M.-P.; Data Curation, V.A.M.-P.; Writing—Original Draft Preparation, V.A.M.-P., A.B., A.S., L.K., T.M., F.M.d.R. and J.H.G.-C.; Writing—Review & Editing, V.A.M.-P., A.B., L.K., J.H.G.-C., F.M.d.R. and T.M.; Supervision, J.H.G.-C.; Project Administration, J.H.G.-C.; Funding Acquisition, J.M.-H. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data was created; all data is available for public domain.




Conflicts of Interest


Laurent Kodjikian is a consultant for Abbvie, Bayer, Horus, Kris, Novartis, Roche, and Théa; Thibaud Mathis is a consultant for Abbvie, Bayer, GSK, Horus, Novartis, and Roche. The authors declare no conflict of interest. The company had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Zaccardi, F.; Webb, D.R.; Yates, T.; Davies, M.J. Pathophysiology of type 1 and type 2 diabetes mellitus: A 90-year perspective. Postgrad. Med. J. 2016, 92, 63–69. [Google Scholar] [CrossRef] [PubMed]

	



Aiello, L.M. Perspectives on diabetic retinopathy. Am. J. Ophthalmol. 2003, 136, 122–135. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Kim, E.J.; Lin, W.V.; Rodriguez, S.M.; Chen, A.; Loya, A.; Weng, C.Y. Treatment of Diabetic Macular Edema. Curr. Diabetes Rep. 2019, 19, 68. [Google Scholar] [CrossRef]

	



Shams, N.; Ianchulev, T. Role of vascular endothelial growth factor in ocular angiogenesis. Ophthalmol. Clin. N. Am. 2006, 19, 335–344. [Google Scholar]

	



Funatsu, H.; Yamashita, H.; Noma, H.; Mimura, T.; Yamashita, T.; Hori, S. Increased levels of vascular endothelial growth factor and interleukin-6 in the aqueous humor of diabetics with macular edema. Am. J. Ophthalmol. 2002, 133, 70–77. [Google Scholar] [CrossRef]

	



Tang, J.; Kern, T.S. Inflammation in diabetic retinopathy. Prog. Retin. Eye Res. 2011, 30, 343–358. [Google Scholar] [CrossRef]

	



Dejana, E.; Spagnuolo, R.; Bazzoni, G. Interendothelial Junctions and their Role in the Control of Angiogenesis, Vascular Permeability and Leukocyte Transmigration. Thromb. Haemost. 2001, 86, 308–315. [Google Scholar] [CrossRef]

	



Early Treatment Diabetic Retinopathy Study Research Group. Photocoagulation for diabetic macular edema. Early treatment diabetic retinopathy study report number 1. Arch. Ophthalmol. 1985, 103, 1796–1806. [Google Scholar] [CrossRef]

	



The Diabetic Retinopathy Study Research Group. Photocoagulation treatment of proliferative diabetic retinopathy. Clinical application of Diabetic Retinopathy Study (DRS) findings, DRS Report Number 8. Ophthalmology 1981, 88, 583–600. [Google Scholar]

	



Michaelides, M.; Kaines, A.; Hamilton, R.D.; Fraser-Bell, S.; Rajendram, R.; Quhill, F.; Boos, C.J.; Xing, W.; Egan, C.; Peto, T.; et al. A Prospective Randomized Trial of Intravitreal Bevacizumab or Laser Therapy in the Management of Diabetic Macular Edema (BOLT Study): 12-Month Data: Report 2. Ophthalmology 2010, 117, 1078–1086.e1072. [Google Scholar] [CrossRef] [PubMed]

	



Cunningham, E.T.; Adamis, A.P.; Altaweel, M.; Aiello, L.P.; Bressler, N.M.; D’Amico, D.J.; Goldbaum, M.; Guyer, D.R.; Katz, B.; Patel, M.; et al. A Phase II Randomized Double-Masked Trial of Pegaptanib, an Anti–Vascular Endothelial Growth Factor Aptamer, for Diabetic Macular Edema. Ophthalmology 2005, 112, 1747–1757. [Google Scholar] [CrossRef] [PubMed]

	



Goyal, S.; LaValley, M.; Subramanian, M. Meta-analysis and review on the effect of bevacizumab in diabetic macular edema. Graefe’s Arch. Clin. Exp. Ophthalmol. 2010, 249, 15–27. [Google Scholar] [CrossRef] [PubMed]

	



Glassman, A.R.; Wells, J.A.; Josic, K.; Maguire, M.G.; Antoszyk, A.N.; Baker, C.; Beaulieu, W.T.; Elman, M.J.; Jampol, L.M.; Sun, J.K. Five-Year Outcomes after Initial Aflibercept, Bevacizumab, or Ranibizumab Treatment for Diabetic Macular Edema (Protocol T Extension Study). Ophthalmology 2020, 127, 1201–1210. [Google Scholar] [CrossRef]

	



