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Abstract

:

Retinitis pigmentosa is an inherited disease, in which mutations in different types of genes lead to the death of photoreceptors and the loss of visual function. Although retinitis pigmentosa is the most common type of inherited retinal dystrophy, a clear line of therapy has not yet been defined. In this review, we will focus on the therapeutic aspect and attempt to define the advantages and disadvantages of the protocols of different therapies. The role of some therapies, such as antioxidant agents or gene therapy, has been established for years now. Many clinical trials on different genes and mutations causing RP have been conducted, and the approval of voretigene nepavorec by the FDA has been an important step forward. Nonetheless, even if gene therapy is the most promising type of treatment for these patients, other innovative strategies, such as stem cell transplantation or hyperbaric oxygen therapy, have been shown to be safe and improve visual quality during clinical trials. The treatment of this disease remains a challenge, to which we hope to find a solution as soon as possible.
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1. Introduction


Retinitis pigmentosa is an inherited retinal neurodegenerative disease characterized by progressive photoreceptor cell death and retinal pigmented epithelium (RPE) atrophy, which initially manifests as nyctalopia, followed by continuous vision loss until blindness [1]. It is also called rod-cone dystrophy, due to the primary degeneration of rods rather than cones. Its estimated prevalence worldwide is 1/4000 [2,3]. RP can be classified according to the mode of inheritance into autosomal-dominant RP (adRP, 15–25%) [4], autosome-recessive RP (arRP, 5–20%) [5,6], and X-linked RP (x-RP, 10–15%), while in the other 40–50% cases, a pattern of inheritance cannot be detected (sporadic-RP). The age of onset and the severity of the disease in terms of visual loss depend on the mode of inheritance: adRP has the best visual acuity preservation, with the disease sometimes being detected at the age of 50; X-linked RP has the worst prognosis, with the disease starting early; and those with arRP have intermediate features [3,7]. Another way to classify RP is as syndromic, if there is the involvement of other tissues, or non-syndromic. This difference can be explained by the implication of different genes in these two types of RP. Typical RP (non-syndromic RP) may be caused by altered proteins that have a specific retinal function or are mainly expressed in the retina, whereas mutated proteins functioning in diverse cell types or tissues result in systemic manifestations (syndromic RP) [8,9]. In this review, we will focus on non-syndromic RP.




2. Materials and Methods


We conducted a search of the literature, including all publication years up to 1 October 2023, using MEDLINE (PubMed). The database was first searched using the following keywords: “Retinitis Pigmentosa; Inherited retinal disease; Genotype; Electroretinogram; Therapy; Vitamin A; Hyperbaric Oxygen; Cells transplantation; Adeno-associated virus”. The publication types included were reviews and clinical trials. We considered only studies in English and those with an abstract, thus reducing the count to 281 papers. The reference lists of all retrieved articles were assessed to identify additional relevant studies. The research of articles was performed using PubMed (https://pubmed.ncbi.nlm.nih.gov accessed on 1 October 2023) and Reference Citation Analysis (https://www.referencecitationanalysis.com).




