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Inherited retinal diseases (IRDs) are associated with mutations in over 250 genes 

and represent a major cause of irreversible blindness worldwide. While gene 

augmentation or gene editing therapies could address the underlying genetic 

mutations in a small subset of patients, their utility remains limited by the 

great genetic heterogeneity of IRDs and the costs of developing individualised 

therapies. Gene-agnostic therapeutic approaches target common pathogenic 

pathways that drive retinal degeneration or provide functional rescue of vision 

independent of the genetic cause, thus offering potential clinical benefits to 

all IRD patients. Here, we review the key gene-agnostic approaches, including 

retinal cell reprogramming and replacement, neurotrophic support, immune 

modulation and optogenetics. The relative benefits and limitations of these 

strategies and the timing of clinical interventions are discussed.
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Introduction

Inherited retinal diseases

Inherited Retinal Diseases (IRDs) are a genetically and phenotypically heterogenous group 
of diseases affecting the retina (Figure 1), the neural tissue responsible for visual function. IRDs 
are responsible for the majority of sight impairment in the working age population. Despite their 
classification as rare diseases, IRDs affect one in 4000 people or over 2 million individuals 
worldwide, causing a large healthcare burden and diminished quality of life for the affected 
individuals. A UK cost-of-illness study found IRDs were estimated to cost £523.3 million in 
2019, of which £196.1 million represented additional wellbeing costs (Deloitte, 2022). Until 
recently no treatment options were available for IRDs.

Based on clinical patterns of outer retinal cell loss, IRDs have been categorised into 
rod-cone dystrophies, cone-rod dystrophies, chorioretinal degenerations and macular 
degenerations, though there is significant overlap between these classic phenotypes. To 
date, at least 250 genes have been identified as carrying causal mutations for  
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IRDs (RetNet),1 including autosomal dominant, autosomal recessive, 
X-linked and mitochondrial inheritance patterns (Sahel et al., 2015; 
Gill et al., 2019). Rods, cones or retinal pigment epithelium (RPE) 
cells may be primarily affected dependent on the causal gene, leading 
to secondary degeneration of the other outer retinal cell types and 
eventual blindness. The most prevalent forms of IRDs include retinitis 
pigmentosa (RP), Stargardt disease, Leber congenital amaurosis 
(LCA) which causes childhood-onset sight loss, and syndromic IRDs 
most notably Usher syndrome, a ciliopathy in which photoreceptor 
degeneration is associated with hearing loss. Additionally, whilst not 
a typical IRD, age-related macular degeneration (AMD) has been 
shown to be associated with genetic polymorphisms which give rise 
to significantly increased disease risk. Thus, as with IRDs, AMD may 
be amenable to gene therapy and broader gene-agnostic approaches 
aiming to slow down retinal degeneration.

Limitations of current gene therapies/
approaches

Increased understanding of the genetic basis of IRDs by high-
throughput sequencing has driven the development of gene or 

1 https://sph.uth.edu/retnet/

mutation-specific therapies for these previously untreatable  
diseases.

Adeno-associated viral (AAV) vector-mediated retinal gene 
therapies for IRDs have gained momentum in recent years, 
culminating in the approval of voretigene neparvovec (Luxturna), 
a gene augmentation therapy for bi-allelic RPE65-associated 
LCA. In this case, AAV-mediated gene delivery is highly attractive 
for an autosomal recessive disease, given the limited 
immunogenicity when injected into the subretinal space and rapid 
functional improvement from restoration of the visual cycle. 
Numerous other gene-specific therapies are under development 
or clinical trial. These range from gene augmentation, to CRISPR/
Cas9-based genome/mRNA editing, to antisense oligonucleotide 
(ASO) approaches, which have been reviewed elsewhere 
(Kumaran et al., 2018; Quinn et al., 2021; Xue et al., 2021; Fenner 
et al., 2022).

Despite advancements in this field, gene-specific therapeutic 
approaches are limited by the high level of genetic heterogeneity 
amongst IRDs and difficulties in targeting dominant negative 
mutations. Gene-specific approaches also tend to benefit patients 
primarily in the earlier stages of disease, with intervention at a late 
stage when retinal degeneration has past ‘a point of no return’ 
(e.g., rod loss causing secondary cone degeneration) yielding 
worse results (Botto et al., 2022). AAV vectors have been chosen 
for transgene delivery for their tropism to retinal cells, 

FIGURE 1

Retinal structure and degeneration in inherited retinal diseases (IRDs). The retina has a laminar structure consisting of distinct cell types (A). The neural 
retina consists of the ganglion cell layer (GCL, containing the cell bodies of retinal ganglion cells), inner plexiform layer (IPL), inner nuclear layer (INL 
- bipolar cell bodies), outer plexiform layer (OPL), outer nuclear layer (ONL - photoreceptor cell bodies), inner segments (IS) and outer segments (OS). 
The retinal pigment epithelium (RPE) supports the metabolism of overlying photoreceptors, is attached to the Bruch’s membrane/choroid and forms 
outer blood-retinal barrier. A representative spectral domain optical coherence tomography (OCT) of the retina is shown which demonstrates normal 
retinal layers. (B) Early Stage IRD, such as retinitis pigmentosa, is typically characterised by dysfunction and degeneration of rod, which can be seen as 
peripheral outer retinal thinning on the OCT (note that parafoveal architecture is relatively preserved). (C) Retinal degeneration progresses to Mid Stage 
1 where cone function (day light vision) remains relatively intact while rod function (night vision) is severely impaired. The OCT shows widespread 
disruption of the ellipsoid line which represents IS/OS junctions. RPE thinning can also be seen. (D) Mid Stage 2 sees cone degeneration with shortened 
OS and loss of rods. (E) In Late Stage (or end stage) IRD, there is complete loss of photoreceptors while inner retinal layers remain relatively preserved. 
OCT shows complete outer retinal atrophy with areas of RPE hypertrophy which correspond to bone spicules seen clinically.

https://doi.org/10.3389/fnmol.2022.1068185
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://sph.uth.edu/retnet/


John et al. 10.3389/fnmol.2022.1068185

Frontiers in Molecular Neuroscience 03 frontiersin.org

non-mutagenic nature, and relative low immunogenicity, but are 
limited to a cargo capacity of ~4.7 kb which precludes delivery of 
many large IRD-related transgenes. Dual AAV delivery of ABCA4 
for Stargardt disease has been explored but efficacy is significantly 
limited by the need for co-transduction of target cells (Trapani 
et  al., 2015; McClements et  al., 2020a). Recently, viral vector-
delivered CRISPR/Cas-based gene editing approaches have 
significantly broadened the scope of retinal gene therapy. Editing 
of genomic DNA focusing on IRD mutation hotspots or mRNA 
to partially restore normal protein production are under 
development (Dooley et al., 2018; Garanto, 2019; Fry et al., 2020). 
Despite their huge potential, gene editing therapeutics need to 
mitigate the risks of off-target mutations, immune responses to 
microbial-derived proteins (e.g., Cas9), and PAM site restrictions 
at specific disease target sequences (Wang et  al., 2019; Uddin 
et al., 2020).

Whilst offering theoretical potential to treat many 
sub-groups of IRD patients, the development of many 
customised gene or mutation-specific therapies is practically 
challenging and tend to be  associated with unsustainable 
costs (Orkin and Reilly, 2016).

Gene-agnostic approaches for IRDs

Gene-agnostic (or gene independent) approaches for IRDs 
would be effective regardless of the specific gene defect thus 
providing the potential to treat a wide range of IRD patients. 
These therapeutic strategies are rapidly evolving, spanning 
from retinal cell reprogramming to immunomodulation, 
neuroprotection and optogenetics. These interventions 
generally target common pathways underlying photoreceptor 
death in retinal degenerations to circumvent the impacts of 
deleterious mutations. Separate to these are bioengineering 
solutions which are applicable in end-stage disease, such as 
the  epiretinal Argus II retinal prostheses (Second Sight 
Medical Products, Inc., Sylmar, CA), subretinal Retinal 
Implant (Retinal Implant AG, Reutlingen, Germany) and 
suprachoroidal retinal implant (Bionic Vision Technologies, 
Australia). However development of these electronic 
prostheses falls outside the scope of this review and has been 
discussed elsewhere (Cehajic-Kapetanovic et al., 2022). In this 
review, we  will discuss the main biological gene-agnostic 
strategies currently under development, and the challenges 
such therapies face, whilst offering insight into the future of 
IRD treatment.

Retinal cell reprogramming

The potential to directly convert cell types in vivo to 
replenish target cells lost in disease is an exciting prospect in 
regenerative medicine, and in the treatment of retinal  
degeneration.

Protective reprogramming in rod 
degenerations

Rod-cone dystrophies (RCDs) represent the largest fraction of 
IRDs, encompassing heterogeneous retinitis pigmentosa which 
account for 40% of all IRD cases. Patients with RCDs initially 
present with nyctalopia (night blindness) resulting from loss of 
rod photoreceptors responsible for scotopic vision. Progressive 
rod degeneration causes constriction of visual field, eventually 
leading to decrease in central visual acuity due to secondary cone 
death. The primary loss of rods in RCDs is believed to result from 
their high metabolic activity required to sustain continuous outer 
segment turnover and their dependence on the RPE, increasing 
susceptibility to IRD-causal mutations (Lin et al., 2015; Kwon and 
Freeman, 2020). Loss of rods is thought to increase oxidative stress 
on cones, reduce trophic support (e.g., via rod-derived cone 
viability factor), and release proinflammatory intracellular content 
(Brunet et al., 2022). While cone death may be a secondary event 
in RCDs, the loss of central vision has the greatest impact on the 
patient’s quality of life. Therefore, strategies to reduce the 
sensitivity of rods to metabolic stress or preserve cone function 
represent attractive gene-agnostic therapeutic avenues to 
combat RCDs.

One potential therapeutic approach is to induce trans-
differentiation of mature rods towards a cone-like state, thus 
preserving light sensitivity whilst reducing risk of cell death 
(Figure 2). Developments in this area have predominantly focused 
on manipulation of the neural retina leucine zipper (NRL) and 
NR2E3 rod-differentiation transcription regulators. Expression of 
NRL in photoreceptor precursors induces transcription of the 
orphan nuclear receptor, NR2E3, which appears to suppress 
transcription of a range of cone-specific genes, thus committing 
NRL-positive cells to rod fate (Oh et  al., 2008; Swaroop 
et al., 2010).

Targeting NRL

Montana et al. (2013) first demonstrated the potential of 
photoreceptor reprogramming through the use of a floxed Nrl 
allele in Rd1 and Rho-/- mice (Montana et  al., 2013). 
Knockout (KO) of Nrl in the adult mouse resulted in 
alterations of gene expression patterns in the treated rods, 
upregulation of key cone-specific genes, as well as 
ultrastructural changes to cellular morphology. Crucially, the 
Rho-/- model showed preservation of rod cell bodies and 
outer segments past P90 when rod degeneration is normally 
complete in the untreated model, as well as preservation of 
cones and electroretinograms (ERGs) with increased photopic 
b-waves (indicative of enhanced cone response). Following 
this proof-of-concept, multiple groups have demonstrated 
similar results through CRISPR/Cas9-mediated knockout of 
Nrl (Yu et al., 2017; Zhu et al., 2017). Dual AAV strategies 
with vectors independently expressing small guide RNA 
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FIGURE 2

In situ reprogramming of rod photoreceptors. Rods may be reprogrammed in early stage IRDs to generate ‘pseudocones’ through manipulation of 
the NRL and NR2E3 transcription factors which normally determine rod fate (e.g., by CRISPR-mediated gene knockout or molecular inhibitors, PR1 
and PR3). Pseudocones confer resistance against rod-specific gene mutations, thus slowing the rate of retinal degeneration.

(sgRNA) and Cas9 endonuclease were used to knockout the 
Nrl gene in mouse models of RP. An increase in cone-specific 
gene expression was seen coupled to a decline in rod-specific 
transcription, preservation of outer nuclear layer (ONL) 
thickness, and increase in photopic ERG b-wave responses. 
Notably, Yu et al. (2017) demonstrated in vivo effects of Nrl 
knockout in three different RP models of differing genetic 
backgrounds, with Zhu et  al. (2017) testing one further 
model, indicating its potential as a gene-agnostic treatment 
for RCDs. An alternative strategy utilising CRISPR/Cas9-
based gene repression approach demonstrated Nrl knockdown 
in the rd10 mouse, preserved ONL thickness and improved 
visual function as determined by increased visual acuity by 
optokinetic nystagmus (Moreno et al., 2018). Moreno et al. 
also reported an AAV-split-Cas9 system with tetracycline 
response element (TRE) inducible expression of the Cas9 
C-terminal, forming a ‘hit and run’ approach to CRISPR-
induced NRL repression. Both systems demonstrate strategies 
to limit Cas9 nuclease activity and reduce the risk of 
off-target effects.

As well as mouse models, human retinal organoids derived 
from NRL−/− embryonic stem cells demonstrated a shift in 
photoreceptor differentiation characterised by a lack of rod 
markers and increase in S-opsin positive cells (Cuevas et al., 2021). 
This in vitro data confirms the central role of NRL in human rod 

differentiation and points to potential cross-species applicability 
of the mouse results. However, unlike germline knockout which 
causes complete switching of retinal progenitor cell fate, knocking 
out NRL in the mature human retina may lead to partial 
conversion of rods to ‘pseudocones’ (or ‘cods’) (Mears et al., 2001). 
Notably, no significant upregulation of cone opsin expression was 
seen in the partially converted cells. This was likely due to 
established epigenetic modifications in mature rods as Nrl 
knockout did not alter methylation patterns at either the Rho or 
Opn1sw loci (Montana et  al., 2013). Partial photoreceptor 
reprogramming may allow maintenance of normal retinal 
architecture, avoiding the formation of rosettes in the ONL as seen 
in the germline NRL knockout mouse (Mears et al., 2001; Roger 
et al., 2012).

Targeting NR2E3

Acting immediately downstream of NRL, NR2E3 is also 
another transcription factor of interest in rod reprogramming. 
Inhibition of NR2E3 may be preferable by causing less drastic 
changes to cellular physiology whilst conferring similar 
therapeutic effects (Moore et  al., 2020; Kolesnikov et  al., 
2022). Nr2e3 knockout in Rho−/− mice crossed with Nr2e3-
deficient rd7 strain showed similar phenotype as Nrl 
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knockouts, with increased survival of rods and cones, and 
preservation of cone function up to 6 months as measured by 
ERG (Kolesnikov et al., 2022 – published abstract). Similar 
results were previously reported by Zhu et al. (2017) using a 
CRISPR knockout approach on Nr2e3.

Nr2e3 repression has also been achieved with small molecular 
drugs. Screening for molecular inhibitors of Nr2e3 in primary 
murine retinal cell cultures identified photoregulin 1 (PR1) which 
could reduce Rho expression (Nakamura et  al., 2016). 
Administration of PR1 in vivo during retinal development 
demonstrated modulation of rod-specific gene expression and 
upregulation of a subset of cone-specific genes, though the data 
suggested that PR1 may also act by inhibiting Nrl. PR1 treated 
RhoP23H and Pde6brd1 retinae showed preservation of 
photoreceptors and ONL thickness (Nakamura et  al., 2016). 
Further studies by the group to improve upon PR1’s 
pharmacological properties led to a structurally unrelated 
compound, photoregulin 3 (PR3). PR3 was shown to prevent 
photoreceptor loss, and preserve both scotopic and photopic ERG 
function in the RhoP23H mouse (Nakamura et al., 2017). These 
promising results in mice hold promise for potential translation 
of these drugs to clinical applications.

Contrary to aforementioned studies indicating the 
benefits of Nr2e3 suppression in retinitis pigmentosa, AAV8-
mediated augmentation of Nr2e3 at P0 was reported to 
improve photoreceptor survival and ERG responses in mouse 
models of IRDs (Li et al., 2021). The apparent similarity in 
effects of Nr2e3 overexpression and suppression was 
attributed to differences in the timing of interventions, with 
Nr2e3 induced alteration of gene expression profiles of 
differentiating rods at birth counteracting the effects of the 
IRD mutations (Moore et al., 2020; Li et al., 2021).

Nevertheless, the prospect of protective rod reprogramming 
presents an intriguing gene-agnostic therapeutic approach for 
slowing disease progression in a range of rod-cone disorders. 
While there have been a number of proof-of-concept studies, 
questions remain regarding the mechanism of action. 
Downregulation of some rod-specific genes, such as rhodopsin, 
has been postulated to reduce metabolic stress, particularly in 
dominant negative IRD mutations (Athanasiou et al., 2018). 
Alternatively, there may be  a secondary increase in 
neuroprotective or trophic factor expression that improve 
photoreceptor survival, though Yu et al. (2017) saw no changes 
to the expression of the rod-derived cone viability factors, 
RdCVF and RdCVF2. Another question relates to the long-term 
effects of NRL knockout. Germline loss-of-function mutations 
in NR2E3 and to a lesser extent NRL have been associated with 
enhanced S-cone syndrome (ESCS) with variable retinal 
abnormalities (Wright et  al., 2004; Audo et  al., 2008). 
Deleterious effects have not been seen in the studies that 
manipulated these genes in the mature retina up to 6 month 
(Montana et al., 2013; Yu et al., 2017). This may be related to 
more limited impact on gene expression in the mature retina 
due to established DNA methylation patterns.

Reprogramming Müller glia for retinal 
restoration

Separate to rod-conversion are strategies focused on Müller 
glia. Müller glia constitute the primary glial cell type of the 
retina, providing structural support and aiding in the 
maintenance of retinal homeostasis (Goldman, 2014). In 
zebrafish, Müller glia can adopt stem cell-like characteristics and 
differentiate into photoreceptor progenitor cells following retinal 
trauma in a process termed ‘reactive gliosis’, thus raising interest 
in exploiting Müller glia for mammalian retinal regeneration 
(Powell et al., 2016; Thomas et al., 2016). Regenerative reactive 
gliosis does not naturally occur in the mammalian retina despite 
Müller glia displaying an injury response (Dyer and Cepko, 
2000; Karl et al., 2008), but attempts are being made to induce 
their differentiation and expansion into various retinal neuronal 
cell types (Figure 3).

Core signalling factors identified in zebrafish, including the 
ASCL1/Let-7, Wnt/β-Catenin, Notch and JAK/STAT pathways, 
have been manipulated in mammalian cells, demonstrating the 
relative plasticity of mammalian Müller glia and their potential for 
neural regeneration (Lawrence et al., 2007; Osakada et al., 2007; 
del Debbio et al., 2010; Giannelli et al., 2011; Singhal et al., 2012; 
Angbohang et al., 2016; Jorstad et al., 2020; Todd et al., 2020, 2021; 
Campbell et al., 2022). Notably, in-vivo studies of Achaete-scute 
homologue 1 (ASCL-1) overexpression were found to promote 
neuronal differentiation of Müller glia in the retinae of young mice 
following retinal damage, with evidence of amacrine cell, bipolar 
cell and rod-like photoreceptor generation. However, such a 
response was lacking in adult mice, positing the theory that fixed 
epigenetic DNA modifications and chromatin structures restricted 
the regenerative potential (Ueki et al., 2015). ASCL-1 expression 
in adult mice in combination with a histone deacetylase inhibitor 
TSA helped to overcome this limitation, inducing Müller glia 
differentiation (Jorstad et al., 2017).

Altering methylation patterns in mature retinal ganglion 
cells to promote axonal regeneration has also been investigated. 
Lu et  al. (2020) demonstrated that viral vector-mediated 
overexpression of a subset of Yamanaka factors, Oct4, Sox2, and 
Klf4, in murine RGCs restored ‘youthful’ methylation patterns and 
promoted axonal regeneration following optic nerve crush injury 
(Lu et al., 2020). This poses an interesting approach of epigenetic 
reprogramming, as opposed to or in combination with genetic 
manipulation, as a mechanism to promote tissue repair.

Yao et  al. (2018) reported the ability to generate rods via 
Müller glia, demonstrating in vivo reprogramming and restoration 
of visual responses in an IRD mouse model (Gnat1rd17Gnat2cpfl3; 
Yao et  al., 2018). Here reprogramming was dependent on a 
two-step activation of Müller glia via the Wnt/β-catenin pathway, 
followed by supplementation of photoreceptor and rod-specific 
transcription factors, Crx and Nrl (Yao et al., 2018).