Elman, M.J.; Aiello, L.P.; Beck, R.W.; Bressler, N.M.; Bressler, S.B.; Edwards, A.R.; Ferris, F.L., 3rd; Friedman, S.M.; Glassman, A.R.; Miller, K.M.; et al. Diabetic Retinopathy Clinical Research Network. Randomized Trial Evaluating Ranibizumab Plus Prompt or Deferred Laser or Triamcinolone Plus Prompt Laser for Diabetic Macular Edema. Ophthalmology 2010, 117, 1064–1077.e1035. [Google Scholar] [CrossRef]

	



Korobelnik, J.-F.; Do, D.V.; Schmidt-Erfurth, U.; Boyer, D.S.; Holz, F.G.; Heier, J.S.; Midena, E.; Kaiser, P.K.; Terasaki, H.; Marcus, D.M.; et al. Intravitreal Aflibercept for Diabetic Macular Edema. Ophthalmology 2014, 121, 2247–2254. [Google Scholar] [CrossRef]

	



Diabetic Retinopathy Clinical Research Network; Brucker, A.J.; Qin, H.; Antoszyk, A.N.; Beck, R.W.; Bressler, N.M.; Browning, D.J.; Elman, M.J.; Glassman, A.R.; Gross, J.G.; et al. Observational Study of the Development of Diabetic Macular Edema Following Panretinal (Scatter) Photocoagulation Given in 1 or 4 Sittings. JAMA Ophthalmol. 2009, 127, 132–140. [Google Scholar] [CrossRef]

	



Sultan, M.B.; Zhou, D.; Loftus, J.; Dombi, T.; Ice, K.S.; Macugen 1013 Study Group. A Phase 2/3, Multicenter, Randomized, Double-Masked, 2-Year Trial of Pegaptanib Sodium for the Treatment of Diabetic Macular Edema. Ophthalmology 2011, 118, 1107–1118. [Google Scholar] [CrossRef]

	



Starita, C.; Patel, M.; Katz, B.; Adamis, A.P. Vascular Endothelial Growth Factor and the Potential Therapeutic Use of Pegaptanib (Macugen®) in Diabetic Retinopathy. Dev. Ophthalmol. 2007, 39, 122–148. [Google Scholar] [CrossRef]

	



Wells, J.A.; Glassman, A.R.; Ayala, A.R.; Jampol, L.M.; Bressler, N.M.; Bressler, S.B.; Diabetic Retinopathy Clinical Research Network. Aflibercept, bevacizumab, or ranibizumab for diabetic macular edema: Two-year results from a comparative effectiveness randomized clinical trial. Ophthalmology 2016, 123, 1351–1359. [Google Scholar] [CrossRef]

	



Holash, J.; Davis, S.; Papadopoulos, N.; Croll, S.D.; Ho, L.; Russell, M.; Boland, P.; Leidich, R.; Hylton, D.; Burova, E.; et al. VEGF-Trap: A VEGF blocker with potent antitumor effects. Proc. Natl. Acad. Sci. USA 2002, 99, 11393–11398. [Google Scholar] [CrossRef] [PubMed]

	



Do, D.V.; Nguyen, Q.D.; Boyer, D.; Schmidt-Erfurth, U.; Brown, D.M.; Vitti, R.; Berliner, A.J.; Gao, B.; Zeitz, O.; Ruckert, R.; et al. One-Year Outcomes of the DA VINCI Study of VEGF Trap-Eye in Eyes with Diabetic Macular Edema. Ophthalmology 2012, 119, 1658–1665. [Google Scholar] [CrossRef] [PubMed]

	



Heier, J.S.; Korobelnik, J.-F.; Brown, D.M.; Schmidt-Erfurth, U.; Do, D.V.; Midena, E.; Boyer, D.S.; Terasaki, H.; Kaiser, P.K.; Marcus, D.M.; et al. Intravitreal Aflibercept for Diabetic Macular Edema: 148-Week Results from the VISTA and VIVID Studies. Ophthalmology 2016, 123, 2376–2385. [Google Scholar] [CrossRef] [PubMed]

	



Liu, K.; Wang, H.; He, W.; Ye, J.; Song, Y.; Wang, Y.; Liu, X.; Wu, Z.; Chen, S.; Fan, K.; et al. Intravitreal conbercept for diabetic macular oedema: 2-year results from a randomised controlled trial and open-label extension study. Br. J. Ophthalmol. 2021, 106, 1436–1443. [Google Scholar] [CrossRef]

	



Brown, D.M.; Emanuelli, A.; Bandello, F.; Barranco, J.J.E.; Figueira, J.; Souied, E.; Wolf, S.; Gupta, V.; Ngah, N.F.; Liew, G.; et al. KESTREL and KITE: 52-Week Results from Two Phase III Pivotal Trials of Brolucizumab for Diabetic Macular Edema. Am. J. Ophthalmol. 2022, 238, 157–172. [Google Scholar] [CrossRef]

	



Wykoff, C.C.; Abreu, F.; Adamis, A.P.; Basu, K.; A Eichenbaum, D.; Haskova, Z.; Lin, H.; Loewenstein, A.; Mohan, S.; Pearce, I.A.; et al. Efficacy, durability, and safety of intravitreal faricimab with extended dosing up to every 16 weeks in patients with diabetic macular oedema (YOSEMITE and RHINE): Two randomised, double-masked, phase 3 trials. Lancet 2022, 399, 741–755. [Google Scholar] [CrossRef]