3. Clinical Features and Diagnosis


RP is a very disabling disease, causing the patient to lose their autonomy. The earliest symptom is nyctalopia (night blindness), explained by the primary degeneration of rods. Consequently, due to the death of an increasing number of rods, the loss of the peripheral visual field occurs, up to a few degrees of the remaining visual field around the fixation point (so-called tunnel vision). This visual acuity can be worsened by cystoid macular edema (CME), with the impairment of the central vision, and subcapsular posterior cataract (SCP), which develops in about 50% of RP patients. The mechanism implicated in these two conditions seems to be chronic low-grade intraocular inflammation [2]. This diagnosis is based on different findings. Visual acuity can be normal, especially in the first phases of RP, because, as said before, the impairment of cones generally develops later than the impairment of rods. Indirect ophthalmoscopy shows the characteristic bone spicule-like pigment changes in the periphery and/or mid-periphery due to RPE cells migrating into the retina, markedly attenuated retinal vessels, and an optic nerve with a waxy pallor; less specific are CME, vitreous cells, epiretinal membranes, and optic nerve drusen. Optical coherence tomography (OCT) is a diagnostic test able to evaluate the retinal thickness and the morphology and integrity of all the retinal layers. Typical findings are the thinning of external layers; in particular, the first layer involved is the interdigitation zone, then the ellipsoid zone (EZ), and finally the outer nuclear layer (ONL). Other common findings relate to the epiretinal membrane (ERM) and CME [10,11]. The loss of the visual field has a typical progression in RP, beginning as isolated scotomas in the mid-periphery that lead to a ring scotoma. This extends both along the outer and the inner portions of the retina, more rapidly in the first rather than the latter. But there are other patterns of visual field loss, such as the concentric one or the arcuate one, which extend from the superior periphery through the nasal or temporal retina [12]. Electroretinography (ERG) is a diagnostic test used to record the photoreceptor activity after stimulation with different types of lights. As a functional test, ERG is the key test used for the early detection and follow-up of RP, even when the patient still has no complaints of night blindness or visual field loss [3,13]. The retinal answer to the light is represented by three waves: the first, a negative wave, depends on the rods’ and cones’ answer; the positive b wave reflects the activity of bipolar cells; and the slower positive c wave represents the RPE activity. Two parameters have to be considered: the waves’ amplitude and their time to peak. Patients with RP have both reduced amplitudes of a and b waves and a prolonged time to peak [14].




4. Pathomolecular Mechanisms


Retinitis pigmentosa is a very heterogeneous disease. This heterogeneity depends on the great number of genes implicated and the different mutations that can hit the same gene [15]. Furthermore, family members with the same genetic mutation have different phenotypes, suggesting that unidentified genes and environmental factors can influence the RP phenotype [16]. Nowadays, more than 90 genes have been linked to RP, and this number will likely increase over the years, due to ongoing improvements in diagnostic testing techniques [17]. The first gene discovered was the RHO gene in 1990 [18], which encodes for Rhodopsine, a G protein-coupled receptor transmembrane protein. It is located on the discs of the outer segment of rods, and it is composed of a protein named rhodopsin and a chromophore named 11-cis-retinal. When stimulated by light, it activates the phototransduction cascade, which ends with the enclosure of cation channels and the beginning of the electrical pathway. Rho mutations are the most common cause of adRP, accounting for 25–30% of them [19]. PH23 is the most commonly studied mutation, with the replacement of proline with histidine in position 23. This is a gain of function mutation that leads to misfolded proteins, which are retained in the endoplasmic reticulum (ER), inducing ER stress, and finally, cell apoptosis [20,21].



The PRPH2 gene encodes for Peripherin 2 and is responsible for 5–10% of adRP cases. It is a transmembrane protein and regulates the structural integrity and function of the photoreceptor outer segment; its dysfunction leads to progressive degeneration of the photoreceptor cells [22]. Another common gene, implicated in 2% of ar-RP cases [22], is RPE65, which encodes for a visual cycle enzyme of RPE cells. It catalyzes the conversion of all-trans-retinal to photoactive 11-cis retinal, and its mutation causes the accumulation of retinoid intermediates of the visual cycle in the RPE. While for AD and AR retinitis pigmentosa, these genes cause a small percentage of all cases of the disease, the RPGR gene is the cause of 70% of XL-RP, making it a good candidate for gene therapy. Its function remains unclear, but we know it is expressed in the cilia of different tissues, including the connecting photoreceptor cilia [23].



While the genetic mutation is the trigger of the disease, a lot of molecular and cellular mechanisms act in the progression of RP. At first, a mutation in the proteins of photoreceptors can lead to cell dysfunction or to misfolded proteins, which accumulate into photoreceptors, activating te cellular stress response. The imbalance between the oxidative and antioxidative systems; the mitochondrial dysfunction, which can lead to the release of pro-apoptotic factors; the retinal remodeling, consequent to photoreceptors’ degeneration; inflammation; and the immune response are all factors that contribute to the worsening of the disease [1,23].




