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Abstract

Options for the effective treatment of hereditary optic neuropathies have been a long time coming. The successful launch
of the antioxidant idebenone for Leber’s Hereditary Optic Neuropathy (LHON), followed by its introduction into clinical
practice across Europe, was an important step forward. Nevertheless, other options, especially for a variety of mitochondrial
optic neuropathies such as dominant optic atrophy (DOA), are needed, and a number of pharmaceutical agents, acting on
different molecular pathways, are currently under development. These include gene therapy, which has reached Phase III
development for LHON, but is expected to be developed also for DOA, whilst most of the other agents (other antioxidants,
anti-apoptotic drugs, activators of mitobiogenesis, etc.) are almost all at Phase II or at preclinical stage of research. Here, we
review proposed target mechanisms, preclinical evidence, available clinical trials with primary endpoints and results, of a
wide range of tested molecules, to give an overview of the field, also providing the landscape of future scenarios, including
gene therapy, gene editing, and reproductive options to prevent transmission of mitochondrial DNA mutations.

- : ) ) Hereditary optic neuropathies (HONs) are a heterogene-
f’\ de'ﬁn'mve treatment for heredlta.ry optic neuropathies ous group of genetically determined diseases affecting the
is missing; nevertheless, some options are currently

X ) . optic nerve, either as isolated optic atrophy or as part of
available and are under continuous evolution. They range

) ; a syndromic association [1, 2]. The two most common
from drugs designed to overcome the metabolic defect non-syndromic inherited optic neuropathies are Leber’s

and compensate the mitochondrial dysfunction, to gene Hereditary Optic Neuropathy (LHON) and Dominant
therapies and stem-cell-based approaches. Optic Atrophy (DOA), accounting for the majority of
Idebenone, a coenzyme Q10 analogue, is the most stud- HONSs encountered in clinical practice and responsible for
ied molecule with antioxidant properties that has shown chronic visual impairment in children and young adults
to improve visual acuity in Leber’s Hereditary Optic [31.

Neuropathy (LHON), and hopefully it will be offered Leber’s Hereditary Optic Neuropathy (LHON) is
soon in other mitochondrial optic neuropathies. caused by primary mitochondrial DNA (mtDNA) muta-

tions affecting the mitochondrial respiratory chain com-
el ) i plexes [1, 2]. The three most common mtDNA mutations
neuropathies is the correction of the genetic defect, or responsible for 90-95% of LHON cases are m.3460G>A
the prevention of its transmission to progeny. The deliv- (MTNDI), m.11778G>A (MTND4), and m 1 4484T>C
ery of the Wﬂd't-‘(l?e gene In I.‘HON Pa“e“,ts eyes has (MTND6) mutations, but further rare mtDNA mutations
shown some positive results in terms of visual outcome, are also described as pathogenic for LHON [4]. Domi-
but further studies are needed. nant mutations in the nuclear DNA-encoded gene OPAI,

are responsible for about 60-70% of DOA cases [1, 2].
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fusion of the inner mitochondrial membrane (IMM), thus
primarily regulating mitochondrial fusion and dynam-
ics, but also involved in mtDNA maintenance and oxida-
tive phosphorylation [5]. LHON and OPAI-related DOA
share mitochondrial dysfunction centred on complex I as
a key pathogenic mechanism [6]. The common hallmark
of HONs, which in the large majority of cases are due to
mitochondrial dysfunction as a common pathogenic mech-
anism, is the selective vulnerability and degeneration of
retinal ganglion cells (RGCs) [1, 2, 6, 7]. Understanding
the underlying pathogenic mechanisms and natural his-
tory of HONS, together with the knowledge of naturally
occurring cellular compensatory strategies, are all cru-
cial steps for identifying specific pathways to target in the
development of new therapeutic strategies, currently lim-
ited mainly to LHON [8, 9]. A milestone in LHON treat-
ment has been the approval of idebenone in 2015 (https://
www.ema.europa.eu/en/medicines/human/EPAR/raxone).
Idebenone is a synthetic short-chain analogue of ubiqui-
none with anti-oxidant properties [10], which has shown
to increase the rate of visual recovery in LHON patients,
especially when given in the acute stage [11, 12]. The use
of idebenone in OPAI-related DOA is still under inves-
tigations but preliminary data indicate a possible benefi-
cial effect of this therapy [13, 14]. Other pharmaceutical
agents, such as EPI-743 [15], elamipretide (mtp-131) [16],
oestrogen-related compounds [17], rapamycin [18], and
microRNA (miRNA) based [19], by targeting different
pathways, have been or are currently under investigation in
LHON at clinical [15, 16] and pre-clinical stages [17—19].
A significant step forward in the management of LHON is
expected from gene therapy, which by intravitreal injec-
tion of modified adeno-associated-viral vectors (AAV?2) is
designed to deliver the wild-type copy of ND4 complex I
subunit engineered to be allotopically expressed from the
nucleus and imported within mitochondria for functional
complementation [20]. Multiple trials, dedicated to acute
LHON patients harbouring the m.11778G>A/MTND4
mutation, are concluded or currently ongoing in Europe,
USA and China [21]. As far as gene therapy is concerned,
in OPAI-related DOA there are ongoing preclinical stud-
ies on mouse models [22], with multiple approaches being
considered, but to date, there is no active clinical trial in
humans. Overall, we will discuss gene therapy and edit-
ing as future therapeutic avenues to be developed for any
form of HON. Principal molecules and mechanisms are
summarised in Fig. 1.
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2 Pathogenetic Mechanisms
in Mitochondrial Optic Neuropathies

2.1 Respiratory Chain Dysfunction in Mitochondrial
Optic Neuropathies

Mitochondria are cytoplasmic organelles, consisting of
two membranes separated by an intermembrane space,
which surround the mitochondrial matrix, where a number
of metabolic pathways take place [23]. Mitochondria are
also involved in key cellular homeostatic processes includ-
ing organelle dynamics [24], interaction with other orga-
nelles [25] and controlling the apoptotic death signalling
[26], calcium handling [27] and organelle clearing through
autophagy [28]. However, the central function of mitochon-
dria is to be the powerhouses of the cell, producing energy
through the biochemical process of oxidative phosphoryla-
tion (OXPHOS) [29]. OXPHOS redox reactions take place
through the mitochondrial respiratory chain culminating in
adenosine triphosphate (ATP) synthesis, carried out by five
enzymatic complexes embedded in the IMM, typically bent
into the cristae, which increase the total available surface.
In the mitochondrial respiratory chain, electrons are shut-
tled from one complex to the other, namely from complex
I to III and then IV, providing the energy used to transfer
protons across the membrane from the matrix to the inter-
membrane space. The energy is thus conserved through the
resulting electrochemical gradient and eventually used by
complex V, as protons are channelled backwards in a con-
trolled way, to catalyse the ATP synthesis from adenosine
diphosphate (ADP) and inorganic phosphate [30, 31]. When
this fine series of imbricated reactions is affected, either by
inherited or acquired causes, the result can be both a reduc-
tion in ATP synthesis and excessive generation of reactive
oxidative species (ROS), due to lose electrons spilling out
from the respiratory chain, which then react with molecular
oxygen. Excessive ROS production may damage the respira-
tory subunits and other mitochondrial enzymes, cause lipid
membrane peroxidation activating apoptotic pathways, and
even affect mtDNA maintenance resulting into accumula-
tion of mtDNA mutations and multiple deletions. Altogether,
these effects can lead to energy failure and eventually cell
death [1, 2, 30, 31].

Besides abnormalities in the mitochondrial respiratory
activity, other factors may play a role in determining mito-
chondrial dysfunction, in particular regarding their structure
and dynamics within the cell. Mitochondria may indeed exist
in two different states: as discrete organelles or as part of
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Fig. 1 Therapeutic strategies in Leber’s Hereditary Optic Neuropathy (LHON). This figure schematically shows the mechanism of action for the

different therapeutic approaches in Hereditary Optic Neuropathies

an interconnected network [24, 25]. The transition between
these two phases depends on opposite processes called
fusion and fission, whose regulation is under control of a
complex protein machinery, above all the OPA1-gene prod-
uct, a pro-fusion GTPase, and its cognate partners Mitofusin
1 and 2, and the pro-fission counterpart DRP1 [1, 2, 24,
25]. The correct transport and distribution of mitochondria
within the cell sectors where their energy production is most
needed, depends on the interaction with citoskeletal proteins,
like kinesin and dynein, and any abnormalities in this inter-
play may cause metabolic imbalance ultimately leading to
neurodegeneration [1, 2, 32].

Mitochondrial dysfunction may result from either inher-
ited conditions or by acquired mechanisms. Mitochondrial
genetics is peculiar, since any organelle carries multiple
copies of its own circular 16,569 bp long DNA (mtDNA),
which contains a total of 37 genes, 13 encoding for subunits
of the OXPHOS complexes and 24 necessary to the local
protein synthesis (2 rRNAs and 22 tRNAs) [1, 2, 30, 31]. All
mitochondria are inherited exclusively through the female
germline, thus mtDNA mutations are only transmitted along
the maternal lineage. Given the large number of mtDNA
copies within the same cell, they may carry the same
sequence, a condition called homoplasmy, or one or more
variant sequences may coexist due to nucleotide changes
or rearrangements present at various loads, which config-
ure the conditions defined, respectively, as heteroplasmy or

poliplasmy [1, 2, 30, 31]. Despite the genetic independence
of nuclear and mitochondrial genomes, the nuclear genome
(nDNA) is essential for the correct maintenance and expres-
sion of mtDNA, thus mendelian-transmitted mutations of
genes encoding for proteins involved in mtDNA replica-
tion, transcription and translation, may be responsible for a
mitochondrial phenotype, including downstream secondary
effects leading to mtDNA instability, resulting in quantita-
tive (depletion) or qualitative (somatic mutations or dele-
tions) defects [1, 2, 30, 31].

Several endogenous and exogenous factors may also
interact determining acquired mitochondrial dysfunction
[33, 34]. Recently, tobacco smoking has been experimen-
tally proven to cause mitochondrial toxicity and depressive
effect on mitochondrial biogenesis in cells from LHON
patients and unaffected mutation carriers [35], representing
a clear risk factor for developing optic atrophy in patients
carrying mtDNA mutations [36-38]. Less clear is the impact
of alcohol consumption in LHON [36], as it appears to be
more relevant than direct toxicity. Alcohol-related nutrient
malabsorption via gut irritation and liver dysfunction can
possibly lead to vitamin/cofactor deficiency [33, 39]. In fact,
deficiencies in Vitamin B12, B1, B2 and folic acid have been
implicated as a cause of acquired mitochondrial optic neu-
ropathy [33, 34, 40]. These vitamins act as cofactors to vari-
ous enzymes in the production of metabolic intermediates—
tetrahydrofolate, methionine, homocysteine, cystathionine,
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cysteine and glutathione—whose malfunctioning results in
increased ROS and impinges on mitochondrial function.