	



Jhaveri, C.D.; Glassman, A.R.; Ferris, F.L., 3rd; Liu, D.; Maguire, M.G.; Allen, J.B.; Baker, C.W.; Browning, D.; Cunningham, M.A.; Friedman, S.M.; et al. Aflibercept Monotherapy or Bevacizumab First for Diabetic Macular Edema. N. Engl. J. Med. 2022, 387, 692–703. [Google Scholar] [CrossRef]

	



Avery, R.L.; Castellarin, A.A.; Steinle, N.C.; Dhoot, D.S.; Pieramici, D.J.; See, R.; Couvillion, S.; Nasir, M.A.; Rabena, M.D.; Maia, M.; et al. Systemic pharmacokinetics and pharmacodynamics of intravitreal aflibercept, bevacizumab, and ranibizumab. Retina 2017, 37, 1847–1858. [Google Scholar] [CrossRef]

	



Krohne, T.U.; Eter, N.; Holz, F.G.; Meyer, C.H. Intraocular Pharmacokinetics of Bevacizumab After a Single Intravitreal Injection in Humans. Am. J. Ophthalmol. 2008, 146, 508–512. [Google Scholar] [CrossRef]

	



Wang, Y.; Fei, D.; Vanderlaan, M.; Song, A. Biological activity of bevacizumab, a humanized anti-VEGF antibody in vitro. Angiogenesis 2004, 7, 335–345. [Google Scholar] [CrossRef]

	



Rajendram, R.; Fraser-Bell, S.; Kaines, A.; Michaelides, M.; Hamilton, R.D.; Degli Esposti, S.; Peto, T.; Egan, C.; Bunce, C.; Leslie, R.D.; et al. A 2-Year Prospective Randomized Controlled Trial of Intravitreal Bevacizumab or Laser Therapy (BOLT) in the Management of Diabetic Macular Edema: 24-month data: Report 3. JAMA Ophthalmol. 2012, 130, 972–979. [Google Scholar] [CrossRef] [PubMed]

	



Writing Committee for the Diabetic Retinopathy Clinical Research Network; Gross, J.G.; Glassman, A.R.; Jampol, L.M.; Inusah, S.; Aiello, L.P.; Antoszyk, A.N.; Baker, C.W.; Berger, B.B.; Bressler, N.M.; et al. Panretinal Photocoagulation vs Intravitreous Ranibizumab for Proliferative Diabetic Retinopathy: A Randomized Clinical Trial. JAMA 2015, 314, 2137–2146. [Google Scholar] [CrossRef]

	



Xu, L.; Lu, T.; Tuomi, L.; Jumbe, N.; Lu, J.; Eppler, S.; Kuebler, P.; Damico-Beyer, L.A.; Joshi, A. Pharmacokinetics of Ranibizumab in Patients with Neovascular Age-Related Macular Degeneration: A Population Approach. Investig. Opthalmol. Vis. Sci. 2013, 54, 1616–1624. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, Q.D.; Brown, D.M.; Marcus, D.M.; Boyer, D.S.; Patel, S.; Feiner, L.; Gibson, A.; Sy, J.; Rundle, A.C.; Hopkins, J.J.; et al. Ranibizumab for Diabetic Macular Edema: Results from 2 phase III randomized trials: RISE and RIDE. Ophthalmology 2012, 119, 789–801. [Google Scholar] [CrossRef] [PubMed]

	



Nirmal, J.; Radhakrishnan, K.; Moreno, M.; Natarajan, J.V.; Laude, A.; Lim, T.H.; Venkatraman, S.; Agrawal, R. Drug, delivery and devices for diabetic retinopathy (3Ds in DR). Expert Opin. Drug Deliv. 2016, 13, 1625–1637. [Google Scholar] [CrossRef]

	



Monés, J.; Srivastava, S.K.; Jaffe, G.J.; Tadayoni, R.; Albini, T.A.; Kaiser, P.K.; Holz, F.G.; Korobelnik, J.-F.; Kim, I.K.; Pruente, C.; et al. Risk of Inflammation, Retinal Vasculitis, and Retinal Occlusion–Related Events with Brolucizumab. Ophthalmology 2020, 128, 1050–1059. [Google Scholar] [CrossRef]

	



Bilgic, A.; Kodjikian, L.; de Ribot, F.M.; Vasavada, V.; Gonzalez-Cortes, J.; Abukashabah, A.; Sudhalkar, A.; Mathis, T. Real-World Experience with Brolucizumab in Wet Age-Related Macular Degeneration: The REBA Study. J. Clin. Med. 2021, 10, 2758. [Google Scholar] [CrossRef]

	



Kansteiner, F. Roche Recalls New Eye Therapy Susvimo on Leakage Fears, Aims for Market Return ‘Within a Year or So’. Fierce Pharma. 2022. Available online: https://www.fiercepharma.com/manufacturing/roche-recalls-susvimo-implant-lucentis-leakage-fears-return-market-expected-within (accessed on 11 November 2022).

