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We present retrospective data from our clinical research efforts of the past several years alongside a review of past and current clinical and preclinical data independently by several investigators supporting our clinical evidence for the importance of inflammation in inherited retinal degenerations (IRDs). We show how inflammation is a complicating factor in IRDs but, if recognized and managed, also a great opportunity to mitigate disease severity immediately, improve patient prognosis and quality of life, extend the treatment windows for gene-specific and agnostic therapeutic approaches, mitigate the impact of inflammatory complications on the accurate estimate of vision changes in IRD natural history studies, improve the chances of safer outcomes following cataract surgery, and potentially reduce the likelihood of inflammatory adverse events and augment the efficacy of viral vector-based treatment approaches to IRDs. Manuscript contribution to the field. Inflammation has been suspected to be at play in IRDs since the beginning of the 1900s and became a research focus through the early 1990s but was then largely abandoned in favor of genetic-focused research. Thanks to regained cognizance, better research tools, and a more holistic approach to IRDs, the recent reappraisal of the role of inflammation in IRDs has brought back to the surface its importance. A potential confounder in natural history studies and a limiting factor in clinical trials if not accounted for, inflammation can be managed and often offers an opportunity for immediately improved prognosis and outcomes for IRD patients. We present our retrospective clinical evidence for connections with a measurable secondary autoimmune component that can develop in IRDs and contribute to vision loss but is at least in part treatable. We also present ample lines of evidence from the literature corroborating our clinical observations at the preclinical level.
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INTRODUCTION
Inherited retinal degenerations (IRDs) comprise a genetically and clinically heterogeneous group of conditions due to mutations in over 300 distinct genes characterized by the common leitmotif causing the progressive degeneration of photoreceptors and vision loss (Daiger, 2020). The mechanisms of degeneration in IRDs have been under investigation for decades and remain under further characterization. The presence of clinically visible inflammatory changes in IRD patients has been noted since the early days of the field, leading to the development of the term “retinitis pigmentosa” to characterize RP, the most common of the IRDs. The most apparent clinical change related to ongoing inflammation at the tissue level is the presence of cystoid macular edema (CME), a well-known and common complication of IRDs. In addition to CME, virtually every IRD specialist has seen IRD patients also present with retinal exudates, perivascular sheathings, vascular staining, and/or leakage of the far peripheral vessels or at the vascular arcades on intravenous fluorescein angiography (IVFA). It has been our experience that far less appreciated appear to be signs of late leakage on IVFA at or around the optic nerve head and swelling of the retinal nerve fiber layer (RNFL) on optical coherence tomography (OCT)—but it has been our experience that they are also present. The less frequent appreciation of these features is in part since inflammatory disc changes in IRDs tend to be best appreciated in the very late IVFA frames (>6 min), and that glaucoma specialists or neuro-ophthalmologists routinely ask for RNFL OCTs, but not by IRD—or more in general, retinal—specialists.
The presence of these inflammatory findings in IRDs led researchers in the field to investigate, in the late 1980s, the immune system reactivity against retinal antigens in patients with RP (Chant et al., 1985; Detrick et al., 1985; Heckenlively et al., 1985; Chan et al., 1986; Detrick et al., 1986; Percopo et al., 1990). In early studies, in addition to immune cellular activation, high levels of anti-retinal auto-antibodies (AR-AAbs) were also found in various cohorts of RP patients (Brinkman et al., 1980; Heckenlively et al., 1985; Broekhuyse et al., 1988). Furthermore, CME was shown independently by several investigators to be associated with elevated AR-AAb levels (Heckenlively et al., 1996; Heckenlively et al., 1999; Wolfensberger et al., 2000). In RP, it also shown that CME can be treated with carbonic anhydrase inhibitors (CAIs) administered either orally, topically, or both (Marmor, 1990; Grover et al., 1997; Wolfensberger, 1999; Grover et al., 2006; Apushkin et al., 2007), the “fluid-draining” ability of which is due to the expression of membrane-bound carbonic anhydrase II (CA-II) in the RPE (Wolfensberger et al., 1994). It suggested that responsiveness to CAIs may be linked to the presence of anti-CA-II AAbs, which are common in RP patients with CME (Wolfensberger et al., 2000). However, there can be rebound effects from prolonged treatment or following discontinuation (Apushkin et al., 2007), since CAIs do not address any underlying inflammatory component, as noted in uveitis patients with CME (Schilling et al., 2005). Therefore, in the uveitis subspecialty world, in which the inflammatory etiology of CME is well established and accepted, CME is far more commonly treated with topical steroids, non-steroidal anti-inflammatory drugs (NSAIDs), in conjunction with oral steroids, various types of steroid-sparing immuno-modulating treatment (IMT) regimens such as mycophenolate mofetil (MMF), methotrexate (MTX), azathioprine (AZT), and more recently a variety of biologic agents such as adalimumab, with or without subtenon, intravitreal and—more recently also—suprachoroidal steroid injections or injectable/implantable steroid slow-releasing devices (Steinmetz et al., 1991; Tanner et al., 1998; Tranos et al., 2004; Androudi et al., 2005; Jain et al., 2005; Perry and Donnenfeld, 2006; Hariprasad and Callanan, 2008; Hogewind et al., 2008; Jones and Francis, 2009; Slabaugh et al., 2012; Wu et al., 2012; Bourgault et al., 2013; Koop et al., 2013; Rossetto et al., 2015; Sen et al., 2015; Grixti et al., 2016; Asproudis et al., 2017; Feiler et al., 2017; Frere et al., 2017; Juthani et al., 2017; Khurana et al., 2017; Pichi et al., 2017; Doycheva et al., 2018; Petrushkin et al., 2018; Schallhorn et al., 2018; Hasanreisoglu et al., 2019; Ansari et al., 2021; Saade et al., 2021; Wong et al., 2021; Chronopoulos et al., 2022; Studsgaard et al., 2022; Miguel-Escuder et al., 2023). These remedies have been used successfully to manage CME in RP patients who are refractory or incompletely responsive to CAIs (Forte et al., 1994; Heckenlively et al., 1999; Saraiva et al., 2003; Kim, 2006; Scorolli et al., 2007; Park et al., 2013; Ahn et al., 2014; Patil and Lotery, 2014; Lemos Reis et al., 2015; Schaal et al., 2016; Sudhalkar et al., 2017; Bakthavatchalam et al., 2018; Mansour et al., 2018; Karasu, 2020; Park et al., 2020; Veritti et al., 2020; Chen et al., 2022), and this has also been our experience thus far.
The early investigations into the role of the immune system in RP pathogenesis and progression led us to investigate the therapeutic potential of an IMT agent available in the 1990s, thymopentin (Rispoli et al., 1990; Rispoli et al., 1991; Vingolo et al., 1993a; Vingolo et al., 1993b; Iannaccone et al., 1994a). Administered i.v., thymopentin reduces immune system activation. In brief, in an open-label, prospective, pilot trial comparing automated visual field (VF) sensitivity and retinal function by virtue of the mixed full-field flash electroretinogram (ffERG) b-wave amplitudes to a historical natural history control group (Berson et al., 1985), serial intravenous thymopentin administration improved both parameters at 18 and 36 mos (Rispoli et al., 1990; Rispoli et al., 1991; Vingolo et al., 1993a; Vingolo et al., 1993b; Iannaccone et al., 1994a) vs. both declining progressively in the historical control group (Berson et al., 1985). These results supported the hypothesis that immune system activation is a contributing factor to IRD pathobiology and progression. Unfortunately, this drug is no longer available on the market, yet numerous IMT regimens are possible nowadays.