Due to similarities between bacteria and mitochondria,
several antibiotics such as linezolid, chloramphenicol, fluo-
roquinolones and macrolides inhibit expression of mitochon-
drial proteins affecting mitochondrial metabolism in human
cells [41, 42]. Nucleoside reverse transcriptase inhibitors,
anti-retroviral agents with high affinity for the viral DNA
polymerase also cause mitochondrial toxicity by cross-
inhibition of the structurally similar human mtDNA poly-
merase ¥, responsible for mtDNA replication. This leads to
depletion of mtDNA copies and clonal expansion of mutant
mtDNA, depressing mitochondrial protein translation and
ultimately leading to mitochondrial dysfunction [43, 44].

Other endogenous endocrine mechanisms may directly
influence mitochondrial functions like oestrogens, which
may play a protective role, thus modifying the severity
of mitochondrial defects [45]. By taking advantage of the
cytoplasmic transmitochondrial hybrid (cybrid) cell model
[46], it has been demonstrated that oestrogens reduce ROS
production and limit apoptotic cell death by activating mito-
chondrial biogenesis in cells carrying LHON mutations,
improving the metabolic defect [47]. Activation of mito-
chondrial biogenesis is a well-known compensatory strategy
in mitochondrial diseases [48], particularly well documented
in LHON where the unaffected mutation carriers have the
highest mtDNA copy number as compared to affected indi-
viduals and controls, strongly suggesting that mitochondrial
biogenesis modulates LHON penetrance [49].

Mitochondrial homeostasis in cells is enacted by differ-
ent mechanisms, which may compensate for mitochondrial
dysfunction. Unlike nuclear DNA, mtDNA replicates con-
tinuously within the cell, adjusting the total mtDNA cellu-
lar content to the bioenergetic requirement, thus increasing
the mass and number of new mitochondria in a process
called mitobiogenesis [50]. Balancing mitobiogenesis, the
opposite process, named mitophagy, removes the damaged
mitochondria by selective autophagocytosis, which may
hamper cell survival [50]. Recent studies investigated
mitophagy in LHON, reaching contradictory results;
mtDNA LHON mutations seemed to impair mitophagy
and turnover in one study, suggesting that pharmacological
activation of mitophagy could be a potential therapeutic
strategy [51], whereas the opposite scenario was previ-
ously reported by another study [52].

2.2 Retinal Ganglion Cell Degeneration
Mitochondrial dysfunction very frequently leads to neu-
rodegeneration selectively targeted to RGCs, whose role

is to convey the elaborated transduction of light from the
photoreceptors into action potentials via bipolar cells,
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ultimately to the occipital cortex for vision forming. The
axons arising from RGCs run together in the retinal nerve
fibre layer (RNFL), then converge in the nasal part of the
retina to form the optic nerve head. At this level, about 1.2
million axons pass through the fixed space of the lamina
cribrosa, an anatomic “chokepoint”, and exit the eye at
its posterior pole organized in bundles forming the optic
nerve, which projects to the brain. The RNFL component
collecting the axons from the macular region, responsible
for central vision, is called the papillomacular bundle [1,
2, 6-9, 53].

To fully understand the selective vulnerability to
energy failure of RGCs and their axons we need to take
into account two features: myelination and calibre. Macu-
lar RGCs in particular, the most abundant smaller P-type
RGCs originating the papillomacular bundle, present a
narrower calibre axon, which is not myelinated to avoid
blocking the light and allowing retina transparency,
instrumental to photoreception. The lack of myelination
of these axons implies the absence of saltatory conduc-
tion of action potentials, thus requiring higher energy
demand, which is supplied by an uneven axonal distri-
bution of mitochondria, preferentially clustering within
the unmyelinated retinal and prelaminar sectors, abruptly
decreasing in number posteriorly to the lamina cribrosa
where myelination begins. Thus, smaller axons compris-
ing the papillomacular bundle are the most vulnerable
and represent the primary target of neurodegeneration [1,
2, 53, 54]. Overall, these anatomo-metabolic peculiari-
ties explain why all RGCs and their optic nerve-forming
axons have an increased susceptibility to energy depletion
and ROS accumulation, both occurring in hereditary and
acquired mitochondrial dysfunction [1, 2, 6-9, 53, 54].

3 Clinical, Genetic and Biochemical Findings
in Mitochondrial Optic Neuropathies

3.1 Leber’s Hereditary Optic Neuropathy (LHON)

LHON is the most frequent primary mtDNA disorder
with a prevalence of 1 in 31,000-50,000 in Northern
Europe [55-57]. Since the seminal description by Wal-
lace in 1988 [58], currently three common mtDNA mis-
sense point mutations are found in over 90% of patients,
with some additional rare mutations in the remaining 10%,
all invariably affecting subunits of complex I [1, 2, 4].
Complex I (NADH: ubiquinone oxidoreductase), whose
function is specifically targeted in LHON, is the largest
respiratory complex of the OXPHOS system, resulting
from the assembly of about 35-37 nDNA-encoded subu-
nits and 7 mtDNA-encoded subunits. Complex I is the first
site of the respiratory chain and transfers electrons from
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nicotinamide adenine dinucleotide (NADH) to coenzyme
Q (ubiquinone, CoQ), generating ubiquinol (CoQH?2),
which shuttles two electrons to complex III (ubiquinol:
ferricytochrome c oxidoreductase). The energy released by
electron transfer is coupled to proton translocations, which
contribute the generation and maintenance of membrane
potential [30, 31]. LHON mutations variably affect Com-
plex I, ultimately resulting in reduced efficiency in ATP
synthesis and excessive generation of ROS [1, 2, 6-9].

Peculiar features of LHON are incomplete penetrance
and gender bias [1, 2, 59]. LHON mutations found in the
large majority of maternal lineages are homoplasmic and
only in a few families the pathogenic mutation may be a
recent event, thus heteroplasmic. Overall, in the homoplas-
mic families only about 50% of the male mutation carriers
become affected, and only 10% of the females, highlight-
ing the incomplete penetrance and the male prevalence.
Thus, the LHON primary mutation is a necessary but
not sufficient factor to developing the disease [60]. It is
also well established that recurrent mtDNA polymorphic
variants clustered in population-related haplogroups are
associated with LHON. In particular, the mtDNA haplo-
group J (the sub-haplogroups J1c and J2b) increase the
penetrance of LHON mutations, respectively [61-63]. It
has been reported only recently that rare combinations of
individually non-pathogenic missense mtDNA variants
may synergistically impact mitochondrial function lead-
ing to low-penetrance LHON [64]. Much less understood
remains the real contribution of nDNA-modifying variants
to LHON penetrance, as reported in small subgroups of
individual pedigrees [65, 66].

Male prevalence also remains poorly understood. A
long-standing hypothesis proposed the contribution of
modifying variants in a gene on chromosome X, under
the assumption of a skewed inactivation for affected
females [67], but the long series of studies performed to
date remained inconclusive and contradictory [68—72].
One exception is a variant (c.157C>T, p. Arg53Trp) in
the PRICKLE3 gene on chromosome X, encoding a mito-
chondrial protein linked to biogenesis of ATPase, which
was found to segregate with affected individuals in three
Chinese families [66]. As previously mentioned, a dif-
ferent view is provided by the hormonal gender differ-
ences, mainly centred on the metabolic regulations of
oestrogens directly influencing mitochondria [45], with
the experimental evidence that oestrogens increase mito-
biogenesis and survival in LHON cell models [47]. As
far it concerns how different LHON disease expression is
between males and females, there is no systematic study
yet, except for the notion that penetrance in females is
lowest for the m.14484T>C/MTND6 mutation and highest
for the m.3460G>A/MTND], and the age at disease onset
in females is on average later than males, as reported in

some large case series [1, 2, 73]. This latter observation
may relate to a subset of female LHON patients developing
the disease after menopause or delivery [38].

In addition to genetics, environmental factors may also
contribute to trigger LHON, in particular tobacco smoking
and alcohol drinking are validated risk factors for LHON
[36-38]. Based on this, it has been proposed [38] and
debated [74] that LHON patients may be distinguished in
pure or predominantly genetic-driven cases (LHON type I),
with classical disease onset at young age between 15 and 30
years, and cases strongly associated with an environmental
trigger (LHON type II), with a delayed onset over 35-40
years of age.

The classical clinical presentation of LHON is a subacute,
painless loss of central vision in one eye, followed by the
involvement of the fellow eye within days/weeks to months.
In about 25% of cases, there is simultaneous involvement of
both eyes at first presentation. The reduction of visual acuity
(VA) associated with impaired colour perception and central
scotoma at visual field (VF) testing, hallmark the preferential
degeneration of macular RGCs serving the papillomacular
bundle. Fundus findings in the asymptomatic mutation car-
riers and during the early subacute stage include circump-
apillary telangiectatic microangiopathy and swelling of the
RNFL without leakage at fluorangiography (pseudoedema)
[1-3]. As the disease progresses, rapid axonal loss leads first
to temporal and eventually to diffuse optic atrophy, as the
disease reaches the chronic stage at about 1 year after onset
[1-3, 75]. Optical coherence tomography (OCT) allowed to
quantitatively measure the RNFL and RGC changes at the
different disease stages, identifying a specific pattern of the
natural history of the disease [76—78]. The visual prognosis
in LHON is usually severe, with most patients progressing
to very poor visual acuity associated with a dense central or
cecocentral scotoma [1-3, 75]. A very recent survey revisit-
ing all available published data on natural history of LHON
associated with m.11778G>A/MTND4 mutation, provides a
rate of spontaneous recovery of about 11% in patients aged
> 15 years [79].