A CRISPR/CasRx-mediated approach for knocking down 
polypyrimidine tract-binding protein (Ptbp1) has been reported 
to induce Müller glia to retinal ganglion cell conversion and 
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FIGURE 3

Reprogramming Müller glia to retinal cells. Manipulation of key signalling factors (ASCL-1, PTB, or miRNAs) could induce expansion and 
differentiation of resident retinal Müller glia into a number of retinal cell types. These include photoreceptors, amacrine cells and ganglion cells, 
which could replace lost and degenerating cells in the retina.

restore visual function in vivo (Zhou et al., 2020). This approach 
benefits from achieving results through a single target knockdown, 
as opposed to the manipulation of multiple signalling and 
pluripotent factors. However, it introduces the risk of off-target 
mRNA cleavage by CasRx. PTB has also been targeted via shRNAs 
and antisense oligonucleotides (ASOs), demonstrating the 
possibility of converting glial to neuronal retinal cell types using 
a number of potentially clinically relevant approaches (Fu et al., 
2020; Qian et al., 2020; Maimon et al., 2021).

An alternative target for the reprogramming of Müller glia are 
MicroRNAs (miRNAs), conserved short (~22 nt) RNA sequences 
that have been shown to play a role in the regulation of gene 
expression and in the regeneration of the zebrafish retina and 
mammalian Müller glia activation (Wohl et al., 2017; O’Brien 
et al., 2018; Kittelmann and McGregor, 2019; Wohl et al., 2019; 
Konar et  al., 2021; Kang et  al., 2021). Numerous individual 
miRNAs have been interrogated for their role in Müller glia-
mediated retinal degeneration (Konar et al., 2021). The miRNA 
let-7 was shown to maintain the differentiated Müller glia state in 
zebrafish, with reduction in let-7 level post injury allowing for 
derepression of a number of regeneration-associated factors and 
dedifferentiation and Müller glia expansion (Ramachandran et al., 
2010). Numerous miRNAs were found to be  differentially 
expressed in zebrafish MG-derived retinal regeneration, including 
miR-203, miR-7, miR-27, and miR-31 (Rajaram et  al., 2014). 
miR-203 downregulation was demonstrated to be required for 
zebrafish regeneration, with artificial maintenance blocking 
retinal repair (Rajaram et  al., 2014). Such findings suggest 

derepression of regeneration via miRNAs may prove possible 
without the requirement to supplement or overexpress numerous 
signalling and pluripotent factors.

Recent studies have also begun to shed light on the interplay 
between Müller glia, their regenerative potential and the immune 
microenvironment. Microglia have been shown to play a key role 
in the induction of Müller glia in the zebrafish retina, whilst 
prolonged inflammation results in suppression of the regenerative 
process (White et al., 2017). The impact of inflammation has been 
shown to be injury-context dependent, and suggests a future role 
for immunomodulation alongside regenerative medicine 
approaches (Zhou et al., 2022).

Despite promising results in recent years (Ueki et al., 2015; 
Wohl et al., 2017; Yao et al., 2018; Lu et al., 2020), potential 
clinical application of in situ Müller glia reprogramming still 
face several challenges. Primary of these is the need to convert 
Müller glia to retinal neurones that correctly and stably 
integrate into the existing neuronal circuit. Whilst visual 
function gains seen in several studies would suggest some 
degree of cell integration, they were limited in duration. Hoang 
et  al. (2022) showed that conditional heterozygous and 
homozygous Ptbp1 mutants gave no glia-to-neuron conversion 
when assessed with lineage tracing and single cell RNA-seq 
analysis (Hoang et al., 2022). This has raised questions about the 
stringency of studies reporting direct glia-to-neuron conversion, 
and the requirement for rigorous lineage tracing (i.e., 
transcriptomic profiling) of reprogrammed cells in vivo (Wang 
and Zhang, 2022; Xie and Chen, 2022).
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Taken together, mammalian Müller glia retain a certain level 
of plasticity, and may be manipulated to differentiate into retinal 
neuronal cell types in vivo. The ability of the reprogrammed cells 
to integrate into the neuronal circuit remains to be seen, which 
will determine the therapeutic viability of this approach for 
retinal repair.

Retinal cell replacement therapies

Separate to approaches aiming to reprogram endogenous 
retinal cells are transplantation of exogenously derived retinal cells 
(chiefly RPE and photoreceptor precursors) with the aim to 
replace damaged or dysfunctional cell types in IRDs. Retinal cell 
transplantation strategies have been explored over several decades 
(Jayakody et al., 2015; Gasparini et al., 2019; Cehajic-Kapetanovic 
et al., 2022). Recent advances have been aided by developments in 
stem cell biology, through the reprogramming of embryonic stem 
cells (ESCs) and induced pluripotent stem cells (iPSCs) (Takahashi 
and Yamanaka, 2006; Figure  4). ESCs and iPSCs have been 
successfully differentiated into numerous retinal cell types in vitro, 
which can be harvested at virtually every developmental stage for 
the purpose of cell therapy. The ability to generate ESC/iPSC-
derived functional retinal organoids in culture further expands 
treatment options (Eiraku et  al., 2011; Nakano et  al., 2012; 
Reichman et al., 2014; Zhong et al., 2014). A number of retinal cell 
therapies have now reached clinical trial.

Photoreceptor transplantation

Photoreceptor replacement to restore visual function requires 
de novo synaptic connections between the transplanted cells and 
retinal interneurons as well as appropriate interactions between 
the photoreceptors and underlying RPE.

Early attempts of photoreceptor transplantation used foetal 
retinal tissue with some transient functional rescue in AMD and 
RP patients (Das et al., 1999; Radtke et al., 2008). The use of such 
tissue raises complex ethical dilemmas and concerns about 
immunological rejection, and has been superseded by other 
approaches. Later mouse studies utilised purified photoreceptor 
suspensions from dissociated retinae, tissue-derived stem cells or 
rod-committed photoreceptor precursor cells (Tomita et al., 2002; 
MacLaren et al., 2006; Gust and Reh, 2011; Pearson et al., 2012). 
Notably, Maclaren et al. demonstrated integration of mouse donor 
Nrl-expressing rod precursors, suggesting that early rod lineage 
commitment may be an optimal time for integration with host 
retinal cells (MacLaren et al., 2006). Subsequently, transplanted 
Nrl-GFP-tagged mouse rod precursors were shown to establish 
synaptic connections with host bipolar and horizontal cells and 
restore scotopic visual function in Gnat1-/- mice which have 
non-functioning rods (Pearson et al., 2012). Similarly, human ESC/
iPSC derived photoreceptor precursors have been transplanted into 
Crx deficient mice (a model of LCA) with restoration of light 

responses (Lamba et  al., 2009, 2010). In contrast to rod 
transplantation, cone replacement has been more challenging. 
Flow-sorted embryonic (but not postnatal) Crx-expressing 
photoreceptor precursors have been transplanted into rd8 and 
Gucy2e−/− mice, and found to differentiate into both cones and rods 
(Lakowski et al., 2010). Approaches utilising photoreceptor cells 
taken from Nrl−/− mice, in which all rods become converted to 
cone-like cells, showed integration and photopic response 
restoration in Cpfl1 mice though integration rates were low (<1%) 
(Santos-Ferreira et al., 2015). The results of these studies were later 
revaluated in light of evidence for ‘cytoplasmic fusion’ whereby 
intracellular material from labelled donor cells (e.g., fluorescent 
protein) in the subretinal space may be  transferred to host 
photoreceptors thus creating a false impression of cell integration 
(Santos-Ferreira et al., 2016; Singh et al., 2016). While this casts 
doubt over the feasibility of direct photoreceptor replacement 
therapy, it presents the new possibility of in vivo cytoplasmic 
transfer as a mode of host photoreceptor rescue in RP.

Recent promising advances have been made with Ribeiro et al. 
(2021) reporting successful transplantation of human PSC-derived 
cones into rd1 mouse retina. Synapse formation was observed 
between donor photoreceptors and host bipolar cells, with 
restoration of light-evoked ERG responses and behaviours 
(Ribeiro et al., 2021). Crucially, the inclusion of non-functional 
CNGB3 (c.1148delC) hiPSC cones as a transplant control indicate 
the rescue effect seen is unlikely to result from cytoplasmic 
transfer. CNGB3 deficient cells showed survival and maturation 
post transplantation but no rescue of retinal or visual function 
was  observed despite such cells containing the same array of 
potentially transferrable molecules as functional hPSC-cones.

The delivery of stem cell suspensions has progressed to clinical 
trial in the treatment of retinitis pigmentosa. A phase 1/2 trial by 
jCyte (NCT02320812) delivered hRPCs, with results indicating 
that  the cells were well tolerated in patients. Phase 2b trials 
(NCT03073733) demonstrated some efficacy of hRPC delivery in 
high-dose patients, as determined by mean change in BCVA from 
baseline to month 12. A phase 1/2 dose escalation study conducted 
by ReNeuron is also ongoing, assessing safety, tolerability and 
preliminary efficacy of a subretinal hRPC injection (NCT02464436) 
with results expected soon.

Alongside delivery of retinal cell suspensions is the possibility 
of delivering structured cell sheets derived from 3D tissue culture 
techniques, which may improve graft survival and function 
compared with cell suspensions (Gasparini et  al., 2019). 
Subretinal transplantation of day 11-24 ESC and iPSC-derived 
retinal sheets into rd1 mice, which have lost all photoreceptors 
through rapidly progressive RP, led to formation of photoreceptors 
with outer segments and signs of host-graft synaptic connections 
(Assawachananont et  al., 2014; Mandai et  al., 2017). 
Transplantation of human ESC-derived retinal sheet into the 
subretinal place of chemical or laser-induced outer nuclear layer-
depleted retinae in non-human primates (NHPs) demonstrated 
graft photoreceptor maturation and survival up to 5 months, but 
no functional visual improvement was detected by ERG (Shirai 
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et  al., 2016). In contrast, human ESC-retina transplanted in 
immunodeficient rat model of severe RP (rho S334ter-3 nude) did 
lead to improved optokinetic and ERG responses (McLelland 
et  al., 2018). Despite the therapeutic promise of retinal sheet 
transplantation, there remain challenges to be  addressed. 
Subretinally transplanted retinal sheets often show formation of 
IS/OS-containing rosettes which are thought to represent 
mal-arranged rod outer segments that would be  expected to 
reduce the functionality of the graft (Assawachananont et al., 
2014; Mandai et al., 2017; Thomas et al., 2021). Transplantation 
of multilaminar retinal sheets containing outer and inner nuclear 
layers may lead to duplication of the inner nuclear layer in 
advanced RP thus preventing correct synaptic connections. 
Separation of 3D cultured stem cell-derived retinal layers for 
transplantation would be technically challenging, although recent 
developments utilising 3D engineered micro-scaffolds may offer 
an alternative [reviewed in: (Cehajic-Kapetanovic et al., 2022)]. 
The first clinical trial of human iPSC-derived retinal sheets in 
patients with advanced RP patients began in 2020 (Japan registry 
of clinical trials ID: jRCTa05020002). Technical limitation of graft 
size (to approximately 1 mm diameter) will need to be taken into 
account when interpreting the functional effects seen but trial 
outcomes are yet to be reported.

RPE transplantation

Transplantation of RPE is primarily aimed at treating AMD 
and Stargardt disease where loss of RPE is a primary pathogenic 
driver. Similar to photoreceptor transplantation, early studies 
demonstrated feasibility of transplanting RPE from foetal retinal 
tissue or translocation of autologous RPE sheets from the 

periphery to the macula (Algvere et al., 1999; van Zeeburg et al., 
2012). RPE cells were first generated in vitro from ESCs in 2001, 
and were subsequently shown to enhance survival of host 
photoreceptors when subretinally transplanted into Royal College 
of Surgeons (RCS) rat and mouse models (Kawasaki et al., 2002; 
Haruta et al., 2004). Later, Li et al. reported improvement in visual 
function in iPSC-RPE treated rd12 mice by ERG testing (Li et al., 
2012). These proof-of-concept studies rapidly translated into 
clinical trials of RPE transplantation in AMD and IRD patients.

There are two prevailing RPE cell therapy products: an RPE 
sheet (with or without membrane scaffold) or cell suspension 
(Maeda et al., 2022; Seraly et al., 2022). While donor RPE cells do 
not need to integrate into the retinal neural network, correct 
polarisation of the RPE monolayer is essential for function. The 
latter is a potential advantage of RPE sheet transplantation, but 
insertion of a sheet under the retina is technically challenging and 
require parallel development of novel surgical techniques (da Cruz 
et al., 2018).

Interestingly, transplantation of combined iPSC-RPE and 
iPSC-retinal progenitor cells was found to provide better 
conservation of ONL and ERG responses compared with RPE or 
RPC therapy alone (Salas et  al., 2021). An interesting study 
delivering iPSC-derived ‘retinal cells’ concurrently exhibiting both 
RPE and photoreceptor characteristics also demonstrated 
preservation of visual function in a Pde6b knockout rat model as 
assessed by ERG. The donor cells survived up to 9 months in the 
retina, and retained characteristics of both cell types, though no 
evidence of retinal neural connection was seen at the transplant 
site and the cells did not form normal retinal lamination (Yang 
et al., 2021). A ‘co-graft’ technique has also been trialled in RCS 
rats consisting of a hESC retinal organoid-derived retinal 
progenitor sheet combined with RPE cells using a bio-adhesive 

FIGURE 4

Cell therapies for retinal degenerations. Allogeneic stem cell-based cell replacement strategies rely on induced pluripotent stem cells (iPSCs) or 
embryonic stem cells (ESCs) which can be differentiated into photoreceptor or RPE cell suspensions, sheets, or retinal organoids for 
transplantation. The donor cells or tissue replace lost photoreceptors and RPE in late stage IRDs. Subretinal injection of cell suspensions allows 
direct contact between donor cells and the surviving neuronal cells in the retina but can result in disorganised engraftment. Subretinal 
implantation of structured retinal sheet helps to retain anatomical organisation, which may facilitate appropriate cellular differentiation but is 
surgically challenging.
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(gelatin, growth factor-reduced matrigel, and medium viscosity 
(MVG) alginate) showing co-graft survival, photoreceptor 
differentiation and integration, and visual function improvement 
by optokinetic testing (Thomas et  al., 2021). Since RPE and 
photoreceptor loss are often closely correlated in IRDs, 
preservation of visual function may be  better achieved by 
replacing both cell types. Therefore these studies offer interesting 
insights into future clinical treatment and novel transplantation  
approaches.

Alongside clinical trials of RPE transplantation in AMD 
patients, assessment of subretinal transplantation of MA09-hRPE 
hESC-derived cell line (Klimanskaya et al., 2006) in Stargardt 
disease patients showed graft survival and safety up to a median 
of 22 months, with some BCVA improvements in treated versus 
untreated eyes (Schwartz et  al., 2015, 2016). Other trials 
conducted in Stargardts patients with hESC-RPE have also 
proved promising. Recent clinical data from a Phase1/2 trial of 
MA09-hRPE in 12 Stargardt patients demonstrated reasonable 
safety of subretinal RPE cell suspension injection, with no 
evidence of uncontrolled proliferation or severe immune 
response (Mehat et al., 2018). This study did however highlight 
the risks associated with higher cell doses with instances of focal 
retinal thinning with RPE hyperpigmentation and reduced 
sensitivity. A number of other clinical trials of RPE cell therapy 
are ongoing with a recent summary provided by Sanie-Jahromi 
and Nowroozzadeh (2022).

Preclinical studies have suggested reasonable functional 
benefit from the use of these cell-based therapies, with some 
results from clinical trials showing such interventions are well-
tolerated, and do not appear associated with either tumorigenesis 
or increased inflammation in patients (Schwartz et al., 2015, 2016; 
Mehat et al., 2018). Transplantation therapy through the use of 
ESC/iPSC-derived retinal sheets may prove particularly beneficial, 
allowing for restoration of both the photoreceptors and the RPE 
in a more stable manner (Assawachananont et al., 2014; Shirai 
et al., 2016; Mandai et al., 2017; McLelland et al., 2018; Gasparini 
et al., 2019).

Neuroprotection and control of 
inflammation in early IRDs

Accumulating evidence points to a significant role for 
dysfunctional metabolism, neurotrophic support and 
inflammation in the progression of secondary cone death in IRDs.

Delivery of neurotrophic factors

Delivery of neurotrophic factors to the degenerating retina 
has shown beneficial effects on photoreceptor survival in several 
models of retinal degeneration. One such factor is ciliary 
neurotrophic factor (CNTF), where non-viral delivery alleviated 
photoreceptor loss in the rd1, nervous (nr/nr) and RhoQ344ter 

mouse models of retinal degeneration (LaVail et al., 1998), Rdy 
feline model of retinal atrophy (Chong et  al., 1999), and rcd1 
canine model of retinitis pigmentosa (RP) (Tao et  al., 2002). 
Similarly, viral supplementation of CNTF improved photoreceptor 
survival in Rho-/- mouse model of RP (Liang et al., 2001; Lipinski 
et al., 2015). However, there is conflicting evidence against the 
beneficial effects of CNTF supplementation therapy. In the rd2 
mouse, AAV-mediated murine CNTF supplementation did reduce 
photoreceptor loss but had negative effects on visual function as 
measured by ERG (Schlichtenbrede et al., 2003). The loss of visual 
function was later shown to be dose-dependent (Buch et al., 2006). 
Studies in Peripherin/rds mouse showed that AAV-delivered 
CNTF can suppress cone opsin expression thus decreasing light 
sensitivity despite positive effects on photoreceptor survival (Rhee 
et  al., 2007). These findings were ultimately recapitulated in 
humans, where delivery of CNTF by encapsulated intraocular 
implants did not lead to any visual improvement in RP patients 
despite preservation of ONL compared with sham-treated eyes 
(Birch et al., 2013).

Glial cell derived neurotrophic factor (GDNF) is another 
neurotrophic factor which has shown success in slowing 
photoreceptor loss in the rd1 mouse (Frasson et al., 1999), RhoS334ter 
rat (Sanftner et al., 2001), rd2 mouse and RCS rat (Buch et al., 
2006). This appears to be an indirect effect caused by increased 
GDNF signalling in retinal glial cells, as the GDNF receptor was 
only found to be  expressed on Müller glia in porcine retina. 
Subsequent experiments showed that GDNF upregulated 
production of basic fibroblast growth factor (FGF-2 gene encoding 
FGF-β) in cultured Müller glia, and that FGF-β has a positive 
effect on photoreceptor survival in vitro (Hauck et  al., 2006). 
Intravitreal injection of FGF-β in combination with minocycline, 
a microglial activation inhibitor, also had moderate beneficial 
effects on photoreceptor number and morphology in the P23H-1 
and RCS rat models of retinal degeneration (di Pierdomenico 
et  al., 2018). Despite promising pre-clinical results, no data is 
currently available on whether GDNF could provide therapeutic 
benefit in human retinal degenerations.

Manipulation of photoreceptor 
metabolism

An alternative strategy is to target dysfunctional metabolism 
that occurs during retinal degenerations. Photoreceptors demand 
large amounts of glucose, of which 80-96% is converted to lactate 
via aerobic glycolysis and is required for anabolic processes and 
outer segment maintenance (Hurley et al., 2015; Chinchore et al., 
2017). Based on gene expression data from 4 mouse models of RP, 
and the observation that insulin provided a significant protective 
effect on cones, it was suggested that cone death results in part 
from glucose deprivation (Punzo et al., 2009). This pathogenic 
retinal glucose shortage may be due to the retention of glucose in 
the RPE, caused by loss of contact with phosphatidylserine on rod 
outer segments (Wang et al., 2016, 2019).
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Metabolic reprogramming of photoreceptors has had success 
in producing beneficial effects on vision in animal models of 
retinal degeneration. Genetic or shRNA-mediated ablation of 
Sirt6, a glycolytic repressor, reprogrammed photoreceptors to 
shuttle glucose towards anaerobic metabolism and improved 
visual function in the Pde6bH620Q mouse model of retinal 
degeneration (Zhang et al., 2016).

Recently, AAV8-mediated delivery of Txnip, a thioredoxin-
interacting protein, improved cone number in the rd1, rd10 and 
Rho-/- models of RP (Xue et  al., 2021). Interestingly, the 
Txnip(C247S) mutant, which has abrogated binding to 
thioredoxin, further improved cone survival. Subsequent 
experiments suggested that Txnip shifts cone metabolism towards 
catabolism of non-glucose substrates (e.g., lactate, ketone bodies 
and fatty acids), increasing the supply of ATP available for 
anabolic processes in the absencBe of glucose. Delivery of Txnip 
variants with reduced GLUT1 downregulation activity to the RPE 
also improved cone survival, possibly by reducing glucose 
dependence in the RPE, thus allowing more glucose to be delivered 
to cones (Wang et al., 2016; Xue et al., 2021).