Over 3 years have gone by since the time when the role of the immune system in IRDs was being first investigated, and this hypothesis was set aside as the focus of IRD researchers rapidly shifted towards the discovery of new genes and the characterization of genotype-phenotype correlations. More recently, though, there has been a progressive reappraisal of the role of inflammation and activation of the immune system in IRDs (Iannaccone et al., 1994b; Iannaccone et al., 1995; Epstein et al., 2014; Epstein et al., 2015; Hollingsworth et al., 2015; Iannaccone et al., 2015; Hollingsworth et al., 2017; Iannaccone et al., 2017; Adamus, 2018; Hollingsworth et al., 2018; McMurtrey and Tso, 2018; Iannaccone and Radic, 2019; Birch et al., 2020; Duncan et al., 2020; Hollingsworth and Gross, 2020; Liu et al., 2020; Yang et al., 2020; Adamus, 2021; Alekseev et al., 2021; Iannaccone et al., 2021; Alekseev et al., 2022; Funatsu et al., 2022; Gupta et al., 2022). Several lines of evidence will be reviewed further in the discussion section to provide additional support to immune-mediated inflammation representing a potential treatment target for IRDs (Adamus et al., 2004; Xiong et al., 2013; McMurtrey and Tso, 2018; Hollingsworth and Gross, 2020; Funatsu et al., 2022), including work from our group (Epstein et al., 2014; Hollingsworth et al., 2015; Gattegna et al., 2019; Iannaccone and Radic, 2019). Independently, also two IMTs commonly used to manage inflammatory eye disease, including autoimmune retinopathy and/or optic neuropathy (AIR/AINR), MMF and MTX, have been shown to have potential treatment effects on animal models of RP (Liu et al., 2020; Yang et al., 2020), whereby further investigations on these drugs are in progress and intravitreal MTX is already being tested in a human clinical trial of RP (NCT05392179, Aldeyra Therapeutics). While these specific drugs have exhibited mechanistic effects on specific aspects of the retinal degenerative process that make them attractive as treatments for RP, MMF also clearly showed a normalization of the intraretinal microglial activation patterns (Yang et al., 2020). Therefore, the effects of MMF and MTX on RP-induced inflammation cannot be ignored and may be in part responsible for some of the observed benefits.
Some investigators have questioned the potential pathogenicity of AR-AAbs, and the need for standardized testing methods has been emphasized (Fox et al., 2016). In prior studies, we have found that control subjects, too, can exhibit autoreactivities. (Iannaccone et al., 2012; Iannaccone et al., 2015; Iannaccone et al., 2017). Thus, the presence of AR- or ON-AAbs is not automatically diagnostic of AIR/AINR. Autoreactivities need to be interpreted in the context of the entire clinical picture before considering initating treatment. A consensus on the diagnostic approaches to AIR/AINR has been reached and more refined testing standards have been instituted (Fox et al., 2016; Adamus, 2020). Notwithstanding these caveats, the pathogenicity of AR-AAbs implicated in AIR/AINR and its paraneoplastic form, cancer-associated retinopathy (CAR), has been extensively characterized and confirmed (Adamus et al., 1997; Adamus et al., 1998a; Adamus et al., 1998b; Kyger et al., 2013; Xiong et al., 2013; Adamus, 2018). We further showed previously that as many as 60%–70% of AIR and CAR patients exhibit also an anti-optic nerve AAb (AON-AAb) associated optic neuropathy phenotype (i.e., AINR or CARON) independent of being paraneoplastic or not (Adamus et al., 2011). Treating these conditions with steroids and various IMT regimens has been shown to lead to disease mitigation, halting, or even partial reversal (Adamus et al., 2012; Davoudi et al., 2017; Heckenlively and Lundy, 2018a; Finn et al., 2020; Grewal et al., 2021).
Despite all these lines of evidence, detection of the very same AR- or AON-AAbs is not presently considered equally relevant in IRDs, and is most often dismissed as a mere after-the-fact secondary marker of prior degeneration. However, our clinical experience with many IRD patients has been quite different. IRD patients exhibiting inflammatory complications virtually invariably present also with AR- and/or AON-AAb patterns that correlate quite well with clinical and functional findings, especially at the retinal immunohistochemistry (rIHC) testing level, and respond favorably to the treatment of these complications. This is in line with a pathogenic view of these AAbs also in IRDs (Adamus, 2021). Thus, we sought out to conduct a systematic retrospective review of our patients who presented with signs and symptoms of a possible IRD and also exhibited inflammatory signs and, thus, underwent AAb and rIHC testing between 2016 and 2022. We will present data on the incidence of AR- and/or AON-AAbs in IRDs, and show that some genotypes appear to be more commonly associated with these secondary autoimmune reactions. We will illustrate in-depth analyses of these associations in certain genetic subgroups that are a) quite common and b) of enhanced interest because of ongoing natural history studies (RUSH2A, NCT03146078, and Pro-EYS, NCT04127006), and we will illustrate some representative examples of IRD patients with very clear improvements in visual function following treatment of these immune-mediated complications. Far from claiming that IRDs are outright autoimmune disorders, our data will show that the proposed pathogenicity and prognostic relevance of these AAbs is well supported, falls in line with preexisting evidence going back to the 1980s, advocates for increased efforts to tackle these treatable aspects in IRDs, and paves the way for additional avenues to ensure that there is indeed a light at the end of the tunnel for IRD patients.
METHODS
We conducted a retrospective analysis, approved by the Duke Institutional Review Board, of subjects seen at the Duke Center for Retinal Degenerations and Ophthalmic Genetic Diseases who had been referred for a possible diagnosis of IRD but also exhibited inflammatory signs and symptoms, thus, underwent AAb and rIHC testing between 2016 and the summer of 2022 according to published methods (Adamus et al., 2004; Adamus, 2020). The study adhered to the ethical principles of the Helsinki Declaration. Given the retrospective nature of the study, written informed consent was not required.
Patients meeting clinical or imaging criteria that we defined as suggestive or outright indicative of inflammatory complications during their examination (Table 1) underwent a complete eye examination inclusive of best corrected visual acuity (BCVA) to ETDRS charts, VF and ffERGs according to ISCEV (McCulloch et al., 2015) standards (Espion3 system, Diagnosys LLC, Lowell, MA, United States). VFs were most often of the semiautoamated kinetic (SKP) type (Octopus 900 Pro; Haag-Streit AG; Koeniz, Switzerland). When appropriate to better characterize the patterns of VF loss, supplemental VFs with photopic or scotopic (Dark-Adapted Cromatic Perimetry, Medmont Int PTY LTD.; Nunawading, Australia) full-field testing static approaches were also obtained. ERG testing included also, when appropriate, supplemental recordings to assess the specific integrity of the ON- and OFF pathways and the photopic negative response (PhNR), an ffERG photopic response originating from the RGCs (Viswanathan et al., 1999; Frishman et al., 2018). Imaging studies included on every subject macular linear and volume spectral domain optical coherence tomography (SD-OCT, Spectralis, Heidelberg Engineering, Heidelberg, Germany) fundus autofluorescence (FAF), and color fundus photography. FAF and photos were obtained in the vast majority of cases with Optos Wide-Field imaging devices (California model or prior versions). Based on medical indication and necessity when optic nerve involvement was apparent or suspected, a more selected subset of patients underwent also peripapillary (PP) ON SD-OCTs to estimate the thickness of the PP RNFL, assessment of optic nerve functional status via pattern-reversal visual evoked potentials (PVEPs) and IVFAs, typically extended in duration (at least 6–8 min from the injection of the fluorescent dye). In these patients, retinal SD-OCT segmentation analysis of the RGC layer was also usually conducted to ascertain the selective integrity of the RGCs and correlate it as appropriate to PVEP, PhNR, rIHC and ON-AAb test results.
TABLE 1 | Visual function and clinical/imaging criteria used to identify subjects with IRD-like presentations associated with inflammatory complications.
