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Abstract
Purposeof Review To outline the current landscape of treatments for Leber hereditary optic neuropathy (LHON) along the 
therapeutic delivery pipeline, exploring the mechanisms of action and evidence for these therapeutic approaches.
Recent Findings Treatments for LHON can be broadly classified as either mutation-specific or mutation-independent. Muta-
tion-specific therapies aim to correct the underlying mutation through the use of a gene-editing platform or replace the faulty 
mitochondrial DNA-encoded protein by delivering the wild-type gene using a suitable vector. Recent gene therapy clinical 
trials assessing the efficacy of allotopically expressed MT-ND4 for the treatment of LHON due to the m.11778G > A mutation 
in MT-ND4 have shown positive results when treated within 12 months of symptom onset. Mutation-independent therapies 
can have various downstream targets that aim to improve mitochondrial respiration, reduce mitochondrial stress, inhibit or 
delay retinal ganglion cell apoptosis, and/or promote retinal ganglion cell survival. Idebenone, a synthetic hydrosoluble 
analogue of co-enzyme  Q10 (ubiquinone), is the only approved treatment for LHON. Mutation-independent approaches to 
gene therapy under pre-clinical investigation for other neurodegenerative disorders may have the potential to benefit patients 
with LHON.
Summary Although approved treatments are presently limited, innovations in gene therapy and editing are driving the 
expansion of the therapeutic delivery pipeline for LHON.

Keywords Leber hereditary optic neuropathy · Optic atrophy · Mitochondrial disease · Gene therapy · Idebenone · 
Allotopic expression

Introduction

Leber hereditary optic neuropathy (LHON) is a maternally 
inherited mitochondrial disorder that presents with severe bilat-
eral sequential vision loss, due to the selective degeneration of 
retinal ganglion cells (RGCs) [1]. Although a rare condition with 
an estimated prevalence of 1 in 30,000 to 50,000 in Northern 
Europe, LHON is the most common cause of inherited mito-
chondrial blindness globally [2]. Vision loss in LHON is dev-
astating with a significant impact on quality of life [3]. Most 
patients develop a dense central or caecocentral scotoma in both 
eyes, and visual acuity is worse than 3/60 (logMAR 1.3), fulfill-
ing the criteria for legal blindness in most countries [4].

Three primary point mutations (m.3460G > A in MT-
ND1, m.11778G > A in MT-ND4, and m.14484 T > C in MT-
ND6) in the mitochondrial DNA (mtDNA) are responsible 
for ~ 90% of LHON cases globally [1]. These three primary 
mutations all involve genes encoding subunits of complex 
I, the first enzyme of the mitochondrial respiratory chain. 
In LHON, defective mitochondrial oxidative phosphoryla-
tion (OXPHOS) precipitates a bioenergetic crisis that leads 
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to failure of the RGCs. Levels of reactive oxygen species 
(ROS) also become elevated due to the impaired electron 
flux along the mitochondrial respiratory chain caused by 
defective complex I, resulting in oxidative damage to DNA, 
proteins, and lipids [5]. Increased permeability of the mito-
chondrial membrane results in instability of mtDNA, fur-
ther OXPHOS dysfunction, and disrupted  Ca2+ homeostasis; 
allowing for the release of signalling factors that eventually 
trigger cellular apoptosis.

Most individuals who carry a genetic mutation associated with 
LHON remain asymptomatic. In a national Australian cohort, 
the penetrance was reported to be 17.5% for males and 5.4% for 
females [6]. The precise mechanisms that lead to the onset of 
vision loss remain unknown. External metabolic stressors, such 
as excessive alcohol consumption and tobacco-smoking, increase 
the risk of conversion to symptomatic disease. It is hypothesised 
that external metabolic stressors interfere with normal mitochon-
drial homeostasis by upsetting the balance between mitochon-
drial biogenesis and mitophagy [7]. Sex hormones have also been 
implicated, in particular the protective effects of oestrogens from 
oxidative stress and the role of testosterone in increasing RGC 
apoptosis and reduced mitophagy [8, 9].

In most individuals affected by LHON, vision loss due 
to selective degeneration of RGCs is the only symptom. 
The RGCs are highly energy-dependent cells that require a 
constant source of ATP and are sensitive to mitochondrial 
dysfunction. Dysregulation of superoxide, a specific ROS, 
appears to be an important cause of aberrant apoptosis sig-
nalling in RGCs [10]. Additionally, the unique architecture 
of RGCs, with an increased concentration of mitochondria 
in the small calibre, unmyelinated, prelaminar segment of 
their axons, makes them easily overwhelmed in the setting 
of impaired mitochondrial biogenesis [11].

Despite the discovery of the mitochondrial genetic basis 
of LHON by Wallace and colleagues in 1988 [12], there is 
a paucity of approved effective treatments for LHON. How-
ever, substantial progress in understanding the pathogenic 
mechanisms that culminate in RGC dysfunction and death, 
as well as the rapid pace of technological innovation within 
the field of gene therapy and editing, has accelerated the 
therapeutic delivery pipeline for LHON. In this review, we 
outline the current landscape of treatments for LHON along 
the therapeutic delivery pipeline, exploring the mechanisms 
of action and evidence for these therapeutic approaches. We 
have provided a glossary of frequently used terms and abbre-
viations to aid the reader’s understanding (Table 1).