	



Avery, R.L.; Castellarin, A.A.; Steinle, N.C.; Dhoot, D.S.; Pieramici, D.J.; See, R.; Couvillion, S.; Nasir, M.A.; Rabena, M.D.; Le, K.; et al. Systemic pharmacokinetics following intravitreal injections of ranibizumab, bevacizumab or aflibercept in patients with neovascular AMD. Br. J. Ophthalmol. 2014, 98, 1636–1641. [Google Scholar] [CrossRef]

	



Maturi, R.K.; Glassman, A.R.; Josic, K.; Antoszyk, A.N.; Blodi, B.A.; Jampol, L.M.; Marcus, D.M.; Martin, D.F.; Melia, M.; Salehi-Had, H.; et al. Effect of Intravitreous Anti–Vascular Endothelial Growth Factor vs Sham Treatment for Prevention of Vision-Threatening Complications of Diabetic Retinopathy: The Protocol W Randomized Clinical Trial. JAMA Ophthalmol. 2021, 139, 701–712. [Google Scholar] [CrossRef]

	



Brown, D.M.; Wykoff, C.C.; Boyer, D.; Heier, J.S.; Clark, W.L.; Emanuelli, A.; Higgins, P.M.; Singer, M.; Weinreich, D.M.; Yancopoulos, G.D.; et al. Evaluation of Intravitreal Aflibercept for the Treatment of Severe Nonproliferative Diabetic Retinopathy: Results From the PANORAMA Randomized Clinical Trial. JAMA Ophthalmol. 2021, 139, 946–955. [Google Scholar] [CrossRef]

	



Antoszyk, A.N.; Glassman, A.R.; Beaulieu, W.T.; Jampol, L.M.; Jhaveri, C.D.; Punjabi, O.S.; Salehi-Had, H.; Wells, J.A.; Maguire, M.G.; Stockdale, C.R.; et al. Effect of Intravitreous Aflibercept vs Vitrectomy with Panretinal Photocoagulation on Visual Acuity in Patients with Vitreous Hemorrhage from Proliferative Diabetic Retinopathy: A Randomized Clinical Trial. JAMA 2020, 324, 2383–2395. [Google Scholar] [CrossRef] [PubMed]

	



Study of a High-Dose Aflibercept in Participants with Diabetic Eye Disease (PHOTON). Available online: clinicaltrials.gov/ct2/show/NCT04429503 (accessed on 19 October 2022).

	



Dugel, P.U.; Koh, A.; Ogura, Y.; Jaffe, G.J.; Schmidt-Erfurth, U.; Brown, D.M.; Gomes, A.V.; Warburton, J.; Weichselberger, A.; Holz, F.G. HAWK and HARRIER: Phase 3, Multicenter, Randomized, Double-Masked Trials of Brolucizumab for Neovascular Age-Related Macular Degeneration. Ophthalmology 2020, 127, 72–84. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Liang, Y.; Xie, J.; Li, D.; Hu, Q.; Li, X.; Zheng, W.; He, R. Conbercept for patients with age-related macular degeneration: A systematic review. BMC Ophthalmol. 2018, 18, 142. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.; Zhou, P.; Li, X.; Wang, H.; Luo, D.; Qiao, H.; Ke, X.; Huang, J. Structural Characterization of a Recombinant Fusion Protein by Instrumental Analysis and Molecular Modeling. PLoS ONE 2013, 8, e57642. [Google Scholar] [CrossRef]

	



Sato, T.N.; Tozawa, Y.; Deutsch, U.; Wolburg-Buchholz, K.; Fujiwara, Y.; Gendron-Maguire, M.; Gridley, T.; Wolburg, H.; Risau, W.; Qin, Y. Distinct roles of the receptor tyrosine kinases Tie-1 and Tie-2 in blood vessel formation. Nature 1995, 376, 70–74. [Google Scholar] [CrossRef]

	



Saharinen, P.; Eklund, L.; Alitalo, K. Therapeutic targeting of the angiopoietin–TIE pathway. Nat. Rev. Drug Discov. 2017, 16, 635–661. [Google Scholar] [CrossRef]

	



Regula, J.T.; von Leithner, P.L.; Foxton, R.; Barathi, V.A.; Cheung, C.M.G.; Tun, S.B.B.; Wey, Y.S.; Iwata, D.; Dostalek, M.; Moelleken, J.; et al. Targeting key angiogenic pathways with a bispecific Cross MA b optimized for neovascular eye diseases. EMBO Mol. Med. 2016, 8, 1265–1288. [Google Scholar] [CrossRef]

	



Sahni, J.; Patel, S.S.; Dugel, P.U.; Khanani, A.M.; Jhaveri, C.D.; Wykoff, C.C.; Hershberger, V.S.; Pauly-Evers, M.; Sadikhov, S.; Szczesny, P.; et al. Simultaneous Inhibition of Angiopoietin-2 and Vascular Endothelial Growth Factor-A with Faricimab in Diabetic Macular Edema: BOULEVARD Phase 2 Randomized Trial. Ophthalmology 2019, 126, 1155–1170. [Google Scholar] [CrossRef]

	