Rod-derived Cone Viability Factor (RdCVF) is a neurotrophic 
factor secreted by rods that also impacts cone metabolism. The 
Nxnl1 as the gene encodes a truncated thioredoxin-like protein, 
RdCVF, and a longer isoform with a full thioredoxin-like fold, 
RdCVFL (Fintz et  al., 2003; Léveillard et  al., 2004). RdCVF 
stimulates glucose uptake and aerobic glycolysis in cones, while 
RdCVFL appears to perform an anti-oxidative function (Aït-Ali 
et al., 2015; Clérin et al., 2020).

Subretinal delivery of RdCVF protein to RhoP23H rats resulted 
in an increase in cone number and function, as measured by 
(ERG) (Yang et al., 2009). Furthermore, intravitreal delivery of an 
AAV7m8-scCAG-RdCVF construct rescued cone survival and 
function in both rd10 and RhoP23H mice (Byrne et al., 2015). 
Co-delivery of AAV-packaged RdCVF and RdCVFL also showed 
a slight improvement over RdCVF alone in the rd10 model. This 
has led to the development of SPVN06, an AAV gene therapy 
encoding both RdCVF and RdCVFL, which is currently in the 
latter stages of pre-clinical validation (Lorget et al., 2022). SPVN06 
is also being trialled in tandem with SPVN20, a potassium ion 
efflux channel protein that is opened by endogenous opsin-
associated G-proteins, allowing signal transduction in 
dysfunctional cones still expressing cone opsins and arrestin 
(Simon et al., 2022). The combination of trophic support factors 
and optogenetic modalities may enhance cone rescue when 
compared with either alone.

Control of retinal inflammation

Inflammation is also becoming appreciated as an important 
factor in the progression of retinal degenerations, and may 
present opportunities for therapeutic intervention. Neuronal 
damage and death during IRDs can lead to release of damage-
associated molecular patterns (DAMPs), which are recognised 

by innate immune receptors on microglia. This can trigger 
microglial activation and release of pro-inflammatory 
molecules, particularly Tumour Necrosis Factor-α (TNF-α), 
Interferon Gamma (IFN-γ), IL-6, IL-1α, IL-1β, CCL2 (MCP-1) 
and CCL8 (MCP-2) (Yoshida et al., 2013). These molecules aid 
recruitment of circulating leukocytes to the degenerating retina, 
resulting in inflammation. Clinical evidence from patients with 
(RP) shows immune cell infiltration in the anterior chamber and 
elevated pro-inflammatory cytokine and chemokine levels in 
the vitreous (Newsome and Michels, 1988; Yoshida et al., 2013). 
Animal models of RP also provide supporting evidence that the 
innate immune response and inflammation play a role in 
disease, with multiple therapies targeting the immune system 
showing beneficial effects in retinal degeneration (Sudharsan 
et  al., 2017; Guadagni et  al., 2019; Table  1). Thus, potential 
treatment strategies include cytokine inhibition, and 
suppressing microglial activation and subsequent cytokine 
release [reviewed in; Akhtar-Schäfer et  al., 2018; Olivares-
González et al., 2021)].

Cytokine and chemokine inhibition has shown beneficial 
effects in several animal models of retinal degeneration. Genetic 
deficiency of the CCL2/CCR2 axis prevents mononuclear 
phagocyte recruitment to the retina, and improved vision in the 
rd10 mouse (Guo et al., 2012) and a mouse model of chronic blue 
light-induced damage (Hu et al., 2016).

TNF-α is a key pro-inflammatory cytokine in multiple retinal 
disorders, and TNF-α blocking antibodies have been shown to 
slow retinal degeneration in the rd10 mouse (Martínez-Fernández 
De La Cámara et al., 2015; Olivares-González et al., 2020). Genetic 
knockdown of TNF-α also had beneficial effects on photoreceptor 
survival in the RhoT17M mouse (Rana et al., 2017).

The NLRP3 inflammasome is involved in the proteolytic 
processing and release of IL-1β and IL-18, which are drivers of 
photoreceptor death (Charles-Messance et al., 2020). Inhibition of 
the NLRP3 inflammasome had beneficial effects on visual 
function and photoreceptor survival in the RhoP23H rat model of 
RP (Viringipurampeer et al., 2016). Additionally, inhibition of the 
of the IL-1β receptor, IL-1R, resulted in suppression of 
inflammation, improvements in visual function and photoreceptor 
survival in a model of blue light-induced damage (Dabouz et al., 
2020). Given that IL-1β is also significantly increased in the 
vitreous humour of patients with RP compared to those with 
idiopathic epiretinal membrane (Yoshida et  al., 2013), this 
inflammatory process may play an important role in the 
progression of degenerative disease and presents an interesting 
point for therapeutic intervention.

Blocking DAMP recognition and signalling in microglia is 
another anti-inflammatory strategy that may have neuroprotective 
effects. For example, ATP release from damaged neuronal cells is 
recognised by purinergic receptors on microglia and induces the 
release of pro-inflammatory cytokines and NLRP3 inflammasome 
activation (Viringipurampeer et al., 2016). The ATP receptor P2X7 
has been postulated as a target for intervention, as P2X7-deficient 
mice showed delayed retinal neuron loss in an optic nerve crush 
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model of retinal ganglion cell loss (Nadal-Nicolás et al., 2016), 
while a P2X7 antagonist delayed retinal ganglion cell loss in the 
same model. Furthermore, patients with P2RX7 mutations that 
abolish innate phagocytosis show increased risk of age related 
macular degeneration, indicating an important role for the 
receptor in retinal health (Gu et  al., 2013). However, careful 
consideration of the role of P2X7 in different disease contexts and 
selection of compounds for pharmacological modulation of its 
activity is required, as its biology remains incompletely understood 
(Savio et al., 2018).

Another target is the A2AR receptor, which binds to adenosine 
and leads to the production of NO and cytokine release. A2AR 
blockade (LaVail et al., 1998), Rdy feline model of retinal atrophy 
(Chong et  al., 1999) and the rcd1 canine model of retinitis 
pigmentosa (RP) (Tao et al., 2002). Similarly, viral delivery of CNTF 
improved photoreceptor survival in the Rho-/- mouse model of RP 
(Liang et al., 2001; Lipinski et al., 2015), diabetic retinopathy (Aires 
et al., 2019) and retinal detachment (Gao et al., 2020).

Primate microglia express SIGLEC-11, which recognises poly-
sialic acid caps on the neuronal glycocalyx, providing an inhibitory 
signal through an immunoreceptor tyrosine-based inhibitory motif 
(ITIM). Neuraminidases secreted by infiltrating immune cells 
cleave the poly-sialic acid caps, removing the microglial inhibitory 

signal and also enabling opsonization of the altered glycocalyx by 
C1q, which is recognised by microglial CR3 (Wang and Neumann, 
2010). Mice expressing human SIGLEC-11 and treated with poly-
sialic acid with an average degree of polymerisation of 20 (polySia-
20) showed reduced mononuclear phagocyte activation and 
vascular leakage in a laser injury model (Karlstetter et al., 2017).

Microglial inhibition has also been achieved through the use 
of minocycline, a tetracycline derivative. Minocycline inhibits 
TLR2 and TLR4 signalling through NF-κB in microglia, and has 
protected against retinal degeneration in a light-damage model 
and the rd10 mouse model of RP (Scholz et al., 2015b).

Providing a potential link between inflammation and 
dysfunctional metabolism, Conart et  al. showed that vitreous 
samples from patients with retinal detachment had elevated levels 
of pro-inflammatory cytokines. In addition, using a mouse model 
of retinal detachment, they showed that infiltrating immune cells 
downregulate RdCVF production, and that either inhibiting 
immune cell infiltration with TSP1 or stimulating the insulin 
pathway can improve cone survival (Conart et al., 2020).

Several studies have also demonstrated the interplay between 
neuroprotective factors, metabolism and retinal inflammation 
through environmental manipulation (Barone et al., 2012; Dieguez 
et al., 2021). Environmental enrichment, defined as increasing 

TABLE 1 Targeting retinal inflammation as a gene-agnostic approach to treating retinal degenerations.

Target Function Intervention Animal model Reference

TNF-α Pro-inflammatory cytokine Antagonistic antibody (adalimumab), 

systemic or local (intravitreal)

Rd10 mouse Martínez-Fernández De La 

Cámara et al. (2015)

Rd10 mouse Olivares-González et al. (2020)

Genetic knockdown RhoT17M mouse Rana et al. (2017)

NLRP3 Inflammasome activation (via IL-1β/

IL-18) in response to cell damage

Genetic knockout and inhibition 

(N-acetylcysteine)

RhoP23H rat Viringipurampeer et al. (2016)

IL-1R Pro-inflammatory cytokine receptor Inhibitory antibody (Kineret) and 

peptide (rytvela)

Blue light-induced retinal 

damage in mouse

Dabouz et al. (2020)

CCR2 Chemokine receptor on monocytic 

phagocytes

Genetic knockout Rd10 mouse Guo et al. (2012)

Genetic knockout Blue light-induced retinal 

damage in mouse

Hu et al. (2016)

P2X7 ATP receptor involved in ATP-

triggered apoptosis

Genetic knockout and antagonist 

(A438079)

Optic nerve crush in mouse Nadal-Nicolás et al. (2016)

A2AR Adenosine A2A receptor Antagonist (SCH58261) Diabetic retinopathy in mouse Aires et al. (2019)

Antagonist (ZM241385) Retinal detachment in mouse Gao et al. (2020)

Antagonist (SCH58261) Light-induced retinal 

degeneration, rat

Soliño et al. (2022)

SIGLEC-11 Primate-specific receptor for polysialic 

acid (a neuronal self-recognition 

molecular pattern)

Polysialic acid with average degree of 

polymerisation of 20 (polySia avDP20)

Laser injury, human 

SIGLEC-11 knock-in mouse

Karlstetter et al. (2017)

TLR2/TLR4 Innate immune pattern-recognition 

receptors

Minocycline Rd10 mouse Scholz et al. (2015b)

CCL3 Chemokine Genetic knockout Mertk-/- mouse Kohno et al., (2014)

TSPO Mitochondrial cholesterol transporter Molecular agonist (XBD173) Light-induced retinal 

degeneration, mouse

Scholz et al. (2015a)
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visual stimuli, motor and social activities, resulted in upregulation 
of trophic factors, notably BNDF, preserving photoreceptors and 
visual function by ERG in the rd10 mouse and an induced AMD 
model (Barone et al., 2014; Dieguez et al., 2021) with indication of 
reduced retinal inflammation (Guadagni et al., 2019).

While dysfunctional metabolism and inflammation present 
many interesting avenues of investigation for gene agnostic 
treatments for IRDs, clinical data on agents targeting these 
potential disease mechanisms is limited. Future clinical trials with 
novel and existing agents will inform whether they can 
significantly improve visual outcomes in patients.

Optogenetic restoration of visual 
function in advanced IRDs

Optogenetic therapy merges optical and genetic engineering 
approaches in order to introduce light-sensitive proteins into 
inner retinal neurons that are normally light insensitive. By 
targeting surviving cell types with intact neural circuitry, 
optogenetics offer an avenue to bypass degenerate photoreceptors 
in a gene-agnostic manner of restoring vision (McClements et al., 
2020b; de Silva and Moore, 2022; Lindner et al., 2022). This can 
be achieved by delivering genes encoding opsins, which are light-
sensitive transmembrane proteins of microbial or animal origin, 
to be expressed ectopically in the target retinal cell type (Figure 5).

Conventional retinal gene therapy generally aims to restore 
the function of a gene in cells where is it natively expressed, and 
thus requires that the target cell population (e.g., rod and cone 
photoreceptors) has survived to a sufficient number that is 
permissive to achieving functional rescue. In advanced IRDs that 
have progressed to significant, irreversible loss of the outer retina, 
this is not always a viable tactic. While structural and functional 
remodelling of the residual inner retina has been observed after 
photoreceptor death, the surviving neurons appear stable, active 
and receptive to input (Jones et al., 2003; Marc et al., 2003; Marc 
and Jones, 2003; Pfeiffer et al., 2020). Optogenetic therapy takes 
advantage of this remaining neural architecture for receiving 
visual stimuli. Following proof-of-concept in preclinical models, 
several investigational optogenetic therapies have progressed to 
clinical trials (NCT04919473; NCT02556736; NCT03326336; 
NCT04278131).

Different types of opsins for optogenetic 
therapies

Opsins studied for optogenetic applications (Table  2) can 
be classed as microbial opsins (Type 1) or animal opsins (Type 2) 
(Simon et  al., 2020). They vary in characteristics such as the 
mechanism of activation, the peak wavelength of light responded 
to, light sensitivity and response kinetics.

Microbial opsins, such as channelrhodopsin-2 (ChR2), 
halorhodopsin (NpHR) and their engineered variants, are 

light-activated ion channels or pumps that directly influence 
neuron polarisation on activation by facilitating ion flux. 
Channelrhodopsins act as cation channels that cause 
depolarisation, while halorhodopsins act as chloride pumps that 
cause hyperpolarisation. Thus, successful membrane expression 
of these opsins would not require any extra signalling cascade 
components to generate a response. One concern regarding the 
use of microbial opsins is the higher potential for triggering an 
immune response and inflammation. In addition, light sensitivity 
of microbial opsins is significantly less than animal opsins; for 
instance, the light stimulus required to obtain a response from 
channelrhodopsin-2 is 1015 photons cm–2 s–1, many orders of 
magnitude higher compared to cones (1010 photons cm–2 s–1) or 
rods (106 photons cm–2 s–1) (Lagali et al., 2008). Such intensities 
are not usually encountered in normal lighting conditions, and 
thus require an adjunctive high energy light source for activation, 
raising concerns for light toxicity to the retina (Bi et al., 2006; 
Zhang et al., 2009; Doroudchi et al., 2011; Sengupta et al., 2016). 
Despite these challenges, microbial opsins have shown efficacy in 
preclinical models and progressed to clinical trials.

Animal opsins, such as rhodopsin and cone opsins, act as G 
protein-coupled receptors that when activated indirectly cause cell 
hyperpolarisation via the closure of cGMP-gated cation channels 
(McClements et al., 2021). Ectopic expression of human opsins in 
the retina is likely to be less immunogenic than microbial opsins. 
G protein signalling leads to greater signal amplification than 
stimulation of independent ion channels or pumps, enabling 
responses to be  evoked at lower, more physiological light 
intensities than microbial opsins, and without raising concerns 
regarding light toxicity (Lindner et al., 2022).

Preclinical developments

Progress since the first landmark in vivo optogenetics study 
was completed in rd1 mice (Bi et al., 2006) has been rapid, with 
many preclinical studies successfully achieving improvements 
in visual function following opsin expression in mouse and 
non-human primate models (Table 1). Commonly used is the 
rd1 mouse model, due to the rapid rod-cone degeneration 
phenotype it displays resulting from a Pde6b nonsense mutation 
emulating late-stage retinal degeneration (Carter-Daw et al., 
1978). Multi-electrode array (MEA) recordings from retinal 
explants of treated animals provide a useful assessment of the 
kinetics and intensity of the electrical response to light stimulus, 
with spatiotemporally encoded visual responses attainable at the 
retinal level (Cehajic-Kapetanovic et al., 2015; Eleftheriou et al., 
2017). Further propagation of signals to central brain areas has 
been shown through measuring responses from lateral 
geniculate nucleus – the first central synaptic region receiving 
information directly from retinla ganglion cells (Cehajic-
Kapetanovic et al., 2015) and visual evoked potentials (Liu et al., 
2019; Tabata et  al., 2021) or changes in blood flow or 
oxygenation in the visual cortex associated with light stimulus 
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(van Wyk et  al., 2015; de Silva et  al., 2017). Behavioural 
assessments, for example light avoidance behaviour, the 
optomotor response, visual context recognition tasks and 
visually evoked changes in  locomotor activity (Cehajic-
Kapetanovic et al., 2015; de Silva et al., 2017; Batabyal et al., 
2021), are an important indicator of whether these changes 
convert into functionally useful vision.

Opsin genes are relatively small in size (~2 kb) and can easily 
be packaged within the AAV capsid limit, allowing this strategy to 
benefit from concurrent advances in AAV engineering and retinal 
transduction. Rational optimisation of in vivo optogene expression 
stems from selection of the AAV serotype (or capsid modification) 
and gene promoter (ubiquitous versus cell-specific; McClements 
et al., 2020b). While gene-specific therapies for IRDs tend to target 
RPE and outer retinal photoreceptors, optogenetic therapy 
approaches typically target distal neurons, i.e., ON bipolar cells 
(Lagali et  al., 2008; Doroudchi et  al., 2011; Cronin et  al., 2014; 
Cehajic-Kapetanovic et al., 2015, van Wyk et al., 2015) and retinal 
ganglion cells (Cehajic-Kapetanovic et al., 2015; Sengupta et al., 
2016; Berry et al., 2019). Surviving cone photoreceptors that have 
lost their outer segments also make a valid target (Busskamp et al., 
2010). Various murine studies have achieved improvements in visual 
responses from ubiquitous opsin expression (Bi et al., 2006; Lin et al., 
2008; Tomita et al., 2010; Cehajic-Kapetanovic et al., 2015; de Silva 
et  al., 2017), whilst restricting expression to ON-bipolar cells 

achieved more varied and better-quality visual percepts (Cehajic-
Kapetanovic et al., 2015). Given the complexity of retinal circuitry, a 
challenge remains to predict how conversion of downstream 
interneurons to photosensitive inputs will provide interpretable 
visual signals in humans. Results from clinical trials will thus be vital 
in assessing the visual experiences created by optogenetic 
transformation of these different retinal neuronal populations.

Clinical trials

A number of investigational therapeutics have emerged in the 
optogenetics clinical pipeline. All current studies utilise 
recombinant AAV2 (or variant thereof) administered via 
intravitreal injection for optogene delivery. Thus far, investigators 
from only one trial have published a peer-reviewed report on 
results in the first patient (Sahel et  al., 2021), and care must 
be taken in interpreting results from press releases published by 
the sponsoring companies of the remainder.

Nanoscope Therapeutics completed a phase 1/2 dose 
escalation trial (NCT04919473) in 11 RP patients using 
vMCO-010 (previous name vMCO-I), a proprietary multi-
characteristic opsin (MCO) packaged in AAV2 and delivered 
intravitreally. MCO is activated by ambient light and thus does not 
require an external device. A press release reported 

FIGURE 5

Optogenetic induction of light sensitivity in inner retinal cells. As bipolar and ganglion cell layers often remain relatively intact in retinal 
degenerations, light sensitivity may be induced in these neuronal cell types through viral vector-mediated delivery of opsins, e.g., 
channelrhodopsin-2 (ChR2), channelrhodopsin-CrimsonR, halorhodopsin, or multicharacteristic-opsin (MCO). Current clinical trials of 
optogenetic therapies utilise adeno-associated viral vectors which can efficiently transduce retinal ganglion cells, bipolar cells, and some 
remaining cone cell bodies in vivo.
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TABLE 2 Characteristics of key opsins used in optogenetic therapeutic studies.

