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Retinal diseases lead to severe vision loss and are currently a major cause of vision impairment in industrialized countries. The significant number of genetic defects of the retina underlying these disorders, coupled to the absence of effective treatments, require new therapeutic solutions. Recent gene therapy developments in the field of ophthalmic research reveal the great potential of this approach. In recent years, non-viral vectors have been extensively studied due to their properties such as large gene packaging capacity and low immunogenicity. Hitherto, their development and optimisation for retinal gene therapy have been hindered by their inability to directly target retinal cells. The goal of this review is to summarize the most promising strategies to direct non-viral vectors for retinal cells to avoid off-target effects and promote their specific uptake, gene expression and overall efficiency.
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1 INTRODUCTION
Gene therapy, as initially defined by Friedmann and Roblin, refers to the delivery of exogenous genetic material into target cells to manipulate or modify the expression of a gene (Friedmann and Roblin, 1972). Significant advancements have been made in the field of gene therapy since the first clinical trial in the early 1990s, in particular for the treatment of eye diseases (Blaese et al., 1995), as the eye has several features that make it an ideal target for respect to gene therapy (Lee et al., 2019). First, it is easily accessible, and its compartmentalized anatomy allows for the targeting of various ocular tissues by altering the administration route. Furthermore, the blood-ocular barrier prevents systemic exposure of most drugs administered in the eye, conferring it an immune-privileged status (Niederkorn et al., 1981; Sonoda and Streilein, 1992). Recent developments in genomics and in the understanding of disease mechanisms have led to identification of new genes and mutations responsible for inherited and acquired eye diseases (Tan et al., 2021). To date, more than 300 genetic loci and 200 relevant genes associated with retinal diseases in humans have been identified (RetNet, 2022). Additionally, there are well-characterised animal models to study and develop new therapeutic strategies for several of these mutations. All these aspects confer the eye unique advantages as a relevant model system and target organ for gene therapy. Nevertheless, the eye has several dynamic and static barriers that difficult the delivery of transgenes to targeted ocular tissues, in particular the retina, which requires localised delivery (Patel et al., 2013; Suri et al., 2020). Subretinal and intravitreal injection are the most common routes of administration (Figure 1), and while the first is more technically challenging and targets the retinal pigment epithelium (RPE) and photoreceptors, the second is easier to perform and targets mostly the inner retina (Ziccardi et al., 2019).
[image: Figure 1]FIGURE 1 | Schematic representation of the common administration routes for gene therapies in the human eye. Created with BioRender.com.
Successful gene therapy requires an efficient and safe carrier to deliver the exogenous genetic material into target cells (Mulligan, 1993). The adeno-associated viruses (AAV) are among the most commonly used vectors due to their long-term transgene expression in diverse retinal cells (Liu et al., 2011). There are a variety of AAV-based gene delivery systems that have been developed and entered clinical practice (Maguire et al., 2019) but, despite their success, they present a major limitation: they can only carry genes up to 4.5 kb. Hence, for larger sized genes, alternatives are needed.
Non-viral vectors for ocular gene delivery have emerged as an alternative to viral vectors. Although they are still behind their viral counterparts in terms of efficiency, efforts have been made in vector design to optimize transgene expression (Conley et al., 2008). The safety profile and higher packaging capacity of genetic cargo of these systems confer them an advantage for gene therapy applications. Moreover, non-viral vectors are easier to manufacture on a large scale and hence more cost-effective than viral ones.
Non-viral vectors include gene delivery by both chemical carriers and physical methods (Ramamoorth and Narvekar, 2015). The first group can be divided into inorganic particles, polymeric (polyplexes), lipid-based (lipoplexes) and peptide-based particles (Midoux et al., 2009; Choi et al., 2013; Rajala et al., 2014; Hadianamrei and Zhao, 2022). These chemical systems have the advantage of being easily manipulated to change their properties depending on the target and purpose. Physical methods, on the other hand, rely on physical force to facilitate the intracellular delivery of genetic material and comprise, among others, electroporation, sonoporation, ballistic DNA injection and naked DNA delivery through needle injection (Yang et al., 1990; Heller et al., 2005; Newman and Bettinger, 2007; Gascón et al., 2013).