The variability of clinical expression and different pro-
pensity to spontaneous visual recovery among LHON
patients are key elements to consider while developing and
evaluating the efficacy of new therapies. The natural history
of the disease is characterised by some early signs signalling
the conversion from unaffected to affected [77, 78, 80], fol-
lowed by a rapid drop in visual acuity that reaches the nadir
usually within 4-6 weeks from onset, with quite a variability
among patients. After the nadir, some degree of spontaneous
visual recovery, due to reduction of the scotoma and/or its
fenestrations (islands of vision within the central scotoma),
is usually observed over the following years before reaching
a plateau. The final outcome of VA may differ from patient
to patient. Positive prognostic factors for visual improvement
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are the m.14484T>C/MTND6 mutation and an early age at
onset (< 15 years) for all mutations [1-3, 75-78, 80].
Timing in LHON is a crucial aspect to consider while
addressing medical management and assess effectiveness
of therapies [3, 21]. An international consensus statement
defined three clinical stages of LHON based on the time
from onset of visual loss: subacute (less than 6 months),
dynamic (6—12 months) and chronic (> 12 months) [75].
Experts strongly agreed that subacute and dynamic stages
should be the target for early treatment to preventing fur-
ther fibers and vision loss. The “sooner the better” paradigm
is, thus, key in clinical practice, but unfortunately it is not
unusual to have significant diagnostic delays. Concerns are
raised about treatment of known mutation carriers who have
not yet developed the disease, as there is no available evi-
dence for doing this. The current rule remains not to treat
until a clear onset occurs, as demonstrated by VA drop,
visual field defect and changes in the fundus appearance.
Furthermore, OCT now makes it possible to recognise hall-
mark changes in the very early stages of onset, even without
clinical symptoms, opening new perspectives for future early
interventions in LHON [77, 78]. In the future, the possibility
of administering a therapy in LHON carriers may be based
on a possible “conversion risk score”, which will eventu-
ally offer the chance of preventing the onset of the disease.

3.2 OPAT-related Dominant Optic Atrophy (DOA)

DOA has an estimated prevalence of 1 in 25,000 and is cur-
rently considered the most common mitochondrial inher-
ited optic neuropathy [1, 2, 81, 82]. About 60-70% of DOA
cases are caused by mutations in the optic atrophy 1 gene
or OPA1I [83, 84], a nuclear gene that encodes a transmem-
brane dynamin-related GTPase protein anchored by trans-
membrane domain within the IMM and a key player of the
mitochondrial dynamics machinery [1, 2, 81, 82, 85, 86].
OPAI-DOA is an autosomal inherited disease and its phe-
notypic spectrum may be highly variable even within the
same family, as also DOA, like LHON, is characterised by
incomplete penetrance [1, 2, 82, 85, 86]. The OPAI gene is
localised on chromosome 328, includes 31 exons, and the
alternative splicing of exons 4, 4b and 5b generates 8 differ-
ent mRNA variants coding 8 isoforms differently expressed
across human tissues [85, 86]. To date, the OPAI-dedicated
database (https://opal.mitodyn.org/) has listed a total of
864 OPAI gene variants of which over 70% are considered
pathogenic variants, and two-thirds of them are located in
the dynamin and GTPase protein domains [82, 85, 86]. Most
OPA I mutations are substitutions (64%) or deletions (27%),
whereas only a few duplications (5%), insertions (1.4%)
and in/del (0.9%) mutations have been annotated up to date.
Mutations are mostly family-specific, but some are recurrent.
In about 50% of cases, the pathogenic mutations introduce a
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premature stop codon, leading to the consequent truncation
of the open reading frame, which undergoes mRNA decay,
ultimately determining the loss of function of the mutant
allele. Thus, in these cases, haploinsufficiency is the main
disease pathological mechanism [1, 2, 81-87].

Dominant optic atrophy (DOA) typically begins in the
first two decades of life with bilateral visual impairment
characterised by temporal disc pallor at fundus examination,
centrocecal scotoma, colour vision defect (especially blue-
yellow axis) and temporal RNFL thinning at OCT. Its sever-
ity is highly variable between families and even amongst
individuals belonging to the same family. The natural history
is described as a relentless, frequently stable for a long time
or slowly progressive optic nerve atrophy, without evidence
of spontaneous recovery of vision [1, 2, 82, 88].

Since 2003, the association of optic atrophy with senso-
rineural deafness or a complex syndrome has been noticed
with the specific R445H missense mutation affecting the
GTPase domain of OPA1 (numbering refers to isoform 1,
NM_015560.2, NP_056375.2) [89, 90]. Subsequently, a
multisystemic condition was described in 2008, variously
named as “DOA plus” or “DOA+ syndrome” or “OPAI-
plus” characterised by optic atrophy, sensorineural deaf-
ness, ataxia, chronic progressive external ophthalmoplegia
(CPEO) with mitochondrial myopathy, and peripheral neu-
ropathy [91-93], but also by spastic paraplegia and multiple
sclerosis-like syndrome [93, 94], Behr-like syndrome [95],
and syndromic Parkinsonism and dementia [96, 97]. Most
patients with “DOA plus” carry missense variants affect-
ing the GTPase domain rather than truncating mutations of
OPAL, suggesting that a dominant negative effect might play
arole in the pathogenesis of the “plus” phenotype [91-93].
Furthermore, besides monoallelic dominant mutations, there
has been an increasing recognition of biallelic mutations
associated with complex and severe phenotypes [98-101].
Moreover, compound heterozygous or homozygous OPA 1
mutations have been identified in patients with optic atrophy
spectrum of complex and severe phenotypes, including Behr
syndrome and Leigh-like encephalopathy, highlighting the
possibility of truly recessive cases [99—103].

It is now clear that mitochondrial fusion is essential for
neuronal growth, function, maintenance and survival, and
disruption of mitochondrial function and dynamics has been
clearly associated with the OPAI-related optic neuropathy
[1, 2, 85, 86]. In fact, DOA affects, as LHON, primarily
RGCs within the papillomacular bundle [1, 2, 81-86, 104].
Many mechanisms have been proposed to explain DOA-
specific RGC loss, including impaired mitochondrial fusion
and disruption of mitochondrial cristae morphology, in turn
compromising the stability of respiratory complexes, result-
ing in increased ROS levels and decreased ATP synthesis
[105, 106]. Furthermore, it has been shown that OPA1 inter-
acts directly with complexes I, II and III in the IMM and
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contributes to their assembly and stability. Consequently,
the fragmentation of the mitochondrial network results in
the release of pro-apoptotic factors, which ultimately trigger
irreversible cell death [107].

Despite the growing knowledge on OPA1 functions and
related cellular pathways, an effective treatment for DOA is
still missing [85, 86]. However, active ongoing progress and
encouraging results come from in vitro and pre-clinical stud-
ies paving the way to therapeutic approaches to successfully
target mitochondrial dysfunction in DOA patients.

3.3 Other Mitochondrial Optic Neuropathies

Clinically phenocopies of LHON or DOA have been
described in association with mutations in other nuclear
genes, either recessive such as NDUFS2 [108], TMEM126A
[109, 110], RNT4IP1 [111, 112], SLC25A46 [113], ACO2
[114], YMEILI [115], or dominant as AFG3L2 and SPG7
[116-118], leading to isolated or syndromic HONs. Also,
variable degrees of optic atrophy may be present along with
other neurological and extra-neurological symptoms in
other mtDNA-based mitochondrial encephalomyopathies,
such as mitochondrial encephalopathy with ragged red fibres
(MERREF), Leigh syndrome and mitochondrial encephalopa-
thy with lactic acid and stroke-like episodes (MELAS) [1,
2, 6].

4 Therapeutic Options in Mitochondrial
Optic Neuropathies

4.1 Antioxidants

Increase in oxidative stress has been invoked as a major
consequence of respiratory chain dysfunction, conse-
quently, several antioxidants, bot endogenous molecules
and synthetic compounds, have been tested to limit or
counterbalance the accumulation of ROS [119]. Coenzyme
Q10 (CoQ10) or ubiquinone represents the prototype of
endogenous redox agent, shuttling electrons from com-
plexes I and II and those resulting from the oxidation of
fatty acids and amino acids, to complex III of the mito-
chondrial respiratory chain. In doing so, reduced CoQ10
has also antioxidant properties, neutralising ROS. Unfor-
tunately, CoQ10 has a long lipophilic tail that reduces its
bioavailability when administered orally and interferes
with crossing of membranes [120]. A few randomised
controlled clinical trials have tested CoQ10 in mitochon-
drial diseases, generally with small mitochondrial cohorts
characterised by heterogeneous phenotypes, showing
some improvement in metabolic parameters, although
not clinically significant [121]. Anecdotal use of CoQ10
has also been reported in LHON [122]; nevertheless, it

is still widely used in mitochondrial diseases, in associa-
tion with other nutritional supplements such as cyanoco-
balamin, folic acid, ascorbic acid, alfa-lipoic acid, acetyl-
L-carnitine, creatine monohydrate, riboflavin, the so-called
mitochondrial cocktail [123]. Rodriguez and colleagues
evaluated the effect of a combination therapy consist-
ing in creatine monohydrate, CoQ10 and lipoic acid, in
16 patients with mitochondrial cytopathies (including 2
patients with LHON and 4 with MELAS), using a ran-
domised, double-blind, placebo-controlled, crossover
study design [124]. The mitochondrial cocktail amelio-
rated surrogate markers of cellular energy dysfunction
reducing resting plasmatic lactate and preserving muscular
strength [124].

Curcumin, a component of turmeric derived from the
root Curcumin longa, and KH176, a ROS-redox modula-
tor [125], are other molecules with antioxidant proper-
ties. Curcumin has been tested in a randomised, placebo-
controlled trial in LHON patients, even if the results
have never been published (www.clinicaltrials.gov
NCTO00528151).

4.1.1 ldebenone

4.1.1.1 LHON The most studied molecule in HONs and the
only one approved for LHON is idebenone [10]. Idebenone
is a synthetic analogue of CoQ10 that shares its antioxidant
properties, but has a shorter and less lipophilic tail allow-
ing easier penetration through mitochondrial membranes
and blood-brain barrier. Moreover, idebenone activation
from its oxidised form occurs in the cytoplasm, indepen-
dently of mitochondrial function, as it gets activated by the
flavoprotein NAD(P)H:quinone oxidoreductase (NQOI1)
that catalyses a complete two-electron reduction [126]. This
step seems crucial as the oxidised form of idebenone has
the adverse and potentially toxic property to inhibit complex
I [127-129]. Thus, the conversion into the reduced form
allows idebenone to shuttle the electrons directly to complex
III [130], bypassing the complex I dysfunction occurring in
LHON, establishing the rational for its use, ultimately pre-
serving energy production. Preclinical studies confirmed a
cell-line—specific increase in ATP production and reduced
ROS levels in fibroblasts of LHON patients [131] and pre-
vention of RGC loss in a LHON-rotenone—induced mouse
model [132]. Orally administered idebenone showed a good
bioavailability and linear dose-dependent pharmacokinetics
with a significant distribution in the brain and the eye; it is
metabolised mainly in the liver and gut, with less than 1%
reaching the systemic circulation, and eliminated through
urine [133].