[image: Table 1]All subjects meeting the above clinical and functional criteria also underwent CLIA-certified diagnostic testing for AAb/rIHC at the Ocular Immunology Laboratory at the Casey Eye Institute, Oregon Health and Sciences University, Portland, OR, meeting updated and refined testing standards as of 2018 (Fox et al., 2016; Adamus, 2020). Tests obtained prior to these new standards by Western blot (WB)-based methods showed specific reactivities only when possible (Adamus et al., 2004). AON-AAb testing was and remains exclusively WB-based, as it is directed against a lysate of a retrobulbar portion of the optic nerve (Adamus et al., 2011). We also strived to obtain in all subjects rIHC, which is performed on normal human donor eye thin retinal sections that are then stained with the patients’ sera and then counterstained with a secondary fluorescent anti-IgG antibody to detect and quantitate reactivities (Adamus et al., 2004). We found rIHC to be especially important to identify the subcellular localization of autoreactivities at the tissue level and help us establish better correlates with clinical and functional findings. While depending on the type and location of the autoreactive epitopes, a patient may be positive for AAb testing but not for rIHC and vice versa. In the vast majority of cases, AAb-positive patients were also positive for rIHC testing which allowed us to establish such cellular level correlates with precision. For example, a patient presenting with inflammatory optic nerve findings (disc swelling on SD-OCT and leakage on IVFA) may well present without AON-AAbs but exhibit AR-AAbs and RNFL and/or RGC staining on rIHC, whereas one with mild if any disc changes but exhibiting PVEP delays suggestive of an inflammatory optic nerve component may present exclusively with AON-AAbs and no AR-AAbs and no RNFL and/or RGC staining on rIHC. Also, patients presenting with more complex pictures such as electronegative ffERG due to selective or prevailing b-wave compromise would most often exhibit retinal bipolar cell (BC)/inner nuclear layer (INL) and/or outer plexiform layer (OPL) staining and/or AR-AAbs directed against known BC/INL- and/or OPL-expressed antigens—or even against arrestin, a protein of the visual cycle that, when compromised genetically like in Oguchi disease (Fuchs et al., 1995; Nakazawa et al., 1997), is associated with electronegative ffERG responses. A similar effect on the ffERG response has also been observed when the partner visual cycle protein, rhodopsin kinase, is compromised in Oguchi disease (Yamamoto et al., 1997; Cideciyan et al., 1998; Khani et al., 1998; Yoshii et al., 1998).
All patients who presented not only with inflammatory findings but also a positive family history of an IRD, a clinical picture strongly suggestive of an IRD, or a longtime history of visual symptoms (e.g., night blindness since birth or early childhood) suggestive of a likely IRD, and/or a diagnosis of an RP or macular dystrophy—e.g., Stargardt disease—in childhood also underwent CLIA-certified molecular genetic testing to confirm the presumed or suspected diagnosis of an IRD. Whenever possible, samples from other affected members (ideally both parents when available and, when applicable, also confirmed affected or unaffected siblings) or from the presumed healthy carrier parents in suspected recessive disease were also obtained and tested as part of the diagnostic process to establish the phase of any detected gene mutations and confirm the pathogenicity of detected mutations. All patients underwent as a minimum IRD-focused broad CLIA-certified next-generation sequencing (NGS) testing. The most commonly used labs for diagnostic molecular genetic testing included GeneDx (Gaithersburg, MD) and the Molecular Vision Lab (Hillsboro, OR). Initially negative or inconclusive results generally led also to escalation to deletion/duplication analyses and/or whole exome sequencing (WES) testing when the suspicion of an IRD was especially high. Further details about our approach to molecular genetic testing and diagnostic management of our IRD patients have been recently published (Gupta et al., 2022).
Based on all these criteria, the records of 418 subjects who exhibited positive AAb and/or rIHC test results were reviewed retrospectively. All clinical and imaging findings and test results such as VF and electrophysiological were reviewed. Their correlation with positive AR-AAbs and AON-AAbs and rIHC findings was characterized to infer more precisely the potential pathogenicity of the observed autoreactivities applying criteria as briefly outlined above. When applicable, genetic test results were also reviewed and the presence of any pathogenic, disease-causing genetic changes was confirmed. In addition, we will present more in-depth (but earlier) analyses of our findings in genetic subgroups of patients harboring EYS and USH2A mutations—these are subsets of genetically well defined patients in which we initially empirically noted an unusually high frequency of inflammatory findings and that have been presented but not published before (Gattegna et al., 2019; Alekseev et al., 2021; Alekseev et al., 2022). These initial observations and our prior presented and published data prompted the more systematic review of our findings that is also presented herein.
RESULTS
Autoreactivity patterns in IRD patients by genotype
Of the 418 records reviewed with positive autoreactivities, there were 127 cases (30.3%) with AR-AAbs, AON-AAbs, or both (and/or positive rIHC) who had a molecularly confirmed IRD. All other AAb-positive cases (n = 261) had either primary AIR or (more commonly) AINR/ARRON or a paraneoplastic form thereof (CAR/CARON). The latter diagnoses were established based on age and modality of presentation [most often late- and acute/subacute onset, most often asymmetric in nature—i.e., affecting one eye significantly more than the other, which is seldom observed in IRDs except for X-linked RP female carriers (Jacobson et al., 1989)—whether or not in association to a known/confirmed diagnosis of cancer and/or another underlying autoimmune disorder in the affected patient or a family member (Heckenlively and Ferreyra, 2008; Ferreyra et al., 2009; Heckenlively and Lundy, 2018b)] and, in select more ambiguous cases, also based on of inconclusive or outright negative molecular genetic test results. Despite being suspected of having secondary autoimmune complications due to the presence of visible or suspected inflammatory complications based on our selection criteria to warrant AAb and rIHC testing, 9 additional IRD subjects tested negative for any type of AAb and exhibited no staining upon rIHC.
The breakdown of the various genetic etiologies of the 127 IRD cases with positive AR-AAbs, AON-AAbs, or both (and/or positive rIHC) is illustrated in Figure 1A, which illustrates the frequency of the genotypes at play within this data set. To further gain into the prevalence of these positive autoreactivities among all subjects found to have disease-causing in the genes identified by this initial retrospective data analysis, we further reviewed the records of all subjects who, by the end of the data review window period, exhibited mutations in these same genes (n = 515). This breakdown is illustrated in Figure 1B and helps us appreciate how, for some rarer genes (such as MERTK or KLHL7), the within-gene frequency of AAb-associated inflammatory findings was actually very high—in some cases, in as much as 100% of the patients diagnosed with these rarer forms of IRDs. In brief, from this dual-level review of our data, we observed that inflammatory manifestations were especially common among patients with mutations in the EYS, USH2A, MERTK, CRB1, BBS1, NR2E3, ABCA4, RHO, RP1, KLHL7, and the PRPF family of genes among the latter ones, the PRPF31 gene more commonly than the PRPF8 one).
[image: Figure 1]FIGURE 1 | Pie charts illustrating the breakdown by gene of the IRD cases with associated AAb-related inflammatory complications. (A) Percentage of cases by gene within the 127 positive IRD cases; (B) Percentage of cases within each gene subgroup within our IRD database (n = 515 for the genes in which AAbs were observed in 2022). The percentages are cumulative for all AAbs observed, whether only AR-AAbs, only AON-AAbs, or both.
In most of these IRD cases, there was a dual retinal (most often, CME) and optic nerve inflammatory component. Not uncommonly, the latter was a main determinant of the visual acuity and/or field loss above and beyond the CME. A concominant optic neuropathy becomes recognizable not only from measurable RNFL swelling, but also from mismatches between VF areas and extent of ffERG loss. For example, a disproportionate VF loss vis-à-vis far better ffERG responses—with or without asymmetric findings between the two eyes, neither one of which are expected based on published evidence of VF-ERG correlations in IRDs (Iannaccone et al., 1995; Sandberg et al., 1996; Iannaccone et al., 2003)—was a recurrent and particularly telling finding. Other lines of evidence in favor an inflammatory optic nerve component included delayed pattern visual evoked potentials (PVEPs) and/or overt angiographic epi-pr peri-papillary inflammatory findings. In some cases, as it will be illustrated below and as it has been previously reported (Iannaccone and Radic, 2019), the picture could also be associated with a disseminated chorioretinitis-type pattern. Unlike classical uveitis patients, there were typically no anterior chamber cells in IRD patients with secondary AINR, as the process is mostly far posterior. No patient exhibited clear signs of vitritis either, withour instances of vitreal haze. However, it is very important to note that the vast majority of IRD patients affected by a diffuse retinopathy have anterior vitreous cells and, also very commonly, posterior vitreous detachments. These vitreal cells have already been shown to be largely inflammatory in nature (Albert et al., 1986; Newsome and Michels, 1988). A substantial breakdown in the blood-retinal barrier in IRD patients accompanies this process—this is not just clinically intuitive, but it has also been well characterized in the past (Gieser et al., 1980; Fishman and Cunha-Vaz, 1981; Miyake et al., 1984; Travassos et al., 1985; Fishman et al., 1986).