Al-Khersan, H.; Hussain, R.M.; Ciulla, T.A.; Dugel, P.U. Innovative therapies for neovascular age-related macular degeneration. Expert Opin. Pharmacother. 2019, 20, 1879–1891. [Google Scholar] [CrossRef]

	



Patel, S.S.; Naor, J.; Qudrat, A.; Do, D.V.; Buetelspacher, D.; Perlroth, D.V. Phase 1 firstin-human study of KSI-301: A novel anti-VEGF antibody biopolymer conjugate with extended durability. Investig. Ophthalmol. Vis. Sci. 2019, 60, 3670. [Google Scholar]

	



Khanani, A.M. Extended Durability in Exudative Retinal Diseases Using the Novel Intravitreal antiVEGF Antibody Biopolymer Conjugate KSI-301, Update from Phase 1b Study in Patients with wAMD, DME and RVO. In Retina Society 2020 and AAO Virtual Meeting. KODIAK Sciences. Available online: https://avenue.live/retina-society/presentations/khanani-arshad-updated-resultsof-phase-1b-study-of-ksi-301-an-anti-vegfantibody-biopolymer-conjugate-with-extendeddurability-in-wamd-dme-and-rvoberrocal-audinaretinoschisis-in-coats-disease.pdf (accessed on 12 October 2022).

	



Boyer, D.S. Phase 1b/2a DME study results of OPT-302 to block VEGF-C/-D in combination with aflibercept. In Proceedings of the American Academy of Ophthalmology Annual Meeting, Las Vegas, NV, USA, 14–17 November 2020. [Google Scholar]

	



Kodjikian, L.; Bellocq, D.; Mathis, T. Pharmacological Management of Diabetic Macular Edema in Real-Life Observational Studies. BioMed Res. Int. 2018, 2018, 8289253. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, D.S.; Wadhwa, S.; Gulati, K.M.; Ramanunny, A.K.; Awasthi, A.; Singh, S.K.; Khursheed, R.; Corrie, L.; Chitranshi, N.; Gupta, V.K.; et al. Recent advances in intraocular and novel drug delivery systems for the treatment of diabetic retinopathy. Expert Opin. Drug Deliv. 2020, 18, 553–576. [Google Scholar] [CrossRef]

	



Amoaku, W.M.; Ghanchi, F.; Bailey, C.; Banerjee, S.; Banerjee, S.; Downey, L.; Gale, R.; Hamilton, R.; Khunti, K.; Posner, E.; et al. Diabetic retinopathy and diabetic macular oedema pathways and management: UK Consensus Working Group. Eye 2020, 34 (Suppl. S1), 1–51. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt-Erfurth, U.; Garcia-Arumi, J.; Bandello, F.; Berg, K.; Chakravarthy, U.; Gerendas, B.S.; Jonas, J.; Larsen, M.; Tadayoni, R.; Loewenstein, A. Guidelines for the Management of Diabetic Macular Edema by the European Society of Retina Specialists (EURETINA). Ophthalmologica 2017, 237, 185–222. [Google Scholar] [CrossRef] [PubMed]

	



Funatsu, H.; Noma, H.; Mimura, T.; Eguchi, S.; Hori, S. Association of Vitreous Inflammatory Factors with Diabetic Macular Edema. Ophthalmology 2009, 116, 73–79. [Google Scholar] [CrossRef] [PubMed]

	



Zur, D.; Iglicki, M.; Loewenstein, A. The Role of Steroids in the Management of Diabetic Macular Edema. Ophthalmic Res. 2019, 62, 231–236. [Google Scholar] [CrossRef]

	



Nauck, M.; Karakiulakis, G.; Perruchoud, A.P.; Papakonstantinou, E.; Roth, M. Corticosteroids inhibit the expression of the vascular endothelial growth factor gene in human vascular smooth muscle cells. Eur. J. Pharmacol. 1998, 341, 309–315. [Google Scholar] [CrossRef] [PubMed]

	



Kompella, U.B.; Bandi, N.; Ayalasomayajula, S. Subconjunctival Nano- and Microparticles Sustain Retinal Delivery of Budesonide, a Corticosteroid Capable of Inhibiting VEGF Expression. Investig. Opthalmol. Vis. Sci. 2003, 44, 1192–1201. [Google Scholar] [CrossRef]

	



Jeon, S.; Lee, W.K. Effect of intravitreal triamcinolone in diabetic macular edema unresponsive to intravitreal bevacizumab. Retina 2014, 34, 1606–1611. [Google Scholar] [CrossRef]

	



Qi, H.-P.; Bi, S.; Wei, S.-Q.; Cui, H.; Zhao, J.-B. Intravitreal Versus Subtenon Triamcinolone Acetonide Injection for Diabetic Macular Edema: A Systematic Review and Meta-analysis. Curr. Eye Res. 2012, 37, 1136–1147. [Google Scholar] [CrossRef]

	



Tomita, Y.; Lee, D.; Tsubota, K.; Negishi, K.; Kurihara, T. Updates on the Current Treatments for Diabetic Retinopathy and Possibility of Future Oral Therapy. J. Clin. Med. 2021, 10, 4666. [Google Scholar] [CrossRef] [PubMed]