The efficacy of idebenone in LHON patients was assessed
in a randomised, double-blinded, placebo-controlled study
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(RHODOS www.clinicaltrials.gov NCT00747487) in 2011.
Klopstock and co-authors recruited 82 LHON patients car-
rying one of the three common mutations within 5 years
from onset of vision loss [11]. Patients were randomised and
received idebenone 300 mg three times per day or placebo
for 24 weeks, with a 2:1 ratio in favour of idebenone. The
primary endpoint was best recovery between baseline and
week 24. The secondary endpoints were as follows: change
in best-corrected visual acuity (BCVA) measured in log-
MAR using the Early Treatment Diabetic Retinopathy Study
(ETDRS) eye chart, and changes in VA of the best eye at
baseline and for both eyes independently. Results showed
that idebenone was safe and well tolerated. Although the
primary end-point did not reach statistical significance, all
secondary end-points showed a consistent positive trend in
treated patients compared to the placebo group [11], whose
VA kept deteriorating as expected by natural history [79].
After the end of the RHODOS study, 58 patients (39 origi-
nally randomised to idebenone and 19 to placebo) were
enrolled into a follow-up study (RHODOS-OFU www.clini
caltrials.gov NCT01421381), for reassessment of their VA
30 months after discontinuation of idebenone. The primary
endpoint was the change in BCVA compared with baseline
and week 24 of RHODOS. Results showed that the ide-
benone group continued to improve even after discontinua-
tion of the drug, while VA did not change for patients in the
placebo group [134].

Parallel to the RHODOS study, Carelli and colleagues
in 2011 published a retrospective study on 103 LHON
patients where 44 patients treated with idebenone within
1 year after visual loss in the second eye at varying doses
and a mean duration of 41 months, were compared to 59
untreated patients [12]. Clinically relevant recovery (CRR)
was defined as gain of at least two lines on VA charts or a
change from “off chart” to “on chart”. In their cohort, the
proportion of patients experiencing recovery was higher in
the treated group; moreover, earlier visual improvement was
associated with prompt start and longer duration of therapy.
Other factors positively influencing the rate of recovery were
a younger age and the presence of the m.14484T>C/MTND6
mutation, in both treated and untreated patients [12].

In 2015 idebenone (Raxone®) was granted market author-
isation in the European Union for treatment of LHON under
exceptional circumstances by European Medicine Agency
(EMA) in adolescents and adult patients at 900 mg/day
divided into 3 doses (https://www.ema.europa.eu/en/medic
ines/human/EPAR/raxone#authorisation-details-section). To
address the still open issues on idebenone therapy optimal
timing, duration and target population, an international con-
sensus with experts from Europe and North America was
held in Italy in 2016 [75]. Experts agreed that idebenone
treatment at 900 mg/day should start as soon as possible in
the acute stage (within a year from visual loss onset), while
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there was not yet sufficient evidence to recommend treat-
ment in chronic patients 1 year after the second eye involve-
ment. In subacute/dynamic patients, treatment at 900 mg/day
should be continued for at least 1 year to assess a therapeu-
tic response, evaluated by improvement in VA on ETDRS
charts and in mean deviation of automated visual field tests,
or until a plateau is reached. Discontinuation should be
considered after 1 year once the plateau is reached, or no
improvements are observed. Regarding unaffected relatives
of LHON patients, currently, treatment with idebenone is
not recommended, but lifestyle counselling, especially about
quitting smoke and alcohol, is highly suggested [75].

Since idebenone commercial launch, two other multicen-
tre studies were started. The first is an open-label interven-
tional Phase IV study designed to assess the efficacy and
safety of idebenone in the long-term treatment of LHON
patients (LEROS www.clinicaltrials.gov NCT02774005),
having as primary outcome the proportion of eyes with
CRR of VA from baseline at 12 months or maintenance of
VA better than 1.0 logMAR at Month 12, compared to a
matched external natural history control group. The sec-
ond is an observational, prospective, post-authorisation
safety study in patients with LHON treated with idebenone
(PAROS www.clinicaltrials.gov NCT(02771379), having as
primary outcome the assessment of long-term safety profile
of idebenone and as secondary outcome its long-term effec-
tiveness, assessed by measuring changes in VA, VF, colour
contrast sensitivity and RNFL. Estimated final data collec-
tion date for both studies is February 2021.

Moreover, long-term follow-up data of LHON patients
treated with idebenone have been collected through an
Expanded Access Programme (https://clinicaltrials.gov
NCTO04381091). This was instrumental for EMA approval
and, just recently, the final results were published [135].
Based on these results, CRR was observed in 46.0% of
LHON:-treated patients, a figure closely matching that pre-
viously reported by Carelli et al [12]. Furthermore, time to
initial observation in patients with a CRR varied between
2.5 and 26.5 months, with a mean of 9.5 months. These
new observations may prompt a consensus to reconvene to
discuss the length of time idebenone should be administered
to maximise its effect.

The main results and clinical endpoints of the clinical
trials in LHON are summarised in Table 1.

4.1.1.2 DOA The off-label use of idebenone as therapeutic
strategy to correct mitochondrial dysfunction and protect
RGCs has also been evaluated for OPAI-DOA, as several
common features join LHON and DOA [13, 14]. First, both
diseases have a similar pattern of axonal neurodegeneration
in the optic nerve [1, 2]. Second, the hallmark of LHON is
an obvious primary dysfunction of complex I [136], which
ultimately also affects OPAI-DOA as evidenced by defec-
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tive OXPHOS with reduced ATP synthesis when driven by
complex I substrates [106]. Third, there is a documented
propensity to a chronic increase of ROS production in both
[1,2, 106, 137-139].

Thus, encouraging results were initially reported from a
small pilot open trial on seven DOA patients with OPA I hap-
loinsufficiency heterozygous mutations, who were treated for
at least 1 year with idebenone [13]. Five of these patients
showed improvements in visual function (colour vision,
reduction of central scotoma and increased VA) [13]. Since
this pilot study, a larger group of DOA patients carrying
either OPA I mutations leading to haploinsufficiency or mis-
sense point mutations has been treated with idebenone [14].
These patients received idebenone under the Italian regu-
lation for off-label drug administration with dosage rang-
ing from: 135 to 675 mg/day. Most patients were treated or
started treatment before idebenone approval for LHON in
2015. Thus, the dosage in individual cases was modulated
to avoid the occurrence of specific clinical side effects or
blood exam abnormalities (headache and insomnia, weight
changes, age, neutropenia, alteration of liver function indi-
ces, hypercholesterolemia, gastrointestinal disturbances)
by adjusting to maximal dosage without side effects, as
required for off-label drug administration. The key finding
of this retrospective comparison between idebenone-treated
DOA patients and those untreated considered as the control
group, was that treated patients displayed significant occur-
rence of stabilisation/recovery of VA, four times higher than
untreated [14].

Despite the major limitations due to the retrospective
nature of the study, these results are encouraging and sup-
portive for the use of idebenone as therapy that may posi-
tively change the natural history of DOA posing the basis
for future double-blind, placebo-controlled and randomised
trials to confirm these observations. In addition, a ran-
domised, placebo-controlled trial of idebenone at 2000 mg/
kg/day was carried out in 56 Opal mutant mice [140]. As
the Opal mutant mice showed RGC dendropathy [141], this
hallmark was taken as measurable endpoint to assess ide-
benone effect, besides standard assessment of visual func-
tion in mice (optokinetic response). The results of this trial
highlighted only a modest effect on Opal mutant animals,
as revealed by improvement in secondary dendritic length
and territory, as well as in optokinetic response, whereas
idebenone-treated wild-type mice showed shrinkage in total
dendritic length and impaired visual function, raising some
concerns on idebenone mechanistic effects [140].

4.1.2 EPI-743
Another quinone analogue is EPI-743, a product of hydroly-

sis of alpha-tocotrienol (Vitamin E). EPI-743 is orally bio-
available and easily crosses the blood—brain barrier to reach

the central nervous system where acts as antioxidant by tar-
geting oxidoreductase enzymes and replenishing glutathione
pools [142]. Its efficacy has been evaluated in a small open-
label trial (www.clinicaltrials.gov NCT02300753) with
five genetically confirmed LHON patients treated with
EPI-743 within 90 days from disease onset at a dosage of
100—400 mg/day for at least 1 year. EPI-743 arrested dis-
ease progression and reversed vision loss in all but 1 of the
5 patients [15]. A larger set of LHON patients have been
treated in the same open-label trial and a final report on the
long-term results is expected.

A recent 6-month placebo-controlled trial with EPI-743
followed by an 18-month open-label trial has been carried
out on 63 patients with Friedreich’s ataxia [143]. Friedre-
ich’s Ataxia is a recessive complex multisystemic syndrome
mostly due to triplet expansions of the frataxin gene, even
if, in a minority of cases, missense mutations may com-
bine with triplet expansion by compound heterozygosity.
Amongst other neurological symptoms, optic atrophy is
observed in about two-thirds of patients [144]. The vision
end-point of the trial included low-contrast VA and EPI-743
failed to demonstrate any significant visual benefit; never-
theless, a statistically significant improvement in neurologi-
cal function and disease progression was observed after 24
months in treated patients compared with the natural history
cohort.

4.1.3 Elamipretide

A molecule with different structure and mechanism of action
is elamipretide or MTP-131, a tetrapeptide that binds car-
diolipin, a phospholipid exclusively targeted to the IMM
[145]. Cardiolipin, unlike classical phospholipids with two
hydrophobic tails, has two phosphate groups and four acyl
side chains, resulting in a conic shape that ensures mem-
brane fluidity and bending, essential for cristae formation
in the IMM [146] and OXPHOS functioning, allowing the
arrangement of respiratory complexes into super-complexes
[147].

Elamipretide, by binding cardiolipin via electrostatic
and hydrophobic interactions, prevents conversion of
cytochrome c into a peroxidase, preserving its function as
simple electron carrier and promoting OXPHOS. In preclini-
cal studies, elamipretide was shown to protect mitochondrial
cristae, increase ATP synthesis and reduce ROS production,
regardless the type of mitochondrial abnormality [145].
Clinical efficacy has been tested since 2010 with the com-
mercial formulation named Bendavia in different diseases
sharing metabolic failure as a common pathogenesis, includ-
ing heart failure, acute kidney injury, muscular atrophy and
neurodegenerative disorders [148].