Opsin Origin Type Peak activation 
wavelength

Reference Key preclinical or clinical studies

Channelrhodopsin 2 (ChR2) Green alga Chlamydomonas 

reinhardtii

Microbial light-gated cation 

channel (depolarising)

460 nm Nagel et al. (2003) rd1 mice (Bi et al., 2006; Zhang et al., 2009; Gaub et al., 2015; Macé 

et al., 2015)

rd1, rd10, and rd16 mice (Doroudchi et al., 2011)

Royal College of Surgeons (RCS) rats (Tomita et al., 2010)

NCT02556736

Calcium translocating 

channelrhodopsin (ChR–

CatCh)

L132C mutant of ChR2 with 

enhanced Ca2+ permeability

474 nm Kleinlogel et al. (2011) Human retinal organoid (Garita-Hernandez et al., 2018)

rd1 mice (Cronin et al., 2014)

Non-human primate (Chaffiol et al., 2017)

Red-light activated 

depolarising 

channelrhodopsin (ReaChR)

Engineered red-shifted ChR 

variant from Green alga 

Volvox carteri

590 nm Lin et al. (2013) Human retinal organoid (Garita-Hernandez et al., 2018)

rd1 mice (Sengupta et al., 2016)

ChrimsonR Green alga Chlamydomonas 

noctigama

600 nm Klapoetke et al. (2014) Human retinal organoid (Garita-Hernandez et al., 2018)

Non-human primates (McGregor et al., 2020; Gauvain et al., 2021)

NCT03326336 (ref Sahel et al., 2021)

Chronos Green alga Stigeoclonium 

helveticum

500 nm NCT04278131

Enhanced halorhodopsins 

(eNpHR, eNpHR 2.0 and 3.0)

Engineered variants from 

archaebacterium 

Natronomonas pharaonis

Microbial light-gated chloride 

pump (hyperpolarising)

590 nm Gradinaru et al. (2008) Human retinal organoid (Garita-Hernandez et al., 2018)

Gradinaru et al. (2010) rd1 mice (Busskamp et al., 2010)

Cpfl1/Rho−/− mice (Garita-Hernandez et al., 2019)

Jaws Engineered crux-

halorhodopsin from 

Halobacterium salinarum 

(strain Shark)

600 nm Chuong et al. (2014) Human retinal organoid (Garita-Hernandez et al., 2018)

rd1 mice Chuong et al. (2014)

Cpfl1/Rho-/- and rd1 mice (Garita-Hernandez et al., 2019)

Non-human primates (Khabou et al., 2018)

Rhodopsin (RHO) Human Vertebrate G-protein-coupled 

receptor

496 nm – rd1 mice (Cehajic-Kapetanovic et al., 2015; Eleftheriou et al., 2017; 

Gaub et al., 2015; McClements et al., 2021)

Melanopsin (OPN4) Human 480 nm – rd1 mice (Lin et al., 2008; Liu et al., 2016; de Silva et al., 2017)

Medium wavelength cone 

opsin (MWC)

Human 531 nm – rd1 mice (Berry et al., 2019; McClements et al., 2021)

Multicharacteristic opsin 

(MCO)

(Proprietary) (Proprietary) 500 nm; ambient white light 

used

Wright et al. (2017) rd10 mice (Wright et al., 2017; Batabyal et al., 2021)

NCT04919473

NCT04945772

NCT05417126
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dose-dependent improvements sustained at 1 year, with 
improvements in visual acuity, shape discrimination and mobility 
tests (Nanoscope Therapeutics, 2021). This optogene, which 
includes a fluorescent reporter, has continued to two phase 2B 
trials in RP (NCT04945772) and Stargardt (NCT05417126) 
patients.

A phase 1/2a dose-escalation study for an intravitreal injection 
delivering the channelrhodopsin-2 transgene using AAV2 (RST-
001) run by RetroSense Therapeutics (NCT02556736) has 
recruited 14 RP patients and is ongoing after dosing the first 
patient in 2015 (RBV Capital, 2022). No serious adverse effects 
have been reported.

The PIONEER study (NCT03326336), led by Gensight 
Biologics, is investigating the combination of an intravitreally 
injected optogenetic vector with light-stimulating goggles. 
GS030-DP is an AAV2/7 m8 vector expressing the channelrhodopsin 
ChrimsonR fused with tdTomato. A neuromorphic camera in the 
goggles transforms real-world visual events (pixel-by-pixel changes 
in contrast) into monochromatic images that are projected onto the 
retina as 595 nm light pulses, a wavelength selected due to the peak 
sensitivity of ChrimsonR-tdTomato being around 590 nm (Sahel 
et al., 2021). Results from 84 weeks post-treatment of the first RP 
patient demonstrated an improvement from baseline perception of 
light to being able to perform simple visuomotor tasks [videos 
available in Supplementary data (Sahel et al., 2021)]. Visual training 
with the goggles commenced at 4.5 months post injection, a time 
point selected because ChrimsonR-tdTomato expression in foveal 
ganglion cells was observed to stabilise at 2-6 months post injection 
in nonhuman primates (Gauvain et  al., 2021). Using a head-
scanning strategy, the patient was able to perceive and locate 
objects on a white table only when using the goggles, and described 
looking for ‘vertical vibrations’ as a visual cue. Furthermore, object-
related visual events (assessing the presence or absence of a 
black tumbler on a white table) corresponded with occipital alpha 
desynchronisation activity recorded on electroencephalography, 
providing evidence for propagation of retinal activity to the primary 
visual cortex. Qualitatively, the patient reported being able to 
identify daily objects (plate, mug, phone, furniture) while using the 
goggles. No evidence of intraocular inflammation or retinal 
anatomy changes were found, and there were no ocular or systemic 
adverse events. The use of tdTomato again represents a new frontier 
in allowing reporter constructs to be delivered into humans. The 
ChrimsonR-tdTomato fusion construct showed greater efficacy 
than ChrimsonR alone in non-human primates, and was believed 
to assist protein trafficking to the membrane (Gauvain et al., 2021). 
Another non-therapeutic function is to allow detection of successful 
expression of the opsin transgene for stimulation by the goggles, 
although the authors were unable to do so as red fluorescent probe 
detection with scanning laser ophthalmoscopy is not yet approved 
for clinical use (Sahel et al., 2021). Long-term data from reporter 
protein expression in the human retina will provide useful 
safety information.

Another modified channelrhodopsin, ChronosFP, is being 
studied in a phase 1/2 trial by Bionic Sight (NCT04278131) in 

combination with a ‘neural coding device’ (GlobeNewswire, 
2021). A press release reporting results from the first four dosed 
patients observed improvements in light sensitivity and motion 
detection (GlobeNewswire, 2021).

In all, preliminary data emerging from clinical trials show 
promise for optogenetic therapy as a way of restoring light 
perception to the degenerate retina regardless of the causative 
mutation. Long term safety effects of microbial opsin expression 
in the retina will be important to monitor, as well as what potential 
advantages human opsin transgenes might offer (McClements 
et al., 2021) and what unique visual experiences can be achieved 
in patients seeing through altered retinal circuitry.

Discussion and future perspectives

Increased understanding of the pathophysiology of retinal 
degeneration in IRDs has led to the development of numerous 
broadly applicable therapeutic approaches alongside mutation or 
gene-specific gene therapies. These gene-agnostic strategies offer 
the potential for treatment across the spectrum of IRDs, though 
the timing and mode of intervention should take into careful 
account the state of disease progression (Figure 1) or IRD subtype.

Rod-cone dystrophies are initially characterised by rod 
dysfunction due to deficiency of a specific protein or accumulation 
of mutant protein. In situ cellular reprogramming of rods aims to 
intervene at this early disease stage to prevent rod death and 
subsequent secondary photoreceptor loss, thus extending visual 
function. Key proof-of-concept and preclinical data supporting 
this therapeutic approach have been obtained (Montana et al., 
2013; Yu et  al., 2017; Zhu et  al., 2017; Moreno et  al., 2018), 
however clinical translation remains some way off, in part due to 
outstanding questions surrounding mechanistic details and effects 
on scotopic versus mesopic visual function. Clinical development 
is also likely to be  tied to improvements in vector design and 
CRISPR technology, which would allow improved cellular 
targeting and efficiency of NRL/NR2E3 knockdown while 
minimising off-target effects (a key safety concern). To this end, 
the split-Cas9 NRL repression system developed by Moreno et al. 
offers a promising approach, inducing knockdown in a potentially 
reversible manner (Moreno et  al., 2018). Alternatively, small 
molecular inhibitors of NR2E3 (Nakamura et  al., 2017) may 
be delivered intravitreally to enable photoreceptor reprogramming 
without inducing any permanent genomic changes. Another 
clinical consideration is the potential impact of rod-to-pseudocone 
conversion on visual function and retinal structure. Based on 
patients with enhanced S-cone syndrome, the treatment may lead 
to nyctalopia, altered colour vision with increased sensitivity to 
blue light. These effects will have to be  balanced against the 
benefits of slower IRD progression and prolonged visual function.

Another broadly applicable mode of intervention in early to 
mid-stage of IRDs is retinal immune modulation. Preclinical data 
has cemented the role of inflammation and break down of the 
blood-retinal barrier as a common pathogenic driver in retinal 
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degenerations (Newsome and Michels, 1988; Yoshida et al., 2013; 
(Sudharsan et al., 2017; Guadagni et al., 2019; Brunet et al., 2022), 
and highlighted the potential for immune modulation to control 
disease progression (Martínez-Fernández De La Cámara et al., 
2015; Scholz et al., 2015b; Olivares-González et al., 2020). Despite 
some promising data on agents that target pro-inflammatory 
cytokine and chemokine signalling, clinical data is currently 
limited and questions remain as to the timing and duration of 
immune interventions. While immune modulation would not 
address the fundamental genetic defect underlying the IRDs, it 
may prove to be an essential adjunct for slowing the rate of disease 
progression thus extending the treatment window for other 
targeted interventions. In addition, retinal inflammation is 
increasingly recognised as a limiting factor in viral vector-
mediated retinal gene therapies in which vector-associated foreign 
antigens may activate innate immune responses (Chandler et al., 
2021). Thus adjunctive immune modulation may help prevent 
deleterious inflammation and improve the clinical efficacy of 
retinal gene therapies.

Later stage rod-cone dystrophies are characterised by 
significant loss of rods associated with secondary degeneration of 
cones. Rescuing the remaining viable cones could potentially 
prolong central vision. Neuroprotective or metabolic modulation 
approaches that act to prevent cone degeneration, independent of 
rods, are potentially applicable to a wide range of RPs. Amongst a 
number of trophic factors investigated to date, RdCVF is perhaps 
the most promising candidate with strong preclinical data 
supporting its importance for cone survival (Byrne et al., 2015; 
Lorget et al., 2022). The results of clinical trial of SPVN06 and 
SPVN20 (by SparingVision) as a combination therapy to prevent 
cone loss and restore light-induced signal transduction in 
dysfunctional cones in mid to late stage RP is eagerly anticipated 
(Sparing Vision, 2022).

Due to irreversible loss of native photoreceptors in late stage 
IRDs, in situ reprogramming of retinal Müller glia towards 
photoreceptor-like cells represents a potential minimally invasive 
therapeutic strategy compared with cell transplantation. Whilst 
evidence suggest that mammalian Müller glia retain some level of 
plasticity and may be induced to differentiate into photoreceptors 
and ganglion cells (Ueki et al., 2015; Wohl et al., 2017; Yao et al., 
2018; Lu et al., 2020), questions remain as to the completeness of 
the glia-to-neuronal conversion (Hoang et al., 2022). Moreover, 
the longevity of the Müller glia-derived neurons is unclear. To 
achieve clinically relevant levels of visual function improvement, 
a large proportion of Müller glia will need to undergo 
differentiation thus depleting the resident population of which 
provide structural and homeostatic support to the retina 
(including cones). Therefore, therapeutic Müller glia 
reprogramming may need to achieve a fine balance between over-
conversion and under-conversion to achieve clinical feasibility. 
The interplay between Müller glia and other resident glial cell 
types, predominantly microglia, is also an area of interest, 
implicating immunomodulation as an potential adjunct to Müller 
glia reprogramming (White et al., 2017; Zhou et al., 2020).

The end stages of IRDs is associated with near complete outer 
retinal cell loss with RPE migration into the subretinal space and 
some neuronal remodelling, including dendritic reorganisation 
and cell migration, in the inner retina (Marc et al., 2003) Therefore, 
gene-specific therapies, which primarily target photoreceptors, are 
unsuitable for patients at this stage. Stem cell-based cell 
transplantation could potentially rescue visual function in 
advanced IRDs by reconstituting one or more cell types in the 
retina (Schwartz et al., 2015, 2016). However, there are a number 
of outstanding questions relating to the best methods for cell 
derivation, administration and integration. Sheet-based cell 
transplants may prove more stable, facilitating donor cell survival 
and anatomical integration compared with cell suspensions, but 
pose greater surgical challenges (Singh et al., 2020). Clinical trials 
to date have primarily used ESC-derived cells, demonstrating 
early efficacy and reassuringly low risk of tumorigenesis (Schwartz 
et al., 2015, 2016; Mehat et al., 2018). Derivation of retinal cells 
from iPSCs offer the possibility of autologous transplantation, 
which would significantly reduce the risk of immune rejection and 
requirement immunosuppression (Sugita et al., 2021). However, 
consideration must be made for the limitations of introducing 
cells which harbour the original disease-causing genetic mutations 
which could the donor cells to degenerate over time. Alternatively, 
in vitro correction of genetic mutations in patient-derived iPSCs 
would be technically possible using CRISPR-based approaches, 
but would create new logistical challenges relating to quality 
control of the donor cells (e.g., to rule out oncogenic off-target 
mutations) and regulatory approval (Bassuk et al., 2016; Burnight 
et al., 2017). Thus, currently allogenic HLA-matched ESC or iPSC-
derived retinal cells represent the most practically viable gene-
agnostic cell therapy options (Sugita et  al., 2021). The 
establishment of GMP-compliant ESC/iPSC banks, standardised 
accelerated differentiation protocols, and improved surgical 
delivery techniques will help to address some of the key challenges 
for cell transplantation in the future (da Cruz et al., 2018).

An alternative approach to rescuing visual function in late stage 
IRD patients is through the use of optogenetic approaches, which has 
seen recent clinical proof-of-concept (Nanoscope Therapeutics, 2021; 
Sahel et al., 2021). Current optogenetic approaches using microbial 
opsins, whilst proving viable in early clinical trial, may provide limited 
light sensitivity thus necessitating the use of light signal amplification 
devices (e.g., customised camera and goggle system) which may 
dampen patient uptake. This limitation might be overcome using 
‘evolved’ or engineered opsins with enhanced light sensitivity. 
However, potential immune responses to microbial or artificially 
engineered opsin proteins remain a safety concern in the long-term. 
Progress in bringing endogenous human opsins, which can function 
without supranatural lighting conditions and being theoretically 
non-immunogenic, to clinical trial will add to the optogenetics 
toolbox. In addition, understanding and supplementing the 
downstream opsin (G-protein coupled receptor) signal transduction 
pathway within the target inner retinal cells could further improve 
clinical performance of optogenetic therapies. In the future, 
optogenetic strategies may also be combined with other gene-agnostic 
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approaches, such as neurotrophic factor supplementation (Lorget 
et al., 2022; Simon et al., 2022; Sparing Vision, 2022) or iPSC-derived 
photoreceptor precursor transplantation (Garita-Hernandez et al., 
2019) to maximise clinical benefits.

Conclusion

Gene-agnostic therapies offer the potential to treat a broad 
spectrum of IRDs irrespective of the underlying genetic mutation and 
across different disease stages. A number of promising gene-agnostic 
approaches are currently in preclinical and clinical development. Key 
to the future of IRD treatment is likely to be combined approaches 
which synergistically address a number of pathogenic drivers specific 
to the disease stage, including retinal cell loss, deficiency of 
neurotrophic support, breakdown of retinal immune privilege, as well 
as the primary genetic mutations.

Author contributions

KX and JC-K: conception and funding. MJ, MH, and JQ: 
drafting. MJ: figures. All authors contributed to the article and 
approved the submitted version.

Funding

This work was funded by the Wellcome Trust (KX, grant 
no. 216593/Z/19/Z), Biotechnology and Biological Sciences 

Research Council (BBSRC) (MJ), University of Oxford 
Clarendon Fund and Merton College Tira Wannamethee 
Graduate Scholarship (MH), Medical Research Council 
(MRC) (JQ and JC-K), and the National Institute for Health 
and Care Research-Oxford Biomedical Research Centre 
(NIHR-BRC) (KX and JC-K). The views expressed are those 
of the authors and do not necessarily represent those of the 
Wellcome Trust, MRC or NIHR.

Acknowledgments

Figures were created using BioRender.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Aires, I. D., Madeira, M. H., Boia, R., Rodrigues-Neves, A. C., Martins, J. M., 

Ambrósio, A. F., et al. (2019). Intravitreal injection of adenosine A(2A) receptor 
antagonist reduces neuroinflammation, vascular leakage and cell death in the retina 
of diabetic mice. Sci. Rep. 9, 1–14. doi: 10.1038/s41598-019-53627-y

Aït-Ali, N., Fridlich, R., Millet-Puel, G., Clérin, E., Delalande, F., Jaillard, C., et al. 
(2015). Rod-derived cone viability factor promotes cone survival by stimulating 
aerobic glycolysis. Cells 161, 817–832. doi: 10.1016/j.cell.2015.03.023

Akhtar-Schäfer, I., Wang, L., Krohne, T. U., Xu, H., and Langmann, T. (2018). 
Modulation of three key innate immune pathways for the most common retinal 
degenerative diseases. EMBO Mol. Med. 10:e8259. doi: 10.15252/emmm.201708259

Algvere, P. V., Gouras, P., and Kopp, E. D. (1999). Long-term outcome of RPE 
allografts in non-immunosuppressed patients with AMD. Eur. J. Ophthalmol. 9, 
217–230. doi: 10.1177/112067219900900310

Angbohang, A., Wu, N., Charalambous, T., Eastlake, K., Lei, Y., Kim, Y. S., et al. 
(2016). Downregulation of the canonical WNT signaling pathway by TGFb1 inhibits 
photoreceptor differentiation of adult human Müller glia with stem cell 
characteristics. Stem Cells Dev. 25, 1–12. doi: 10.1089/scd.2015.0262

Assawachananont, J., Mandai, M., Okamoto, S., Yamada, C., Eiraku, M., 
Yonemura, S., et al. (2014). Transplantation of embryonic and induced pluripotent 
stem cell-derived 3D retinal sheets into retinal degenerative mice. Stem Cell Rep. 2, 
662–674. doi: 10.1016/j.stemcr.2014.03.011

Athanasiou, D., Aguila, M., Bellingham, J., Li, W., McCulley, C., Reeves, P. J., et al. 
(2018). The molecular and cellular basis of rhodopsin retinitis pigmentosa reveals 
potential strategies for therapy. Prog. Retin. Eye Res. 62, 1–23. doi: 10.1016/j.
preteyeres.2017.10.002

Audo, I., Michaelides, M., Robson, A. G., Hawlina, M., Vaclavik, V., 
Sandbach, J. M., et al. (2008). Phenotypic variation in enhanced S-cone syndrome. 
Invest. Ophthalmol. Vis. Sci. 49, 2082–2093. doi: 10.1167/iovs.05-1629

Barone, I., Novelli, E., Piano, I., Gargini, C., and Strettoi, E. (2012). Environmental 
enrichment extends photoreceptor survival and visual function in a mouse model 
of retinitis pigmentosa. PLoS One 7:e50726. doi: 10.1371/journal.pone.0050726

Barone, I., Novelli, E., and Strettoi, E. (2014). Long-term preservation of cone 
photoreceptors and visual acuity in rd10 mutant mice exposed to continuous 
environmental enrichment. Mol. Vis. 20, 1545–1556. PMID: 25489227

Bassuk, A. G., Zheng, A., Li, Y., Tsang, S. H., and Mahajan, V. B. (2016). Precision 
medicine: genetic repair of retinitis pigmentosa in patient-derived stem cells. Sci. 
Rep. 6, 1–6. doi: 10.1038/srep19969

Batabyal, S., Gajjeraman, S., Pradhan, S., Bhattacharya, S., Wright, W., and 
Mohanty, S. (2021). Sensitization of ON-bipolar cells with ambient light activatable 
multi-characteristic opsin rescues vision in mice. Gene Ther. 28, 162–176. doi: 
10.1038/s41434-020-00200-2

Berry, M. H., Holt, A., Salari, A., Veit, J., Visel, M., Levitz, J., et al. (2019). 
Restoration of high-sensitivity and adapting vision with a cone opsin. Nat. Commun. 
10, 1–12. doi: 10.1038/S41467-019-09124-X

Bi, A., Cui, J., Ma, Y. P., Olshevskaya, E., Pu, M., Dizhoor, A. M., et al. (2006). 
Ectopic expression of a microbial-type rhodopsin restores visual responses in mice 
with photoreceptor degeneration. Neuron 50, 23–33. doi: 10.1016/j.
neuron.2006.02.026

Birch, D. G., Weleber, R. G., Duncan, J. L., Jaffe, G. J., and Tao, W.Ciliary 
Neurotrophic Factor Retinitis Pigmentosa Study Groups (2013). Randomized trial 
of ciliary neurotrophic factor delivered by encapsulated cell intraocular implants for 
retinitis pigmentosa. Am J. Ophthalmol. 156, 283–292.e1. doi: 10.1016/j.
ajo.2013.03.021