There are some challenges regarding the safety and efficiency of gene therapies that must be addressed before they reach the clinic. A successful gene therapy largely depends on the vector ability to target specific cells to achieve maximal therapeutic effect with minimal off-target effects. In the retina, this point is particularly important given the need to reach a large number of cells using a minimum injection volume to minimize tissue damage (Flannery et al., 1997). Initially, the targeting strategies were studied for application in cancer therapies (Santana-Armas and Tros de Ilarduya, 2021), but recent advances are also broadening the range of options available for areas such as ophthalmology (Cai et al., 2008). Cell specificity can be achieved by using different strategies: 1) electroporation performed directly on the target tissue; 2) incorporation of specific peptide ligands into polymer and lipid-based particles; 3) conjugation of specific polymers with particles and 4) transcriptional targeting using specific promoters (Mahato, 1999; Heller et al., 2005; Kachi et al., 2006; Laradji et al., 2021) (Figure 2). All these approaches will be addressed throughout this review in the context of retinal diseases.
[image: Figure 2]FIGURE 2 | Schematic representation of non-viral vectors and targeting methods for gene therapy of the retina. Created with BioRender.com.
In the quest for the safest and most effective gene therapy approach, tissue-specific strategies to avoid possible side effects of the expressed transgene play an important role. The main strategies to confer cell-specific expression of therapeutic transgenes to non-viral delivery methods, for retinal cells, will be addressed in this review.
2 TARGETING METHODS
2.1 Physical Methods
The administration route of gene therapy vectors could be the difference between a non-targeted and a targeted delivery. For eye diseases several routes can be used ranging from systemic or topical administration to subconjunctival, intravitreal and subretinal injections (Figure 1). Depending on the disease and the affected ocular tissue, a different delivery route can be chosen to allow a more precise delivery of the genetic therapy.
The topical administration route is used mostly in the form of eye droplets to treat diseases of the anterior section of the eye as pre-corneal factors (solution drainage, blinking, among others) and anatomical barriers prevent the accessibility of the carriers to the posterior section of the eye (Gaudana et al., 2010). Delivery of SLN-based vectors to treat corneal inflammation have been achieved in mice; however, translation to the human eye may be hindered by the thickness of the human cornea (Vicente-Pascual et al., 2020; Amador et al., 2022).
In the last decade, intravitreal injection became one of the most used techniques to deliver therapeutics to the retina in clinical practice. It can be used to target the inner retina, optic nerve, and lens, however it has some drawbacks, as it can cause retinal detachment, haemorrhage, cataracts, and endophthalmitis (Gaudana et al., 2010). Notwithstanding, the injection of anti-VEGF (vascular endothelial growth factor) agents is the standard approach for treating retinal diseases such as diabetic retinopathy (DR) and age-related macular degeneration (Lai et al., 2015).
Subretinal injection is a very specific delivery technique that can be used to target cell types unreachable by any other delivery method, such as RPE and photoreceptors (PR) cells (Venkatesh et al., 2013; Fayyaz et al., 2020). Similar to other injection methods, it has some limitations: only a small volume can be injected, and there is an associated risk of haemorrhage and retinal detachment (Pierce and Bennett, 2015).