Therapeutic Development Pipeline

Treatments in the development pipeline for LHON can be 
broadly divided into two groups based on their therapeu-
tic targets. Therapies can either be mutation-specific or 

mutation-independent (Fig. 1). Mutation-specific therapies 
aim to correct the underlying mutation through the use 
of a gene-editing platform or replace the faulty mtDNA-
encoded protein by delivering the wild-type gene using a 
suitable vector. Mutation-independent therapies can have 
various downstream targets that aim to improve mitochon-
drial respiration, reduce mitochondrial stress, inhibit or 
delay RGC apoptosis, and/or promote RGC survival.

Mutation‑Specific Therapies

The development of gene transfer vectors based on the 
human adeno-associated virus serotype 2 (AAV2) has rev-
olutionised the treatment of genetic disorders [13]. Several 
challenges have hampered the development of gene ther-
apy for mitochondrial diseases, most notably the relatively 
impervious double-membrane structure of mitochondria, 
which prevents conventional viral vectors from transfer-
ring exogenous genes into the mitochondrial genome. For 
this reason, current approaches to gene therapy in LHON 
have relied on the technique of allotopic expression.

Allotopic Expression

Originally described using yeast in the mid-1980s [14, 
15], the technique of allotopic expression was first suc-
cessfully demonstrated in 2002 in cybrids harbouring the 
m.11778G > A mutation in MT-ND4, by Guy and col-
leagues at Bascom Palmer Eye Institute in Miami, Florida, 
USA [16•]. The process of allotopic expression involves 
delivery of a nuclear-encoded version of the wild-type 
mitochondrial MT-ND4 gene into the cell using a viral 
vector. The gene is expressed in by the nuclear-cytosolic 
system, and the cytoplasmically-synthesised ND4 pro-
tein is imported into the mitochondria with the aid of a 
mitochondrial targeting sequence (MTS), thereby restor-
ing mitochondrial function. The technique of allotopic 
expression has also been applied successfully to rescue 
respiratory chain dysfunction in fibroblasts harbouring 
the m.3460G > A mutation in MT-ND1 and the develop-
ment of a gene therapy product “NFS-02” [17, 18]. How-
ever, the majority of human clinical trials to date have 
been conducted for the m.11778G > A mutation, the most 
prevalent mutation causing LHON globally, with the goal 
of improving or stabilising vision in patients who have 
already developed vision loss.

The first human trial of gene therapy for the m.11778G > A 
mutation was conducted in 2011, in Wuhan, China [19]. Nine 
patients were treated with a single unilateral IVT injection 
of their gene therapy product delivered using a recombinant 
AAV2 vector (“rAAV2-ND4”). Long-term follow-up data was 
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Table 1  Glossary of frequently used terms and abbreviations

AAV Adeno-associated virus; see “viral vector”
Allotopic expression Expression of genes in the cell nucleus that are normally expressed only by the mitochondrial 

genome. Requires editing of the mitochondrial DNA into a nuclear-encoded version so that it 
can be translated and transcribed by the nuclear-cytosolic system that is normally responsible for 
translating and transcribing nuclear DNA into protein molecules. The edited mitochondrial DNA 
is delivered to the cell by a viral vector. See also “mitochondrial targeting sequence” and “viral 
vector”

Complex I Complex 1 (also known as respiratory complex I; NADH dehydrogenase; and mitochondrial com-
plex I) is the first protein complex of the respiratory chain, responsible for catalysing the transfer 
of electrons from NADH to co-enzyme Q10 and translocating protons across the inner mitochon-
drial membrane; see also “OXPHOS”

CRB Clinically Relevant Benefit; a composite measure of either CRR or CRS being achieved. See “CRR” 
and “CRS”

CRISPR Clustered regularly interspaced short palindromic repeats; see “gene editing platform”
CRR Clinically Relevant Recovery; a measure of improvement in visual acuity. Defined as an improve-

ment from off-chart visual acuity (> 1.68 logMAR) to on-chart visual acuity by at least one full 
line (+ 5 ETDRS letters) for off-chart eyes OR an improvement in visual acuity by at least two 
lines (+ 10 ETDRS letters; 0.2 logMAR) for on-chart eyes

CRS Clinically Relevant Stabilisation; a measure of maintaining visual acuity. Defined as a patient having 
a visual acuity of < 1.0 logMAR at baseline in at least one eye and maintaining this in the same eye 
at follow-up

Cybrids Cybrids (or cytoplasmic hybrids) are cell lines generated by fusing nucleated cells with enucleated 
cells, resulting in the transfer of cytoplasmic contents of the enucleated cell (such as mtDNA) to 
the nucleated cell

Gene editing A group of technologies that enable genetic material to be added, removed, or altered at desired 
locations in the genome

Gene editing platform A system containing engineered nucleases or “molecular scissors” that create site-specific breaks at 
desired locations in the genome. Three distinct classes of nucleases have been discovered and bio-
engineered to date [see “ZFDs/ZFNs”, “TALE/TALENs”, and “CRISPR”]. Base editing is a newer 
approach to gene editing that uses components from CRISPR systems together with other enzymes 
to directly install point mutations into DNA or RNA, without making double-stranded DNA breaks