A deeper level analysis of the clinical and functional correlations with AAb reactivity patterns is presented below for the EYS and the USH2A gene, which are common causes of autosomal recessive RP (ARRP), in the latter case whether with or without hearing loss (Birch et al., 2020; Duncan et al., 2020) and that are also the ongoing object of natural history characterization (NCT03146078, NCT04127006).
Subgroup analysis of results in ARRP associated with EYS gene mutations
In 2021(76), we retrospectively identified 20 subjects positive for biallelic disease-causing EYS mutations (M = 8/F = 12, age 23–80), all of whom had undergone a complete eye examination, inclusive of VFs) and ffERGs, macular (n = 20) and optic nerve (n = 13) SD-OCTs and, in 12 of them, also IVFA and CLIA-certified AAb/rIHC testing. Of the total 24 tested eyes with IVFA, 8 showed optic nerve head leakage, 3 showed leakage at the vascular arcades, and 11 showed combined nerve and vascular leakage. The RNFL was thickened, most often sectorally, in 24 of 26 eyes assessed, and correlated well with IVFA leakage, helping explain disproportionate visual acuity losses compared to foveal findings, or disproportionate VF loss compared to retinal imaging or functional findings. CME was seen by SD-OCT in only 3 of the 20 EYS patients, all of them presenting with the latter alone or other associated inflammatory signs. AAbs were identified in all 12 tested subjects. AR-AAbs were found in 11 of the 12 tested patients [most common: against enolase (8/12) and TULP1 (4/12)]. AON-AAbs were found in 8 out of 9 tested patients. AAbs against both tissues were seen in 6 patients, and rIHC showed positive staining in 9 of 12 cases, labeling predominantly photoreceptors (8/12) and less frequently RGCs and the RNFL. The specifics of the observed autoreactivities and related correlations are illustrated in Figure 2, Figure 3, Figure 4.
[image: Figure 2]FIGURE 2 | Inflammatory features in EYS-Associated ARRP Eyes. The inflammatory component of EYS-ARRP was evaluated by leakage on FA (performed in 24 eyes), RNFL thickening on OCT (performed in 26 eyes), and cystoid macular edema on OCT (performed in 40 eyes). Additionally, CLIA-certified testing was performed to detect circulating AAbs against retinal (performed in 12 patients) and retrobulbar optic nerve antigens (performed in 10 patients), as well as retinal immunohistochemistry (performed in 12 patients). Blue bars show positivity as a percentage of tested eyes/patients, whereas orange bars show positivity in the total cohort of 20 EYS-ARRP patients.
[image: Figure 3]FIGURE 3 | Intravenous fluorescein angiography (IVFA) features in EYS-ARRP eyes. Example of optic nerve leakage (A) in a patient with sectoral thickening of the retinal nerve fiber layer on disc SD-OCT (B). Example of foveal leakage (C) in a patient with CME on macular SD-OCT (D). (E) Analysis of IVFA leakage patterns: of 24 analyzed eyes, 19 eyes showed optic nerve leakage, 14 eyes showed perivascular leakage, and 2 eyes showed no leakage. Combined optic nerve and perivascular leakage was seen in 11 eyes. (F) Optic nerve leakage on IVFA correlated strongly with presence of circulating AON-AAbs on Western blot. Of the 8 patients who tested positive for the AON-AAbs, 7 showed nerve leakage on FA in at least one eye. Conversely, of the 8 patients with FA nerve leakage, 7 tested positive for AON-AAbs. (G) Vascular leakage on IVFA correlated strongly with presence of circulating AR-AAbs. Of the 9 patients who tested positive for AR-AAbs, 7 showed vascular leakage on IVFA in at least one eye. Conversely, all 7 patients with IVFA vascular leakage tested positive for AR-AAbs.
[image: Figure 4]FIGURE 4 | AAbs against retinal and optic nerve antigens are frequently present in EYS-ARRP patients. (A) Among those patients who tested positive for AR-AAbs, the most prevalent retinal antigen was enolase (involved in 75% of positive patients), followed by TULP1 and others, as shown above. (B) Among those patients who had positive tissue staining to rIHC on human retinal tissue sections stained with patient serum, the photoreceptor (PR) layer was the most commonly involved, with less frequent staining of RGCs, RNFL, and outer limiting membrane (OLM). (C) Human retrobulbar optic nerve lysates were used for WB-based AON-AAAb testing. The 10 patients who underwent testing, showed positivity, on average, for 2.6 optic nerve antigens, ranging from 0 (no reactivity against retrobulbar antigens) to as many as 6 antigens per patient. Of note, presence of AON-AAbs correlated strongly with optic nerve leakage on IVFA (Figure 3F), and presence of AR-AAbscorrelated strongly with vascular leakage on IVFA (Figure 3G).
Altogether, 70% (14/20) of patients exhibited subclinical signs of inflammation and, in 12 of them, they were associated with an autoimmune component that correlated closely with imaging and functional findings. These patients received intravitreal and/or sub-Tenon steroid injections, with both subjective and measurable increases in vision (visual acuity, VFs, or both), associated with improved SD-OCT and IVFA characteristics in most.
Subgroup analysis of results in USH2A-associated retinal degeneration
In 2022 (Alekseev et al., 2022), we retrospectively identified 75 subjects (M = 38/F = 37, age 4–84) with confirmed disease-causing USH2A gene mutations, all of whom had a complete eye exam, including visual acuity (VA), visual fields (VFs), ffERG, macular (n = 75) and, in many, optic nerve (n = 40) SD-OCT, IVFAs in about 45% of the subjects (n = 31), and CLIA-certified testing in 50% (n = 35) for circulating AR-AAbsand/or AON-AAbs by antigen-speficic immunoblot, WB, and rIHC.
Of the 62 tested eyes tested with IVFA, 38 eyes had leakage of optic nerve head, vascular arcades, macula, or a combination thereof. The RNFL was thickened on SD-OCT, most often sectorally, in 49 of 80 eyes, and correlated well with IVFA leakage, helping explain disproportionate VA losses compared to foveal SD-OCT findings. CME was seen by SD-OCT in 47 of 150 eyes (31%). AR-AAbswere found in 32 of the 35 tested patients [most often against carbonic anhydrase II (16/35) and enolase (15/35)]. AON-AAbs were found in 28 of 34 tested patients, and rIHC showed positive staining in 28 of 34 cases, labeling predominantly photoreceptors (26/34) and less frequently RGC (11/34) and RNFL (8/34). Altogether, 66.7% (50/75) of patients exhibited subclinical signs of inflammation, which correlated directly with the presence of circulating AAbs in 25 of them. The specifics of the observed autoreactivities and related correlations are illustrated in Figure 5, Figure 6, Figure 7.
[image: Figure 5]FIGURE 5 | Inflammatory features in USH2A-associated retinal degeneration. The inflammatory component of USH2A-linked ARRP was evaluated by leakage on fluorescein angiography (FA) (n = 62 eyes), retinal nerve fiber layer (RNFL) thickening on optical coherence tomography (OCT) (n = 80 eyes), cystoid macular edema (CME) on OCT (performed in 150 eyes), and assessment of disc hyperemia on fundoscopy (n = 142 eyes). CLIA-certified testing was performed to detect circulating autoantibodies (AAbs) against retinal (n = 35) and retrobulbar optic nerve antigens (n = 30), as well as retinal immunohistochemistry (IHC, n = 34). Blue bars: positivity as a percentage of tested eyes/patients, Red bars: positivity in the total USH2A cohort (n = 75).