Electroporation is a physical method that uses short electric pulses to direct and deliver genetic material to tissues in a reversible manner by temporarily increasing the cell membrane permeability. This technique has been successfully used in neonatal and adult mice to deliver naked plasmids and non-viral vectors (Melo and Blackshaw, 2011; Nickerson et al., 2012). In combination with the different injection routes, specific cells such as photoreceptors, RPE and retinal ganglion cells can be targeted. For instance, by combining a subretinal injection of genetic material with electroporation, photoreceptors or RPE can be targeted, depending on the direction in which the electric pulses are applied (Venkatesh et al., 2013). Although a powerful tool in animal models, electroporation has a limited use in human clinical practice. In the posterior segment of the eye, specifically the retina, electroporation requires a more invasive surgery for placement of the electrodes, as proximity to the target cells is needed to produce a localized and effective electric field. This creates a challenge to translate electroporation from preclinical studies in rodents to human clinical practice. That being said, there is an active clinical trial (NCT03308045) to assess safety and tolerability of electroporation in establishing the ciliary muscle as a biofactory of therapeutic proteins, in which non-infectious uveitis (NIU) patients are being electroporated in the ciliary muscle with a plasmid encoding a chimeric TNF-α soluble receptor (hTNFR-Is) (Bloquel et al., 2006).
2.2 Chemical Methods
2.2.1 Integration of Targeting Ligands
An interesting approach to promote cell-specific targeting is the use of small ligand molecules such as peptides and sugars. Targeting ligands have been used to direct genetic material to cancer and neuronal cells, and less extensively in other cell types, such as retinal cells. Hence, lessons can be learnt from the conjugation of non-viral vectors with ligands to target cancer cells, which is paramount to avoid off-target consequences of cancer therapies. An example is the conjugation of the poly (amidoamine) (PAMAM) dendrimer with transferrin, whose receptor is overexpressed in cancer cells. Urbiola et al. observed that an incorporation of 50% of transferrin led to an increase in transfection activity in CT26, HeLa, and HepG2 cancer cell lines (Urbiola et al., 2015). Another example is the overexpression of interleukin-12 (IL-12) which has proven to be a potent inducer of anti-tumour immunity (Harada et al., 1998). As demonstrated by Kim et al., in BALB/c mice injected with CT26 carcinoma cells, that mannose-coated chitosan polyplexes carrying the IL-12 gene were able to suppress tumour growth (Kim et al., 2006), thus confirming the potential of this approach for cellular targeting by non-viral vectors.
Interestingly, Kwon et al. observed that the electrostatic uptake of synthetic polymers such as polyethylenimine (PEI) was reduced in neuron-like cells in comparison with undifferentiated cells. To improve the uptake of PEI by neuronal cells, a 12-mer peptide, Tet1, possessing a C-terminal cysteine which has been described to have binding properties like the tetanus toxin, was covalently linked to PEI. Tet1-binding PEI polyplexes were able to improve gene expression levels in differentiated neuron-like PC-12 cells in comparison to unbound polyplexes (Kwon et al., 2008). In another study, the nontoxic Hc fragment of the tetanus toxin (TeNT) was shown to bind to presynaptic motor neuron terminals when injected intramuscularly (Price et al., 1975). Hence, Knight et al. used this knowledge to covalently bind TeNT peptide to polylysine (PLL), and TeNT-binding PLL polyplexes were able to target neuronal-derived cell lines in vitro (Knight et al., 1999).
In the retina, the use of ligands to target RPE cells is still limited to a small number of molecules. Folic acid or folate, one of the B vitamins, has been shown to interact specifically to RPE cells in the eye via folate-receptors (Bridges et al., 2002). Based on this interesting finding, binding folic acid to drug delivery carriers has been studied to target RPE cells. Suen and Chau demonstrated that folate-carriers had the capacity to deliver hydrophobic drugs in a prolonged and targeted delivery to RPE cells (Suen and Chau, 2013). These studies, although performed with pharmacological agents, support the hypothesis that folic acid can potentiate the targeting of non-viral vectors to RPE cells.