In 2016, a prospective, randomised, double-masked
study with a topical ophthalmic solution of elamipretide in
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subjects with LHON harbouring the m.11778G>A/MTND4
mutation was carried out in the USA (www.clinicaltrials.gov
NCT02693119). In total 12 LHON patients with established
vision loss for > 1 year but < 10 years were recruited and
treated for 52 weeks. No difference in BCVA was observed,
but because of a trend towards improvement, all 12 patients
completed an open-label extension with bilateral treat-
ment for a total of at least 84 weeks. In April 2019 a press
release stated that the treated patients presented a significant
improvement in BCVA, visual field mean deviation, contrast
sensitivity and colour discrimination compared to baseline
(https://www.prnewswire.com/news-releases/stealth-bioth
erapeutics-announces-positive-results-for-elamipretide-in-
ophthalmic-conditions-300841246.html), but a full scien-
tific, peer-reviewed communication is still missing.

4.2 Antiapoptotic Drugs

Mitochondria play a key role in the intrinsic pathway of
apoptosis due to a series of intracellular signals that even-
tually lead to permeabilisation of the IMM through the
opening of a permeability transition pore. This change in
mitochondrial permeability allows the release of mitochon-
drial proteins, including cytochrome c and other activators
of apoptosis (apoptosis induction factor, endonuclease G,
Smac/DIABLO), into the cytosol, thus activating the cas-
cade of specific enzymes (caspases) responsible for cell
degradation and self-destruction [26].

Molecules preventing this cascade of events in RGCs
could represent a therapeutic strategy in HONs, under the
assumption that the common final pathway for RGC death
is mainly apoptotic in nature [1, 2, 5-9]. Cyclosporine A,
an inhibitor of the opening of the mitochondrial perme-
ability transition pore, has been tested in 5 LHON patients
with unilateral involvement within 6 months from onset at
a dosage of 2.5 mg/kg/day for a year (www.clinicaltrials.
gov NCT02176733). The primary endpoint was BCVA in
the unaffected eye, whereas the secondary endpoints were
BCVA in the affected eye, VF, the thickness of GCC and
RNFL layers in both eyes. Unfortunately, cyclosporine
A failed to prevent the second-eye involvement in these
patients [149]. Other molecules targeting different signals
along the apoptotic pathways remain good candidates for
future consideration.

4.3 Photobiomodulation

Near-infrared light-emitting diode arrays (NIR-LED) is a
therapy approach that has been shown to attenuate optic
nerve degeneration after acute injury by the mitochondrial
toxin, formic acid, generated in the course of methanol
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intoxication in a rat model [150]. The therapeutic effect of
NIR-LED is proposed to be exerted by increasing the amount
of cytochrome c oxidase and upregulating expression of
genes involved in energy production and antioxidant protec-
tion [150]. As the Food and Drug Administration (FDA) has
approved this approach for use in humans, an interventional
study in LHON to determine effects of short-term photo-
therapy on pattern electroretinography (PERG) and Photopic
Negative Response was set, but failed to recruit a sufficient
number of patients (Www.clinicaltrials.gov NCT01389817).

4.4 Gene Therapy

Since we are dealing with inherited conditions, the possi-
bility to correct the nDNA or mtDNA defect directly at the
molecular level remains the ultimate goal in the treatment of
HONS. Importantly, the eye represents a suitable target for
gene therapy, as it is easily accessible by intravitreal injec-
tion of appropriate viral vectors to deliver the corrected
gene to target cells [151]. Furthermore, retinal structure
and visual function are measured with multiple and sophis-
ticated technological tools, which may provide convenient
endpoints for clinical trials. Finally, at least for LHON and
DOA, the natural disease history is sufficiently defined to
allow for meaningful clinical trial design [1-3, 8,9, 11, 77,
78, 80, 81].

4.4.1 Gene Therapy Trials in LHON

Gene therapy for disorders associated with mtDNA muta-
tions faces a major challenge represented by the presence
of a double membrane to cross in order to deliver the cor-
rected gene inside the mitochondria. Moreover, mtDNA is a
multicopy genome with complex genetic rules governing its
expression if mutated, in turn determining the genotype-phe-
notype correlation [1, 2, 8, 9]. Despite some reports explor-
ing the feasibility of direct mitochondrial delivery of nucleic
acids [152, 153], this approach remains recognised by most
investigators in the field as an unsolved challenge hamper-
ing the canonical gene therapy strategies adopted to date for
nDNA, mostly based on AAV vectors [151]. One possible
route that has been proposed and explored is the expression
of nucleus-encoded wild-type mRNAs for mitochondrial
proteins, their import and translation within mitochondria
to ultimately complement the endogenous mtDNA-encoded
mutant genes [154]. However, whether RNA, besides DNA,
may be truly imported within mitochondria as yet remains
under discussion [155]. For this same reason, the option of
editing mtDNA by the powerful Clustered Regularly Inter-
spaced Short Palindromic Repeats (CRISPR)-Cas9 technol-
ogy, based on guide RNA molecules needed for a viable
CRISPR/Cas9 system, implies their mitochondrial import,
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which remains controversial [155]. Just recently, one very
promising approach for CRISPR-free mtDNA base editing
has been presented, which even if still limited in its editing
options seems truly convincing that may efficiently work
directly on the mitochondrial genome [156].

A strategy alternative to mitochondrial import of nucleic
acids, which was first proposed and tested in yeast [157,
158], is the allotopic expression in the nuclear compartment
of a recoded wild-type mtDNA-encoded gene, engineered to
target the newly-synthetised cytoplasmic protein for import
into the mitochondrial matrix, by using a specific mitochon-
drial targeting sequence (MTS) [159, 160]. By using this
strategy, what is imported within mitochondria is the protein
and not the nucleic acid. This strategy was first tested for
the common mtDNA mutations affecting, respectively, the
ATPase6 subunit gene in neuropathy, ataxia, retinitis pig-
mentosa (NARP) syndrome [161], and the ND4 subunit gene
in LHON [20]. However, the efficiency of mitochondrial
protein import seems to depend on which of the 13 mtDNA-
encoded subunits is tested, as well as by the arrangements
of MTS, and the effective assembly of this wild-type pro-
tein within the OXPHOS complexes, in competition with
the mutant protein still endogenously produced, has been
a matter of debate in the scientific community [162—164].

For LHON, a transgene with the wild-type ND4 subunit
recoded to obey the genetic code of nDNA, provided with
a promoter and MTS packaged into an adeno-associated-
virus-(AAV) vector, mediating the nuclear allotopic expres-
sion of the corrected mtDNA gene, has been produced by
at least three groups, in the USA [20], France [165, 166],
and China [167], and recently reviewed by Karaarslan
[168]. Preclinical studies on cells [20, 165, 166] and non-
genetic animal models of LHON [169-173], targeting the
m.11778G>A/MTND4 defect, reported a successful expres-
sion and mitochondrial import of the wild-type gene, which
rescued the damaged RCGs by intravitreal delivery of the
viral vector. A drawback in the preclinical experimen-
tal design was the lack of a truly genetic mouse model of
LHON, which became available only later, after these studies
were published [174]. Thus, the LHON murine model has
been set by the allotopic expression of a human ND4 subu-
nit protein carrying the LHON mutation to obtain the eye
pathology in mouse, and prevent it by pre-administering the
human wild-type ND4 [169-173]. From the point of view
of regulatory agencies, this strategy had the obvious advan-
tage of providing evidence that the exact transgene designed
for humans was effective in animals. However, this kind of
animal modelling of LHON remains open to criticisms, as
human mtDNA-encoded ND subunits may be evolutionarily
poorly compatible with the remaining endogenous complex
I encoded by murine mitochondrial and nuclear genomes. In
fact, the construction of xeno-mitochondrial cybrids, com-
bining a human nDNA background with mtDNA derived

from different types of primates, highlighted the limitations
of integrating genomes evolutionarily distant [175]. Despite
the sub-optimal experimental design, these pre-clinical
investigations rapidly led to approval and establishment of
multiple multicentre clinical trials in humans, some of them
still ongoing, in the USA, Europe and China (see Table 2).

In the USA, Guy and colleagues assessed the safety and
tolerability of an AAV expressing a normal ND4 comple-
mentary DNA (scAAV2-P1ND4v2) on an open-label trial
(www.clinicaltrials.gov NCT02161380). LHON patients
with m.11778G>A/MTND4 mutation were divided into
3 study arms depending on the stage of the disease: more
than 12 months (group 1), less than 12 months (group 2),
unilateral or presymptomatic (group 3). Escalating doses
of scAAV2-PIND4v2, namely 1.18 X 10e9 vg (low),
5.81x10e9 vg (medium) and 1.0x 10el1vg (higher), were
delivered by unilateral intravitreal injections. Clinical testing
included BCVA, VF, OCT, PERG, and neuro-ophthalmic
examinations. No serious safety problems were observed
at low and medium doses in 14 treated patients (6 from
group 1, 6 from group 2 and 2 from group 3), with only two
patients presenting an asymptomatic uveitis, which resolved
spontaneously [176, 177]. For groups 1 and 2, average visual
improvement in the injected eye at 12-month evaluation was
0.24 logMAR, significantly higher than the 0.09 logMAR
improvement observed in the fellow eyes. Moreover, in acute
patients (group 2) the improvement was significantly higher
than that observed in a prior natural history study on 44
acute LHON patients with m.11778G>A/MTND4 mutation
[178]. In fact, in that study, at 12 months follow-up, 44% of
the worst eyes at baseline had a spontaneous improvement of
3 lines or more, which was observed in up to 66% of treated
eyes during the gene therapy trial. Conversely, no injected
eyes lost 3 lines of VA, while 22% of the worst eyes at base-
line in the natural history group did.

At month 12 after injection, average temporal RNFL
thickness was not different from baseline in the treated eyes,
while it was significantly reduced in the fellow eyes. How-
ever, PERG amplitudes worsened more in treated eyes than
in fellow eyes [176].