[image: Figure 6]FIGURE 6 | IVFA features and AAb findings in USH2A. An example of a late-phase fluorescein angiography (FA) image of an USH2A-associated retinal degeneration patient shows optic nerve head leakage in both eyes correlated with retinal nerve fiber layer (RNFL) thickening in SD-OCT images (A, B). Similarly, an example of macular leakage on late-phase FA correlated cystoid macular edema (CME) on SD-OCT (C, D). FA leakage pattern in USHA2 eyes showed all ON head, macular, and vascular leakage patterns with overlapping (E). Optic nerve leakage on FA correlated strongly with the presence of circulating anti-optic nerve autoantibodies (ON-AAbs) (F), and Vascular/macular leakage on IVFA correlated strongly with the presence of circulating anti-retinal AAbs (AR-AAbs) (G).
[image: Figure 7]FIGURE 7 | Breakdown of AAbs in USH2A. (A) Bar graphs showing results of the retinal targets in USHA 2 patients positive for anti-retinal autoantibodies (AR- AAbs). The presence of autoantibodies against Carbonic anhydrase II and Enolase retinal antigens was demonstrated. (B) Bar graphs showing retinal immunohistochemistry (rIHC) results with positive staining predominantly in photoreceptors and less frequently retinal ganglion cells and retinal neural fiber layer. (C) Bar graphs showing the number of optic nerve targets.
Also, these patients, after modest to no response to initial trials of topical and/or oral CAIs for CME and in all cases when significant optic nerve inflammatory involvement was present (which would not be expected to respond to CAIs), received intravitreal and/or sub-Tenon steroid injections in doses and frequencies dictated by the severity of the observed inflammatory findings, with or without subsequent addition of IMT regimens based on response to the intra/periocular steroids. Most patients experienced both subjective and measurable increase in vision (by VA criteria, VF criteria, or both), associated with improved SD-OCT and IVFA characteristics in virtually all treatment-responsive cases.
Examples of treatment-responsive IRD patients following management of inflammatory complications
How much vision can IRD patients recover from ongoing inflammatory complications? The short answer is—it depends on the severity of the complications at the time of evaluation, the timing of the identification of the complication with respect to any more sudden-onset, abrupt vision changes, and the stage of the underlying disease itself. We have previously briefly reported two cases of IRDs who experienced marked visual loss recovery after management of inflammatory complications associated with detectable AR- and AON-AAbs (Iannaccone and Radic, 2019). One with RHO-linked autosomal dominant (AD) RP will be re-reviewed and illustrated in further detail here, alongside a representative case of EYS-associated ARRP and even one with ABCA4-associated cone-rod dystrophy (CORD). These 3 cases have been specifically chosen to emphasize the very important role of optic nerve inflammatory complications, in IRDs, well beyond CME (if at all present) and how treatment of these cases can allow patients in glaring cases like these ones to achieve their “true retinal potential”.
P23H RHO-linked ADRP: Full visual field potential restoration treating inflammatory optic nerve complications
This 51-yo White female [briefly reported in (80)] presented with a family history of RP consistent with dominant inheritance. BCVA was 20/20–2 in the right eye and 20/30 in the left. However, the patient complained of blurred vision. Fundus examination showed altitudinal RP limited to the inferior retina (Figure 8A, arrows), a presentation that would predict an altitudinal VF defect. The ffERG (not shown) was reduced but still robust and also rod responses remained partially measurable, attesting to an overall mild to moderate disease stage consistent with the clinical presentation. Of note, the patient’s fundus did not exhibit the typical waxy disc pallor of RP (Figure 8A, asterisks). VF loss was instead disproportionately severe compared to the fundus exam and the ffERG findings, showing a concentric constriction (Figure 8C, left).
[image: Figure 8]FIGURE 8 | 51-yo female with ADRP confirmed to be due to a RHO P23H mutation. (A) Fundus photos showing altitudinal (inferior) bone spicules (arrows) without disc waxy pallor (asterisk). (B) Fluorescein angiography at baseline shows marked papillary and peri-papillary staining and leakage increasing in the later frames. (C) left: Baseline kinetic visual fields showing concentric constriction of the visual field, inconsistent with the fundus presentation. (C) right: Disc OCT scans show (arrows) nasal RNFL swelling in both eyes. (D) left: After treatment, the visual field was markedly improved, with a pattern now consistent with to “true retinal potential” of the patient, and the disc OCT shows resolution of the RNFL swelling in both eyes (D) right. Please refer to main text for further details.
Via molecular genetic testing, she was confirmed to harbor an RHO P23H mutation. Because of the VF/ffERG and fundus exam mismatch, disc inflammation was also suspected. PVEPs were obtained (not shown), exhibiting marked delays at all tested spatial frequencies (120–140 ms P100 peak times, which is in the optic neuritis range) without amplitude response loss. An IVFA (Figure 8B) showed marked papillary and peri-papillary staining and leakage increasing substantially in the late IVF frames, and peripapillary SD-OCT showed mild but measurable nasal RNFL swelling in both eyes (Figure 8C, right). This suggested a secondary autoimmune component affecting both the optic nerve and retina, causing far more vision loss than caused by the RP alone. The patient serum was positive for anti-ON AAbs against 30-kDa, 35–40-kDa complex, and 46-kDa proteins and for anti-retinal Aabs against 30-kDa (CA-İİ), 33-kDa, 46-kDa (alpha-enolase), 56-, 60-, and 62-kDa proteins, with mild photoreceptor staining and marked RGC and RNFL staining on rIHC. It was therefore decided at this stage to initiate serial subtenon triamcinolone acetonide injections. After 3 years of continued treatment, the disc inflammation and swelling progressively diminished and resolved (Figure 8D, right), and the VF was restituted to her “true retinal potential”, limited to the expected altitudinal VF defect (Figure 8D, left).
EYS-linked ARRP: CME resolution and substantial reduction in visual field loss
This 28yo White female presented with a history of night blindness, VF loss and photopsia that suggested ARRP. Baseline BCVA was 20/50 in the right eye and 20/30 in the left. Her fundus exam (Figure 9A) showed bone spicule-like changes both nasally and, less so, temporally, with only mild nasal/superonasal disc hyperemia bilaterally. These changes were also associated with speckled loss of AF signal in these same areas and a wide ring of hyperautofluorescence was visible at and well outside the vascular arcades, encircling an area of well preserved central retinal integrity (Figure 9B). Genetic testing identified two EYS mutations in trans, a c.2259 + 1G>T splice site mutation and c.4103dupT, p. Ser1369IlefsTer18 frameshift mutation. A baseline IVFA (Figure 9C) showed florid CME, which was also apparent on SD-OCT (Figure 9D) and, in addition to this expected finding, it also revealed marked late optic nerve inflammatory involvement and hyperfluorescence at the arcades in both eyes. Baseline SKPs (Figure 9D, far left) showed bilateral temporal and nasal VF loss with other patchy absolute scotomas superiorly and inferiorly in the right eye. There was no response of CME to an initial oral and topical CAI regimen. A secondary autoimmune inflammatory component was suspected, prompting testing for Aabs and rIHC, which identified AON-Aabs against 44, 46, 52, 62, and 136 kDa proteins and for AR-Aabs against 34 k (CRALBP), 46 k (enolase), 52 k (tubulin), 58 k, 58 k (PKM2), and 76 kDa proteins. After adding to the treatment regimen serial bilateral intravitreal triamcinolone acetonide injections, followed by a transition to subtenon injections of the same due to intervening intraocular pressure elevations and oral IMT with long-term MMF, escalated progressively from 500 mg BID to 1,500 mg BID, SKPs at 2 years showed sustained nasal and temporal widening and disappearance of the absolute scotomas seen at baseline with overall improved size and sensitivity, and macular SD-OCTs also showed a significant reduction in CME in the right eye and resolution in the efte ye (Figure 9E). A follow-up IVFA also exhibited markedly reduced leakage at the disc and the arcades (not shown), whereby the improved VF could be attributed to resolved inflammation at the optic nerve and arcade level. These improvements were also associated with a marked reduction in photopsia. After over 5 years of follow up, despite long-term IMT, there have been periodic relapses of the CME, the disc inflammation and portions of the VF loss in conjunction with reductions in the steroid regimen, implemented in an effort to balance this regimen with the IOP status (both oral and topical CAIs have been reintegrated into the regimen to assist with longterm CME and IOP co-management, and a topical NSAID has been added as well), but they all remained susceptible of re-improvement after repeat steroid injections. The current IOP conditions would permit us also to consider transitioning this patient to suprachoroidal triamcinolone acetonide injections at the next CME relapse episode. Because of the precarious IOP status, long-term steroid implants, which would appear to be an ideal solution for this patient, have been deferred for now, but also remain under consideration.