2.2.2 Hyaluronic Acid
Hyaluronic acid (HA) is one of the most studied polymers for drug and gene delivery in the eye (Oliveira et al., 2014; Martens et al., 2015; Huang et al., 2017). It is well established that HA is a ligand for CD44 receptors that are expressed in RPE (Liu et al., 1997) and Müller cells (Shinoe et al., 2010). CD44 receptors have been described to be overexpressed in most retinal pathologies, and this can potentially improve the specificity of a non-viral therapeutic approach (Kuhrt et al., 1997; Huang et al., 2017). Additionally, HA is a major component of the vitreous humour, supporting its biocompatibility and suitability as gene delivery vehicle. Martens et al. demonstrated that despite their negative surface charge, HA-coated polyplexes were able to be internalized and transfect ARPE-19 cells, which are a RPE cell line (Martens et al., 2015). Similarly, Oliveira et al. also showed that the chemical conjugation of HA with chitosan was able to efficiently transfect ARPE-19 cells (Oliveira et al., 2014). Hyaluronic acid is usually associated with a cationic polymer to produce polyplexes with a positive surface charge capable of interacting with cell membranes. However, this association of cationic and HA polymers possibly decreases the capacity of HA to interact with the CD44 receptor, as it might be less exposed. Therefore, the use of HA alone to produce polyplexes with the capacity to complex and protect DNA could potentiate the HA interaction with CD44 receptors. To test this hypothesis, Oliveira et al. performed chemical modifications in HA and observed that an incorporation of 10% positive charges in the HA polymer structure was not sufficient to produce polyplexes with the necessary gene therapy characteristics (Oliveira et al., 2016). These results seem to suggest that a higher modification efficiency may be required to produce polyplexes with desired physicochemical properties. Hyaluronic acid can also be used to coat other non-viral vectors such as lipoplexes (HA-LIP), as demonstrated by an in vitro and in vivo study on a retina light damage model. HA-LIP carrying siRNA targeting caspase-3 were able to inhibit the apoptosis cascade thus preventing retinal degeneration (Ribeiro et al., 2021).
The distribution of HA-coated polyplexes in bovine retinas was evaluated ex-vivo by Huang et al. and showed the presence of polyplexes in the inner limiting membrane, the ganglion cell layer (GCL) and the RPE up to 4 h after exposition (Huang et al., 2017). Additionally, it was shown that the HA-coated polyplexes accumulated in areas of the retina with cells known to be enriched with CD44 receptors, RPE (Liu et al., 1997) and Müller cells (Shinoe et al., 2010). Hyaluronan-modified core-shell liponanoparticles carrying an anti-inflammatory drug were also shown to accumulate in RPE cells when injected by intravitreal administration route in Lewis rats. Instead, chitosan polyplexes and liponanoparticles without HA were not able to reach the RPE (Gan et al., 2013). These experiments performed in different animal models strongly suggest the targeting capacity of hyaluronic acid (HA) to retinal pigment epithelium cells. Supporting these findings, it was shown that non-viral vectors like hyaluronic acid (HA) and polylactide (PLA), upon intravitreal delivery, tend to travel through the retina and enter specific cells (Sakurai et al., 2001; Bourges et al., 2003; Huang et al., 2017). In their studies, Devoldere et al. showed that HA/mRNA-complexes when delivered through intravitreal injection were able to reach and accumulate in the inner limiting membrane (ILM). This study has shown that HA improved the intravitreal mobility of mRNA-complexes, but these complexes were not able to cross the ILM (Devoldere et al., 2019b). This limitation could be attributed to differences in the ILM of different animal models, as it is known that the ILM of rodents has a more simplified structure than those of humans (Peynshaert et al., 2019). Addiitiionally, differences in HA-complex formulations regarding surface charge impact the crossing of the ILM, as negatively charged complexes are more likely to cross the ILM (Koo et al., 2012). Although the process by which they navigate the retina is not yet fully understood, these findings can be used to tailor non-viral vectors.