5. Therapeutical Approaches


Still, today, one of the most difficult challenges remains the treatment of patients affected by RP. Most of the pharmacological therapies discovered nowadays slow the progression of the disease, trying to improve patients’ quality of life, but none of them are curative. Some curative therapies, with the ability to slow down photoreceptors’ degeneration and preserve healthy ones, have been developed but, despite the good safety profiles they have shown and the visual improvements they have achieved, each of them presents some contraindications that mean they are not suitable for every patient. In Table 1, we summarize these therapies and their most important features.



5.1. Antioxidant Agents


The principal function of these agents is to prevent photoreceptors’ death and so preserve the visual acuity. One of the most important antioxidant agents in the therapy of RP is vitamin A palmitate. Vitamin A is an essential micronutrient for the normal functioning of the visual system, growth, development, and maintenance of epithelial cellular integrity, immune function, and reproduction [24]. In particular, in the retina, it is essential in the visual cycle, during which 11-cis retinal, after the activation of rhodopsin by light, is transformed in all-trans-retinal, starting with the phototransduction cascade. In 1993, Berson et al. studied the roles of vitamin A and E for RP patients, and they found that vitamin A has a protective role in the annual rate of decline in ERG amplitude compared with vitamin E and a placebo, even if significant positive effects on the visual field and the visual acuity were not observed [25]. In recent decades, the efficacy of vitamin A in the treatment of the disease has been discussed. Tiansen et al. studied the role of a low (2.5 mg) and high (102.5 mg) vitamin A palmitate diet on RHOT17M mice and RHOP347S mice. They discovered that a high dose of vitamin A preserves functional rod activity, as demonstrated by ERGs tracing in RHOT17M but not in RHOP347S mice [26]. Also, a more recent study found that excess dietary vitamin A in the presence of the RHOD190N variants exacerbates photoreceptors’ death, probably due to the accumulation of toxic bis retinoid lipofuscin fluorophores in the RPE cells, highlighting the need for genotype stratification as an inclusion criterion for further vitamin A studies [27]. We can surmise from this that interpreting the data on vitamin A palmitate in retinitis pigmentosa is subject to controversy, and recent studies have demonstrated that retinoic acid (RA) in degenerative retinal diseases is a trigger for retinal remodeling, reducing visual decline. Using RA receptor (RAR) inhibitors, such as disulfiram, can mitigate impairment of visual functions, even in mice with late-stage photoreceptor degeneration [28,29]. The role of vitamin A has also been studied in addition to other antioxidant agents. Berson et al., in 2004, showed that supplementation with vitamin A and docosahexaenoic acid (DHA) does not slow the RP progression in terms of visual acuity, visual field, and ERG [30]. DHA is an unsaturated fatty acid and it is the most common phospholipid of the retina, concentrated in the outer segment of photoreceptors [31]. Low levels of DHA in red blood cells (RBCs) have been correlated with altered ERG responses in XLRP patients, and patients with the lowest DHA-RBC concentration have the lowest cone ERG amplitudes [32]. Despite these considerations, several studies have shown that variable-DHA-dose diet supplementation does not have a significant effect either on visual acuity, visual field, or cone and rod ERG amplitude, even if the DHA-RBC concentrations are significantly higher in XLRP patients versus a placebo [33,34,35]. Berson et al. studied the combination of lutein and high doses of vitamin A, with an improvement of visual field tests in patients with a high serum lutein concentration [36]. Lutein and zeaxanthin are two dietary carotenoids that make up macular pigment in the retina, with a high antioxidant power, especially for light-generated ROS. They have been found to play a protective role in photoreceptor degeneration in rd10 mice, increasing cone and rod ERG amplitude [37,38]. Despite the long-established role of vitamin A, the data on its efficacy are controversial. It seems that the use of a combination of all these antioxidant agents has more benefits than using them separately, reducing oxidative damage of photoreceptors’ DNA and, in turn, their degeneration [39].