In China, an initial study on 9 LHON patients carrying
the m.11778G>A/MTND4 mutation evaluated the effi-
cacy and safety of a recombinant, replication-defective,
AAV type 2 containing a modified DNA sequence encod-
ing the wild-type ND4 protein (rAAV2-ND4) administered
by monocular intravitreal injection (www.clinicaltrials.
gov NCT01267422). The primary outcome was improve-
ment in BCVA,; intraocular pressure, VF, OCT, VEP, liver
and kidney function, and antibodies against AAV2 were
defined as secondary endpoints. At the 9-month-follow up,
improvement in BCVA of the injected eyes by at least 0.3
logMAR was observed in 6 patients, as well as VF defect
amelioration, while RNFL thickness remained relatively
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unchanged [179]. Long-term evaluation at 36 months con-
firmed the efficacy in 6 patients and determined the safety
of rAAV2-ND4, since none of the 9 patients experienced
serious adverse events [180]. Interestingly, visual func-
tion, as documented by BCVA, VF and VEPs, improved
in both treated and untreated eyes; age, disease duration
and RNFL thickness did not seem to have a significant
effect on the visual outcome. The same group conducted
two further multicentric, prospective interventional stud-
ies with a single intravitreal injection of rAAV2-ND4
with dose 1x 10710 vg/0.05 mL (www.clinicaltrials.gov
NCT03153293 and NCT03428178). The first included 142
LHON patients with the m.11778G>A/MTND4 mutation,
69 more than 24 months after onset and 73 less than 24
months prior to onset; BCVA and VF were the primary out-
comes and the final results are expected soon. Retrospec-
tive studies on the injected patients showed that greater
VF index, smaller VF mean deviation and higher BCVA
at baseline predicted a better VA prognosis [181], and that
baseline BCVA and time between onset and treatment are
predictors of rapid visual improvement, in both injected
and not-injected eyes [182]. To explain the rapid recovery,
within days after treatment, it has been suggested that in
some patients a portion of RGCs survive in a “dormant”
state that can be activated by gene therapy [179]. The sec-
ond trial is expected to recruit 120 patients: 20 with onset
within 3 months, 20 between 3 and 6 months, 20 between 6
and 12 months, 20 between 12 and 24 months, 20 between
24 and 60 months, and 20 over 60 months. Primary outcome
measure is again BCVA, whereas secondary outcomes are
VF, visual evoked potentials (VEP), ERG, RNFL, liver and
kidney function. Results will be compared before and after
treatment at 1, 2, 3, 6 and 12 months.

In Europe and the USA, an open-label Phase I/II
clinical trial studied rAAV2/2-ND4 (GS010 LUME-
VOQ) was conducted on 15 LHON patients carrying the
m.11778G>A/MTND4 mutation with intravitreal deliv-
ery in the worse-seeing eye (www.clinicaltrials.gov
NCT02064569). The results demonstrated the safety and
tolerability of intravitreal injection and observed a preser-
vation of RGCs with a functional visual benefit in a propor-
tion of treated eyes, precisely those treated within 2 years
after onset, as compared with those treated later than 2 years
[183].

Afterwards, two randomised, double-masked, sham-con-
trolled Phase III clinical studies were conducted to evaluate
the clinical efficacy of GS010. They compared the efficacy
of unilateral GS010 versus sham injection in a total of 76
LHON patients carrying the m.11778G>A/MTND4 muta-
tion. In RESCUE (www.clinicaltrials.gov NCT02652767),
enrolled patients had vision loss duration up to 6 months
from onset; in REVERSE (www.clinicaltrials.gov
NCT02652780) the vision loss was within the interval 6
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months from onset to 1 year. The primary endpoint was the
difference in efficacy of GS010 in treated eyes compared
to sham-treated eyes based on BCVA measured with the
ETDRS 48 weeks post-injection. Secondary endpoints
compared BCVA of best-seeing eyes that received GS010
to those receiving sham, and worse-seeing treated eyes
compared to sham. The company stated that they obtained,
both in REVERSE and RESCUE, a clinically meaning-
ful improvement of BCVA from nadir, corresponding
to 25 ETDRS letters equivalent, in GS010-treated eyes
(https://www.gensight-biologics.com/category/press-relea
ses/). Interestingly, also for these two trials, RESCUE and
REVERSE, as for the Chinese trial, the improvement was
surprisingly bilateral, leading to a formal failure of the pri-
mary endpoint at the 96-week evaluation. The results of the
REVERSE trial are currently in press (VC, CLM personal
communication).

To facilitate the interpretation of REVERSE and RES-
CUE results, the company carried out a retrospective,
cross-sectional observational study on subjects with LHON
(REALITY www.clinicaltrials.gov NCT03295071). Pri-
mary aims were to delineate the natural history of visual
function decline and structural changes occurring during
the disease, and to understand the impact on quality of life
and economics. Interim analysis based on the 15 recruited
subjects with mutations in ND4 showed a severe and usually
irreversible decline in VA, in contrast to the improvement
seen in REVERSE and RESCUE patients (https://www.
gensight-biologics.com/category/press-releases/). Notably,
in these patients, visual improvement was observed bilater-
ally, both in GSO010- and sham-treated eyes, which persisted
at the 96-week evaluation.

In order to find a supporting mechanism for the unex-
pected bilateral visual improvement, a non-clinical study
on primates investigated the biodistribution of GS010 in
different tissue samples from monkeys unilaterally injected
with GS010. Three months after injection, the presence of
GS010 DNA was detected and quantified in both the injected
and the contralateral eye, indicating that the expression of
the therapeutic gene occurs bilaterally even after unilateral
injection. Moreover, the viral DNA was also demonstrated
in the anterior segment, retina and optic nerve of the non-
injected eye as well as in the optic chiasm, suggesting a
possible retrograde, trans-chiasmatic transit of the vector
from the injected to the contralateral eye (https://www.gensi
ght-biologics.com/category/press-releases/).

Another ongoing multicentre, double-masked, placebo-
controlled trial was designed to evaluate the efficacy and
safety of bilateral intravitreal injection of GS010 in LHON
patients up to 1 year from vision loss onset (REFLECT
www.clinicaltrials.gov NCT03293524). In the active arm,
patients received a single intravitreal injection with GS010
in both eyes; in the placebo arm, GS010 was administered
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to the first affected eye, while the fellow eye received a pla-
cebo injection. The primary endpoint was change in BCVA
(reported in logMAR) from baseline to 1.5-year assessment
in the second-affected/not-yet-affected eyes receiving GS010
compared to placebo. The secondary endpoints included:
BCVA at 2 years in the second-affected/not-yet-affected eye
compared to both placebo and first-affected eyes treated with
GS010; other measures were OCT, contrast sensitivity and
quality-of-life scales.

5 Stem Cell Therapy

The Stem Cell Ophthalmology Treatment Study (SCOTS)
and its subsequent follow-up SCOTS 2, represent the largest
stem cell studies for eye diseases currently available (www.
clinicaltrials.gov NCT 01920867 and NCT 03011541),
including also DOA and LHON patients [184]. This stem
cell therapeutic approach is based on autologous transplan-
tation of bone marrow derived mesenchymal stem cells
(BMSCs) [185-187] for which neuroprotective effects have
been previously reported in a variety of animal models of
optic nerve damage, including ocular hypertension induced
by episcleral vein ligation, ischaemia—-reperfusion, optic
tract transection and optic nerve crush [187-190]. BMSCs
are the adult population of mesodermal stromal progenitor
cells characterised by high proliferative and differentiation
capacities, and able to differentiate into neurons and glial
cells [191]. Moreover, the BMSCs supply paracrine sup-
port to damaged RGCs via the release of platelet-derived
growth factor, a neurotrophic agent for which a neuroprotec-
tive effect for RGCs has been reported in an in vivo model
of ocular hypertensive glaucoma [192].

SCOTS and SCOTS2 are open label, non-randomised
studies (www.clinicaltrials.gov NCT 01920867 and NCT
03011541) including different retinal or optic nerve dis-
eases treated with a combination of injections of autolo-
gous BMSC:s (retrobulbar, sub-tenon, intravenous, intravit-
real and intraocular). The patients’ inclusion criteria are:
(1) objective, documented damage to the retina or optic
nerve unlikely to improve/progressive; BCVA <20/40 and/
or abnormal visual field (in one or both eyes); (2) at least
3 months’ post-surgical treatment intended to treat any oph-
thalmologic disease and stable; (3) if under current medi-
cal therapy for a retinal or optic nerve disease, stability on
that treatment and unlikelihood of having visual function
improvement; (4) aged > 18 years. SCOTS2 protocol has
three arms, and the decision of which one to provide is based
on degree of visual loss, disease causing visual loss, any
potential treatment risk factors and patient’s medical status
and both eyes are treated.

Arm 1 uses stem cell concentrate provided retrobulbar
and sub-tenons followed by intravenous injection; Arm 2

uses stem cell concentrate provided retrobulbar, sub-tenons
and intravitreal followed by intravenous injection; Arm 3
treats the eye with better VA using Arm 1 or 2, and the eye
with more severe VA impairment using a core pars plana
vitrectomy followed by subretinal or intra-optic nerve stem
cell concentrate. This is followed by intravenous injection.
In 5 LHON patients who underwent SCOTS, there were
improvements in VA and peripheral vision. Several of the
eyes experienced increases in VA, improvements in visual
field were noted, but macular and optic nerve RNFL thick-
ness varied independently from vision improvements [193].

In 2019, the first SCOTS report was published on 6 DOA
patients, for which the genetic confirmation of the diagnosis
was reported in 4/6 [184]. Of these 6 patients, 83.3% expe-
rienced visual improvements in both eyes, which was main-
tained up to 24 months. Ten eyes (83.3%) experienced gains
in VA with a median improvement of 2.125 Snellen lines,
or approximately 10.63 letters. Two eyes were considered
unchanged. Using logMAR, the average improvement was
29.5%. The authors speculated that mitochondrial transfer
and neuroprotective exosome secretions from the BMSC
could contribute to the visual improvements observed [184].
Some preclinical studies provided evidence that mitochon-
drial transfer can take place between BMSC and injured tis-
sue with resultant improvement in ATP production allow-
ing for increased cellular survival [194, 195]. These benefits
may vary in response to the type of damage detected by
the BMSC, and duration of the proximity of BMSC to tis-
sues [184]. However, the scientific basis of MSCs therapy in
hereditary optic neuropathies is still under investigation and
validation, and the specific mechanism of action underlying
the capability of MSCs to rescue RGCs in DOA remains to
be clarified and fully demonstrated. Furthermore, the intrin-
sic weakness of the trial design, lacking a placebo-controlled
arm, lowers the interpretability of the results, as, for exam-
ple, LHON may spontaneously improve [1, 2].