The retinal distribution of polymers has been studied to understand if these materials can be used as non-viral vectors to target retinal cells. Polylactide (PLA) based polyplexes loaded with rhodamine (Rh-6G) and Nile red fluorochromes injected through intravitreal administration were shown to accumulate in the rod outer segments and RPE layer in the first 24 h (Bourges et al., 2003). A similar behaviour was observed for polystyrene nanospheres under 2 μm in size. After 2 months the nanospheres were found in the neural retina and RPE of rabbits following an intravitreal injection (Sakurai et al., 2001). Bourges et al. suggested that a transretinal movement of polyplexes occurs in vivo. Possible explanations range from a rupture of the ILM physiological barrier due to the presence of polymers, inflammation after the injection and modification of the permeability in response to the activation of microglia (Bourges et al., 2003). However, this needs further addressing and evaluation for other polymers.
Nevertheless, it is widely accepted that polymer vectors lack the cellular tropism observed for some viral vectors and would therefore benefit from other targeting strategies as described below. Since the retina is a tissue separated from the systemic circulation by the blood-retina barrier, the degradation and excretion are limited. Therefore, a major characteristic to consider is the ability of a polymer to be biodegradable inside the retina. Polymers, such as hyaluronic acid, chitosan, and poly (lactic-co-glycolic acid) (PLGA), are examples of biodegradable and biocompatible polymers that have been extensively tested and reviewed for gene and drug delivery to the retina (Tsai et al., 2018; Lynch et al., 2019).
2.3 Biologic Methods: Cell-Specific Promoters
One of the molecular strategies used in vector design to increase protein production and control the expression of therapeutic genes by plasmid DNA is the incorporation of specific promoters into the expression cassette. Promoters are genetic regions involved in transcription initiation and some are only active in specific cell types (Zheng and Baum, 2008). These DNA regulatory elements could be used to regulate the level of transgene expression and restrict it to a specific tissue, thus reducing off-target effects. Furthermore, several regulatory DNA elements (enhancers, silencers or insulators) can be used in addition to promoters to increase cell-type specificity (Nicoud et al., 2007; Toscano et al., 2011). In initial stages of gene therapy, transgenes were under the control of viral promoters such as cytomegalovirus (CMV) or simian virus 40 (SV40), which have demonstrated capacity to promote gene expression (Boshart et al., 1985; Schmidt et al., 1990; Makrides, 2003). However, in recent years, mammalian promoters have emerged, especially in cancer gene therapy, to direct therapeutic genes towards target cells (Yoon et al., 2018; Rama Ballesteros et al., 2020; Yan et al., 2020).
In the ophthalmic field, some groups have reported promising results using mammalian promoters to increase cell-specific gene expression, as summarized in Table 1. These promoters are usually evaluated and selected using reporter genes such as green fluorescent protein (GFP) or luciferase (Kachi et al., 2006; Wang et al., 2020) and ideally, the chosen promoters, should meet two criteria: they must regulate an endogenous gene that is expressed exclusively in target cells, and must promote robust expression of the reporter gene in those cells (Aguirre, 2017).
TABLE 1 | Overview of targeting strategies based on promoter-directed gene expression.
[image: Table 1]Much of the research in this area focuses on targeting photoreceptors, as a vast number of human retinal degenerations are primarily associated with dysfunction and death of these cells. Regarding photoreceptor-targeted gene expression, opsin promoters have been extensively studied. The rhodopsin promoter has been shown to drive strong gene expression with viral (Flannery et al., 1997; Matsuda and Cepko, 2004; Nicoud et al., 2007) and non-viral (Zack et al., 1991; Apaolaza et al., 2016; Wang et al., 2016) vectors in photoreceptors, when administered both by subretinal and intravitreal administration. It was also reported that this promoter was able to direct the expression of genes carried by PEGylated liposome-based nanoparticles specifically to the retina after intravenous administration (Zhang et al., 2003). In addition, promoters of other genes such as rhodopsin kinase (GRK1), RP1 axonemal microtubule associated (RP1) and cGMP phosphodiesterase (PDE) have been demonstrated to induce expression of reporter genes in photoreceptor cells (Nicoud et al., 2007; Beltran et al., 2017). The use of other opsin promoters to direct expression to photoreceptors using non-viral vectors was also reported by Apaolaza et al. The authors used a solid lipid nanoparticle carrying the retinoschisin (RS1) gene under the control of a murine opsin promoter and administered it by intravitreal administration in Rs1-deficient mice. Interestingly, the expression driven by the opsin promoter was confined to photoreceptors and the improvement observed in the retina was higher using this promoter than the ubiquitous CMV promoter, demonstrating the relevance of a cell-specific strategy (Apaolaza et al., 2016).