5.2. Hyperbaric Oxygen


Hyperbaric oxygen (HBO) therapy exposes the patient to a barometric pressure higher than the sea level ambient pressure, increasing the transfer of oxygen into tissues [40]. The retina is a highly metabolically active tissue, and photoreceptors are very sensitive to oxygen delivery, as demonstrated by Stone et al. [41]. According to them, this condition of transient hyperoxia may rescue retinal photoreceptors, probably by helping them to complete their metabolic requirements [41,42]. However, despite these good premises, there are only a few studies on this innovative therapy. Vingolo et al. conducted a case–control randomized clinical trial on 48 patients affected by retinitis pigmentosa. Patients were treated with 90 min HBO therapy daily, five times a week for the first month, then one week a month for the following 11 months, and finally, one week every three months for the following two years, obtaining an improvement in ERG b-wave amplitude [42]. These good results were confirmed by another study, in which HBO-treated patients showed the maintenance of visual acuity and visual field, and an increase in ERG-b wave compared to vitamin A-treated patients [43]. Nonetheless, HBO therapy is associated with some adverse effects. Repeated exposures to hyperbaric oxygen therapy led to a significant accumulation of reactive oxygen metabolites, which are already elevated in patients with RP and seem to be a principal element in the death of cones [44]. Moreover, this therapy has been associated with cataracts, keratoconus, and age-related macular degeneration (AMD) [40].




5.3. Stem Cell Therapy


The purpose of this type of therapy is to introduce stem cells, which can differentiate into all human cells, including retinal ones. Cell-based therapy works to replace retinal tissue with effective stem cells, restore dysfunctional cells by releasing trophic factors, and create new synapses [45]. The principal sources for these cells are represented by embryonic stem cells (ESCs) and induced pluripotent stem cells (i-PSCs). However, there are ethical concerns associated with ECSs, and they can be rejected by the immune system, while i-PSCs avoid ethical issues but may be associated with malignant characteristics. Other promising stem cells are bone-marrow-derived stem cells, including mesenchymal stem cells (MSCs) and hematopoietic stem cells (CD34+), which are multipotent cells with a reduced power of differentiation compared to pluripotent cells. In particular, MSCs have been isolated not only from bone marrow but also from adipose tissue, dental pulp, umbilical cord blood, and amniotic membrane; not only do they have the capacity to differentiate into different cells of retinal lineages but they can also secrete neurotrophic factors that enhance neural cells’ survival, differentiation, axonal outgrowth, and neural cell attachment, as well as inhibit neural cell apoptosis [46]. In 2015, Siqueira et al. conducted a clinical trial on 20 patients affected by RP, administering bone marrow stem cells with intravitreal injection. They demonstrated an improvement in vision-related quality of life after 3 months of treatment, which disappeared after 12 months [47]. The safety of autologous bone marrow MSCs’ intravitreal injection has been supported by Tuekprakhon et al. with a phase I clinical trial, in which patients experienced transient cells, flare in the anterior chamber, and IOP elevation. Furthermore, the study highlighted a high rate of IOL displacement, maybe for the traction forces near the injection site, and a single case of osseous metaplasia, which was treated efficiently with chirurgical removal [48]. The researchers also confirmed the improvement of BCVA, which returns to the baseline after 12 months. Another documented adverse effect is the onset of fibrous tissue proliferation in the vitreous cavity, which leads to tractional retinal detachment, not only after intravitreal injection [49] but also after subretinal cell implantation. Oner et al. implanted adipose-tissue-derived mesenchymal stem cells (ADMSCs) in the subretinal space of 11 RP patients, after which five out of six developed ERMs and localized peripheral retinal detachment, probably due to inadvertent preretinal injection of cells or reflux of transplanted cells from the subretinal space [50]. New methods of transplantation have been studied, in particular the delivery of stem cells into the suprachoroidal space. In this regard, the Limoli retinal restoration technique (LRRT), a variant of Pelaez’s intervention, in which the contact area between the stalk and choroid is expanded to promote paracrine autologous cell secretion into the choroidal flow, represents an important surgical advancement. The technique uses the GFs to create an environment capable of neuroenhancing the remaining retinal cells [51,52]. In a large study in the 2020s, 82 patients were treated with suprachoroidal administration of umbilical-cord-derived mesenchymal stem cells (UC-MSCs), demonstrating the safety of this therapy and the improvement in BCVA and visual field during the six months of follow-up [53]. In 2023, Ozkan et al. confirmed those results with the first suprachoroidal spheroidal mesenchymal stem cell implantation trial, which was held on 15 patients affected by RP [54].