6 Gene Therapy Approaches at Preclinical
Stage

6.1 Gene Therapy for DOA or Other Nuclear
Encoded HONs

Gene therapy is strategically aimed at complementing the
mutant gene by AAV-mediated expression of the wild type
allele when haploinsufficiency is at play, or correcting the
pathogenic mutations now that sophisticated endonuclease
systems such as CRISPR/Cas9 are available [196], thus,
allowing disease treatment at molecular level [86, 197].
This could be a particularly good choice for DOA patients
carrying OPA 1 haploinsufficiency mutations, whereas there
are still points needing better understanding when it comes
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to missense mutations, where a dominant negative effect
is assumed [86]. A first issue relative to OPAI-DOA gene
therapy is about the appropriate expression level. In fact,
excessive overexpression is deleterious [86], whereas only
slight OPA1 overexpression may have therapeutic value,
as recently investigated in mouse models [86, 198, 199].
Indeed, a mild increase of isoform 1 protein level protects
mice from denervation-induced mitochondrial dysfunction
and muscular atrophy, heart and brain damage induced by
ischaemia-reperfusion injury and Fas-induced liver apopto-
sis [199]. In addition, the efficient increase of OPA1 level
ameliorates the phenotype of Ndufs4~'~ and Cox5°™™
mice, by improving cristae ultrastructure, complexes and
respiratory chain super-complex (RCS) organisation and
mitochondrial respiration [198]. A second point needing
consideration is, of the 8 human OPA1 isoforms, which
should be used as the most efficient to rescue the defec-
tive clinical phenotype [86]. Besides isoform 1, which has
been used in mice, all eight human isoforms, if slightly over-
expressed in cells, have comparable capability to recover
mtDNA, cristae and energetics, but not the network dynam-
ics [86, 200]. In this regard, it is now crucial to investi-
gate the profile of OPA1 isoforms expression, OPA1 levels
and OPA1 long-/short-forms ratio, in wild-type and mutant
human RGCs, to fully understand the specific alterations
under pathological conditions, and to choose the isoform
with the best therapeutic potential [86]. A third and last
issue concerns OPAI missense mutations, and particularly
those associated with the “DOA plus” syndromic phenotype
that affects multiple tissues [§9—93]. Assuming a dominant
negative mode of action of these mutations, just increasing
OPAL1 levels may not be effective and it will be necessary
to develop a gene therapy for multiple tissue targets [86],
and efficient gene editing may ultimately be the solution.
Encouragingly, in recent years, research has witnessed great
development and implementation of delivery strategies for
different organs, with tissue-specific AAV serotypes [197].

To date, three OPAI mouse models recapitulating the
human pathology are available to evaluate safety and effi-
cacy of gene therapy, harbouring truncating mutations
in exon 8 (c.1051C>T), intron 10 (c.1065+5 G>A), and
exon 27 (c.2708-2711delTTAG) [201-203], and provid-
ing important insights into the disease molecular and cel-
lular pathogenesis. The latter mouse model expressing the
common ¢.2708-2711delTTAG human mutation has been
exploited for a first published approach of gene therapy for
DOA, where a human isoform1 OPAL1 full-length cDNA
was incorporated and its expression driven by a CMV pro-
moter [22]. The authors reported RGCs protection after mice
intravitreal delivery of this transgene carrying the isoform 1,
which prevented their degeneration [22].

A recent study further advanced our understanding of
RGCs neurodegeneration due to defective OPA1 in a mouse
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model by showing that aberrant excess of autophagic activity
at the axonal hillock depletes RGC axons of mitochondria,
ultimately leading to a dying-back type of axonopathy. This
was rescued by genetic inhibition of AMPK, of autophagy
and mitophagy, restoring axonal mitochondrial content and
restoring vision in the mouse [204].

Currently, multiple approaches, as those just mentioned,
are at the pre-clinical experimental stage, pending further
evidence of their efficiency and safety in humans; thus, gene
therapy is not yet available as a clinical treatment option
either for OPA -related DOA patients or other HONs [191].

6.2 Gene Therapy to Promote Heteroplasmic Shift
for mtDNA Mutations and mtDNA Gene Editing

A promising approach for gene therapy applied to mtDNA
mutations is the strategy aimed at heteroplasmic shift. In
mitochondrial medicine, if the pathogenic mtDNA mutation
is heteroplasmic, the clinical expression of the disease often
depends on the mutant load and the tissue-specific threshold
for reaching a biochemical impairment and OXPHOS dys-
function [30, 31]. Consequently, the elimination of some
of the mutant mtDNA molecules that allow the wild-type
mtDNAs to overcome the loss by active replication just
enough to shift the mutant to wild-type mtDNA ratio below
the disease threshold, would theoretically be sufficient to
rescue the biochemical defect and prevent the disease mani-
festation. This may apply to the rare LHON cases with a
heteroplasmic mutation, which most frequently applies to
the m.3460G>A/MTNDI mutation [1, 2].

After an initial pioneering proof of principle based on
the use of restriction enzymes engineered for mitochondrial
import [205, 206], several DNA-editing enzymes have now
been tested, targeted to specific mtDNA mutations, to lower
mutant heteroplasmy levels in both cell cultures and mouse
models [207, 208].

Mitochondria-targeted restriction endonucleases
(mitoREs) are recombinant enzymes expressed in the cel-
lular nucleus or cytosol that reach mitochondria using locali-
sation signals; once internalised, they recognise specific
sequences in the mtDNA, induce double-strand break and
can selectively cleave one type of mtDNA in a heteroplasmic
cell or mouse line. Their application is limited though by
the selective recognition of a pathogenic mutation as target
site [209].

Another tested approach is based on Zinc-finger nucleases
(ZFNs), heterodimers harbouring a DNA-binding domain
that recognises longer target sequences, and a cleavage
domain that induces the double-strand break [210].

Transcription activator-like effector nucleases (TALENSs)
are another group of DNA-editing enzymes, containing an
endonuclease domain and two DNA-binding domains, one
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binding selectively the mutant mtDNA site and another
binding both wild-type and mutant mtDNA. MitoTAL-
ENs, specifically designed to detect a rare LHON mutation
(m.14459G>A/MTND®6), have successfully shifted hetero-
plasmy towards wild-type in patient-derived cybrid cell lines
[211]. A limiting factor to mitoTALENSs’ clinical application
is their large dimension, which make them difficult to deliver
by a viral vector.

All these approaches aimed at shifting heteroplasmy, pose
the problem of transient mtDNA depletion, in particular if
the heteroplasmic load in a given tissue is very high. How-
ever, both mitoZFNs and mitoTALENs approaches have
been successfully tested in a mouse model carrying the
m.5024C>T tRNAA® heteroplasmic pathogenic mutation,
demonstrating in vivo the feasibility and efficacy in shift-
ing heteroplasmy, ultimately restoring OXPHOS function
[212, 213].

Finally, the powerful CRISPR/Cas9 system, as previously
pointed out, remains controversial for mtDNA editing as it
is hampered by the major limitation of delivering the guide
RNA into the mitochondria [155, 214]. Instead, the next
frontier for mtDNA editing is currently propelled by the
very recent description of a bacterial toxin (DddA) acting as
cytidine deaminase, which was split and fused with a DNA-
binding TALE protein, an uracil glycosylase inhibitor and a
mitochondrial-targeting signal [156]. The resulting DddA-
derived cytosine base editors (DdCBEs) are independent
from RNA and are efficiently imported into mitochondria
where they catalyse C—G to T—A conversion in the mtDNA.
This high selective and very specific mtDNA manipulation
approach has potentially revolutionary implications for treat-
ment of mitochondrial disorders, as well as generation of
mtDNA-based animal models [215].

6.3 Mitochondrial Replacement by Pronuclear
or Spindle Transfer

As far it concerns procreation, preventing transmission of
mtDNA mutations to the progeny has been a major challenge
since mtDNA is exclusively inherited from the oocyte. Pre-
implantation genetic diagnosis, performed on cells removed
from an eight-cell embryo, is currently offered to women
carrying mtDNA mutations to predict the mutation load of
embryos [216]. However, the heteroplasmy load in oocytes
frequently remains within a risky range, jeopardising the
outcome of the procedure, and preimplantation diagnosis
does not apply to the homoplasmic mutations, such as in
most LHON families [1, 2]. On the contrary, preimplanta-
tion diagnosis applies to nuclear encoded defects, such as
OPAI-related DOA or other similar conditions.
Mitochondrial replacement therapies (MRTs) are trans-
plantation techniques applied at oocyte or zygote stage to
uncouple the inheritance of the nuclear genome and mtDNA.

They extract the nuclear DNA from the patient’s egg or
embryo, which is then transplanted into a donor cytoplasm
containing wild type mtDNA [217]. Three techniques have
been tested on animals and human cells so far.

Pronuclear transfer (PNT) applies at zygote stage: the
two pronuclei carrying the haploid set of chromosomes, one
from the egg and one from the sperm, are transplanted from
the zygote to the donor. This technique is associated with
relatively high levels of mtDNA carry-over in mice, which
are lower in humans; nevertheless, it is an ethical dilemma
due to donor embryo destruction [218].

Spindle transfer (ST) was first developed in rhesus mon-
key and applies at the stage of unfertilised oocyte, where,
unlike zygotes, the distribution of mitochondria is uniform.
Meiotic spindles are extracted from the oocyte and fused to
donor cytoplasts, which are then fertilised and cultured to
the blastocyst stage. Blastocyst development and quality was
comparable to controls in monkeys [219]. Studies on human
oocytes, after artificial parthenogenetic activation, showed
normal progression to blastocysts with very low level of
mtDNA carryover [220].

Finally, polar body transfer (PBT) consists of one of the
two polar bodies, derived from oocyte meiosis and contain-
ing a complement of chromosomes, to appropriate oocyte
or zygote cytoplasm. It was tested in mice and coupled with
PNT or ST, showing normal development of viable off-
spring, despite reduced lifetime due to apoptotic pressure.
Functional capacity of PBT products in humans remains to
be determined [221].

The mitochondrial replacement therapy has been
approved, under strict requirements, in the UK [222], but
the approach of ST was applied on a human case for the first
time in 2016 in the USA with the procedure executed in
Mexico, where a baby was generated from a mother carry-
ing the m.8993G>A/MTATP6 mutation associated with the
NARP/MILS mitochondrial syndromes [223]. This first case
has been widely debated [224]. Considering HONS, certainly
LHON may be amenable to this approach, as most families
are homoplasmic mutant, thus not approachable by the het-
eroplasmic shift strategy. However, a number of issues on
inclusion criteria regarding which patients might be eligible
for this procedure, as well as active ethical considerations
and uncertainties about long-term unexplored consequences,
all contribute to a very limited application of this approach
so far.