[image: Figure 9]FIGURE 9 | 28-yo female with ARRP confirmed to be due to EYS mutations. (A) Fundus photos. (B) Fundus autofluorescence. (C) Fluorescein angiography at baseline shows shows marked cystoid macular edema (CME), late optic nerve inflammatory involvement, and hyperfluorescence at the arcades/posterior pole on both eyes. At baseline (D) Semiautomated kinetic perimetries (SKPs) show baseline marked bilateral temporal and nasal visual field (VF) loss with other absolute scotomas and macular SD-OCTs also show florid CME. (E) After treatment, SKPs show nasal and temporal visual field widening and disappearance of the absolute scotomas seen at baseline. Macular SD-OCTs significantly reduce CME in OD and resolution in OS. Please refer to main text for further details.
ABCA4-linked CORD: From light perception to partial acuity and substantial visual field restitution
A 29-year-old White male with a history of “Stargardt” since childhood presented with a best corrected visual acuity (BCVA) 20/200 with severe loss of ffERG and a widespread phenotype characterized by disseminated atrophic spots, compatible with an advanced stage CORD (Figures 10A, B). The patient was molecularly confirmed to have ABCA4-related CORD (2 disease-causing mutations in trans, one of which is a deep intronic c.5461–10T>C​ mutation, which are usually associated with a more severe and progressive phenotype). Typical features of ABCA4-related disease such as peripapillary FAF sparing and hyperautofluorescent flecks peripheral to the atrophic spots were noticeable. At this stage, the patient was not subjectively noticing any VF loss and VF was normal to confrontation.
[image: Figure 10]FIGURE 10 | 29-year-old White male with confirmed recessive cone-rod dystrophy due to ABCA4 mutations. (A) Fundus photos. (B) Fundus autofluorescence. (C) Semiautomated kinetic perimetries (SKPs) obtained after the first bout of severe subacute vision loss. (D) Full-field Stimulus Threshold (FST) test at this same time point. (E) Markedly improved SKPs after treatment. (F) Markedly improved FSTs after treatment. Please refer to main text for further details.
This initial presentation was followed by a sudden, precipitous bilateral BCVA to 20/400 and severe subjective VF loss, which was confirmed by SKP testing (Figure 10C). A Full-Field Stimulus Test (FST) (Birch et al., 2020) obtained at this stage showed severe sensitivity depression to white light stimuli (Figure 10D). At this point, a subacute secondary autoimmune retinal complication was suspected and AAb and rIHC testing was ordered, revealing 4 AR-AAbs (vs. carbonic anhydrase II, aldolase, arrestin, pyruvate kinase M2) and positive rIHC for staining of photoreceptor and RGCs. By the time test results were received and the patient could be seen in follow up, though, BCVA had already declined to light perception (LP) in the right eye and count finger (CF) in the left eye, without cataract or apparent changes in exam or imaging from baseline. A brain MRI had also been obtained to exclude any central origin to the vision loss, and that too was normal. An initial subtenon triamcinolone acetonide injection did not improve the findings, thus MMF 500 mg twice daily and bilateral intravitreal triamcinolone acetonide injections (IVTAs) were started. After the first IVTA injection, BCVA recovered rapidly to the 20/300–20/400 range at distance and 20/70 near, whereby the patient was already able to work successfully at the computer. After serial IVTA injections and continued MMF 500 mg twice daily (18-mo treatment course), BCVA recovered to baseline levels (20/200), VF improved dramatically, and FST testing improved equally dramatically by 3.5–4.5 log units (Figures 10D–F).
DISCUSSION
We have illustrated the anti-retinal and anti-optic nerve autoreactivity patterns observed in 127 patients reviewed retrospectively with a confirmed molecular genetic diagnosis of an IRD. This patient sample represented 30.3% of the patients with a suspected IRD at referral who tested positive for AAbs. The remainder of the AAb-positive patients were found to haave primary AIR/AINR or its paraneoplastic counterparts (CAR/CARON). Contrary to a common belief that virtually any IRD patient tested will exhibit autoreactivities, we had 9 subjects who, despite being suspected of having secondary autoimmune complications due to the presence of visible or strongly suspected inflammatory complications, tested negative for any type of AAb and exhibited no staining upon rIHC. Thus, despite the sample being upfront more likely to exhibit autoreactivies by virtue of the criteria used to make it medically appropriate to order AAb and rIHC testing, not even everyone in this enriched sample always showed autoreactivity. Our findings show that secondary autoimmune complications in IRDs are indeed common and appear to be more associated with certain genotypes than others. In our retrospective case series, the EYS, USH2A, MERTK, CRB1, BBS1, NR2E3, ABCA4, RHO, RP1, KLHL7, and the PRPF family of genes were among the others more commonly associated with AAb-associated inflammatory manifestations—and among the latter ones, the PRPF31 gene was more commonly so than the PRPF8 one. It is not presently known if more immunogenic phenomena associated with certain genotypes may be behind the clustering of AAb autoreactivities within the aforementioned genes. Based on the evidence associated with MERTK gene mutations (reviewed in further detail below), this would be expected to be the case in conjunction with this one gene and may also be the case for the others. This aspect deserves further investigation at the preclinical level. For BBS1, the association we found is also quite interesting in light of very recent evidence pointing to this gene, and potentially more in general the BBSome, in being involved in immune synapse assembly by promoting the centrosome polarization to the antigen-presenting cells and in the regulation of selective functions of T cells that predispone BBS patients to other autoimmune and inflammatory diseases (Kanie and Jackson, 2021; Tsyklauri et al., 2021; Stump et al., 2023).
Evidence for stereotyped pathogenic autoreactivities in MERTK-associated retinal disease
The work of Adamus et al. (Xiong et al., 2013) on the RCS rats, whose retinal dystrophy is due to a mutation in the Mertk gene, has clearly shown how AR-AAbs [directed against arrestin and interphotoreceptor binding protein (IRBP)] develop early in the course of the RCS rat disease. Adamus et al. (Xiong et al., 2013) also showed intense staining of outer photoreceptor segments, TUNEL-positive apoptotic cells that coincide with AAb production, and intense intraretinal microglial and T-lymphocyte reactivity. The microglial reactivity patterns were different than the physiological ones both by tissue level localization and intensity/patterns of activation (Xiong et al., 2013). In line with our observation that these AAb-associated inflammatory reactions often have an optic nerve and retinal vasculitic component, also RCS rats exhibit marked disc and retinal vascular leakage on IVFA (Adamus et al., 2004). Even more importantly, systemic treatment of RCS rats every other day as of P21 (thus once disease had already started to occur) with an epitope-specific biologic agent blocking the anti-IRBP AAbs retain significantly more outer nuclear layer (ONL) thickness than untreated ones or the ones treated with vehicule alone, and neither vascular nor disc leakage and subclinical signs of inflammation are appreciable any longer after active treatment (Adamus et al., 2004).