Mitochondrial heteroplasmy; homoplasmy A cell can have over 1000 mitochondria, with each mitochondrion containing 2–10 copies of the 
mitochondrial genome. The mitochondrial genome has a higher mutation rate than the nuclear 
genome, leading to heterogeneous population of mtDNA within the cell. When two or more differ-
ent variants of mitochondrial genome coexist within a cell, this is known as heteroplasmy. When 
all the copies of the mitochondrial genome within a cell are identical, this is known as homo-
plasmy. Most carriers of a LHON mutation are homoplasmic, i.e. all mitochondria in the retinal 
ganglion cells will contain the same mitochondrial point mutation

mtDNA Mitochondrial DNA
MT-ND1; MT-ND4; and MT-ND6 MT-ND1; MT-ND4; and MT-ND6 are genes found in the mitochondrial genome that code for subu-

nits of complex I. The three primary LHON mutations are all point mutations involving one of 
these three genes. See also “complex I”

MTS Mitochondrial targeting sequence; a targeting peptide chain (sequence of amino acids) that directs 
the transport of a (newly synthesised) protein to the mitochondria, most often the inner mitochon-
drial membrane, where the protein complexes for oxidative phosphorylation are located

OXPHOS Oxidative phosphorylation; the process by which cells produce energy. The process is driven by five 
protein complexes (complexes I, II, III, IV, and V) located in the inner mitochondrial membrane. 
See also “complex I”

Penetrance The proportion of people with a particular genetic mutation (or gene variant) who exhibit signs and 
symptoms of the genetic disorder

Respiration see “OXPHOS”
TALE; TALENs transcription activator-like effector (nucleases); see “gene editing platform”
Viral capsid protein Capsids are protein shells that surround and protect the viral genome
Viral vector A modified virus designed to deliver genetic material into cells. AAVs are small viruses that infect 

humans, but are not known to cause disease except a mild immune response. Several subtypes 
exist, each with a different tropism (type of cell/tissue they infect)

Viral transduction the process by which a virus transfers foreign DNA into a cell
ZFDs; ZFNs Zinc finger deaminases; zinc finger nucleases; see “gene editing platform”
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reported for eight participants [20]. Despite unilateral treat-
ment, there was a bilateral improvement in best-corrected vis-
ual acuity (BCVA) in five patients at 7.5 years post-treatment. 
“Improvement” was defined as an increase in BCVA of at least 
0.3 logMAR from baseline. Improvement mostly occurred 
3–6 months post-treatment and persisted through the follow-up 
period, with treated eyes (the eye receiving the IVT injection) 
showing greater improvement compared to the untreated eye 
[19, 21]. Greater visual recovery occurred in younger patients 
and those treated within 1–2 years of disease onset. In a sec-
ond study, a separate cohort of 149 patients with mean disease 
duration of 40.56 months (SD 49.99, range 1–312 months) 
received a single unilateral IVT injection [22]. In this cohort, 
patient age, the period between onset and treatment, and pre-
treatment BCVA, were identified as important predictors of 
rapid and significant improvement after treatment. Additional 
Phase I/II clinical trials are being planned by a spin-off com-
pany, Neurophth Therapeutics (Wuhan, China).

The group at Bascom Palmer conducted a Phase I sin-
gle-centre, open-label, dose-escalation study of their gene 
therapy product (“scAAV2(Y444,500,730F)-P1ND4v2”) 
[23–25]. Twenty-eight participants were treated with a sin-
gle unilateral IVT injection in four escalating doses, includ-
ing 17 participants with a disease duration up to 1 year (eight 

of whom had unilateral disease) and 11 participants with 
chronic bilateral disease with a duration more than 1 year. 
Bilateral improvement was also observed, with greater 
improvement occurring in the treated eye [23, 24]. However, 
there was no noteworthy change in BCVA in patients with 
chronic disease at 36 months follow-up when compared to a 
natural history cohort [25]. Similarly, improvement in treated 
and untreated eyes of nine patients with bilateral vision loss 
(duration up to one year) was not significant when compared 
to the spontaneous improvement that occurred in nine con-
trol patients. The investigators concluded that the efficacy 
of gene therapy was likely to be small and not dose-related 
[25]. Finally, this study investigated the effects of injecting 
the unaffected eye in patients with unilateral disease and 
found that gene therapy failed to prevent vision loss within 
the first year after treatment. The main limitation of this 
study was the small participant number. Treated eyes tended 
to show more improvement from 24 months onwards. How-
ever, there were fewer control patients at 24 and 36 months 
follow-up, thereby reducing the study’s ability to accurately 
determine treatment effect. It is unknown whether further 
clinical trials are planned for this gene therapy product, 
especially due to the success of other gene therapy products 
for the m.11778G > A mutation in MT-ND4.