Botto, C., Rucli, M., Tekinsoy, M. D., Pulman, J., Sahel, J. A., and Dalkara, D. 
(2022). Early and late stage gene therapy interventions for inherited retinal 
degenerations. Prog. Retin. Eye Res. 86:100975. doi: 10.1016/j.preteyeres.2021.100975

https://doi.org/10.3389/fnmol.2022.1068185
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41598-019-53627-y
https://doi.org/10.1016/j.cell.2015.03.023
https://doi.org/10.15252/emmm.201708259
https://doi.org/10.1177/112067219900900310
https://doi.org/10.1089/scd.2015.0262
https://doi.org/10.1016/j.stemcr.2014.03.011
https://doi.org/10.1016/j.preteyeres.2017.10.002
https://doi.org/10.1016/j.preteyeres.2017.10.002
https://doi.org/10.1167/iovs.05-1629
https://doi.org/10.1371/journal.pone.0050726
https://doi.org/25489227
https://doi.org/10.1038/srep19969
https://doi.org/10.1038/s41434-020-00200-2
https://doi.org/10.1038/S41467-019-09124-X
https://doi.org/10.1016/j.neuron.2006.02.026
https://doi.org/10.1016/j.neuron.2006.02.026
https://doi.org/10.1016/j.ajo.2013.03.021
https://doi.org/10.1016/j.ajo.2013.03.021
https://doi.org/10.1016/j.preteyeres.2021.100975


John et al. 10.3389/fnmol.2022.1068185

Frontiers in Molecular Neuroscience 18 frontiersin.org

Brunet, A. A., Harvey, A. R., and Carvalho, L. S. (2022). Primary and secondary 
cone cell death mechanisms in inherited retinal diseases and potential treatment 
options. Int. J. Mol. Sci. 23:726. doi: 10.3390/ijms23020726

Buch, P. K., MacLaren, R. E., Durán, Y., Balaggan, K. S., MacNeil, A., 
Schlichtenbrede, F. C., et al. (2006). In contrast to AAV-mediated Cntf expression, 
AAV-mediated Gdnf expression enhances gene replacement therapy in rodent 
models of retinal degeneration. Mol. Ther. 14, 700–709. doi: 10.1016/j.
ymthe.2006.05.019

Burnight, E. R., Gupta, M., Wiley, L. A., Anfinson, K. R., Tran, A., Triboulet, R., 
et al. (2017). Using CRISPR-Cas9 to generate gene-corrected autologous iPSCs for 
the treatment of inherited retinal degeneration. Mol. Ther. 25, 1999–2013. doi: 
10.1016/j.ymthe.2017.05.015

Busskamp, V., Duebel, J., Balya, D., Fradot, M., Viney, T. J., Siegert, S., et al. (2010). 
Genetic reactivation of cone photoreceptors restores visual responses in retinitis 
pigmentosa. Science 329, 413–417. doi: 10.1126/science.1190897

Byrne, L. C., Dalkara, D., Luna, G., Fisher, S. K., Clérin, E., Sahel, J. A., et al. 
(2015). Viral-mediated RdCVF and RdCVFL expression protects cone and rod 
photoreceptors in retinal degeneration. J. Clin. Invest. 125, 105–116. doi: 10.1172/
JCI65654

Campbell, L. J., Levendusky, J. L., Steines, S. A., and Hyde, D. R. (2022). Retinal 
regeneration requires dynamic notch signaling. Neural Regen. Res. 17, 1199–1209. 
doi: 10.4103/1673-5374.327326

Carter-Daw, L. D., Lavail, M. M., and Sidman, R. L. (1978). Differential effect of 
the rd mutation on rods and cones in the mouse retina. Invest. Ophthalmol. Vis. Sci. 
17, 489–498. PMID: 659071

Cehajic-Kapetanovic, J., Eleftheriou, C., Allen, A. E., Milosavljevic, N., 
Pienaar, A., Bedford, R., et al. (2015). Restoration of vision with ectopic 
expression of human rod opsin. Curr. Biol. 25, 2111–2122. doi: 10.1016/j.
cub.2015.07.029

Cehajic-Kapetanovic, J., Singh, M. S., Zrenner, E., and MacLaren, R. (2022). 
Bioengineering strategies for restoring vision. Nat. Biomed. Engin., 1–18. doi: 
10.1038/s41551-021-00836-4

Chaffiol, A., Caplette, R., Jaillard, C., Brazhnikova, E., Desrosiers, M., Dubus, E., 
et al. (2017). A new promoter allows optogenetic vision restoration with enhanced 
sensitivity in macaque retina. Mol. Ther. 25, 2546–2560. doi: 10.1016/J.
YMTHE.2017.07.011

Chandler, L. C., McClements, M. E., Yusuf, I. H., Martinez-Fernandez de la 
Camara, C., MacLaren, R. E., and Xue, K. (2021). Characterizing the cellular 
immune response to subretinal AAV gene therapy in the murine retina. Mol. 
Therapy 22, 52–65. doi: 10.1016/j.omtm.2021.05.011

Charles-Messance, H., Blot, G., Couturier, A., Vignaud, L., Touhami, S., 
Beguier, F., et al. (2020). IL-1β induces rod degeneration through the disruption of 
retinal glutamate homeostasis. J. Neuroinflammat. 17, 1–12. doi: 10.1186/
s12974-019-1655-5

Chinchore, Y., Begaj, T., Wu, D., Drokhlyansky, E., and Cepko, C. L. (2017). 
Glycolytic reliance promotes anabolism in photoreceptors. elife 6. doi: 10.7554/
eLife.25946

Chong, N. H., Alexander, R. A., Waters, L., Barnett, K. C., Bird, A. C., and 
Luthert, P. J. (1999). Repeated injections of a ciliary neurotrophic factor analogue 
leading to long-term photoreceptor survival in hereditary retinal degeneration. 
Invest. Ophthalmol. Vis. Sci. 40, 1298–1305. PMID: 10235570

Chuong, A. S., Miri, M. L., Busskamp, V., Matthews, G. A., Acker, L. C., 
Sørensen, A. T., et al. (2014). Noninvasive optical inhibition with a red-shifted 
microbial rhodopsin. Nat. Neurosci. 17, 1123–1129. doi: 10.1038/nn.3752

Clérin, E., Marussig, M., Sahel, J. A., and Léveillard, T. (2020). Metabolic and 
redox signaling of the nucleoredoxin-like-1 gene for the treatment of genetic retinal 
diseases. Int. J. Mol. Sci. 21:1625. doi: 10.3390/ijms21051625

Conart, J. B., Blot, G., Augustin, S., Millet-Puel, G., Roubeix, C., Beguier, F., 
et al. (2020). Insulin inhibits inflammation-induced cone death in retinal 
detachment. J. Neuroinflammation 17, 1–15. doi: 10.1186/S12974-020-02039-1/
FIGURES/6

Cronin, T., Vandenberghe, L. H., Hantz, P., Juttner, J., Reimann, A., Kacsó, Á. E., 
et al. (2014). Efficient transduction and optogenetic stimulation of retinal bipolar 
cells by a synthetic adeno-associated virus capsid and promoter. EMBO Mol. Med. 
6, 1175–1190. doi: 10.15252/EMMM.201404077

Cuevas, E., Holder, D. L., Alshehri, A. H., Tréguier, J., Lakowski, J., and 
Sowden, J. C. (2021). NRL−/− gene edited human embryonic stem cells generate 
rod-deficient retinal organoids enriched in S-cone-like photoreceptors. Stem Cells 
39, 414–428. doi: 10.1002/stem.3325

da Cruz, L., Fynes, K., Georgiadis, O., Kerby, J., Luo, Y. H., Ahmado, A., et al. 
(2018). Phase 1 clinical study of an embryonic stem cell–derived retinal pigment 
epithelium patch in age-related macular degeneration. Biotechnology 36, 328–337. 
doi: 10.1038/nbt.4114

Dabouz, R., CWH, C., Abram, P., Omri, S., Cagnone, G., Sawmy, K. V., et al. 
(2020). An allosteric interleukin-1 receptor modulator mitigates inflammation and 

photoreceptor toxicity in a model of retinal degeneration. J. Neuroinflammation 17, 
1–19. doi: 10.1186/S12974-020-02032-8/FIGURES/7

das, T., del Cerro, M., Jalali, S., Rao, V. S., Gullapalli, V. K., Little, C., et al. (1999). 
The transplantation of human fetal neuroretinal cells in advanced retinitis 
pigmentosa patients: results of a long-term safety study. Exp. Neurol. 157, 58–68. 
doi: 10.1006/exnr.1998.6992

de Silva, S. R., Barnard, A. R., Hughes, S., Tam, S. K. E., Martin, C., Singh, M. S., 
et al. (2017). Long-term restoration of visual function in end-stage retinal 
degeneration using subretinal human melanopsin gene therapy. Proc. Natl. Acad. 
Sci. U. S. A. 114, 11211–11216. doi: 10.1073/pnas.1701589114

de Silva, S. R., and Moore, A. T. (2022). Optogenetic approaches to therapy for 
inherited retinal degenerations. J. Physiol. 600, 4623–4632. doi: 10.1113/JP282076

del Debbio, C. B., Balasubramanian, S., Parameswaran, S., Chaudhuri, A., Qiu, F., 
and Ahmad, I. (2010). Notch and Wnt signaling mediated rod photoreceptor 
regeneration by Müller cells in adult mammalian retina. PLoS One 5:12425. doi: 
10.1371/journal.pone.0012425

Deloitte (2022). The socioeconomic impact of inherited retinal dystrophies | 
Deloitte Australia | Deloitte Access Economics. Available at: https://www2.deloitte.
com/au/en/pages/economics/articles/socioeconomic-impact-inherited-retinal-
dystrophies.html

di Pierdomenico, J., Scholz, R., Valiente-Soriano, F. J., 
Sánchez-Migallón, M. C., Vidal-Sanz, M., Langmann, T., et al. (2018). 
Neuroprotective effects of FGF2 and minocycline in two animal models of 
inherited retinal degeneration. Invest. Ophthalmol. Vis. Sci. 59, 4392–4403. doi: 
10.1167/iovs.18-24621

Dieguez, H. H., Calanni, J. S., Romeo, H. E., Alaimo, A., González Fleitas, M. F., 
Iaquinandi, A., et al. (2021). Enriched environment and visual stimuli protect the 
retinal pigment epithelium and photoreceptors in a mouse model of non-exudative 
age-related macular degeneration. Cell Death Dis. 12, 1–12. doi: 10.1038/
s41419-021-04412-1

Dooley, S. J., McDougald, D. S., Fisher, K. J., Bennicelli, J. L., Mitchell, L. G., and 
Bennett, J. (2018). Spliceosome-mediated pre-mRNA trans-splicing can repair 
CEP290 mRNA. Mol. Ther. Nucleic Acids 12, 294–308. doi: 10.1016/j. 
omtn.2018.05.014

Doroudchi, M. M., Greenberg, K. P., Liu, J., Silka, K. A., Boyden, E. S., 
Lockridge, J. A., et al. (2011). Virally delivered channelrhodopsin-2 safely and 
effectively restores visual function in multiple mouse models of blindness. Mol. Ther. 
19, 1220–1229. doi: 10.1038/mt.2011.69

Dyer, M. A., and Cepko, C. L. (2000). Control of Müller glial cell proliferation and 
activation following retinal injury. Nat. Neurosci. 3, 873–880. doi: 10.1038/78774

Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S., et al. 
(2011). Self-organizing optic-cup morphogenesis in three-dimensional culture 472, 
51–56. doi: 10.1038/nature09941

Eleftheriou, C., Cesca, F., Maragliano, L., Benfenati, F., and 
Maya-Vetencourt, J. F. (2017). Optogenetic modulation of intracellular signalling 
and transcription: focus on neuronal plasticity. J. Exp. Neurosci. 2017. doi: 
10.1177/1179069517703354

Fenner, B. J., Tan, T.-E., Barathi, A. V., SBB, T., Yeo, S. W., ASH, T., et al. (2022). 
Gene-based therapeutics for inherited retinal diseases. Front. Genet. 12:2743. doi: 
10.3389/fgene.2021.794805

Fintz, A. C., Audo, I., Hicks, D., Mohand-Said, S., le’veillard, T., and Sahel, J.´. 
(2003). Partial characterization of retina-derived cone neuroprotection in two 
culture models of photoreceptor degeneration. Invest. Ophthalmol. Vis. Sci. 44, 
818–825. doi: 10.1167/iovs.01-1144

Frasson, M., Picaud, S., Léveillard, T., Simonutti, M., Mohand-Said, S., Dreyfus, H., 
et al. (1999). Glial cell line-derived neurotrophic factor induces histologic and 
functional protection of rod photoreceptors in the rd/rd mouse. Invest. Ophthalmol. 
Vis. Sci. 40, 2724–2734. PMID: 10509671

Fry, L. E., Peddle, C. F., Barnard, A. R., McClements, M. E., and MacLaren, R. E. 
(2020). RNA editing as a therapeutic approach for retinal gene therapy requiring 
long coding sequences. Mol. Sci. 21:777. doi: 10.3390/ijms21030777

Fu, X., et al. (2020). Visual function restoration in genetically blind mice via 
endogenous cellular reprogramming. bioRxiv. doi: 10.1101/2020.04.08.030981

Gao, S., Li, N., Wang, Y., Zhong, Y., and Shen, X. (2020). Blockade of adenosine 
A2A receptor protects photoreceptors after retinal detachment by inhibiting 
inflammation and oxidative stress. Oxidative Med. Cell. Longev. 2020, 1–12. doi: 
10.1155/2020/7649080

Garanto, A. (2019). RNA-based therapeutic strategies for inherited retinal 
dystrophies. Adv. Exp. Med. Biol. 1185, 71–77. doi: 10.1007/978-3-030-27378-1_12

Garita-Hernandez, M., Guibbal, L., Toualbi, L., Routet, F., Chaffiol, A., 
Winckler, C., et al. (2018). Optogenetic light sensors in human retinal organoids. 
Front. Neurosci. 12:789. doi: 10.3389/FNINS.2018.00789/FULL

Garita-Hernandez, M., Lampič, M., Chaffiol, A., Guibbal, L., Routet, F., 
Santos-Ferreira, T., et al. (2019). Restoration of visual function by transplantation 

https://doi.org/10.3389/fnmol.2022.1068185
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.3390/ijms23020726
https://doi.org/10.1016/j.ymthe.2006.05.019
https://doi.org/10.1016/j.ymthe.2006.05.019
https://doi.org/10.1016/j.ymthe.2017.05.015
https://doi.org/10.1126/science.1190897
https://doi.org/10.1172/JCI65654
https://doi.org/10.1172/JCI65654
https://doi.org/10.4103/1673-5374.327326
https://doi.org/659071
https://doi.org/10.1016/j.cub.2015.07.029
https://doi.org/10.1016/j.cub.2015.07.029
https://doi.org/10.1038/s41551-021-00836-4
https://doi.org/10.1016/J.YMTHE.2017.07.011
https://doi.org/10.1016/J.YMTHE.2017.07.011
https://doi.org/10.1016/j.omtm.2021.05.011
https://doi.org/10.1186/s12974-019-1655-5
https://doi.org/10.1186/s12974-019-1655-5
https://doi.org/10.7554/eLife.25946
https://doi.org/10.7554/eLife.25946
https://doi.org/10235570
https://doi.org/10.1038/nn.3752
https://doi.org/10.3390/ijms21051625
https://doi.org/10.1186/S12974-020-02039-1/FIGURES/6
https://doi.org/10.1186/S12974-020-02039-1/FIGURES/6
https://doi.org/10.15252/EMMM.201404077
https://doi.org/10.1002/stem.3325
https://doi.org/10.1038/nbt.4114
https://doi.org/10.1186/S12974-020-02032-8/FIGURES/7
https://doi.org/10.1006/exnr.1998.6992
https://doi.org/10.1073/pnas.1701589114
https://doi.org/10.1113/JP282076
https://doi.org/10.1371/journal.pone.0012425
https://www2.deloitte.com/au/en/pages/economics/articles/socioeconomic-impact-inherited-retinal-dystrophies.html
https://www2.deloitte.com/au/en/pages/economics/articles/socioeconomic-impact-inherited-retinal-dystrophies.html
https://www2.deloitte.com/au/en/pages/economics/articles/socioeconomic-impact-inherited-retinal-dystrophies.html
https://doi.org/10.1167/iovs.18-24621
https://doi.org/10.1038/s41419-021-04412-1
https://doi.org/10.1038/s41419-021-04412-1
https://doi.org/10.1016/j.omtn.2018.05.014
https://doi.org/10.1016/j.omtn.2018.05.014
https://doi.org/10.1038/mt.2011.69
https://doi.org/10.1038/78774
https://doi.org/10.1038/nature09941
https://doi.org/10.1177/1179069517703354
https://doi.org/10.3389/fgene.2021.794805
https://doi.org/10.1167/iovs.01-1144
https://doi.org/10509671
https://doi.org/10.3390/ijms21030777
https://doi.org/10.1101/2020.04.08.030981
https://doi.org/10.1155/2020/7649080
https://doi.org/10.1007/978-3-030-27378-1_12
https://doi.org/10.3389/FNINS.2018.00789/FULL


John et al. 10.3389/fnmol.2022.1068185

Frontiers in Molecular Neuroscience 19 frontiersin.org

of optogenetically engineered photoreceptors. Nat. Commun. 10, 1–13. doi: 10.1038/
s41467-019-12330-2

Gasparini, S. J., Llonch, S., Borsch, O., and Ader, M. (2019). Transplantation of 
photoreceptors into the degenerative retina: current state and future perspectives. 
Prog. Retin. Eye Res. 69, 1–37. doi: 10.1016/j.preteyeres.2018.11.001

Gaub, B. M., Berry, M. H., Holt, A. E., Isacoff, E. Y., and Flannery, J. G. (2015). 
Optogenetic vision restoration using rhodopsin for enhanced sensitivity. Molecular 
therapy : the journal of the American Society of Gene Therapy 23, 1562–1571. doi: 
10.1038/MT.2015.121

Gauvain, G., Akolkar, H., Chaffiol, A., Arcizet, F., Khoei, M. A., Desrosiers, M., 
et al. (2021). Optogenetic therapy: high spatiotemporal resolution and pattern 
discrimination compatible with vision restoration in non-human primates. 
Communicat. Biol. 4, 1–15. doi: 10.1038/S42003-020-01594-W

Giannelli, S. G., Demontis, G. C., Pertile, G., Rama, P., and Broccoli, V. (2011). 
Tissue-Specific Stem Cells adult human Müller glia cells are a highly efficient source 
of rod photoreceptors. Stem Cells 29, 344–356. doi: 10.1002/stem.579

Gill, J. S., Georgiou, M., Kalitzeos, A., Moore, A. T., and Michaelides, M. (2019). 
Progressive cone and cone-rod dystrophies: clinical features, molecular genetics and 
prospects for therapy. Br. J. Ophthalmol. 103, 711–720. doi: 10.1136/
bjophthalmol-2018-313278

GlobeNewswire (2021). First Four Patients in Bionic Sight’s Optogenetic Gene 
Therapy Trial Are Able To Detect Light and Motion. Available at: https://www.
globenewswire.com/news-release/2021/03/30/2201412/0/en/First-Four-Patients-
In-Bionic-Sight-s-Optogenetic-Gene-Therapy-Trial-Are-Able-To-Detect-Light-
And-Motion.html (Accessed September 14, 2022).