Following this evidence, we investigated Mertk-deficient mice and we observed the same type of anti-arrestin and anti-IRBP in the sera of these mice (Epstein et al., 2015; Iannaccone and Radic, 2019) and that, upon rIHC, Mertk-deficient mouse sera stain intensely also the optic nerve head region (Iannaccone and Radic, 2019), which could explain well the disc leakage seen in RCS rats. We further showed that patients harboring the null MERTK mutation, p. R775X (Ksantini et al., 2012), exhibit these very same reactivities, indicating that this specific pattern of AAb response is conserved across species when the MERTK gene is involved (Epstein et al., 2015; Iannaccone and Radic, 2019). We then showed also that, in conjunction with this AAb response, in Mertk-deficient mice there is abundant intraretinal accumulation of large clumps of strongly citrullinated peptides (Hollingsworth et al., 2015; Iannaccone and Radic, 2019), a biochemical reaction that is well known from the rheumatoid arthritis world to be strongly immunogenic and proinflammatory (Iannaccone and Radic, 2019). In addition, we showed that, when Mertk-deficient mice are crossed with mice lacking PAD4, which we have demonstrated to be the main retinal peptidylarginine deiminase that mediates intraretinal citrullination under physiological conditions (Hollingsworth et al., 2017; Hollingsworth et al., 2018), the severity of the retinal degenerative phenotype in Mertk-deficient mice is approximately half at corresponding time points compared to the same mice with intact PAD4, free to accumulate large amount of immunogenic and proinflammatory citrullinated peptide aggregates (Iannaccone and Radic, 2019). Thus, reducing what we interpret to be a key trigger to the anti-retinal activation of the immune system and production of AAbs in MERTK-related disease in mice appears to have at least as meaningful a treatment impact as anti-IRBP AAb blockage has been shown to be in RCS rats.
The presence of a robust inflammatory component in Mertk-associated retinal disease has been recently confirmed independently in full by Mercau et al. (Mercau et al., 2023). Thus, one can readily envision how treatment strategies of this type, especially if early enough in the course of the disease, could prove very impactful on patients as well, and not only for patients with MERTK-associated disease.
Evidence for IMT agents as treatments for IRDs
As mentioned in the introduction section, there is now evidence that some IMTs may exert outright beneficial effects on IRDs via interactions with the mechanisms intrinsic to the retinal degenerative process itself. One of them is MMF, the very same IMT agent used to help treat inflammatory complications in 2 of our 3 representative cases described above. MMF is a prodrug of mycophenolic acid (MPA), worldwide approved for medical use, which potently suppresses de novo guanine nucleotide production by reversibly inhibiting inosine monophosphate dehydrogenase (IMPDH). Yang et al. have discovered that intraperitoneally administered MMF suppresses retinal cyclic guanosine monophosphate (cGMP)-dependent photoreceptor toxicity in both the rd1 and rd10 ARRP mouse models, both caused by PDE6B mutations (Yang et al., 2020). After treatment, the authors observed marked improvement in retinal microanatomical and functional preservation (cone ffERGs). Since cGMP dysregulation may be a common mechanism of photoreceptor cell death in up to 30% of forms of RP, pursuing additional studies to investigate further the IRD cGMP-dependent mechanism-specific effects of MMF is ongoing. Of further interest, though, MMF is known to be neuroprotective after excitatory injury, to inhibit microglia activation, to inhibit leukocytes, and even act as an antioxidant [reviewed in (90)]. Accordingly, in the rd1 and rd10 mouse models treated with MMF, Yang et al. also observed much improved (more physiological state) microglial morphological and migration patterns, and far less photoreceptor layer infiltration by microglial cells. While microglial activation may be important to remove debris resulting from inflammatory events, they also trigger a cascade of inflammatory events, as it has been shown in the Mertk murine models discussed above that are connected both directly and indirectly to their migration to non-physiological retinal locations. Thus, notwithstanding the noted cGMP-related effects that make MMF and derivatives thereof attractive as an outright treatment candidate for various forms of RP, a benefit to the inflammatory side of IRDs through its impact on local intraretinal inflammation pathways provides an important validation for its observed clinical benefits in IRD patients with inflammatory, autoimmune-associated complications.
MTX is a drug already routinely used to treat cancer, rheumatoid, psoriatic and other forms of inflammatory arthritis, posterior non-infectious inflammatory eye disease and, intravitreally, ocular lymphoma. The anti-inflammatory actions of MTX encompass multiple mechanisms, including an antimetabolite effect via the inhibition of purine and pyrimidine synthesis, transmethylation reactions, translocation of nuclear factor-κB to the nucleus, signaling via the Janus kinase–signal transducer and activator of transcription (JAK–STAT) pathway and nitric oxide production, as well as the promotion of adenosine release and expression of certain long non-coding RNAs (Cronstein and Aune, 2020). Like MMF, MTX has been shown to have important, mechanistically specific efficacy in another model of RP, the P23H RHO knock-in mouse model (Liu et al., 2020), the same mutation affecting one of the patients we illustrated. Via an in vitro screen of hundreds of compounds, Liu et al. discovered that MTX increases the clearance of misfolded P23H via the lysosomal pathway and increases also autophagy flux. Intravitreal injections (IVIs) of MTX were then tested in vitro in the P23H RHO knock-in mouse model for potential therapeutic efficacy at stages when rods were still sufficiently intact to respond to treatment. A regimen of four weekly 25 pmol IVIs started at post-natal day 15 increased misfolded P23H clearance via the lysosomal pathway and autophagy also in vivo, and led to significantly better functional (ffERG), increased outer segment rhodopsin levels and better ONL preservation compared to untreated mice. A single IVI was insufficient to attain these results, and the 25 pmol dosing outperformed 100 pmol, indicating that there is an optimal therapeutic range for MTX IVIs. Since MTX is a widely available drug and worldwide approved for systemic medical use, and is also available as for IVI regimens in humans, Aldeyra Therapeutics has initiated a human clinical trial (NCT05392179) of IVIs of MTX in ADRP patients with P23H RHO mutations and other such mutations in which rhodopsin misfolding and aggregation has already been shown to occur (Iannaccone et al., 2006; Mitchell et al., 2019). Liu et al. did not investigate the behavior of microglial cells in the P23H RHO knock-in mice treated with MTX IVIs, thus is it uncertain if, in addition to the noted effects on the clearance of misfolded P23H via the lysosomal pathway and the improved autophagy flux, MTX IVIs also improved any inflammatory manifestations that may be at play in this murine model—along the same lines of the case we illustrated. If it did, it too, like MMF, could offer a dual benefit to RP patients and this approach may prove beneficial to other IRD patients who also exhibit inflammatory, autoimmune-mediated complications regardless of any specific effects on the misfolding of accumulating proteins at the intracellular level. More research is needed to this effect and appears worth pursuing—and the outcome of the Aldeyra trial will be of definite interest.
Limitations and take-home messages from our clinical investigation into the pathogenic potential of AAb-associated inflammation in IRDs
One important limitation of our investigation is its retrospective nature. A prospective investigation would certainly be beneficial. In addition, not all of our IRD patients were tested for AAbs/rIHC, as this can only be done in the setting of a research study and not one where the decision to test for AAbs/rIHC is driven by the presence or suspected presence of inflammation—and, thus, by a criterion of medical necessity. Therefore, the actual prevalence of positive AAbs and IHC tests in IRD patients is not presently known. Furthermore, the mechanism underlying AAb-related vision loss in positive patients with IRDs remains to be elucidated. On the other hand, the pathogenic potential of the same type of AAbs is known from the AIR (Fox et al., 2016; Adamus, 2018) and CAR literature (Adamus et al., 1997; Adamus et al., 1998a; Adamus et al., 1998b; Adamus et al., 2011; Kyger et al., 2013; Xiong et al., 2013). While the exact epitopes involved in the processes may admittedly vary between IRDs, AIR and CAR, one can make the parsimonious assumption that, in the presence of treatable inflammation with tangible benefits associated with these AAbs in IRDs, the pathogenic potential of the AAbs observed in AIR/CAR patients is likely at play also in IRD subjects. Further investigations will be needed to elucidate these nuances.