MSCs avoid the problems related to the use of ESCs and i-PSCs, and they seem to be a promising therapy [55] due to their capacity to trans-differentiate and secrete paracrine factors. An important advantage of this therapy is its safety profile, shown in most of the clinical trials. However, important limitations are the small sample of patients and short period of follow-up, highlighting the need to continue the research in this field.




5.4. Gene Therapy


With gene therapy, by using different types of vectors, it is possible to bring a wild-type gene into the affected cells, promoting the expression of the working protein and suppressing the mutated one. Vectors are bio-engineered particles that inoculate, in selected cells, only a gene and some enzymes useful to its incorporation in the cells’ DNA. While that can be an effective approach, this procedure does not permit the substitution of mutated genes; for this reason, it is more effective on ar-RP or XLRP, in which the mutation causes an absence or inactivation of the protein. In ad-RP, for the dominant negative effect, the wild-type gene does not delete the toxic effect of the mutated protein, meaning these types of therapies have limited efficacy [56]. The vectors can be divided into viral, such as adeno-associated virus (AAV) or lentivirus (LV), or non-viral, such as liposomes. AAV vectors are currently the most favored for gene therapy of RP, given their ability to efficiently target various retinal layers and their excellent safety profile and low immunogenicity [57]. Instead, lentivirus-mediated gene delivery is effective at targeting RPE, but may not transduce differentiated photoreceptors efficiently, and also it can cause insertional mutagenesis [58]. Subretinal injection is the mode of gene delivery to the outer retinal layers, while with intravitreal injection, AAV transduces only the inner retinal cell layers, such as ganglion or Muller cells [59,60].



Over time, a lot of studies have been conducted to test the efficiency of AAV gene therapy, first on animal RP models and then on humans. As far as clinical trials are concerned, a phase I trial in 2016 demonstrated the safety of the subretinal administration of rAAV2-VMD2-hMERTK in six participants with MERTK-associated RP, but with only one patient maintaining the visual gain at the 2-year follow up [61]. Most recently, Kapetanovic et al. reported the first phase I/II dose escalation clinical trial for X-linked RP caused by mutations in the RP GTPase regulator. A cohort of 18 patients was treated with subretinal delivery of an adeno-associated viral vector encoding codon-optimized human RPGR (AAV8.coRPGR). This study showed that AAV8.coPRGR did not have any dose-limiting toxicities and, in some patients, it restored the loss of the visual field [62]. The results of this trial have been compared with untreated eyes, demonstrating the efficacy of cotoretigene toliparvovec (BIIB112/AAV8-RPGR) at 12 months after injection [63]. In particular, four treated patients, who received the four highest doses of therapy, versus a single untreated one, showed early and sustained improvements in visual function over 12 months.



An important step forward in gene therapy was the first phase III clinical trial, conducted by Russel et al. in 2017, on voretigene neparvovec (AAV2-hRPE65v2) in patients affected by inherited retinal disease due to RPE-65 mutation, demonstrating an improvement of light sensibility, BCVA, and visual field [64]. RPE-65 encodes for all-trans retinal ester isomerase, implicated in the visual cycle. The wild-type RPE produces 11-cis retinal, which is transported on the outer segment membrane of photoreceptors’ cells, initiating the phototransduction cascade after light exposure. This study promoted the approval of Luxturna (voretigene neparvovec) by the US Food and Drug Administration in gene therapy for Leber congenital amaurosis (LCA).