Goldman, D. (2014). Müller glial cell reprogramming and retina regeneration. 
Nat. Rev. Neurosci. 15, 431–442. doi: 10.1038/nrn3723

Gradinaru, V., Thompson, K. R., and Deisseroth, K. (2008). eNpHR: A 
Natronomonas halorhodopsin enhanced for optogenetic applications. Brain Cell 
Biol. 36, 129–139. doi: 10.1007/S11068-008-9027-6/FIGURES/4

Gradinaru, V., Zhang, F., Ramakrishnan, C., Mattis, J., Prakash, R., Diester, I., et al. 
(2010). Molecular and cellular approaches for diversifying and extending 
optogenetics. Cell 141, 154–165. doi: 10.1016/J.CELL.2010.02.037

Gu, B. J., Baird, P. N., Vessey, K. A., Skarratt, K. K., Fletcher, E. L., Fuller, S. J., et al. 
(2013). A rare functional haplotype of the P2RX4 and P2RX7 genes leads to loss of 
innate phagocytosis and confers increased risk of age-related macular degeneration. 
FASEB J. 27, 1479–1487. doi: 10.1096/FJ.12-215368

Guadagni, V., Biagioni, M., Novelli, E., Aretini, P., Mazzanti, C. M., and Strettoi, E. 
(2019). Rescuing cones and daylight vision in retinitis pigmentosa mice. FASEB J. 
33, 10177–10192. doi: 10.1096/FJ.201900414R

Guo, C., Otani, A., Oishi, A., Kojima, H., Makiyama, Y., Nakagawa, S., et al. 
(2012). Knockout of ccr2 alleviates photoreceptor cell death in a model of retinitis 
pigmentosa. Exp. Eye Res. 104, 39–47. doi: 10.1016/j.exer.2012.08.013

Gust, J., and Reh, T. A. (2011). Adult donor rod photoreceptors integrate into the 
mature mouse retina. Invest. Ophthalmol. Vis. Sci. 52, 5266–5272. doi: 10.1167/
iovs.10-6329

Haruta, M., Sasai, Y., Kawasaki, H., Amemiya, K., Ooto, S., Kitada, M., et al. 
(2004). In vitro and in vivo characterization of pigment epithelial cells differentiated 
from primate embryonic stem cells. Invest. Ophthalmol. Vis. Sci. 45, 1020–1025. doi: 
10.1167/iovs.03-1034

Hauck, S. M., Kinkl, N., Deeg, C. A., Swiatek-de Lange, M., Schöffmann, S., and 
Ueffing, M. (2006). GDNF family ligands trigger indirect neuroprotective signaling 
in retinal glial cells. Mol. Cell. Biol. 26, 2746–2757. doi: 10.1128/
MCB.26.7.2746-2757.2006

Hoang, T., Kim, D. W., Appel, H., Pannullo, N. A., Leavey, P., Ozawa, M., et al. 
(2022). Genetic loss of function of Ptbp1 does not induce glia-to-neuron conversion 
in retina. Cell Rep. 39:110849. doi: 10.1016/j.celrep.2022.110849

Hu, Z., Zhang, Y., Wang, J., Mao, P., Lv, X., Yuan, S., et al. (2016). Knockout of Ccr2 
alleviates photoreceptor cell death in rodent retina exposed to chronic blue light. 
Cell Death Dis. 7:e2468. doi: 10.1038/cddis.2016.363

Hurley, J. B., Lindsay, K. J., and Du, J. (2015). Glucose, lactate, and shuttling of 
metabolites in vertebrate retinas. J. Neurosci. Res. 93, 1079–1092. doi: 10.1002/
jnr.23583

Jayakody, S. A., Gonzalez-Cordero, A., Ali, R. R., and Pearson, R. A. (2015). 
Cellular strategies for retinal repair by photoreceptor replacement. Prog. Retin. Eye 
Res. 46, 31–66. doi: 10.1016/j.preteyeres.2015.01.003

Jones, B. W., Watt, C. B., Frederick, J. M., Baehr, W., Chen, C. K., Levine, E. M., 
et al. (2003). Retinal remodeling triggered by photoreceptor degenerations. J. Comp. 
Neurol. 464, 1–16. doi: 10.1002/cne.10703

Jorstad, N. L., Wilken, M. S., Grimes, W. N., Wohl, S. G., VandenBosch, L. S., 
Yoshimatsu, T., et al. (2017). Stimulation of functional neuronal regeneration from 
Müller glia in adult mice. Nature 548, 103–107. doi: 10.1038/nature23283

Jorstad, N. L., Wilken, M. S., Todd, L., Finkbeiner, C., Nakamura, P., 
Radulovich, N., et al. (2020). STAT signaling modifies Ascl1 chromatin binding and 
limits neural regeneration from Muller glia in adult mouse retina. Cell Rep. 30, 
2195–2208.e5. doi: 10.1016/j.celrep.2020.01.075

Kang, S., Larbi, D., Andrade, M., Reardon, S., Reh, T. A., and Wohl, S. G. (2021). 
A comparative analysis of reactive Müller glia gene expression after light damage 
and microRNA-depleted Müller glia-focus on microRNA’s. Front. Cell Develop. Biol. 
8:620459. doi: 10.3389/fcell.2020.620459

Karl, M. O., Hayes, S., Nelson, B. R., Tan, K., Buckingham, B., and Reh, T. A. 
(2008). Stimulation of neural regeneration in the mouse retina. Proc. Natl. Acad. Sci. 
U. S. A. 105, 19508–19513. doi: 10.1073/pnas.0807453105

Karlstetter, M., Kopatz, J., Aslanidis, A., Shahraz, A., Caramoy, A., 
Linnartz-Gerlach, B., et al. (2017). Polysialic acid blocks mononuclear 
phagocyte reactivity, inhibits complement activation, and protects from 
vascular damage in the retina. EMBO Mol. Med. 9, 154–166. doi: 10.15252/
emmm.201606627

Kawasaki, H., Suemori, H, Mizuseki, K, Watanabe, K, Urano, F, Ichinose, H, et al. 
(2002). Generation of dopaminergic neurons and pigmented epithelia from primate 
ES cells by stromal cell-derived inducing activity. PNAS 99, 1580–1585. doi: 10.1073/
pnas.032662199

Khabou, H., Garita-Hernandez, M., Chaffiol, A., Reichman, S., Jaillard, C., 
Brazhnikova, E., et al. (2018). Noninvasive gene delivery to foveal cones for vision 
restoration. JCI insight 3. doi: 10.1172/JCI.INSIGHT.96029

Kittelmann, S., and McGregor, A. P. (2019). Modulation and evolution of animal 
development through microRNA regulation of gene expression. Genes 10:321. doi: 
10.3390/genes10040321

Klapoetke, N. C., Murata, Y., Kim, S. S., Pulver, S. R., Birdsey-Benson, A., 
Cho, Y. K., et al. (2014). Independent optical excitation of distinct neural 
populations. Nat. Methods 11, 338–346. doi: 10.1038/nmeth.2836

Kleinlogel, S., Feldbauer, K., Dempski, R. E., Fotis, H., Wood, P. G., Bamann, C., 
et al. (2011). Ultra light-sensitive and fast neuronal activation with the Ca2+-
permeable channelrhodopsin CatCh. Nat. Neurosci. 14, 513–518. doi: 10.1038/
nn.2776

Klimanskaya, I., Chung, Y., Becker, S., Lu, S. J., and Lanza, R. (2006). Human 
embryonic stem cell lines derived from single blastomeres. Nature 444, 481–485. 
doi: 10.1038/nature05142

Kohno, H., Maeda, T., Perusek, L., Pearlman, E., and Maeda, A. (2014). CCL3 
production by microglial cells modulates disease severity in murine models of 
retinal degeneration. J. Immunol. 192:3816, –3827. doi: 10.4049/
JIMMUNOL.1301738

Kolesnikov, A., et al. (2022). Knockout of Nr2e3 protects against photoreceptor 
degeneration in two mouse models of retinitis pigmentosa. Invest. Ophthalmol. Vis. 
Sci. 63:3135.

Konar, G. J., Ferguson, C., Flickinger, Z., Kent, M. R., and Patton, J. G. (2021). 
miRNAs and Müller glia reprogramming during retina regeneration. Front. Cell 
Develop. Biol. 8:632632. doi: 10.3389/fcell.2020.632632

Kumaran, N., Michaelides, M., Smith, A. J., Ali, R. R., and Bainbridge, J. W. B. 
(2018). Retinal gene therapy. Br. Med. Bull. 126, 13–25. doi: 10.1093/bmb/ldy005

Kwon, W., and Freeman, S. A. (2020). Phagocytosis by the retinal pigment 
epithelium: recognition, resolution, recycling. Front. Immunol. 11:2985. doi: 
10.3389/FIMMU.2020.604205/XML/NLM

Lagali, P. S., Balya, D., Awatramani, G. B., Münch, T. A., Kim, D. S., 
Busskamp, V., et al. (2008). Light-activated channels targeted to ON bipolar cells 
restore visual function in retinal degeneration. Nat. Neurosci. 11, 667–675. doi: 
10.1038/nn.2117

Lakowski, J., Baron, M., Bainbridge, J., Barber, A. C., Pearson, R. A., Ali, R. R., 
et al. (2010). Cone and rod photoreceptor transplantation in models of the 
childhood retinopathy Leber congenital amaurosis using flow-sorted Crx-positive 
donor cells. Hum. Mol. Genet. 19, 4545–4559. doi: 10.1093/hmg/ddq378

Lamba, D. A., Gust, J., and Reh, T. A. (2009). Transplantation of human embryonic 
stem cell-derived photoreceptors restores some visual function in Crx-deficient 
mice. Cell Stem Cell 4, 73–79. doi: 10.1016/j.stem.2008.10.015

Lamba, D. A., McUsic, A., Hirata, R. K., Wang, P. R., Russell, D., and Reh, T. A. 
(2010). Generation, purification and transplantation of photoreceptors derived from 
human induced pluripotent stem cells. PLoS One 5:e8763. doi: 10.1371/journal.
pone.0008763

LaVail, M. M., Yasumura, D., Matthes, M. T., Lau-Villacorta, C., Unoki, K., 
Sung, C. H., et al. (1998). Protection of mouse photoreceptors by survival factors in 
retinal degenerations. Invest. Ophthalmol. Vis. Sci. 39, 592–602. PMID: 9501871

Lawrence, J. M., Singhal, S., Bhatia, B., Keegan, D. J., Reh, T. A., Luthert, P. J., et al. 
(2007). MIO-M1 cells and similar Müller glial cell lines derived from adult human 
retina exhibit neural stem cell characteristics. Stem Cells 25, 2033–2043. doi: 
10.1634/stemcells.2006-0724

https://doi.org/10.3389/fnmol.2022.1068185
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41467-019-12330-2
https://doi.org/10.1038/s41467-019-12330-2
https://doi.org/10.1016/j.preteyeres.2018.11.001
https://doi.org/10.1038/MT.2015.121
https://doi.org/10.1038/S42003-020-01594-W
https://doi.org/10.1002/stem.579
https://doi.org/10.1136/bjophthalmol-2018-313278
https://doi.org/10.1136/bjophthalmol-2018-313278
https://www.globenewswire.com/news-release/2021/03/30/2201412/0/en/First-Four-Patients-In-Bionic-Sight-s-Optogenetic-Gene-Therapy-Trial-Are-Able-To-Detect-Light-And-Motion.html
https://www.globenewswire.com/news-release/2021/03/30/2201412/0/en/First-Four-Patients-In-Bionic-Sight-s-Optogenetic-Gene-Therapy-Trial-Are-Able-To-Detect-Light-And-Motion.html
https://www.globenewswire.com/news-release/2021/03/30/2201412/0/en/First-Four-Patients-In-Bionic-Sight-s-Optogenetic-Gene-Therapy-Trial-Are-Able-To-Detect-Light-And-Motion.html
https://www.globenewswire.com/news-release/2021/03/30/2201412/0/en/First-Four-Patients-In-Bionic-Sight-s-Optogenetic-Gene-Therapy-Trial-Are-Able-To-Detect-Light-And-Motion.html
https://doi.org/10.1038/nrn3723
https://doi.org/10.1007/S11068-008-9027-6/FIGURES/4
https://doi.org/10.1016/J.CELL.2010.02.037
https://doi.org/10.1096/FJ.12-215368
https://doi.org/10.1096/FJ.201900414R
https://doi.org/10.1016/j.exer.2012.08.013
https://doi.org/10.1167/iovs.10-6329
https://doi.org/10.1167/iovs.10-6329
https://doi.org/10.1167/iovs.03-1034
https://doi.org/10.1128/MCB.26.7.2746-2757.2006
https://doi.org/10.1128/MCB.26.7.2746-2757.2006
https://doi.org/10.1016/j.celrep.2022.110849
https://doi.org/10.1038/cddis.2016.363
https://doi.org/10.1002/jnr.23583
https://doi.org/10.1002/jnr.23583
https://doi.org/10.1016/j.preteyeres.2015.01.003
https://doi.org/10.1002/cne.10703
https://doi.org/10.1038/nature23283
https://doi.org/10.1016/j.celrep.2020.01.075
https://doi.org/10.3389/fcell.2020.620459
https://doi.org/10.1073/pnas.0807453105
https://doi.org/10.15252/emmm.201606627
https://doi.org/10.15252/emmm.201606627
https://doi.org/10.1073/pnas.032662199
https://doi.org/10.1073/pnas.032662199
https://doi.org/10.1172/JCI.INSIGHT.96029
https://doi.org/10.3390/genes10040321
https://doi.org/10.1038/nmeth.2836
https://doi.org/10.1038/nn.2776
https://doi.org/10.1038/nn.2776
https://doi.org/10.1038/nature05142
https://doi.org/10.4049/JIMMUNOL.1301738
https://doi.org/10.4049/JIMMUNOL.1301738
https://doi.org/10.3389/fcell.2020.632632
https://doi.org/10.1093/bmb/ldy005
https://doi.org/10.3389/FIMMU.2020.604205/XML/NLM
https://doi.org/10.1038/nn.2117
https://doi.org/10.1093/hmg/ddq378
https://doi.org/10.1016/j.stem.2008.10.015
https://doi.org/10.1371/journal.pone.0008763
https://doi.org/10.1371/journal.pone.0008763
https://doi.org/9501871
https://doi.org/10.1634/stemcells.2006-0724


John et al. 10.3389/fnmol.2022.1068185

Frontiers in Molecular Neuroscience 20 frontiersin.org

Léveillard, T., Mohand-Saïd, S., Lorentz, O., Hicks, D., Fintz, A. C., Clérin, E., et al. 
(2004). Identification and characterization of rod-derived cone viability factor. Nat. 
Genet. 36, 755–759. doi: 10.1038/ng1386

Li, S., Datta, S., Brabbit, E., Love, Z., Woytowicz, V., Flattery, K., et al. (2021). 
Nr2e3 is a genetic modifier that rescues retinal degeneration and promotes 
homeostasis in multiple models of retinitis pigmentosa. Gene Ther. 28, 223–241. doi: 
10.1038/s41434-020-0134-z

Li, Y., Tsai, Y. T., Hsu, C. W., Erol, D., Yang, J., Wu, W. H., et al. (2012). Long-term 
safety and efficacy of human-induced pluripotent stem cell (iPS) grafts in a 
preclinical model of retinitis pigmentosa. Mol. Med. 18, 1312–1319. doi: 10.2119/
molmed.2012.00242

Liang, F. Q., Aleman, T. S., Dejneka, N. S., Dudus, L., Fisher, K. J., Maguire, A. M., 
et al. (2001). Long-term protection of retinal structure but not function using RAAV.
CNTF in animal models of retinitis pigmentosa. Mol. Therapy 4, 461–472. doi: 
10.1006/MTHE.2001.0473

Liang, F. Q., Dejneka, N. S., Cohen, D. R., Krasnoperova, N. V., Lem, J., 
Maguire, A. M., et al. (2001). AAV-mediated delivery of ciliary neurotrophic factor 
prolongs photoreceptor survival in the rhodopsin knockout mouse. Mol. Therapy 3, 
241–248. doi: 10.1006/mthe.2000.0252

Lin, M. K., Kim, S. H., Zhang, L., Tsai, Y. T., and Tsang, S. H. (2015). Rod 
metabolic demand drives progression in retinopathies. Taiwan J. Ophthalmol. 5, 
105–108. doi: 10.1016/j.tjo.2015.06.002

Lin, J. Y., Knutsen, P. M., Muller, A., Kleinfeld, D., and Tsien, R. Y. (2013). 
ReaChR: a red-shifted variant of channelrhodopsin enables deep transcranial 
optogenetic excitation. Nat. Neurosci. 16, 1499–1508. doi: 10.1038/NN.3502

Lin, B., Koizumi, A., Tanaka, N., Panda, S., and Masland, R. H. (2008). Restoration 
of visual function in retinal degeneration mice by ectopic expression of melanopsin. 
Proc. Natl. Acad. Sci. U. S. A. 105, 16009–16014. doi: 10.1073/pnas.0806114105

Lindner, M., Gilhooley, M. J., Hughes, S., and Hankins, M. W. (2022). Optogenetics 
for visual restoration: from proof of principle to translational challenges. Prog. Retin. 
Eye Res. 91:101089. doi: 10.1016/j.preteyeres.2022.101089

Lipinski, D. M., Barnard, A. R., Singh, M. S., Martin, C., Lee, E. J., Davies, W. I. L., 
et al. (2015). CNTF gene therapy confers lifelong neuroprotection in a mouse model 
of human retinitis pigmentosa. Mol. Ther. 23, 1308–1319. doi: 10.1038/MT. 
2015.68

Liu, M. M., Dai, J. M., Liu, W. Y., Zhao, C. J., Lin, B., and Yin, Z. Q. (2016). Human 
melanopsin-AAV2/8 transfection to retina transiently restores visual function in rd1 
mice. Int. J. Ophthalmol. 9, 655–661. doi: 10.18240/IJO.2016.05.03

Liu, W., Liu, M., Liu, Y., Li, S. Y., Weng, C., Fu, Y., et al. (2019). Validation and 
safety of visual restoration by ectopic expression of human melanopsin in retinal 
ganglion cells. Hum. Gene Ther. 30, 714–726. doi: 10.1089/HUM.2018.009

Lorget, F., Marie, M., Khabou, H., Simon, C., Nuno, D., Vanlandingham, P., et al. 
(2022). SPVN06, a novel mutation-independent AAV-based gene therapy, 
dramatically reduces vision loss in the rd10 mouse model of rod-cone dystrophy. 
Invest. Ophthalmol. Vis. Sci. 63, 56–A0029.

Lu, Y., Brommer, B., Tian, X., Krishnan, A., Meer, M., Wang, C., et al. (2020). 
Reprogramming to recover youthful epigenetic information and restore vision. 
Nature 588, 124–129. doi: 10.1038/s41586-020-2975-4

Macé, E., Caplette, R., Marre, O., Sengupta, A., Chaffiol, A., Barbe, P., et al. (2015). 
Targeting channelrhodopsin-2 to ON-bipolar cells with vitreally administered AAV 
Restores ON and OFF visual responses in blind mice. Molecular therapy: the journal 
of the American Society of Gene Therapy 23, 7–16. doi: 10.1038/MT.2014.154

MacLaren, R. E., Pearson, R. A., MacNeil, A., Douglas, R. H., Salt, T. E., 
Akimoto, M., et al. (2006). Retinal repair by transplantation of photoreceptor 
precursors. Nature 444, 203–207. doi: 10.1038/nature05161

Maeda, T., Mandai, M., Sugita, S., Kime, C., and Takahashi, M. (2022). Strategies 
of pluripotent stem cell-based therapy for retinal degeneration: update and 
challenges. Trends Mol. Med. 28, 388–404. doi: 10.1016/j.molmed.2022.03.001

Maimon, R., Chillon-Marinas, C., Snethlage, C. E., Singhal, S. M., 
McAlonis-Downes, M., Ling, K., et al. (2021). Therapeutically viable generation of 
neurons with antisense oligonucleotide suppression of PTB. Nat. Neurosci. 24, 
1089–1099. doi: 10.1038/s41593-021-00864-y

Mandai, M., Fujii, M., Hashiguchi, T., Sunagawa, G. A., Ito, S. I., Sun, J., et al. 
(2017). iPSC-derived retina transplants improve vision in rd1 end-stage retinal-
degeneration mice. Stem Cell Rep. 8, 69–83. doi: 10.1016/j.stemcr.2016. 
12.008

Marc, R. E., and Jones, B. W. (2003). Retinal remodeling in inherited photoreceptor 
degenerations. Mol. Neurobiol. 28, 139–148. doi: 10.1385/MN:28:2:139

Marc, R. E., Jones, B. W., Watt, C. B., and Strettoi, E. (2003). Neural remodeling 
in retinal degeneration. Prog. Retin. Eye Res. 22, 607–655. doi: 10.1016/
S1350-9462(03)00039-9

Martínez-Fernández de la Cámara, C., Hernández-Pinto, A. M., 
Olivares-González, L., Cuevas-Martín, C., Sánchez-Aragó, M., Hervás, D., et al. 
(2015). Adalimumab reduces photoreceptor cell death in a mouse model of retinal 
degeneration. Sci. Rep. 5, 1–13. doi: 10.1038/srep11764

McClements, M. E., Barnard, A. R., Charbel Issa, P., and MacLaren, R. (2020a). 
Assessment of AAV dual vector safety in the Abca4/mouse model of stargardt 
disease. Transl. Vis. Sci. Technol. 9, 1–11. doi: 10.1167/TVST.9.7.20

McClements, M. E., Staurenghi, F., MacLaren, R. E., and Cehajic-Kapetanovic, J. 
(2020b). Optogenetic gene therapy for the degenerate retina: recent advances. Front. 
Neurosci. 14:1187. doi: 10.3389/FNINS.2020.570909/BIBTEX