	



He, Y.; Ren, X.-J.; Hu, B.-J.; Lam, W.-C.; Li, X.-R. A meta-analysis of the effect of a dexamethasone intravitreal implant versus intravitreal anti-vascular endothelial growth factor treatment for diabetic macular edema. BMC Ophthalmol. 2018, 18, 121. [Google Scholar] [CrossRef] [PubMed]

	



Haller, J.A.; Bandello, F.; Belfort, R., Jr.; Blumenkranz, M.S.; Gillies, M.; Heier, J.; Loewenstein, A.; Yoon, Y.-H.; Jacques, M.-L.; Jiao, J.; et al. Randomized, Sham-Controlled Trial of Dexamethasone Intravitreal Implant in Patients with Macular Edema Due to Retinal Vein Occlusion. Ophthalmology 2010, 117, 1134–1146.e3. [Google Scholar] [CrossRef] [PubMed]

	



Kodjikian, L.; Bellocq, D.; Bandello, F.; Loewenstein, A.; Chakravarthy, U.; Koh, A.; Augustin, A.; de Smet, M.D.; Chhablani, J.; Tufail, A.; et al. First-line treatment algorithm and guidelines in center-involving diabetic macular edema. Eur. J. Ophthalmol. 2018, 29, 573–584. [Google Scholar] [CrossRef] [PubMed]

	



Mello Filho, P.; Andrade, G.; Maia, A.; Maia, M.; Biccas Neto, L.; Muralha Neto, A.; Moura Brasil, O.; Minelli, E.; Dalloul, C.; Iglicki, M. Effectiveness and Safety of Intravitreal Dexamethasone Implant (Ozurdex) in Patients with Diabetic Macular Edema: A Real-World Experience. Ophthalmologica 2018, 241, 9–16. [Google Scholar] [CrossRef] [PubMed]

	



Mathis, T.; Lereuil, T.; Abukashabah, A.; Voirin, N.; Sudhalkar, A.; Bilgic, A.; Denis, P.; Dot, C.; Kodjikian, L. Long-term follow-up of diabetic macular edema treated with dexamethasone implant: A real-life study. Acta Diabetol. 2020, 57, 1413–1421. [Google Scholar] [CrossRef]

	



Boyer, D.S.; Yoon, Y.H.; Belfort, R., Jr.; Bandello, F.; Maturi, R.K.; Augustin, A.J.; Li, X.-Y.; Cui, H.; Hashad, Y.; Whitcup, S.M. Three-Year, Randomized, Sham-Controlled Trial of Dexamethasone Intravitreal Implant in Patients with Diabetic Macular Edema. Ophthalmology 2014, 121, 1904–1914. [Google Scholar] [CrossRef]

	



Rezkallah, A.; Kodjikian, L.; Barbarroux, A.; Laventure, C.; Motreff, A.; Chacun, S.; Matonti, F.; Denis, P.; Mathis, T. Intra-Ocular Pressure Response to Dexamethasone Implant Injections in Patients with a History of Filtering Surgery: The TRABEX Study. Pharmaceutics 2022, 14, 1756. [Google Scholar] [CrossRef]

	



Rezkallah, A.; Mathis, T.; Abukhashabah, A.; Voirin, N.; Malclès, A.; Agard, É.; Lereuil, T.; Denis, P.; Dot, C.; Kodjikian, L. Long-term incidence and risk factors of ocular hypertension following dexamethasone-implant injections: The safodex-2 study. Retina 2020, 41, 1438–1445. [Google Scholar] [CrossRef]

	



Cunha-Vaz, J.; Ashton, P.; Iezzi, R.; Campochiaro, P.; Dugel, P.U.; Holz, F.G.; Weber, M.; Danis, R.P.; Kuppermann, B.D.; Bailey, C.; et al. Sustained Delivery Fluocinolone Acetonide Vitreous Implants: Long-term benefit in patients with chronic diabetic macular edema. Ophthalmology 2014, 121, 1892–1903.e3. [Google Scholar] [CrossRef]

	



Iglicki, M.; Zur, D.; Busch, C.; Okada, M.; Loewenstein, A. Progression of diabetic retinopathy severity after treatment with dexamethasone implant: A 24-month cohort study the ‘DR-Pro-DEX Study’. Acta Diabetol. 2018, 55, 541–547. [Google Scholar] [CrossRef] [PubMed]

	



Matias, I.; Dinah, Z.; Adrian, F.; Pierre-Henry, G.; Marco, L.; Rodrigo, S.; Catharina, B.; Matus, R.; Zafer, C.; Martin, C.; et al. TRActional DIabetic reTInal detachment surgery with co-adjuvant intravitreal dexamethasONe implant: The tradition study. Acta Diabetol. 2019, 56, 1141–1147. [Google Scholar] [CrossRef]

	



Oculis Announces Presentation of Positive Results from Phase 2 Trial of OCS-01 in Patients with Diabetic Macular Edema (DME) at Euretina 2020 Virtual [Press Release]. Available online: https://oculis.com/2020/10/05/oculis-announces-presentation-of-positive-results-from-phase-2-trial-of-ocs-01-in-patients-with-diabetic-macular-edema-dme-at-euretina-2020-virtual/ (accessed on 5 October 2020).