Fig. 1  Therapeutic development pipeline for Leber hereditary optic 
neuropathy (LHON) AAV, adeno-associated virus; BDNF/TrkB, 
brain-derived neurotrophic factor/tropomycin receptor kinase B; 
DdCBE, DddA-derived cytosine base editors; EAP, expanded access 

program; OXPHOS, oxidative phosphorylation; PAROS, post-author-
isation observational study; RGC, retinal ganglion cell; ROS, reactive 
oxygen species; ZFD, zinc finger deaminases
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Three Phase III multi-centre, randomised, double-masked, 
sham- or placebo-controlled clinical trials (“REVERSE” [26], 
“RESCUE” [27], and “REFLECT” [28]) were conducted fol-
lowing an initial Phase I/IIa open-label, single-centre, dose-
escalation clinical trial (“REVEAL” [29, 30]) of rAAV2/2-
ND4 (GS010, lenadogene nolparvovec). In the REVERSE 
and RESCUE trials, 37 participants with bilateral vision loss 
duration of 6–12 months (REVERSE) and 38 participants 
with bilateral vision loss duration of ≤ 6 months (RESCUE) 
were treated with a unilateral IVT injection. Participants in 
the REVERSE study exhibited bilateral improvements in 
BCVA, contrast sensitivity, and on automated perimetry. At 
week 96 post-injection, the mean change in logMAR acuity 
from baseline was − 0.31 (equivalent to + 15 ETDRS letters) 
in treated eyes and − 0.60 (+ 13 ETDRS letters) in sham-
treated eyes [26]. Despite earlier treatment and better baseline 
BCVA in the RESCUE trial, visual outcomes at week 96 were 
actually somewhat inferior to those seen in REVERSE [27]. 
Participants in RESCUE had deterioration of vision in both 
eyes initially, reaching a nadir around week 24. At week 96 
post-injection, the mean change from baseline was + 0.18 (− 9 
ETDRS letters) in treated eyes and + 0.21 (− 10 ETDRS let-
ters) in sham-treated eyes [27]. The investigators speculated 
that axonal swelling in the initial stages of the disease could 
play a role by imposing a physical barrier to the diffusion of 
rAAV2/2-ND4 to RGCs and potentially impede the distribu-
tion of the viral vector throughout the retinal nerve fibre layer 
after viral transduction.

Participants of the REVERSE and RESCUE studies were 
followed for an additional 3 years (corresponding to 5 years 
post-IVT injection) as part of a long-term follow-up study 
(“RESTORE” [31]). To account for differences in the dura-
tion of vision loss at the time gene therapy was adminis-
tered, a locally estimated scatterplot smoothing (LOESS) 
nonparametric local regression model was used to indepen-
dently assess each patient’s eyes beginning 12 months after 
the onset of vision loss, when 92.7% of eyes (139/150) had 
received treatment. The LOESS regression model showed a 
progressive and sustained improvement in BCVA from 12 to 
51.5 months after the onset of vision loss [31]. Compared to 
a natural history cohort comprising patients pooled from 11 
natural history studies, there was a statistically and clinically 
relevant difference in BCVA of − 0.33 (+ 16.5 ETDRS) in 
favour of treated eyes at 48 months after the onset of vision 
loss (p < 0.01) [32•]. Most treated eyes (88.7%) had BCVA 
better than 1.6 logMAR at month 48 compared to 48.1% of 
natural history eyes (p < 0.01). Importantly, the treatment 
effect was durable, with BCVA at the last follow-up remain-
ing statistically and clinically significant when adjusted for 
age and duration of follow-up.

In the most recent REFLECT study, 98 participants, 
with bilateral vision loss duration ≤ 1 year from the onset, 
received an IVT injection of rAAV2/2-ND4 in their first 

affected eye, and either a second IVT injection of rAAV2/2-
ND4 or a placebo in their second affected eye [28]. There 
was a trend towards slightly better visual improvement with 
bilateral treatment. At 2 years post-IVT injection, the mean 
improvement in BCVA of bilaterally treated eyes was -0.39 
(+ 20 ETDRS letters) and − 0.34 (+ 17 ETDRS letters) in the 
first and second treated eyes, respectively, compared to nadir. 
Both eyes in unilaterally treated patients also improved sig-
nificantly compared to nadir, with a − 0.38 (+ 19 ETDRS let-
ters) and − 0.27 (+ 14 ETDRS letters) improvement observed 
in treated and placebo-treated eyes, respectively [21].

Although the recent clinical trials have demonstrated the 
potential benefits of gene therapy for the m.11778G > A 
mutation using the technique of allotopic expression, GS010 
remains an experimental therapy that has not yet been evalu-
ated by the US Food and Drug Administration (FDA) and 
the European Medicine Agency (EMA). This has been 
partly due to the unexpected observation of bilateral visual 
improvement across all gene therapy studies conducted with 
unilateral IVT injection and the lack of a patient placebo-
controlled arm in each of these trials. Spontaneous improve-
ment in vision is known to occur as part of the natural his-
tory of LHON. However, the improvement achieved with 
gene therapy significantly differs from the published natural 
history of LHON, where an ultimate visual acuity of better 
than 1.0 logMAR is rare [32•, 33••]. The underlying mecha-
nisms of possible inter-eye transfer of the rAAV2/2-ND4 
viral vector have been investigated in non-human primates 
and transneuronal spread via the optic nerve and chiasm 
by synaptic transfer mechanisms has been put forward as 
a potential route to explain the demonstrated presence of 
viral vector within the contralateral untreated retina and 
optic nerve [26].