McClements, M. E., Staurenghi, F., Visel, M., Flannery, J. G., MacLaren, R. E., and 
Cehajic-Kapetanovic, J. (2021). AAV induced expression of human rod and cone 
opsin in bipolar cells of a mouse model of retinal degeneration. Biomed Res. Int. 
2021:8. doi: 10.1155/2021/4014797

McGregor, J. E., Godat, T., Dhakal, K. R., Parkins, K., Strazzeri, J. M., 
Bateman, B. A., et al. (2020). Optogenetic restoration of retinal ganglion cell activity 
in the living primate. Nat. Commun. 11, 1–9. doi: 10.1038/s41467-020-15317-6

McLelland, B. T., Lin, B., Mathur, A., Aramant, R. B., Thomas, B. B., Nistor, G., 
et al. (2018). Transplanted hESC-derived retina organoid sheets differentiate, 
integrate, and improve visual function in retinal degenerate rats. Invest. Ophthalmol. 
Vis. Sci. 59, 2586–2603. doi: 10.1167/iovs.17-23646

Mears, A. J., Kondo, M., Swain, P. K., Takada, Y., Bush, R. A., Saunders, T. L., et al. 
(2001). Nrl is required for rod photoreceptor development. Nat. Genet. 29, 447–452. 
doi: 10.1038/ng774

Mehat, M. S., Sundaram, V., Ripamonti, C., Robson, A. G., Smith, A. J., 
Borooah, S., et al. (2018). Transplantation of human embryonic stem cell-derived 
retinal pigment epithelial cells in macular degeneration. Ophthalmology 125, 
1765–1775. doi: 10.1016/j.ophtha.2018.04.037

Montana, C. L., Kolesnikov, A. V., Shen, S. Q., Myers, C. A., Kefalov, V. J., and 
Corbo, J. C. (2013). Reprogramming of adult rod photoreceptors prevents retinal 
degeneration. Proc. Natl. Acad. Sci. U. S. A. 110, 1732–1737. doi: 10.1073/ 
pnas.1214387110

Moore, S. M., Skowronska-krawczyk, D., and Chao, D. L. (2020). Targeting of the 
NRL pathway as a therapeutic strategy to treat retinitis pigmentosa. J. Clin. Med. 
9:2224. doi: 10.3390/jcm9072224

Moreno, A. M., Fu, X., Zhu, J., Katrekar, D., Shih, Y. R. V., Marlett, J., et al. (2018). 
In situ gene therapy via AAV-CRISPR-Cas9-mediated targeted gene regulation. Mol. 
Ther. 26, 1818–1827. doi: 10.1016/j.ymthe.2018.04.017

Nadal-Nicolás, F. M., Galindo-Romero, C., Valiente-Soriano, F. J., 
Barberà-Cremades, M., deTorre-Minguela, C., Salinas-Navarro, M., et al. (2016). 
Involvement of P2X7 receptor in neuronal degeneration triggered by traumatic 
injury. Sci. Rep. 6, 1–14. doi: 10.1038/srep38499

Nagel, G., Szellas, T., Huhn, W., Kateriya, S., Adeishvili, N., Berthold, P., et al. 
(2003). Channelrhodopsin-2, a directly light-gated cation-selective membrane 
channel. Proceedings of the National Academy of Sciences of the United States of 
America. 100, 13940–13945. doi: 10.1073/PNAS.1936192100

Nakamura, P. A., Shimchuk, A. A., Tang, S., Wang, Z., DeGolier, K., Ding, S., et al. 
(2017). Small molecule photoregulin3 prevents retinal degeneration in the RhoP23H 
mouse model of retinitis pigmentosa. elife 6:11. doi: 10.7554/eLife.30577

Nakamura, P. A., Tang, S., Shimchuk, A. A., Ding, S., and Reh, T. A. (2016). 
Potential of small molecule–mediated reprogramming of rod photoreceptors to treat 
retinitis pigmentosa. Invest. Ophthalmol. Vis. Sci. 57, 6407–6415. doi: 10.1167/ 
IOVS.16-20177

Nakano, T., Ando, S., Takata, N., Kawada, M., Muguruma, K., Sekiguchi, K., et al. 
(2012). Self-formation of optic cups and storable stratified neural retina from human 
ESCs. Cell Stem Cell 10, 771–785. doi: 10.1016/j.stem.2012.05.009

Nanoscope Therapeutics (2021). Nanoscope’s Optogenetic Gene Therapy 
Restores Clinically Meaningful Vision in 11 Patients Blinded by Retinitis 
Pigmentosa. Available at: https://nanostherapeutics.com/2021/06/03/nanoscopes-
optogenetic-gene-therapy-restores-clinically-meaningful-vision/ (Accessed  
September 14, 2022).

Newsome, D. A., and Michels, R. G. (1988). Detection of lymphocytes in the 
vitreous gel of patients with retinitis pigmentosa. Am J. Ophthalmol. 105, 596–602. 
doi: 10.1016/0002-9394(88)90050-5

O’Brien, J., Hayder, H., Zayed, Y., and Peng, C. (2018). Overview of microRNA 
biogenesis, mechanisms of actions, and circulation. Front. Endocrinol. 9:402. doi: 
10.3389/fendo.2018.00402

Oh, E. C. T., Cheng, H., Hao, H., Jia, L., Khan, N. W., and Swaroop, A. (2008). Rod 
differentiation factor NRL activates the expression of nuclear receptor NR2E3 to 
suppress the development of cone photoreceptors. Brain Res. 1236, 16–29. doi: 
10.1016/j.brainres.2008.01.028

Olivares-González, L., Velasco, S., Campillo, I., and Rodrigo, R. (2021). Retinal 
inflammation, cell death and inherited retinal dystrophies. IJMS 22, 1–19. doi: 
10.3390/ijms22042096

Olivares-González, L., Velasco, S., Millán, J. M., and Rodrigo, R. (2020). 
Intravitreal administration of adalimumab delays retinal degeneration in rd10 mice. 
FASEB J. 34, 13839–13861. doi: 10.1096/fj.202000044RR

Orkin, S. H., and Reilly, P. (2016). Paying for future success in gene therapy. 
Science 352, 1059–1061. doi: 10.1126/science.aaf4770

https://doi.org/10.3389/fnmol.2022.1068185
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/ng1386
https://doi.org/10.1038/s41434-020-0134-z
https://doi.org/10.2119/molmed.2012.00242
https://doi.org/10.2119/molmed.2012.00242
https://doi.org/10.1006/MTHE.2001.0473
https://doi.org/10.1006/mthe.2000.0252
https://doi.org/10.1016/j.tjo.2015.06.002
https://doi.org/10.1038/NN.3502
https://doi.org/10.1073/pnas.0806114105
https://doi.org/10.1016/j.preteyeres.2022.101089
https://doi.org/10.1038/MT.2015.68
https://doi.org/10.1038/MT.2015.68
https://doi.org/10.18240/IJO.2016.05.03
https://doi.org/10.1089/HUM.2018.009
https://doi.org/10.1038/s41586-020-2975-4
https://doi.org/10.1038/MT.2014.154
https://doi.org/10.1038/nature05161
https://doi.org/10.1016/j.molmed.2022.03.001
https://doi.org/10.1038/s41593-021-00864-y
https://doi.org/10.1016/j.stemcr.2016.12.008
https://doi.org/10.1016/j.stemcr.2016.12.008
https://doi.org/10.1385/MN:28:2:139
https://doi.org/10.1016/S1350-9462(03)00039-9
https://doi.org/10.1016/S1350-9462(03)00039-9
https://doi.org/10.1038/srep11764
https://doi.org/10.1167/TVST.9.7.20
https://doi.org/10.3389/FNINS.2020.570909/BIBTEX
https://doi.org/10.1155/2021/4014797
https://doi.org/10.1038/s41467-020-15317-6
https://doi.org/10.1167/iovs.17-23646
https://doi.org/10.1038/ng774
https://doi.org/10.1016/j.ophtha.2018.04.037
https://doi.org/10.1073/pnas.1214387110
https://doi.org/10.1073/pnas.1214387110
https://doi.org/10.3390/jcm9072224
https://doi.org/10.1016/j.ymthe.2018.04.017
https://doi.org/10.1038/srep38499
https://doi.org/10.1073/PNAS.1936192100
https://doi.org/10.7554/eLife.30577
https://doi.org/10.1167/IOVS.16-20177
https://doi.org/10.1167/IOVS.16-20177
https://doi.org/10.1016/j.stem.2012.05.009
https://nanostherapeutics.com/2021/06/03/nanoscopes-optogenetic-gene-therapy-restores-clinically-meaningful-vision/
https://nanostherapeutics.com/2021/06/03/nanoscopes-optogenetic-gene-therapy-restores-clinically-meaningful-vision/
https://doi.org/10.1016/0002-9394(88)90050-5
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1016/j.brainres.2008.01.028
https://doi.org/10.3390/ijms22042096
https://doi.org/10.1096/fj.202000044RR
https://doi.org/10.1126/science.aaf4770


John et al. 10.3389/fnmol.2022.1068185

Frontiers in Molecular Neuroscience 21 frontiersin.org

Osakada, F., Ooto, S., Akagi, T., Mandai, M., Akaike, A., and Takahashi, M. (2007). 
Wnt signaling promotes regeneration in the retina of adult mammals. J. Neurosci. 
Off. J. Soc. Neurosci. 27, 4210–4219. doi: 10.1523/JNEUROSCI.4193-06.2007

Pearson, R. A., Barber, A. C., Rizzi, M., Hippert, C., Xue, T., West, E. L., et al. 
(2012). Restoration of vision after transplantation of photoreceptors. Nature 485, 
99–103. doi: 10.1038/nature10997

Pfeiffer, R. L., Marc, R. E., and Jones, B. W. (2020). Persistent remodeling and 
neurodegeneration in late-stage retinal degeneration. Prog. Retin. Eye Res. 
74:100771. doi: 10.1016/j.preteyeres.2019.07.004

Powell, C., Cornblath, E., Elsaeidi, F., Wan, J., and Goldman, D. (2016). Zebrafish 
Müller glia-derived progenitors are multipotent, exhibit proliferative biases and 
regenerate excess neurons OPEN. Sci. Rep. 6, 1–10. doi: 10.1038/srep24851

Punzo, C., Kornacker, K., and Cepko, C. L. (2009). Stimulation of the insulin/
mTOR pathway delays cone death in a mouse model of retinitis pigmentosa. Nat. 
Neurosci. 12, 44–52. doi: 10.1038/nn.2234

Qian, H., Kang, X., Hu, J., Zhang, D., Liang, Z., Meng, F., et al. (2020). Reversing 
a model of Parkinson’s disease with in situ converted nigral neurons. Nature 582, 
550–556. doi: 10.1038/s41586-020-2388-4

Quinn, J., Musa, A., Kantor, A., McClements, M. E., Cehajic-Kapetanovic, J., 
MacLaren, R. E., et al. (2021). Genome-editing strategies for treating human retinal 
degenerations. Hum. Gene Ther. 32, 247–259. doi: 10.1089/hum.2020.231

Radtke, N. D., Aramant, R. B., Petry, H. M., Green, P. T., Pidwell, D. J., and 
Seiler, M. J. (2008). Vision improvement in retinal degeneration patients by 
implantation of retina together with retinal pigment epithelium. Am J. Ophthalmol. 
146, 172–182.e1. doi: 10.1016/j.ajo.2008.04.009

Rajaram, K., Harding, R. L., Bailey, T., Patton, J. G., and Hyde, D. R. (2014). 
Dynamic miRNA expression patterns during retinal regeneration in zebrafish: 
reduced dicer or miRNA expression suppresses proliferation of Müller glia-
derived neuronal progenitor cells. Dev. Dyn. 243, 1591–1605. doi: 10.1002/
dvdy.24188

Rajaram, K., Harding, R. L., Hyde, D. R., and Patton, J. G. (2014). MiR-203 
regulates progenitor cell proliferation during adult zebrafish retina regeneration. 
Dev. Biol. 392, 393–403. doi: 10.1016/j.ydbio.2014.05.005

Ramachandran, R., Fausett, B., and Goldman, D. (2010). Ascl1a regulates Müller 
glia dedifferentiation and retinal regeneration through a Lin-28-dependent, let-7 
microRNA signalling pathway. Nat. Cell Biol. 12, 1101–1107. doi: 10.1038/ncb2115

Rana, T., Kotla, P., Fullard, R., and Gorbatyuk, M. (2017). TNFa knockdown in 
the retina promotes cone survival in a mouse model of autosomal dominant 
retinitis pigmentosa. Biochim. Biophys. Acta 1863, 92–102. doi: 10.1016/j. 
bbadis.2016.10.008

RBV Capital (2022). RetroSense Therapeutics Doses First Patient in Phase I/II 
Clinical Trial for Lead Compound RST-001. Available at: https://rbvcapital.com/en/
news/retrosense-therapeutics-doses-first-patient-in-phase-i/ii-clinical-trial-for-
lead-compound-rst-001.html (Accessed September 14, 2022).

Reichman, S., Terray, A., Slembrouck, A., Nanteau, C., Orieux, G., Habeler, W., 
et al. (2014). From confluent human iPS cells to self-forming neural retina and 
retinal pigmented epithelium. PNAS Nexus 111, 8518–8523. doi: 10.1073/
pnas.1324212111

Rhee, K., Ruiz, A., Duncan, J. L., Hauswirth, W. W., LaVail, M. M., Bok, D., et al. 
(2007). Molecular and cellular alterations induced by sustained expression of ciliary 
neurotrophic factor in a mouse model of retinitis pigmentosa. Invest. Ophthalmol. 
Vis. Sci. 48, 1389–1400. doi: 10.1167/iovs.06-0677

Ribeiro, J., Procyk, C. A., West, E. L., O’Hara-Wright, M., Martins, M. F., 
Khorasani, M. M., et al. (2021). Restoration of visual function in advanced disease 
after transplantation of purified human pluripotent stem cell-derived cone 
photoreceptors. Cell Rep. 35:109022. doi: 10.1016/j.celrep.2021.109022

Roger, J. E., Ranganath, K., Zhao, L., Cojocaru, R. I., Brooks, M., Gotoh, N., et al. 
(2012). Preservation of cone photoreceptors after a rapid yet transient degeneration 
and remodeling in cone-only Nrl−/− mouse retina. J. Neurosci. 32, 528–541. doi: 
10.1523/JNEUROSCI.3591-11.2012

Sahel, J. A., Boulanger-Scemama, E., Pagot, C., Arleo, A., Galluppi, F., Martel, J. N., 
et al. (2021). Partial recovery of visual function in a blind patient after optogenetic 
therapy. Nat. Med. 27, 1223–1229. doi: 10.1038/s41591-021-01351-4

Sahel, J. A., Marazova, K., and Audo, I. (2015). Clinical characteristics and current 
therapies for inherited retinal degenerations. Cold Spring Harb. Perspect. Med. 
5:a017111. doi: 10.1101/cshperspect.a017111

Salas, A., Duarri, A., Fontrodona, L., Ramírez, D. M., Badia, A., Isla-Magrané, H., 
et al. (2021). Cell therapy with hiPSC-derived RPE cells and RPCs prevents visual 
function loss in a rat model of retinal degeneration. Mol. Ther. 20, 688–702. doi: 
10.1016/j.omtm.2021.02.006

Sanftner, L. H. M. G., Abel, H., Hauswirth, W. W., and Flannery, J. G. (2001). Glial 
cell line derived neurotrophic factor delays photoreceptor degeneration in a 
transgenic rat model of retinitis pigmentosa. Mol. Ther. 4, 622–629. doi: 10.1006/
mthe.2001.0498

Sanie-Jahromi, F., and Nowroozzadeh, M. H. (2022). RPE based gene and cell 
therapy for inherited retinal diseases: a review. Exp. Eye Res. 217:108961. doi: 
10.1016/j.exer.2022.108961

Santos-Ferreira, T., Llonch, S., Borsch, O., Postel, K., Haas, J., and Ader, M. (2016). 
Retinal transplantation of photoreceptors results in donor-host cytoplasmic 
exchange. Nat. Commun. 7, 1–7. doi: 10.1038/ncomms13028

Santos-Ferreira, T., Postel, K., Stutzki, H., Kurth, T., Zeck, G., and Ader, M. (2015). 
Daylight vision repair by cell transplantation. Stem Cells 33, 79–90. doi: 10.1002/
stem.1824

Savio, L. E. B., de Andrade Mello, P., da Silva, C. G., and Coutinho-Silva, R. (2018). 
The P2X7 receptor in inflammatory diseases: angel or demon? Front. Pharmacol. 
9:52. doi: 10.3389/fphar.2018.00052

Schlichtenbrede, F. C., MacNeil, A., Bainbridge, J. W. B., Tschernutter, M., 
Thrasher, A. J., Smith, A. J., et al. (2003). Intraocular gene delivery of ciliary 
neurotrophic factor results in significant loss of retinal function in normal mice and 
in the Prph2Rd2/Rd2 model of retinal degeneration. Gene Ther. 10, 523–527. doi: 
10.1038/sj.gt.3301929

Scholz, R., Caramoy, A., Bhuckory, M. B., Rashid, K., Chen, M., Xu, H., et al. 
(2015a). Targeting translocator protein (18 kDa) (TSPO) dampens pro-
inflammatory microglia reactivity in the retina and protects from degeneration. 
J. Neuroinflammation 12:209, 1–12. doi: 10.1186/S12974-015-0422-5/
FIGURES/6

Scholz, R., Sobotka, M., Caramoy, A., Stempfl, T., Moehle, C., and Langmann, T. 
(2015b). Minocycline counter-regulates pro-inflammatory microglia responses in 
the retina and protects from degeneration. J. Neuroinflammation 12, 1–14. doi: 
10.1186/S12974-015-0431-4

Schwartz, S. D., Regillo, C. D., Lam, B. L., Eliott, D., Rosenfeld, P. J., Gregori, N. Z., 
et al. (2015). Human embryonic stem cell-derived retinal pigment epithelium in 
patients with age-related macular degeneration and Stargardt’s macular dystrophy: 
follow-up of two open-label phase 1/2 studies. Lancet 385, 509–516. doi: 10.1016/
S0140-6736(14)61376-3

Schwartz, S. D., Tan, G., Hosseini, H., and Nagiel, A. (2016). Subretinal 
transplantation of embryonic stem cell–derived retinal pigment epithelium for the 
treatment of macular degeneration: an assessment at 4 years. Invest. Ophthalmol. Vis. 
Sci. 57:ORSFc1. doi: 10.1167/iovs.15-18681

Sengupta, A., Chaffiol, A., Macé, E., Caplette, R., Desrosiers, M., Lampič, M., et al. 
(2016). Red-shifted channelrhodopsin stimulation restores light responses in blind 
mice, macaque retina, and human retina. EMBO Mol. Med. 8, 1248–1264. doi: 
10.15252/emmm.201505699

Seraly, M., Madow, B., and Farkas, M. H. (2022). Clinical considerations for RPE 
cell transplantation. Curr. Ophthalmol. Rep. 10, 42–47. doi: 10.1007/
s40135-022-00287-3

Shirai, H., Mandai, M., Matsushita, K., Kuwahara, A., Yonemura, S., Nakano, T., 
et al. (2016). Transplantation of human embryonic stem cell-derived retinal tissue 
in two primate models of retinal degeneration. Proc. Natl. Acad. Sci. U. S. A. 113, 
E81–E90. doi: 10.1073/pnas.1512590113

Simon, C. J., Sahel, J. A., Duebel, J., Herlitze, S., and Dalkara, D. (2020). Opsins 
for vision restoration. Biochem. Biophys. Res. Commun. 527, 325–330. doi: 10.1016/j.
bbrc.2019.12.117

Simon, C.-J., Chaol, A., Grimaud, A., Eickelbeck, D., Rucli, M., et al. (2022). 
Reactivating the phototransduction cascade by universally applicable gene therapy 
preserves retinal function in rod-cone dystrophy. Res Sq. doi: 10.21203/
RS.3.RS-1189099/V1

Singh, M. S., Balmer, J., Barnard, A. R., Aslam, S. A., Moralli, D., Green, C. M., 
et al. (2016). Transplanted photoreceptor precursors transfer proteins to host 
photoreceptors by a mechanism of cytoplasmic fusion. Nat. Commun. 7, 1–5. doi: 
10.1038/ncomms13537

Singh, M. S., Park, S. S., Albini, T. A., Canto-Soler, M. V., Klassen, H., 
MacLaren, R. E., et al. (2020). Retinal stem cell transplantation: balancing safety 
and potential. Prog. Retin. Eye Res. 75:100779. doi: 10.1016/j.
preteyeres.2019.100779