	



Kopczynski, C. Print Drug Delivery Technology: Bringing Small Molecule Chemistry to Retinal Disease. Aerie. Available online: Investors.aeriepharma.com/static-files/9c4317ec-0924-4602-95e7-4c0bfa0cab97 (accessed on 15 November 2022).

	



Oxular Limited Pipeline. Available online: https://oxular.com/pipeline/ (accessed on 2 November 2022).

	



Massa, H.; Nagar, A.M.; Vergados, A.; Dadoukis, P.; Patra, S.; Panos, G.D. Intravitreal fluocinolone acetonide implant (ILUVIEN®) for diabetic macular oedema: A literature review. J. Int. Med. Res. 2018, 47, 31–43. [Google Scholar] [CrossRef] [PubMed]

	



El-Ghrably, I.; Steel, D.H.; Habib, M.; Vaideanu-Collins, D.; Manvikar, S.; Hillier, R.J. Diabetic Macular Edema Outcomes in Eyes Treated with Fluocinolone Acetonide 0.2 µg/d Intravitreal Implant: Real-World UK Experience. Eur. J. Ophthalmol. 2017, 27, 357–362. [Google Scholar] [CrossRef]

	



Alfaqawi, F.; Lip, P.L.; Elsherbiny, S.; Chavan, R.; Mitra, A.; Mushtaq, B. Report of 12-months efficacy and safety of intravitreal fluocinolone acetonide implant for the treatment of chronic diabetic macular oedema: A real-world result in the United Kingdom. Eye 2017, 31, 650–656. [Google Scholar] [CrossRef] [PubMed]

	



Kodjikian, L.; Baillif, S.; Creuzot-Garcher, C.; Delyfer, M.-N.; Matonti, F.; Weber, M.; Mathis, T. Real-World Efficacy and Safety of Fluocinolone Acetonide Implant for Diabetic Macular Edema: A Systematic Review. Pharmaceutics 2021, 13, 72. [Google Scholar] [CrossRef]

	



Mathis, T.; Papegaey, M.; Ricard, C.; Rezkallah, A.; Matonti, F.; Sudhalkar, A.; Vartin, C.; Dot, C.; Kodjikian, L. Efficacy and Safety of Intravitreal Fluocinolone Acetonide Implant for Chronic Diabetic Macular Edema Previously Treated in Real-Life Practice: The REALFAc Study. Pharmaceutics 2022, 14, 723. [Google Scholar] [CrossRef]

	



Kodjikian, L.; Bandello, F.; de Smet, M.; Dot, C.; Zarranz-Ventura, J.; Loewenstein, A.; Sudhalkar, A.; Bilgic, A.; Cunha-Vaz, J.; Dirven, W.; et al. Fluocinolone acetonide implant in diabetic macular edema: International experts’ panel consensus guidelines and treatment algorithm. Eur. J. Ophthalmol. 2022, 32, 1890–1899. [Google Scholar] [CrossRef]

	



Safety, Tolerability and Evidence of Activity Study of UBX1325 in Patients with Diabetic Macular Edema (DME). Available online: clinicaltrials.gov/ct2/show/NCT04857996 (accessed on 18 October 2022).

	



A Study to Evaluate THR-149 Treatment for Diabetic Macular Oedema (KALAHARI). Available online: clinicaltrials.gov/ct2/show/NCT04527107 (accessed on 18 October 2022).

	



Tao, D.; Ni, N.; Zhang, T.; Li, C.; Sun, Q.; Wang, L.; Mei, Y. Accumulation of advanced glycation end products potentiate human retinal capillary endothelial cells mediated diabetic retinopathy. Mol. Med. Rep. 2019, 20, 3719–3727. [Google Scholar] [CrossRef]

	



Karimi, R.; Bakhshi, A.; Dayati, P.; Abazari, O.; Shahidi, M.; Savaee, M.; Kafi, E.; Rahmanian, M.; Naghib, S.M. Silymarin reduces retinal microvascular damage in streptozotocin-induced diabetic rats. Sci. Rep. 2022, 12, 15872. [Google Scholar] [CrossRef]

	



Wu, Q.; Liu, H.; Zhou, M. Fangchinoline Ameliorates Diabetic Retinopathy by Inhibiting Receptor for Advanced Glycation End-Products (RAGE)-Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells (NF-κB) Pathway in Streptozotocin (STZ)-Induced Diabetic Rats. Med. Sci. Monit. 2019, 25, 1113–1121. [Google Scholar] [CrossRef] [PubMed]

	



Bao, X.; Hu, M.; Zhang, Y.; Machibya, F.; Zhang, Y.; Jiang, H.; Yu, D. Effect of fangchinoline on root resorption during rat orthodontic tooth movement. Korean J. Orthod. 2012, 42, 138–143. [Google Scholar] [CrossRef] [PubMed]

	