So, gene therapy is the most promising therapeutic approach for RP, but it has two important limitations. First of all, the heterogeneity of gene mutations in RP makes genetically targeted treatment difficult to develop. Also, gene augmentation strategies for RP will only be effective if the photoreceptors are still present, even if they are sickly. As such, in order to attain the maximal therapeutic effect, the timing of the intervention is of the essence [58].




5.5. New Prospective Therapies


As said before, gene therapy can offer a useful strategy for ar-RP, while it is less effective for ad-RP. Lately, a new system derived from bacteria or archaea has been investigated, which is based on the joint action of the clustered regularly interspaced short palindromic repeat (CRISPR) and Cas9, creating an RNA-guided DNA cleavage system. Once the Cas9 nuclease cleaves double-stranded DNA in a site-specific manner, DNA repair machinery is activated, swapping out the mutant with the wild-type sequence [65]. Some studies in vivo have already tested the efficacy of this type of therapy [66,67]. With the CRISPR/Cas9 approach, it is possible to target multiple genes simultaneously, avoiding the problem related to the heterogeneity of the disease. Another recent type of therapy is optogenetics, in which photosensitive optic proteins, introduced with vectors into the retina, can be expressed in damaged cell membranes, resynthesizing degenerated photoreceptors, and can confer photosensitive ability to residual retinal cells [1,68]. However, when the disease is too advanced, the substrate for all these techniques is missing, and retinal prostheses are the only possible choice. With these devices, it is possible to convert the light stimuli into an electrical signal, which stimulates the remaining structures of the retina, activating the optic nerve and transmitting the images to the brain. This conversion happens thanks to an epiretinal, subretinal, or suprachoroidal microarray, which directly or indirectly stimulates retinal ganglion cells [69]. At the moment, we only know two prostheses, Argus II and Alpha-IMS, with only the first one approved by the FDA. Furthermore, serious adverse effects have been reported with this approach, such as conjunctival erosions, hypotony, explantation, and retinal detachment [70].





6. Conclusions


Retinitis pigmentosa, like other inherited retinal diseases, remains an unstoppable disease today, leading the patient to become totally blind. Despite the scientific and technological advances, there is currently no curative treatment for RP, with only a small group with confirmed RPE65 mutations being eligible to receive the approved gene therapy (voretigene neparvovec). The current therapeutic armamentarium is limited to vitamin A supplements, protection from sunlight, avoidance of smoking, enhancing physical activity, avoiding obesity, visual aids, and medical and surgical interventions to treat ophthalmic comorbidities (cataract surgery for posterior subcapsular cataract and intraocular corticosteroid implant for cystoid macular edema), all aiming to slow down the disease’s progression. Despite the long-established role of vitamin A palmitate and its low cost, it remains a noncurative therapy, with the only purpose of its use being to slow down the disease’s progression. Furthermore, interpreting data from clinical trials on this therapy is subject to controversy, highlighting the need to genotype the patients who could be of most benefit [27]. The ethical and immunological problems related to stem cell transplantation have been bypassed by intravitreal, subretinal, and suprachoroidal MSCs implantation, which has shown a good safety profile and promising results. However, our expectations related to this therapy are based on limited clinical data, which could be strengthened by expanding the sample of patients and extending the follow-up period of future clinical trials. Hyperbaric oxygen therapy, meanwhile, has shown positive preliminary results but requires more robust evidence, and we hope, especially for its easy administration, that this type of therapy in the future will be further investigated. The heterogeneity of the disease, the need to genotype the patients, the limited duration of positive effects, the need to have residual photoreceptors, and the cost of therapy are the key limitations associated with gene therapy. To avoid these problems, researchers could work to develop systems that can rapidly genotype all patients, along with biomarkers to identify patients in earlier disease stages, before significant photoreceptor loss occurs. Continued multidisciplinary research efforts to bypass current therapies’ limitations and to develop new curative therapies that could halt vision loss in RP patients are of vital importance. Combining approaches may be necessary to comprehensively treat this complex and heterogeneous condition.
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