In some retinal pathologies, an even more specific targeting to limit the transgene expression to just one type of photoreceptors is required. For example, in achromatopsia it is important to achieve cone-specific expression (Ye et al., 2016) and some studies have shown this possibility by using a cone opsin promoter (Wang et al., 2016; Ye et al., 2016; Khabou et al., 2018). When studying cell-specific promoters it is important to be cautious when extrapolating and applying results obtained in healthy wild-type retinas to mutants and between different species. The expression level of a regulated gene in normal animals may be altered in mutants (Aguirre et al., 2014). Aguirre et al. and Beltran et al for example, have shown that even though the GRK1 promoter directed gene expression exclusively to rods in normal canine retinas, in mutated ones this vector drove expression also in cones (Beltran et al., 2010; Aguirre, 2017). The variability of promoter specificity between species was demonstrated by Ye et al. when they tried to express transgenes carried by AAV vectors and regulated by cone-specific promoters in different animal models. Indeed, they showed that the IRBP/GNAT2 promoter induced a strong expression restricted to photoreceptors in mice and canines, while in primate cones it was ineffective (Ye et al., 2016). A possible explanation for this divergence is that the DNA sequence of the promoter may not have some regulatory elements needed for expression in primate cones.
The implication of the retinal pigment epithelium (RPE) genetic defects in several retinal degenerative diseases, such as retinitis pigmentosa, age-related macular degeneration or Stargardt disease suggest that RPE could be an interesting target to gene therapies (Dougherty et al., 2008; Sparrow et al., 2010). Thus, in recent years, many promoters have been evaluated for their ability to drive specific expression in these cells. Kachi et al. studied two mammalian promoters of RPE cells, a promoter fragment of the vitelliform macular dystrophy 2 gene (VMD2) and another of Rpe65 gene and verified an increased and sustained expression for at least 56 and 112 days, respectively. This suggests that in addition to achieving cell-specific expression, it is also possible to obtain sustained transgene expression with mammalian promoters (Kachi et al., 2006). Interestingly, VMD2 and Rpe65 promoters have been the preferential promoters used to reach RPE specific expression; despite the promising results with the Rpe65 promoter (Kachi et al., 2009, 2006), VMD2 was shown to have higher specificity (Wang et al., 2019). This promoter drove RPE specific transduction of the reporter gene in either viral (Kachi et al., 2009; Wang et al., 2019; Wu et al., 2021) or non-viral (Esumi et al., 2004; Kachi et al., 2006; Wang et al., 2016) vectors.
In the retina field, most retinal degenerations initially affect photoreceptors and underlying RPE, and thus many therapeutic studies have been focused on targeting these cells; however, there are retinal disorders involving retinal ganglion cells, Müller cells, and bipolar cells that could benefit from targeted gene therapies as well (Hellström and Harvey, 2011; Devoldere et al., 2019a; Hulliger et al., 2020).