Although it has been suggested that further clinical tri-
als with a patient placebo-controlled arm are required to 
truly confirm the efficacy of this gene therapy, this can be 
challenging in rare diseases like LHON. The FDA does 
recognise that in some studies it is not feasible or ethical 
to use an “internal control” and reliance on an “external 
control” is acceptable [34]. Indeed, there is precedent for 
regulatory approval without an internal control, with at 
least 45 drugs and biologic products approved by the FDA 
previously, using external control data in their risk–benefit 
assessment, with reasons including the rare nature of the 
disease; ethical concerns regarding the use of a placebo or 
no-treatment arm; the seriousness of the condition; and high 
unmet medical need [34]. However, in January 2022, the 
FDA recommended that GenSight Biologics “conduct an 
additional placebo-controlled trial to bolster the demonstra-
tion of [GS010] efficacy in view of the unexpected bilateral 
effect observed in unilaterally treated patients in RESCUE, 
REVERSE, and REFLECT trials” [35]. GenSight Biologics 
submitted a marketing authorisation application for GS010 

Current Neurology and Neuroscience Reports (2022) 22:881–892 885



 

1 3

to the EMA in September 2020 and, in a press release, stated 
that “[they] expect[s] an opinion from the EMA’s Commit-
tee for Medical Products for Human Use (CHMP) by Q3 
2023, to be followed by commercial launch by the end of 
2023” [36].

The results of the Phase III studies only provide evi-
dence for treating individuals within 12 months of symp-
tom onset. The evidence for gene therapy in chronic LHON 
(> 12 months from symptom onset) remains unclear. A 
clinical trial (“REVIVE”) to study the efficacy of GS010 in 
patients with chronic LHON, more than 1 year but no more 
than 5 years from the onset of symptoms, will commence 
in 2023 to address this issue [37]. Patient recruitment for 
REVIVE will be limited to residents of the UK.

Mitochondrially‑Targeted Adeno‑Associated Viral Vectors

Another approach to gene therapy under pre-clinical 
investigation is the use of a modified AAV, where one 
of the viral capsid proteins is modified to include an 
MTS (“MTS-AAV”). Similar to the MTS that directs the 
cytoplasmically synthesised protein to the mitochondria, 
the MTS directs the AAV to the mitochondria where the 
packaged gene can be delivered. The MTS-AAV has been 
successfully employed to deliver the human mutant ND4 
gene in a mouse model that recapitulates the hallmarks of 
human LHON [38]; deliver wild-type human ND4 gene 
to rescue the defective respiration of cybrids carrying the 
m.11778G > A mutation [39]; and deliver human mutant 
and wild-type ND1 gene in a mouse model that recapitu-
lates the hallmarks of human LHON and rescues defective 
complex I-dependent production of ATP [40]. The MTS-
AAV approach may be more efficient than the technique 
of allotopic expression, as the wild-type version of the 
mutated mtDNA gene does not require modification to the 
nuclear node, nor is a separate import and assembly path-
way required. The group at Bascom Palmer is performing 
pre-clinical testing of MTS-AAV-delivered ND1 to gain 
regulatory approval of this therapy for human testing [40].

Gene Editing

Recent advances in gene editing techniques offer alter-
native approaches to gene therapy for LHON [41, 42•]. 
Although gene editing with clustered regularly interspaced 
short palindromic repeats (CRISPR) systems has been dis-
cussed as a revolutionary tool for gene editing, current 
CRISPR systems that utilise a guide RNA are ineffective 
because mitochondria do not readily import RNA [43].

One approach to gene editing is the use of mitochondri-
ally targeted zinc finger nucleases (ZFNs) and transcrip-
tion activator-like effector nucleases (TALENs) [38]. Both 

mitochondrially targeted ZFNs and TALENs are composed 
of two functional units: a component that recognises a spe-
cific DNA sequence and a component that mediates DNA 
cutting. By cutting the segment of mtDNA that contains 
the point-mutation causing disease, this approach aims 
to shift mtDNA heteroplasmy, i.e. lower the level of the 
pathogenic mtDNA variant [44, 45]. Successful proof-of-
principle experiments have been conducted in cybrids con-
taining pathogenic variants that cause neuropathy, ataxia, 
and retinitis pigmentosa (NARP) [44]. However, as most 
LHON carriers are homoplasmic (i.e. all copies of the 
mitochondrial genome carry the pathogenic variant), ZFN 
and TALENs have limited applications for the treatment of 
LHON. One potential application is the utilisation of ZFNs 
and TALENs to induce heteroplasmy shift in oocytes or 
embryos containing high levels of the pathogenic mtDNA 
variant prior to implantation, thereby preventing transmis-
sion of LHON to the next generation [46].

Mitochondrial base editing is now a reality with the use 
of a cytosine base editor (DdCBE), which combines a tran-
scription activator-like effector (TALE) array with a dou-
ble-stranded DNA-specific cytidine deaminase (DddA), to 
mediate targeted C•G-to-T•A editing [47•, 48]. Another 
mitochondrial base editing platform is zinc finger deami-
nases (ZFDs), which contain a zinc-finger binding protein 
instead of a TALE [49]. Both DdCBE and ZFDs platforms 
are still in their infancy and limited to C•G-to-T•A edit-
ing. Further pre-clinical studies are required to determine 
if either technique is a viable strategy for the treatment 
of LHON due to the m.14484 T > C mutation, the only 
primary LHON mutation that would be amenable to this 
therapeutic approach.