Singhal, S., Bhatia, B., Jayaram, H., Becker, S., Jones, M. F., Cottrill, P. B., et al. 
(2012). Human Müller glia with stem cell characteristics differentiate into retinal 
ganglion cell (RGC) precursors in vitro and partially restore RGC function in vivo 
following transplantation. Stem Cells Transl. Med. 1, 188–199. doi: 10.5966/
sctm.2011-0005

Soliño, M., Larrayoz, I. M., López, E. M., Rey-Funes, M., Bareiro, M., Loidl, C. F., 
et al. (2022). Adenosine A2A receptor: a new neuroprotective target in light-induced 
retinal degeneration. Front. Pharmacol. 13:647. doi: 10.3389/FPHAR.2022.840134/
BIBTEX

Sparing Vision (2022). SparingVision Raises €75 Million Series B to Continue 
Building World-Leading Portfolio of Genomic Medicines for Ocular Diseases. 
Available at: https://sparingvision.com/sparingvision-raises-e75-million-series-b-
to-continue-building-world-leading-portfolio-of-genomic-medicines-for-ocular-
diseases-2/

https://doi.org/10.3389/fnmol.2022.1068185
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1523/JNEUROSCI.4193-06.2007
https://doi.org/10.1038/nature10997
https://doi.org/10.1016/j.preteyeres.2019.07.004
https://doi.org/10.1038/srep24851
https://doi.org/10.1038/nn.2234
https://doi.org/10.1038/s41586-020-2388-4
https://doi.org/10.1089/hum.2020.231
https://doi.org/10.1016/j.ajo.2008.04.009
https://doi.org/10.1002/dvdy.24188
https://doi.org/10.1002/dvdy.24188
https://doi.org/10.1016/j.ydbio.2014.05.005
https://doi.org/10.1038/ncb2115
https://doi.org/10.1016/j.bbadis.2016.10.008
https://doi.org/10.1016/j.bbadis.2016.10.008
https://rbvcapital.com/en/news/retrosense-therapeutics-doses-first-patient-in-phase-i/ii-clinical-trial-for-lead-compound-rst-001.html
https://rbvcapital.com/en/news/retrosense-therapeutics-doses-first-patient-in-phase-i/ii-clinical-trial-for-lead-compound-rst-001.html
https://rbvcapital.com/en/news/retrosense-therapeutics-doses-first-patient-in-phase-i/ii-clinical-trial-for-lead-compound-rst-001.html
https://doi.org/10.1073/pnas.1324212111
https://doi.org/10.1073/pnas.1324212111
https://doi.org/10.1167/iovs.06-0677
https://doi.org/10.1016/j.celrep.2021.109022
https://doi.org/10.1523/JNEUROSCI.3591-11.2012
https://doi.org/10.1038/s41591-021-01351-4
https://doi.org/10.1101/cshperspect.a017111
https://doi.org/10.1016/j.omtm.2021.02.006
https://doi.org/10.1006/mthe.2001.0498
https://doi.org/10.1006/mthe.2001.0498
https://doi.org/10.1016/j.exer.2022.108961
https://doi.org/10.1038/ncomms13028
https://doi.org/10.1002/stem.1824
https://doi.org/10.1002/stem.1824
https://doi.org/10.3389/fphar.2018.00052
https://doi.org/10.1038/sj.gt.3301929
https://doi.org/10.1186/S12974-015-0422-5/FIGURES/6
https://doi.org/10.1186/S12974-015-0422-5/FIGURES/6
https://doi.org/10.1186/S12974-015-0431-4
https://doi.org/10.1016/S0140-6736(14)61376-3
https://doi.org/10.1016/S0140-6736(14)61376-3
https://doi.org/10.1167/iovs.15-18681
https://doi.org/10.15252/emmm.201505699
https://doi.org/10.1007/s40135-022-00287-3
https://doi.org/10.1007/s40135-022-00287-3
https://doi.org/10.1073/pnas.1512590113
https://doi.org/10.1016/j.bbrc.2019.12.117
https://doi.org/10.1016/j.bbrc.2019.12.117
https://doi.org/10.21203/RS.3.RS-1189099/V1
https://doi.org/10.21203/RS.3.RS-1189099/V1
https://doi.org/10.1038/ncomms13537
https://doi.org/10.1016/j.preteyeres.2019.100779
https://doi.org/10.1016/j.preteyeres.2019.100779
https://doi.org/10.5966/sctm.2011-0005
https://doi.org/10.5966/sctm.2011-0005
https://doi.org/10.3389/FPHAR.2022.840134/BIBTEX
https://doi.org/10.3389/FPHAR.2022.840134/BIBTEX
https://sparingvision.com/sparingvision-raises-e75-million-series-b-to-continue-building-world-leading-portfolio-of-genomic-medicines-for-ocular-diseases-2/
https://sparingvision.com/sparingvision-raises-e75-million-series-b-to-continue-building-world-leading-portfolio-of-genomic-medicines-for-ocular-diseases-2/
https://sparingvision.com/sparingvision-raises-e75-million-series-b-to-continue-building-world-leading-portfolio-of-genomic-medicines-for-ocular-diseases-2/


John et al. 10.3389/fnmol.2022.1068185

Frontiers in Molecular Neuroscience 22 frontiersin.org

Sudharsan, R., Beiting, D. P., Aguirre, G. D., and Beltran, W. A. (2017). 
Involvement of innate immune system in late stages of inherited photoreceptor 
degeneration. Sci. Rep. 7:17897. doi: 10.1038/S41598-017-18236-7

Sugita, S., Mandai, M., Kamao, H., and Takahashi, M. (2021). Immunological 
aspects of RPE cell transplantation. Prog. Retin. Eye Res. 84:100950. doi: 10.1016/J.
PRETEYERES.2021.100950

Swaroop, A., Kim, D., and Forrest, D. (2010). Transcriptional regulation of 
photoreceptor development and homeostasis in the mammalian retina. Neuroscience 
11, 563–576. doi: 10.1038/nrn2880

Tabata, K., Sugano, E., Hatakeyama, A., Watanabe, Y., Suzuki, T., Ozaki, T., et al. 
(2021). Phototoxicities caused by continuous light exposure were not induced in 
retinal ganglion cells transduced by an optogenetic gene. Int. J. Mol. Sci. 22:6732. 
doi: 10.3390/ijms22136732

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cells 126, 
663–676. doi: 10.1016/j.cell.2006.07.024

Tao, W., Wen, R., Goddard, M. B., Sherman, S. D., O'Rourke, P. J., Stabila, P. F., 
et al. (2002). Encapsulated cell-based delivery of CNTF reduces photoreceptor 
degeneration in animal models of retinitis pigmentosa. Invest. Ophthalmol. Vis. Sci. 
43, 3292–3298. PMID: 12356837

Thomas, B. B., Lin, B., Martinez-Camarillo, J. C., Zhu, D., McLelland, B. T., 
Nistor, G., et al. (2021). Co-grafts of human embryonic stem cell derived retina 
organoids and retinal pigment epithelium for retinal reconstruction in 
immunodeficient retinal degenerate Royal College of surgeons rats. Front. Neurosci. 
15:752958. doi: 10.3389/fnins.2021.752958

Thomas, J. L., Ranski, A. H., Morgan, G. W., and Thummel, R. (2016). Reactive 
gliosis in the adult zebrafish retina. Exp. Eye Res. 143, 98–109. doi: 10.1016/j.
exer.2015.09.017

Todd, L., Finkbeiner, C., Wong, C. K., Hooper, M. J., and Reh, T. A. (2020). 
Microglia suppress Ascl1-induced retinal regeneration in mice. Cell Rep. 33:108507. 
doi: 10.1016/j.celrep.2020.108507

Todd, L., Hooper, M. J., Haugan, A. K., Finkbeiner, C., Jorstad, N., Radulovich, N., 
et al. (2021). Efficient stimulation of retinal regeneration from Müller glia in adult 
mice using combinations of proneural bHLH transcription factors. Cell Rep. 
37:109857. doi: 10.1016/j.celrep.2021.109857

Tomita, M., Adachi, Y., Yamada, H., Takahashi, K., Kiuchi, K., Oyaizu, H., et al. 
(2002). Bone marrow-derived stem cells can differentiate into retinal cells in injured 
rat retina. Stem Cells 20, 279–283. doi: 10.1634/stemcells.20-4-279

Tomita, H., Sugano, E., Isago, H., Hiroi, T., Wang, Z., Ohta, E., et al. (2010). 
Channelrhodopsin-2 gene transduced into retinal ganglion cells restores functional 
vision in genetically blind rats. Exp. Eye Res. 90, 429–436. doi: 10.1016/j. 
exer.2009.12.006

Trapani, I., Toriello, E., de Simone, S., Colella, P., Iodice, C., Polishchuk, E. V., et al. 
(2015). Improved dual AAV vectors with reduced expression of truncated proteins 
are safe and effective in the retina of a mouse model of Stargardt disease. Hum. Mol. 
Genet. 24, 6811–6825. doi: 10.1093/hmg/ddv386

Uddin, F., Rudin, C. M., and Sen, T. (2020). CRISPR gene therapy: applications, 
limitations, and implications for the future. Front. Oncol. 10:1387. doi: 10.3389/
FONC.2020.01387/XML/NLM

Ueki, Y., Wilken, M. S., Cox, K. E., Chipman, L., Jorstad, N., Sternhagen, K., et al. 
(2015). Transgenic expression of the proneural transcription factor Ascl1 in Müller 
glia stimulates retinal regeneration in young mice. Proc. Natl. Acad. Sci. U. S. A. 112, 
13717–13722. doi: 10.1073/pnas.1510595112

van Wyk, M., Pielecka-Fortuna, J., Löwel, S., and Kleinlogel, S. (2015). 
Restoring the ON switch in blind retinas: Opto-mGluR6, a next-generation, cell-
tailored optogenetic tool. PLoS Biol. 13:e1002143. doi: 10.1371/journal.
pbio.1002143

van Zeeburg, E. J. T., Maaijwee, K. J. M., Missotten, T. O. A. R., Heimann, H., and 
van Meurs, J. C. (2012). A free retinal pigment epithelium choroid graft in patients 
with exudative age-related macular degeneration: results up to 7 years. Am J. 
Ophthalmol. 153, 120–127.e2. doi: 10.1016/j.ajo.2011.06.007

Viringipurampeer, I. A., Metcalfe, A. L., Bashar, A. E., Sivak, O., Yanai, A., 
Mohammadi, Z., et al. (2016). NLRP3 inflammasome activation drives bystander 
cone photoreceptor cell death in a P23H rhodopsin model of retinal degeneration. 
Hum. Mol. Genet. 25, 1501–1516. doi: 10.1093/hmg/ddw029

Wang, W., Kini, A., Wang, Y., Liu, T., Chen, Y., Vukmanic, E., et al. (2019). 
Metabolic deregulation of the blood-outer retinal barrier in retinitis pigmentosa. 
Cell Rep. 28, 1323–1334.e4. doi: 10.1016/j.celrep.2019.06.093

Wang, W., Lee, S. J., Scott, P. A., Lu, X., Emery, D., Liu, Y., et al. (2016). Two-step 
reactivation of dormant cones in retinitis Pigmentosa. Cell Rep. 15, 372–385. doi: 
10.1016/j.celrep.2016.03.022

Wang, Y., and Neumann, H. (2010). Alleviation of neurotoxicity by microglial 
human Siglec-11. J. Neurosci. 30, 3482–3488. doi: 10.1523/JNEUROSCI.3940-09.2010

Wang, D., Tai, P. W. L., and Gao, G. (2019). Adeno-associated virus vector as a 
platform for gene therapy delivery. Nat. Rev. Drug Discov. 18, 358–378. doi: 10.1038/
s41573-019-0012-9

Wang, L. L., and Zhang, C. L. (2022). In vivo glia-to-neuron conversion: pitfalls 
and solutions. Dev. Neurobiol. 82, 367–374. doi: 10.1002/DNEU.22880

White, D. T., Sengupta, S., Saxena, M. T., Xu, Q., Hanes, J., Ding, D., et al. (2017). 
Immunomodulation-accelerated neuronal regeneration following selective rod 
photoreceptor cell ablation in the zebrafish retina. Proc. Natl. Acad. Sci. U. S. A. 114, 
E3719–E3728. doi: 10.1073/pnas.1617721114

Wohl, S. G., Hooper, M. J., and Reh, T. A. (2019). MicroRNAs miR-25, let-7 and 
miR-124 regulate the neurogenic potential of Müller glia in mice. Development 146. 
doi: 10.1242/dev.179556

Wohl, S. G., Jorstad, N. L., Levine, E. M., and Reh, T. A. (2017). Müller glial 
microRNAs are required for the maintenance of glial homeostasis and retinal 
architecture. Nat. Commun. 8, 1–15. doi: 10.1038/s41467-017-01624-y

Wright, W. W., Gajjeraman, S., Batabyal, S., Pradhan, S., Bhattacharya, S., 
Mahapatra, V., et al. (2017). Restoring vision in mice with retinal degeneration using 
multicharacteristic opsin. Neurophotonics 4:041505. doi: 10.1117/1.NPH.4.4.041505

Wright, A. F., Reddick, A. C., Schwartz, S. B., Ferguson, J. S., Aleman, T. S., 
Kellner, U., et al. (2004). Mutation analysis of NR2E3 and NRL genes in enhanced 
S cone syndrome. Hum. Mutat. 24:439. doi: 10.1002/humu.9285

Xie, Y., and Chen, B. (2022). Critical examination of Müller glia-derived in vivo 
neurogenesis in the mouse retina. Front. Cell Develop. Biol. 10:427. doi: 10.3389/
FCELL.2022.830382/BIBTEX

Xue, Y., Wang, S. K., Rana, P., West, E. R., Hong, C. M., Feng, H., et al. (2021). 
AAV-Txnip prolongs cone survival and vision in mouse models of retinitis 
pigmentosa. elife 10. doi: 10.7554/eLife.66240

Yang, J. M., Chung, S., Yun, K. A., Kim, B., So, S., Kang, S., et al. (2021). Long-term 
effects of human induced pluripotent stem cell-derived retinal cell transplantation in 
Pde6b knockout rats. Exp. Mol. Med. 53, 631–642. doi: 10.1038/s12276-021-00588-w

Yang, Y., Mohand-Said, S., Danan, A., Simonutti, M., Fontaine, V., Clerin, E., et al. 
(2009). Functional cone rescue by RdCVF protein in a dominant model of retinitis 
pigmentosa. Mol. Therapy 17, 787–795. doi: 10.1038/mt.2009.28

Yao, K., Qiu, S., Wang, Y. V., Park, S. J. H., Mohns, E. J., Mehta, B., et al. (2018). 
Restoration of vision after de novo genesis of rod photoreceptors in mammalian 
retinas. Nature 560, 484–488. doi: 10.1038/s41586-018-0425-3

Yoshida, N., Ikeda, Y., Notomi, S., Ishikawa, K., Murakami, Y., Hisatomi, T., et al. 
(2013). Clinical evidence of sustained chronic inflammatory reaction in retinitis 
pigmentosa. Ophthalmology 120, 100–105. doi: 10.1016/j.ophtha.2012.07.006

Yu, W., Mookherjee, S., Chaitankar, V., Hiriyanna, S., Kim, J. W., Brooks, M., et al. 
(2017). Nrl knockdown by AAV-delivered CRISPR/Cas9 prevents retinal 
degeneration in mice. Nat. Commun. 8, 1–15. doi: 10.1038/ncomms14716

Zhang, L., du, J., Justus, S., Hsu, C. W., Bonet-Ponce, L., Wu, W. H., et al. (2016). 
Reprogramming metabolism by targeting sirtuin 6 attenuates retinal degeneration. 
J. Clin. Invest. 126, 4659–4673. doi: 10.1172/JCI86905

Zhang, Y., Ivanova, E., Bi, A., and Pan, Z. H. (2009). Ectopic expression of multiple 
microbial rhodopsins restores ON and OFF light responses in retinas with photoreceptor 
degeneration. J. Neurosci. 29, 9186–9196. doi: 10.1523/JNEUROSCI.0184-09.2009

Zhong, X., Gutierrez, C., Xue, T., Hampton, C., Vergara, M. N., Cao, L. H., et al. (2014). 
ARTICLE generation of three-dimensional retinal tissue with functional photoreceptors 
from human iPSCs. Nat. Commun. 5, 1–14. doi: 10.1038/ncomms5047

Zhou, H., Su, J., Hu, X., Zhou, C., Li, H., Chen, Z., et al. (2020). Glia-to-neuron 
conversion by CRISPR-CasRx alleviates symptoms of neurological disease in mice. 
Cells 181, 590–603.e16. doi: 10.1016/j.cell.2020.03.024

Zhou, C., Zhang, X., Chen, Y., Lin, Z., Zhang, S., Zhang, Z., et al. (2022). Context-
dependent effects of inflammation on retina regeneration. Mol. Neurobiol. 59, 
4351–4367. doi: 10.1007/s12035-022-02857-9

Zhu, J., Ming, C., Fu, X., Duan, Y., Hoang, D. A., Rutgard, J., et al. (2017). Gene and 
mutation independent therapy via CRISPR-Cas9 mediated cellular reprogramming in 
rod photoreceptors. Cell Res. 27, 830–833. doi: 10.1038/cr.2017.57

https://doi.org/10.3389/fnmol.2022.1068185
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/S41598-017-18236-7
https://doi.org/10.1016/J.PRETEYERES.2021.100950
https://doi.org/10.1016/J.PRETEYERES.2021.100950
https://doi.org/10.1038/nrn2880
https://doi.org/10.3390/ijms22136732
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/12356837
https://doi.org/10.3389/fnins.2021.752958
https://doi.org/10.1016/j.exer.2015.09.017
https://doi.org/10.1016/j.exer.2015.09.017
https://doi.org/10.1016/j.celrep.2020.108507
https://doi.org/10.1016/j.celrep.2021.109857
https://doi.org/10.1634/stemcells.20-4-279
https://doi.org/10.1016/j.exer.2009.12.006
https://doi.org/10.1016/j.exer.2009.12.006
https://doi.org/10.1093/hmg/ddv386
https://doi.org/10.3389/FONC.2020.01387/XML/NLM
https://doi.org/10.3389/FONC.2020.01387/XML/NLM
https://doi.org/10.1073/pnas.1510595112
https://doi.org/10.1371/journal.pbio.1002143
https://doi.org/10.1371/journal.pbio.1002143
https://doi.org/10.1016/j.ajo.2011.06.007
https://doi.org/10.1093/hmg/ddw029
https://doi.org/10.1016/j.celrep.2019.06.093
https://doi.org/10.1016/j.celrep.2016.03.022
https://doi.org/10.1523/JNEUROSCI.3940-09.2010
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1002/DNEU.22880
https://doi.org/10.1073/pnas.1617721114
https://doi.org/10.1242/dev.179556
https://doi.org/10.1038/s41467-017-01624-y
https://doi.org/10.1117/1.NPH.4.4.041505
https://doi.org/10.1002/humu.9285
https://doi.org/10.3389/FCELL.2022.830382/BIBTEX
https://doi.org/10.3389/FCELL.2022.830382/BIBTEX
https://doi.org/10.7554/eLife.66240
https://doi.org/10.1038/s12276-021-00588-w
https://doi.org/10.1038/mt.2009.28
https://doi.org/10.1038/s41586-018-0425-3
https://doi.org/10.1016/j.ophtha.2012.07.006
https://doi.org/10.1038/ncomms14716
https://doi.org/10.1172/JCI86905
https://doi.org/10.1523/JNEUROSCI.0184-09.2009
https://doi.org/10.1038/ncomms5047
https://doi.org/10.1016/j.cell.2020.03.024
https://doi.org/10.1007/s12035-022-02857-9
https://doi.org/10.1038/cr.2017.57

	Gene-agnostic therapeutic approaches for inherited retinal degenerations
	Introduction
	Inherited retinal diseases
	Limitations of current gene therapies/approaches
	Gene-agnostic approaches for IRDs

	Retinal cell reprogramming
	Protective reprogramming in rod degenerations
	Targeting NRL
	Targeting NR2E3
	Reprogramming Müller glia for retinal restoration

	Retinal cell replacement therapies
	Photoreceptor transplantation
	RPE transplantation

	Neuroprotection and control of inflammation in early IRDs
	Delivery of neurotrophic factors
	Manipulation of photoreceptor metabolism
	Control of retinal inflammation

	Optogenetic restoration of visual function in advanced IRDs
	Different types of opsins for optogenetic therapies
	Preclinical developments
	Clinical trials

	Discussion and future perspectives
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