Retinal ganglion cells (RGCs) are substantially affected in patients with glaucoma, and their degeneration has also been reported in other diseases such as diabetic retinopathy, retinitis pigmentosa, or even neurodegenerative diseases. Intravitreal injection seems to be the most suitable administration route when targeting RGCs, with Wang et al. testing liposome-protamine-DNA (LPD) nanoparticles to deliver genes to RGCs through this administration method. They showed that it is possible to achieve RGC-specific expression of a reporter gene under the control of the thymocyte antigen promoter (Thy-1.2) (Wang et al., 2016). Other promoters from the gamma-synuclein (SNCG) and neurofilament heavy chain (Nefh) genes were tested, and both promoters, when conveyed in AAV vectors, were shown to successfully induce gene expression limited to retinal ganglion cells (Wang et al., 2016; Chaffiol et al., 2017; Hanlon et al., 2017).
Currently, there is limited research on the specific targeting of Müller cells; however, the use of glial promoters has been shown to be a promising approach. Greenberg et al., for example, have shown that lentiviral vectors with the Cluster of Differentiation 44 (CD44), glial fibrillary acidic protein (GFAP) or vimentin promoters, led to targeted expression in Müller cells after subretinal injection, with CD44 achieving the highest expression level (Greenberg et al., 2007). The GFAP promoter has been the most studied in this context and several other groups have verified its effectiveness (Kuzmanovic et al., 2003; Dorrell et al., 2009; Aartsen et al., 2010; Prentice et al., 2011). In prior studies the Mlc1 (megalencephalic leukoencephalopathy with the subcortical cysts 1) and RLBP1 (Retinaldehyde-binding protein 1) promoters have also shown to be of interest as specific tools to obtain targeted expression on Müller cells (Pellissier et al., 2014; Danjo et al., 2022). Furthermore, encouraging results were obtained using a construct carrying the cellular retinaldehyde binding protein (CRALBP) promoter upstream of the gene that was introduced by subretinal injection and electroporation into the retina (Matsuda and Cepko, 2004).
Since much of the early-stage processing of visual inputs occurs in retinal bipolar cells, their genetic modifications may be of value in various ophthalmic conditions. To reach these cells located in the inner nuclear layer of the retina, the promoter of glutamate metabotropic receptor 6 (Grm6), a gene expressed in these cells, has been studied. This promoter sequence was cloned into lentiviral vectors and shown to direct expression to bipolar cells when subretinal (Cronin et al., 2014) and intravitreal (Lu et al., 2016) administration were used. Cepko’s group has also obtained encouraging results in these cells by using a non-viral strategy combined with the calcium binding protein 5 (CABP5) promoter (Matsuda and Cepko, 2004).
Most recently, biotechnological advances created synthetic promoters capable of spatial and temporal control of transgene expression. This new approach has been used to enhance specificity for retinal cells. Jüttner et al., for example, have developed a library of 230 AAVs, each with a different synthetic promoter and showed that 14% of those drove successful targeting in mice (Jüttner et al., 2019). In their collection of promoters, it is possible to find some capable of targeting human cones (ProA7) or ganglion cells (ProC29), for example, which could be used to express optogenetic tools (Jüttner et al., 2019). For RPE cells, Johari et al presented a synthetic promoter that exhibited higher expression levels than VMD2 gene promoter in vitro (Johari et al., 2021).
Patients with retinal diseases would benefit greatly from the implementation of cell-specific promoters in gene therapy. The combination between different strategies could be relevant for developing and translating retinal gene therapies into clinics. In theory, if the use of a specific promoter is coupled with one of the previously mentioned targeting strategies, the overall efficacy of the therapy could be improved while reducing undesirable gene expression.