Mutation‑Independent Therapies

Mutation-independent therapies for LHON aim to improve 
mitochondrial respiration, reduce mitochondrial stress, 
inhibit or delay RGC apoptosis, and promote RGC survival, 
without correcting the underlying genetic defect. These 
therapies are attractive as they can be utilised in patients for 
which a mutation-specific therapy currently does not exist 
or is unlikely to be developed.

Several antioxidants, including different vitamins (B2, 
B3, B12, C, E, and folic acid) and supplements (alpha-
lipoic acid, carnitine, creatine, L-arginine, glutathione, and 
dichloroacetate) have been investigated specifically for use 
in LHON, without clear demonstration of clinical benefit 
[50]. SkQ1 (tradename Visomitin), a synthetic “mitochon-
drial-targeted antioxidant” was recently reported to improve 
BCVA by 0.37 logMAR in 26 LHON patients receiving the 
drug for dry eyes, after 12 months treatment [51]. However, 
key clinical details such as the duration of vision loss, the 
age of participants, and baseline BCVA were not reported.
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Clinical studies have also been conducted for brimonidine, 
cyclosporine A, and elamipretide (MTP-131). Neither brimo-
nidine, an α-2 agonist with potent neuroprotective effects in 
experimental animal models of optic nerve injury, or cyclo-
sporine A, a potent immunomodulatory agent that has a cru-
cial role in blocking apoptosis in damage-induced cell death, 
prevented second eye involvement in two separate open-label 
trials focusing on patients with acute LHON who were still 
unilaterally affected [52, 53]. In a Phase II double-masked trial, 
there was no difference in BCVA at 84 weeks in patients with 
chronic LHON treated with topical elamipretide, a mitochon-
dria-targeting peptide that promotes increased ATP production 
and decreased ROS production [54].

The ubiquinone family, in particular idebenone, has 
shown the most promise and will be discussed in detail. 
Mutation-independent therapies that utilise AAV vectors 
to deliver specific genes associated with cell survival and 
mitochondrial regulation have also been under investigation 
and are discussed below.

Idebenone

Co-enzyme  Q10, also known as ubiquinone, plays an impor-
tant role in the mitochondrial respiratory chain by carrying 
electrons from complexes I and II to complex III. Co-enzyme 
 Q10 has been beneficial for some inherited mitochondrial 
disorders. However, administration of oral  CoQ10 has not 
been shown to be beneficial in LHON, presumably because 
of its inability to cross the blood–brain barrier. To overcome 
this issue, idebenone, a synthetic hydrosoluble analogue of 
 CoQ10 was developed. In preclinical studies, idebenone 
partially restores cellular ATP levels under conditions of 
impaired complex I function [55]. In patients with LHON, 
idebenone is thought to transfer electrons directly to com-
plex III, thereby providing a redox bypass of complex I [56].

In the first clinical trial of oral idebenone, Rescue of 
Hereditary Optic Disease Outpatient Study (“RHODOS”), 85 
patients with LHON with < 5 years of visual loss were ran-
domised to receive either 900 mg/day idebenone or a placebo 
for 24 weeks [57]. At week 24, idebenone was associated 
with better BCVA than placebo in the intention-to-treat popu-
lation. However, the primary endpoint of difference in best 
recovery in visual acuity did not reach statistical significance 
[− 0.064 logMAR; 95% CI − 0.184 to + 0.055; P = 0.291). 
Excluding participants who carried the m.14484  T > C 
mutation, which is known for its higher rate of spontaneous 
improvement in visual acuity, led to a larger treatment effect, 
which still remained non-significant [57].

In a follow-up study (“RHODOS-OFU”), RHODOS par-
ticipants were assessed a median of 30 months after they had 
discontinued idebenone and placebo [58]. The mean differ-
ence in the best recovery of visual acuity between treatment 
groups for the entire period from baseline of RHODOS to 

the RHODOS–OFU visit was − 0.158 logMAR (+ 7 ETDRS, 
P = 0.086), in favour of idebenone. When mean change in 
visual acuity of individual eyes from baseline RHODOS to 
RHODOS-OFU was analysed, a significant improvement in 
visual acuity was detected in participants treated with idebenone 
(− 0.228; + 11 letters; P = 0.0011). The treatment effect was 
greater (− 0.283; + 14 letters, P = 0.0002) for patients carrying 
either the m.11778G > A or m.3460G > A mutation, after those 
with the m.14484 T > C mutation were excluded from the analy-
sis [58]. A retrospective observational study of patients receiv-
ing idebenone found that patients were more likely to recover 
vision if treatment was initiated early and if it was maintained for 
longer than the 24 weeks regimen used in RHODOS [59]. The 
findings of this study supported the hypothesis that idebenone 
has the highest impact if initiated early in the disease at a time 
when RGC loss is minimal and there are still viable, but inactive, 
RGCs [58, 59].