An important take home message from our experience is that IRD patients with secondary autoimmune complications can, indeed, truly benefit from treatment. As the examples presented herein illustrate well, when the component is impacting primarily the optic nerves, treatment is aimed at letting patients achieve their “full retinal potential” and can be especially impactful. When the secondary autoimmune component affects also the retina beyond mere CME, such as retinal vasculitis or disseminated chorioretinitis-like features, like in the CORD case we presented, treatment can be fundamentally prognosis-altering. Based on these observations, autoimmunity in IRDs cannot be considered just an epiphenomenon, but appears to be an event of pathogenic and prognostic relevance, and of substantial therapeutic importance, a conclusion that is in line with the framework already proposed by Adamus (Adamus, 2021).
We did not perform a case-by-case assessment of the individual therapeutic benefits in our large case series yet, and this will be the object of future retrospective evaluations. However, we have observed how the few patients who would typically exhibit the most modest benefits from steroidal treatment were typically those with more severe, long-lasting vision loss, more severe retinal and optic nerve damage by SD-OCT criteria [loss of central ellipsoid zone (EZ) and external (or outer) limiting membrane (ELM/OLM) or RNFL loss, especially if affecting the papillo-macular bundle (PMB)] and more modest IVFA findings. Most of these patients reported, in their prior history, slow progression of their vision loss over the years until they experienced a sudden acceleration and relatively rapid vision loss that could not be otherwise explained by previous treating physicians. This suggests in these poorly responsive cases that the autoreactivities, at these “burnt-out” stages, truly reflected biomarkers of likely past inflammatory autoimmune-mediated manifestations vis-à-vis low levels of ongoing, active inflammation—or, when the IVFA findings were still significant, simply too much preexisting retinal and/or optic nerve damage to respond any further to treatment, emphasizing the likely importance of early detection and treatment of these inflammatory complications.
A common account reported by IRD patients exhibiting autorectivities was also the exacerbation of vision loss within months of undergoing cataract surgery, performed elsewhere, whereby some patients had subsequently refused to have the fellow eye operated on out of fear of experiencing the same outcome. It has been recently reported that CME, the most frequent post-operative inflammatory complication of cataract surgery (also known as the Irvine-Gass syndrome) is much more common in RP patients than in the general population (Hong et al., 2020; Antonio-Aguirre et al., 2022; Nguyen et al., 2023). There is no accounting in the literature for the optic nerve inflammatory complications in IRDs. However, over the past 6+ years, it has been our experience that the risk for post-cataract inflammatory complications can be minimized in IRD patients. Due to our heightened level of awareness of these issues, we instituted early on a systematic protocol whereby no IRD patient undergoes cataract surgery at our facility until examined by the IRD specialist and confirmed to have minimal to no underlying inflammatory findings. When present, AAb testing has been obtained and, if positive, surgeries have been strategically delayed until inflammation has been subdued. To date, contrary to what has been reported in the literature (Hong et al., 2020; Antonio-Aguirre et al., 2022; Nguyen et al., 2023), among hundreds of IRD patients who have undergone cataract surgery at our facility since 2016, we have observed less than a handful of cases of minimal and rapidly resolved post-operative CME, having had each of these “inflammation-prone” IRD cases pretreated shortly before cataract surgery with—usually posterior subtenon—steroids, typically within a week of surgery. None of these patients, even after years of follow up, has to date suffered any sudden or major disease progression or vision loss after surgery not even in the patients who had experienced as much no-light-perception outcomes in the fellow eye operated on previously elsewhere before the autoimmune-mediated inflammatory substrate had been recognized and managed. We aim to conduct a detailed retrospective review of cataract surgery-specific outcomes in our IRD patient population pretreated with our protocol in a separate setting, since this is not the focus of this manuscript. However, we wanted to emphasize herein the substantial practical relevance of this observation to outcomes and prognosis for IRD patients who so often need to undergo cataract surgery and, otherwise, tend to benefit greatly from cataract removal (Hong et al., 2020; Antonio-Aguirre et al., 2022; Nguyen et al., 2023). We have found this to be yet another very important and immediately relevant ramification of our findings that has impactful implications when it comes to ensuring that we do everything possible to avoid accidentally contributing closing the door on the light that is at the end of the tunnel for IRDs. We sincerely hope that, having shared this experience, the same caution and prudence in preevaluating (and pretreating, if need be) IRD patients that we use ahead of cataract surgery will be used by everyone henceforth.
CONCLUSION
In summary, AAb-associated inflammation in IRDs is not a mere epiphenomenon and, at least in many cases, it is truly impactful yet treatable, in line with the mechanistic framework already proposed by Adamus (Adamus, 2021). Thus, while this double-edged sword can prove to be a significant worsening factor for the prognosis of affected patients, recognizing the presence of inflammation in IRDs and treating it can be truly beneficial. The benefits are multiple: a) inflammation can be a potentially strong confounder in natural history studies, if not accounted for; since inflammation appears to be part of the natural history of IRDs, assessing patients for these issues should be incorporated in natural history studies, and should not lead to excluding patients who have such complications; b) inflammation can impact adversely safety and efficacy outcomes in gene therapy trial efforts and other gene-agnostic treatments (e.g., optogenetics, stem cell-related applications); c) successful treatment of inflammatory complications in IRDs can significantly expand the viable therapeutic window for many IRD patients, thereby making them more likely to ultimately remain eligible for gene-specific and agnostic treatment approaches—some of which could, in a not too distant future, include also approaches to better management of intraretinal inflammation including use of existing IMTs or as, but by no means not limited to, PAD4 blockage/inhibition as we showed potentially possible in Mertk-deficient mice (Iannaccone and Radic, 2019). Ultimately, one may envision a future in which one may also be able to recognize, perhaps with the aid of artificial intelligence and machine learning-based approaches, patterns of better response to treatment associated with certain pharmacological regimens and, perhaps, certain AAb profiles, allowing us also to refine the management of inflammation in IRDs, identify optimal treatment protocols, and achieve a better level of truly personalized medicine-type approaches also for IRDs.
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Clinical/imaging criteria associated with suspected inflammatory

complications

Visual function criteria associated with suspected inflammatory

complications

Absence of waxy pallor on DFE

Late-onset visual function loss or sudden acceleration in the vision loss process

 Presence of outright overt disc hyperemia and/or swelling on DFE © BCVA less than potential predicted by foveal EZ preservation not explained by
media opacities or other factors (e.g,, amblyopia)

® Thickened RNFL on OCT imaging (macular and/or PP scans) ® Worse VF loss than predicted by the level of ffERG reduction

© Late leakage and/or staining on FA of the disc, arcades, macula, peripheral vascular, | ® Asymmetry in VF loss not explained by other factors
focal or disseminated

® Presence of significant CME (especially if unresponsive/only partially responsive to | ® Enlarged blind spots or centro-cecal scotomas on VF testing not associated with PP
CAls) atrophy or other PP chorioretinal lesions

 Disseminated and/or flame-shaped retinal exudates on DEE (as frequently seen in | ® Delayed patten VEPs despite normal or reasonable (20/25-20/30) BCVA
primary and paraneoplastic AIR and AIR/ARRON patients)

® Disseminated chorioretinal peripheral nummular “punched-out” atrophic lesions | @

on DFE

Electronegative ffERGs with evidence of post-receptoral dysfunction and/or (when
measurable) disproportionate RGC-driven response (PhNR) reduction

DFE, dilated fndus examination; RNFL, retinal nerve fiber layer; OCT, optical coherence tomography; PP, peripapillary; FA, fluorescein angiography; CAIs, carbonic anhydrase inhibitors; ATR,
autoimmune retinopathy; ARRON, autoimmune-related retinopathy and optic neuropathy; BCVA, best corrected visual acuity; EZ, ellipsoid zone; VF, visual field; VEPs, visual evoked
potentials; fERGs full-field electroretinogram; RGC, retinal ganglion cells.
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