Mahaling, B.; Low, S.W.Y.; Beck, M.; Kumar, D.; Ahmed, S.; Connor, T.B.; Ahmad, B.; Chaurasia, S.S. Damage-Associated Molecular Patterns (DAMPs) in Retinal Disorders. Int. J. Mol. Sci. 2022, 23, 2591. [Google Scholar] [CrossRef] [PubMed]

	



Schweizer, M.T.; Carducci, M.A. From Bevacizumab to Tasquinimod: Angiogenesis as a therapeutic target in prostate cancer. Cancer J. 2013, 19, 99–106. [Google Scholar] [CrossRef]

	



Taurone, S.; De Ponte, C.; Rotili, D.; De Santis, E.; Mai, A.; Fiorentino, F.; Scarpa, S.; Artico, M.; Micera, A. Biochemical Functions and Clinical Characterizations of the Sirtuins in Diabetes-Induced Retinal Pathologies. Int. J. Mol. Sci. 2022, 23, 4048. [Google Scholar] [CrossRef]

	



Karbasforooshan, H.; Karimi, G. The role of SIRT1 in diabetic retinopathy. Biomed. Pharmacother. 2018, 97, 190–194. [Google Scholar] [CrossRef]

	



Gonzalez-Cortes, J.H.; Gonzalez-Cantu, J.E.; Sudhalkar, A.; Mota, S.E.H.-D.; Bilgic, A.; Garza-Chavarria, J.A.; Mohamed-Hamsho, J. Treatment Algorithm in Proliferative Diabetic Retinopathy—From Protocols to the Real World; IntechOpen: London, UK, 2021. [Google Scholar] [CrossRef]








[image: Pharmaceutics 15 00122 g001 550] 





Figure 1. Treatment flow chart in different PDR scenarios. DEX-implant: dexamethasone implant; DME: diabetic macular edema; PDR: proliferative diabetic retinopathy; PPV: pars plana vitrectomy; PRP: panretinal photocoagulation; VEGF: vascular endothelial growth factor; VH: vitreous hemorrhage. If starting anti-VEGF for DME, PRP can be deferred since the same anti-VEGF may control both DME and PDR. Consider factors such as risk of non-compliance, treatment cost, and treatment burden. Cases with TRD should not receive only anti-VEGF therapy due to increased traction progression risk. However, anti-VEGF injection can be applied a few days before PPV is performed to decrease intraoperative and postoperative VH. 
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Table 1. Anti-VEGF therapies in diabetic macular edema and diabetic retinopathy.
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	Drug
	Mechanism of Action
	Dose
	Gain in Letters in DME
	Change in DR
	Studies





	Pegaptanib
	Pegylated oligoribonucleotide (aptamer), binds to VEGF165
	0.3 mg q6
	1 year: +5.2

2 year: +6.1
	Reduction of NV in eight out of 19 patients
	[18,19]



	Bevacizumab
	Humanized murine full-length mAb, binds VEGF-A alone
	1.25 mg
	1 year (20/32–20/40): +7.5

1 year (20/50–20/320): +11.8

2 year (20/32–20/40): +6.8

2 year (20/50–20/320): +13.3
	2 years: 30% improvement *
	[20]



	Ranibizumab
	Humanized murine mAb fragment, binds VEGF-A, higher affinity
	0.3 mg

0.5 mg
	1 year (20/32–20/40): +8.3

1 year (20/50–20/320): +14.2

2 year (20/32–20/40): +8.6

2 year (20/50–20/320): +16.1
	2 years: 38% improvement *

Less visual field lost at 5 years vs PRP
	[14,20]



	Aflibercept
	Human fusion protein of the IgG Fc region,

binds

VEGF-A, VEGF-B, PlGF-1 and PlGF-2
	2.0 mg q8
	1 year (20/32–20/40): +8.0

1 year (20/50–20/320): +18.9

2 year (20/32–20/40): +7.8

2 year (20/50–20/320): +18.1
	2 years: 70% improvement

2 years: 62% improvement

33% need of vitrectomy
	[20,21,22,23]



	Conbercept
	Recombinant fusion protein,

Binds VEGF-A, -B, and PlGF
	0.5 mg
	1 year: +8.6

Laser crossover
	No RCT

Improvement in NV severity
	[24]



	Brolucizumab
	Single-chain antibody fragment (scFv) with high affinity for VEGF
	6 mg q6-q12 dosing 50–55% •
	1 year: +9.2 and +10.6
	29.6% improvement *
	[25]



	Faricimab
	Bispecific antibody

Inhibit Ang-2 and VEGF-A
	6 mg

>70% achieved q12 in T&E
	YOSEMITE 1 year:

+10.7 q8

+11.8 PTI

RHINE 1 year:

+11.8 q8

+10.8 PTI
	YOSEMITE 1 year: 46% q8

42.5% PTI

RHINE 1 year:

44.2% q8

43.7% PTI
	[26]







NV: neovascularization; PTI: personalized treatment interval (YOSEMITE and RHINE); RCT: randomized controlled trial; * Improvement from baseline: ETDRS diabetic retinopathy severity scale level improved by at least two levels or there was complete regression of active proliferative diabetic retinopathy (PDR). • probability of q12 dosing posterior to loading phase through week 52.
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