The timing of initiating treatment and the duration of treat-
ment were further explored in a real-world observational study 
of patients taking idebenone as part of an expanded access pro-
gramme (EAP) setup by the drug manufacturer [60•]. A total 
of 87 patients were included in the analysis. All carried one of 
the three primary LHON mutations and had started treatment 
within 12 months of symptom onset, with the dose and dura-
tion of treatment at the discretion of the treating physician. 
Mean treatment duration was 25.6 months (2.4–70.4 months). 
A clinically relevant recovery (CRR) of BCVA, defined as 
an improvement from off-chart acuity (> 1.68 logMAR) to 
on-chart by at least one full line (+ 5 ETDRS letters) or an 
improvement in an on-chart BCVA by at least two lines (+ 10 
ETDRS letters; 0.2 logMAR), was observed in 40 (46.0%) 
patients. The proportion of patients with recovery and the 
magnitude of recovery increased with treatment duration. 
The investigators concluded that a treatment duration of at 
least 18–24 months was needed to maximise the probability 
of CRR, particularly as 33% of patients who experienced CRR 
did so after 12 months of treatment [60•].

In 2015, the EMA granted idebenone orphan medicine status 
and authorised its use under exceptional circumstances [61]. To 
address issues regarding the duration and timing of initiation 
of treatment, a long-term Phase IV externally-controlled open-
label study (“LEROS”) was designed with guidance from the 
EMA. A total of 199 patients with one of the three primary 
mutations of LHON commenced idebenone within 5 years of 
symptom onset and were treated for up to 24 months [62]. The 
primary endpoint was the proportion of participants experi-
encing a clinically relevant benefit (CRB), defined as either 
a CRR or a clinically relevant stabilisation (CRS) of BCVA 
(maintenance of BCVA < 1.0 logMAR) or both. In patients 
treated within 12 months of symptom onset, 42.3% (60/142) 
of treated eyes experienced a CRB at 12 months, compared 
to 20.7% (40/193) in a matched external natural history 
cohort (P = 0.002) [62]. This difference was maintained after 
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24 months (52.9% [64/121] vs 36.0% [27/75], P = 0.0297]). 
After 24 months treatment, participants had a median BCVA 
of 1.07 logMAR, compared to 1.28 logMAR at baseline. Posi-
tive results were also seen in participants who commenced 
idebenone > 12 months after symptom onset compared to the 
natural history group. In chronic eyes, CRB was observed in 
50.3% (72/143 eyes) vs 38.6% (59/153) from the natural history 
cohort at 12 months (P = 0.0087); and 49.1% (57/116) vs 37.6% 
(35/93) at 24 months (P = 0.0175) [63].

Taken together, the body of evidence to date indicates that 
idebenone appears to be efficacious in improving visual func-
tion or stabilising vision in individuals with LHON. Early ini-
tiation of treatment after the onset of vision loss and a longer 
treatment duration appears to be associated with better odds of 
improving or stabilising vision. According to the 2017 “Inter-
national Consensus Statement on the Clinical and Therapeutic 
Management of Leber Hereditary Optic Neuropathy” [64••], 
idebenone should be started as soon as possible at 900 mg/day 
in patients with disease less than 1 year, and treatment con-
tinued for at least 1 year to assess response. If CRR is con-
firmed, treatment should be continued for another 1 year. The 
recent results from the LEROS study indicate that patients with 
chronic LHON treated within 5 years of symptom onset also 
have the potential to benefit from idebenone. Another study, the 
Post-Authorisation Safety Study with Raxone (“PAROS”), is 
currently in progress with the objective of determining the long-
term safety and effectiveness of idebenone when used under 
conditions of routine care. Patient access to idebenone remains 
an area of concern. Outside Europe, idebenone is approved 
for use in Israel but has not received regulatory approval in 
the USA, Canada, Australia, or New Zealand. In the UK, ide-
benone is approved and funded on the pharmaceutical sched-
ule in Northern Ireland, Scotland, and Wales, but not England. 
Decisions regarding regulatory approval and funding in some 
countries used only data from the RHODOS study, which was 
limited by a short treatment duration and follow-up. Data from 
recent studies, in particular LEROS, provide a more accurate 
picture of the efficacy of idebenone in a subset of patients with 
LHON, in particular those with chronic LHON between 1 and 
5 years disease duration.

The efficacy of idebenone in patients with chronic 
LHON > 5 years duration is questionable, due to their exclu-
sion in the RHODOS and LEROS trials. A small retrospective 
observational study of seven patients receiving treatment with 
idebenone > 5 years after symptom onset found that BCVA 
improved significantly by a mean of − 0.20 logMAR (+ 10 
ETDRS) (P =  − 0.002) in the first year of treatment [65]. How-
ever, the main limitation of the study was the selection of par-
ticipants, four of whom harboured the m.14484 T > C mutation. 
The study’s authors hypothesised that the treatment response 
was the result of reactivated signal transduction in surviving 
dysfunctional RGCs. Additionally, idebenone is not authorised 
for use in asymptomatic individuals. However, given that visual 

stabilisation was observed in a proportion of participants in the 
LEROS study, it may be useful for future studies to explore 
whether idebenone modifies the risk of developing vision loss by 
increasing mitochondrial reserve, especially in individuals who 
would be at higher risk such as males or those with exposure to 
external metabolic stressors that disrupt OXPHOS.