2.4 Combination of Different Strategies
To increase the targeting capability of a non-viral vector, a combined strategy may be required to obtain an efficient and precise gene delivery to the retina. This can be achieved by combining a specific promoter or a targeting peptide with an adequate delivery route for non-viral vectors. Rajala et al. modified liposome-protamine-DNA (LPD) polyplexes with nuclear localization signal (NLS) and trans-activator of transcription (TAT) peptides, in combination with the CMV promoter and subretinal administration (Rajala et al., 2014). The authors have shown that when injected with these modified LPD polyplexes the RPE layer of BALB/c mice showed a strong green fluorescent protein (GFP) expression which was not observed in other retinal layers, thus confirming that RPE can be targeted. In another study, using a mouse model of retinal disease—the RPE65 KO mice—the expression of RPE65 LPD polyplexes-derived was able to reduce cone cell death and partially recover the function of photoreceptors, as observed in the electroretinogram (ERG) analysis (Rajala et al., 2014). In a follow-up and extended study, LPD polyplexes were combined with promoters from either mouse rhodopsin (rod photoreceptors), human red/green opsin (cone photoreceptors), thymocyte antigen (retinal ganglion cells), or vitelliform macular dystrophy (RPE cells). The injected eyes of the BALB/c mice presented a cell specific expression of GFP for the rod and cone photoreceptors, as well as ganglion and RPE cells. Additionally, LPD polyplexes did not affect the morphology of the retina and no inflammation was observed (Wang et al., 2016).
3 DISCUSSION
As in classical pharmacological approaches, the specific targeting of gene therapy approaches to certain tissues and cells is required to reduce undesired off-target effects. In this review we present an overview of targeting strategies used in the gene and drug delivery field using specific promoters, physical methods, polymer-specific characteristics and targeting ligands.
Overall, promoters have shown to be a viable and relatively simple option to restrict gene expression to retinal specific cells, to increase the expression of the protein of interest and to avoid unwanted effects on other cells; however, the knowledge of the elements of the promoter responsible for achieving the required level of expression in target cells need to be considered (Zheng and Baum, 2008). It is also important to choose a promoter with high activity in selected cells, as some reports have shown that specific promoters have much lower activity than conventional ones (Chen et al., 2018). The use of these genetic regions requires a prior careful evaluation in specific expression systems to understand if there are interactions between the promoter and the remaining genetic material of the vector, as this could affect their activity and specificity. It is also important to assess the vector activity in vitro and in adequate animal models (Zheng and Baum, 2008). An important limitation of using specific promoters is that it does not work for every type of genetic material. For instance, siRNA, oligonucleotides and mRNA do not benefit from this approach, which limits its use to genes and shRNA encoded in DNA sequences. Although further research is needed to overcome these challenges and meet the requirements already discussed, great progress has been made regarding the specificity for retinal cells. Furthermore, this approach has shown great potential and could be a powerful tool in a clinical application of retinal gene therapy.
In contrast to tissue-specific promoters of the eye, targeting ligands for non-viral delivery to the retina are scarce. Most notably is the use of folic acid to direct drugs into RPE cells which can possibly be adapted to deliver genetic material (Bridges et al., 2002; Suen and Chau, 2013). Several ligands have been described for cancer and neuronal targeting by non-viral vectors, such as sugars (e.g. mannose) and peptides (e.g. transferrin). Hence, further research is needed to find specific ligands that could be used to promote the delivery of genetic material to specific cells of the retina such as the RPE and photoreceptors.
Additionally, the route of administration has a significant impact on the outcome of the therapeutic approach. The target tissue, off-target effects, and immune response are three important factors to consider when developing a non-viral vector. In the eye, the intravitreal route is more useful to target the inner retina, namely the ganglion and Müller cells (Gaudana et al., 2010; Lai et al., 2015), while the subretinal route can more effectively target photoreceptors and RPE cells (Venkatesh et al., 2013; Fayyaz et al., 2020). In combination with physical methods such as electroporation, the targeting of therapeutic vectors can be greatly improved.
In summary, an efficient, retina-specific non-viral vector could include a combination of the targeting strategies discussed in this review. This requires careful consideration of the most appropriate administration route, the coupling of a targeting ligand or the choice of a polymer specific for a target cell or tissue, and a specific promoter that allows cell-specific gene expression. Altogether, these strategies can make the efficiency of these non-viral vectors meet the clinical needs.
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