Vatiquinone

Vatiquinone (EPI-743) is a quinone molecule derived from 
the hydrolysis of vitamin E. Initially developed for the treat-
ment of Leigh syndrome, vatiquinone has been investigated 
in several clinical trials for inherited mitochondrial diseases 
and neurodegenerative diseases including for Friedreich ataxia, 
where it has been granted Orphan Drug Designation and Fast 
Track Designation by the FDA [66]. Vatiquinone crosses the 
blood–brain barrier and is approximately 1000-to 10,000-fold 
more potent than  CoQ10 or idebenone in protecting mitochon-
drial patient fibroblasts in oxidative stress assays [67]. The 
efficacy of vatiquinone has only been reported in small case 
series, with reports of improved vision, including reversal of 
visual loss, in patients treated within 90 days of acute vision 
loss [68–70]. Although results are favourable when compared 
to a natural history cohort, an adequately powered clinical trial 
is needed to further explore its efficacy.

Mutation‑Independent Approaches to Gene Therapy

Adeno-associated viral vectors have been used to deliver 
genes that improve defective mitochondrial function and 
increase RGC survival. Specific genes that have been inves-
tigated previously include NDI1, SOD2, and NRF2.

Ndi1, encoded by the NDI1 gene, is an alternative NADH 
dehydrogenase expressed in yeast mitochondria (equivalent to 
mammalian complex I). In a rotenone-induced murine model 
of LHON, optic nerve degeneration was rescued by delivering 
yeast NDI1 [71, 72]. The expressed protein product, Ndi1, acted 
as a functional replacement for defective complex I, restoring 
electron transfer and suppressing ROS production.

Superoxide dismutase, encoded by the SOD2 gene, cataly-
ses the dismutation of superoxide radicals in mitochondria and 
is a key mediator of the cell’s antioxidant defence mechanism. 
In a study of m.11778G > A LHON cybrids transfected with 
an AAV vector encoding the SOD2 gene, overexpression of 
superoxide dismutase resulted in increased cell survival [73]. 
Similarly, in a study of HEK293T cybrids subjected to oxi-
dative stress, overexpression of Nrf2 (encoded by the NRF2 
gene) resulted in a reduction of ROS levels and increased cell 
survival [74]. Nrf2 is a transcription factor involved in mito-
chondrial biogenesis and is a major regulator of antioxidant 
and cellular protective genes, including SOD2.

Another target for gene expression that is currently under 
investigation in models of neurodegeneration, but with potential 
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application in LHON, is the brain-derived neurotrophic factor 
(BDNF)/tropomycin receptor kinase B (TrkB) signalling pathway. 
In experimental models of glaucoma, overexpression of BDNF 
alleviated RGC loss after optic nerve injury and improved RGC 
survival, but this effect is time-limited because of downregulation 
of TrkB (the BDNF receptor) [75]. Recent studies have shown that 
gene therapy that delivers both BDNF and TrKB is more effective 
than gene therapy with BDNF or TrKB alone [76]. Combined 
overexpression of BDNF and TrKB was effective in stimulating 
axon transport in an experimental glaucoma model [76]. Treated 
RGCs exhibited functional recovery, determined by the RGC-
specific positive scotopic threshold response.

Although a mitochondrial disorder, LHON shares 
a final common pathway as in other neurodegenerative 
disorders, namely (RGC-specific) neuronal degeneration 
and disrupted axonal transport. Development of therapies 
for other conditions that share this final common path-
way could benefit patients with LHON. However, fur-
ther studies are required to determine the safety of these 
approaches, in particular cross-species approaches to gene 
therapy such as delivery of NDI1. Furthermore, the effects 
of multiple treatments with AAV2 vectors and the devel-
opment of neutralising antibodies remain unknown, espe-
cially in patients who have already received a mutation-
specific gene therapy [77].

Conclusion

The therapeutic development pipeline for LHON has expe-
rienced rapid growth over the past decade, driven by inno-
vations in gene therapy and editing. Although large clinical 
trials have focused on gene therapy for the m.11778G > A 
LHON mutation using the technique of allotopic expression, 
considerable progress has also been made in the development 
of mutation-independent therapies that aim to improve mito-
chondrial function and enhance RGC survival. The develop-
ment of new gene editing platforms may offer solutions that 
are currently thought to be impossible. The clinical trials for 
GS010 (REVERSE, RESCUE, REFLECT) and idebenone 
(RHODOS, RHODOS-OFU, LEROS) highlight some of the 
challenges of conducting clinical trials in individuals with 
rare diseases, emphasising the importance of collaborative 
research and careful clinical trial design, in particular the 
selection of outcome measures. The lessons learned from 
these trials need to be applied to future trials, in order to max-
imise the success of new treatments progressing through the 
therapeutic development pipeline, from bench to bedside. It 
is clear that LHON is a complex multifactorial disease and a 
multimodal approach to treatment may be required given the 
rapid catastrophic loss of RGCs that occurs in the acute stage 
of this mitochondrial genetic disorder.
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