7 Induced Pluripotent Stem Cells

In 2006, a rapid exponential application of a revolutionary
technology to reprogram somatic cells from patients into
human induced pluripotent stem cells (hiPSCs) was intro-
duced [225]. These cells can be differentiated into any of the
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terminal cell types [226], or into tissue organoids reproduc-
ing the disease targets in vitro [227]. Protocols are now avail-
able to differentiate RGCs [228], as well as eye mini-organs
(mini-eye organoid) [229], which may be used as models
of disease to unravel the detailed pathogenic mechanisms
and test new drugs [227]. The full atlas of single-cell tran-
scriptomes, comparing adult human retinas with mini-eye
organoid retinas, has been provided recently, establishing the
baseline for any future study of disease conditions [230]. A
further proposed development of hiPSC technology is to use
them to regenerate lost tissue due to neurodegeneration, ide-
ally reconstituting the RGCs pools and re-growing the optic
nerve, reversing blindness in chronic patients without hope
[231]. This theoretical scenario is obviously far from clinical
application, but represents one of the most spectacular future
directions for therapeutic options of HONs. Many issues still
need to be solved. One is the quality of hiPSCs that are
obtained by reprogramming, as a few studies indicate that
during the reprogramming from a single somatic cell, clonal
expansion of unwanted heteroplasmic mtDNA variants [232,
233], including some with a pathogenic potential, may occur
from the pool of “universal heteroplasmy” [234]. Further-
more, the therapeutic use of hiPSCs with wild-type mtDNA
has various challenges in terms of delivery into the right
retinal location, the connection with the other retinal cells,
and the long-distance growth of the axon to restore the cor-
rect signalling to the lateral geniculate nucleus (LGN) [231].

In the field of HONs, a few groups are already working
on both LHON [235] and DOA [236]. Yang and colleagues
generated hiPSC-derived RGCs and studied, in particular,
the axonal transport [235], whereas Chen and colleagues
investigated apoptosis in a similar setting, showing that
excess apoptosis in OPAI hiPSCs hampered the differentia-
tion into RGCs [236]. This field is in its infancy and is about
to rapidly expand accelerating drug screening and testing
therapeutic strategies for HONS.

8 Other Innovative Therapies at Preclinical
Stage Contrasting Mitochondrial
Dysfunction

8.1 Mitobiogenesis

A compensatory strategy to recover impaired OXPHOS is
the activation of mitochondrial biogenesis, which involves
increasing mitochondrial mass and mtDNA copy number to
raise the total ATP production. This compensatory strategy
partially occurs through spontaneous cell rewiring in sev-
eral mitochondrial diseases and is histologically visible as
subsarcolemmal mitochondria proliferation evident at light
microscopy and electron microscopy in skeletal muscle,
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defining the scattered occurrence of the so-called ragged
red fibres [30].

The importance of this compensatory mechanism has
been highlighted in LHON, where it has been demonstrated
that a significantly higher mtDNA content and increased
mitochondrial biogenesis is present in both skeletal muscle
and blood cells of unaffected LHON mutation carriers, driv-
ing the incomplete penetrance [49]. A threshold of > 500
mtDNA copy numbers distinguished the unaffected mutation
carriers from the affected individuals, possibly discriminat-
ing in the future the probability of a LHON mutation car-
rier remaining unaffected or undergoing clinical conversion
[49]. Therefore, mitochondrial biogenesis is also a druggable
target and agents able to activate this cell rewiring could be
beneficial in a context of mitochondrial dysfunction.

8.1.1 Oestrogens

The protective role of oestrogens in LHON has been dem-
onstrated, in both cybrids and patient-derived primary
fibroblast cell lines [47]. This observation was proposed
as partial explanation for gender bias in LHON, a condi-
tion where notoriously, males are more prone to develop
the disease compared to females. In cybrids, 17b-oestradiol
ameliorated the overproduction of ROS and apoptosis rate
in galactose medium through the activation of the antioxi-
dant enzyme superoxide dismutase 2, and the promotion of
mitochondrial biogenesis with an increase in mtDNA copy
numbers [47]. Moreover, a specific oestrogen receptor type
B (Erp) was shown to be present in the mitochondria of
human RGCs and its expression is maintained in the sur-
viving cells of LHON patients. The therapeutic implications
of these observations may be relevant, since targeting Erf}
in RGCs with oestrogen-like molecules could be an effec-
tive strategy for young unaffected LHON carriers to prevent
the disease onset or reduce disease severity. This strategy
has been tested in LHON cybrids and fibroblasts carrying
the m.11778G>A/MTND4 mutation using a combination
of natural oestrogen-like compounds (phytoestrogens). In
fact, in vitro phytoestrogen administration improved cell
survival by reducing apoptosis and ROS production, ulti-
mately increasing mitochondrial biogenesis and respiratory
competence [17]. Further studies are needed to clinically test
phytoestrogens as preventive therapy in LHON by appropri-
ate trials.

8.1.2 Rapamycin

Rapamycin, an approved drug for use in humans, is a
specific inhibitor of the mammalian target of rapamycin
(mTOR) signalling pathway [237], which has been shown
to extend lifespan and reduce disease progression in the
Ndufs4 knockout (Ndufs4—/—) mouse, a complex [-based
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Leigh syndrome mouse model [238]. Furthermore, a study
on cybrid cells expressing the m.11778G>A/MTND4 LHON
mutation in heteroplasmic state showed that rapamycin pro-
motes mitophagy, resulting in reduction of the mutation lev-
els with partial ATP restoration [239].

More recently, the efficacy of rapamycin and two other
molecules, papaverine, a vasodilator, and the GABA , ago-
nist zolpidem were tested on the same Ndufs4—/— mouse,
which also develops a LHON-like loss of RGCs leading to
rapid vision loss [18]. The treated mice showed significant
preservation of the visual function, reduced retinal inflam-
matory response and enhanced cell survival. All considered,
rapamycin seems to ameliorate the phenotypic expression of
Leigh syndrome and LHON-like optic atrophy due to pro-
found complex I deficiency. These observations may prompt
a repurpose of rapamycin in LHON and maybe other HONS.
As for preclinical studies, further clarification of the mecha-
nism by which RGC preservation occurs is needed.

8.1.3 Other Molecules

Over the last decade, drugs that have been considered as
boosters of mitochondrial biogenesis include bezafibrate,
metformin, rosiglitazone, resveratrol and 5-aminoimidazole-
4-carboxamide ribonucleoside (AICAR), which, in most cases,
have been shown to activate the transcriptional co-activator
PGC-1a, peroxisome proliferator-activated receptors and
AMP-activated protein kinase [237]. Amongst the most con-
vincing results available, we consider vitamin B3 and nicoti-
namide adenine dinucleotide (NAD+) precursors as boosters
of mitochondrial biogenesis [240, 241]. Mitochondrial activity
is the key regulator of NAD+/NADH ratio, which in turn is
central to the redox and metabolic state of cells, given its role
in hydrogen carrier for redox enzymes [242]. Oral administra-
tion of NAD+ precursors, like niacin, nicotinamide riboside
and inositol hexanicotinate, is currently proposed as therapy
for mitochondrial disorders to increase mitochondrial popula-
tion in order to overcome the metabolic defect and ameliorate
global mitochondrial function [237, 240, 241].

Another recent interesting scenario was when some
microRNAs (miR-181a and miR-181b) were found to specif-
ically regulate the expression of genes involved in mitochon-
drial homeostasis in the retina by direct targeting of Nrfl.
Downregulation of these miRNAs in the Ndufs4—/— mouse
model with LHON-like features resulted in preservation of
functional RGCs through a co-activation of mitochondrial
biogenesis and mitophagy and improving the visual pheno-
type [243].

8.2 Neuroprotection

Neuroprotection is often an abused denomination; however,
several agents have been tested in various animal models of

optic neuropathies, especially ischaemic and demyelinating
[244]. Nevertheless, it cannot be excluded that they may
be applied to HONS in the future. QPI-1007, a chemically
modified short interfering RNA (siRNA) that inhibits the
expression of the caspase 2 [245], has been administered in
patients with non-ischaemic anterior optic neuritis (NAION)
but an interim analysis did not warrant enrollment (www.
clinicaltrials.gov NCT02341560). Another compound,
RPh201, extracted from the mastic gum, was administered
in patients with NAION during a placebo-controlled Phase II
trial (www.clinicaltrials.gov NCT02045212). They assessed
the safety of subcutaneous administration, but no clinical
efficacy in terms of VA improvement was detected [246].

Another neuroprotective agent is BN201, a highly solu-
ble small molecule that crosses the blood-brain barrier and
provides axonal protection, promoting remyelination and
neuronal survival in models of acute optic neuritis, multiple
sclerosis and glaucoma [247] (https://bionure.com/the-neuro
protectant-bn201/).

This short selection does not cover the exhaustive field
of agents classified as “neuroprotective”, but only highlights
the potential cross-contamination of drugs designed for one
pathological condition that might be of some use in others,
including HON:Ss.

9 Conclusions and Future Directions

In conclusion, we provided an overview on currently avail-
able therapeutic options for HONs, but also looking at future
developments.

What remains central for mitochondrial HONSs is the use
of antioxidants, in particular idebenone, for which approval
is already set for LHON, but may extend to other conditions
such as OPA I-related DOA. However, it would be interesting
to clarify the mechanisms and learn how the dependence on
NQOI1 may impinge on efficacy. As LHON is the paradigm
playground for HONSs, we expect to better understand the
global experience from the multiple trials with gene therapy
based on allotopic expression of ND4, as all results are now
analysed and published. Certainly, the bilateral improve-
ment poses a number of questions that will necessarily be
addressed. Considering LHON as a paradigm for HON:S,
we may also envisage that ultimately different therapeutic
approaches might work in combination, targeting different
aspects of the pathogenic mechanisms, as well as using dif-
ferent routes of administration. Idebenone, for example, is
thought to partly correct bioenergetics and mitigate oxida-
tive stress. Its administration is systemic, possibly reaching
all cell types; thus, besides RGCs, astrocytes, oligodendro-
cytes, and blood vessel, other cell components are impli-
cated in LHON pathogenesis [1, 2, 8, 9]. The allotopic gene
therapy targets the RGCs by highly localised intravitreal
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administration, without reaching in adequate amount the
myelinated portion of the optic nerve. Furthermore, the
mechanism targeted by this approach is the direct correction
of complex I function, in a percentage of assembled com-
plexes, by inserting the wild-type ND4 subunit. The com-
bination of idebenone and gene therapy may then possibly
result in a synergistic and complementary therapeutic effect.

The future seems particularly dynamic for HONs and for
the field of mitochondrial medicine in general. With no cure
available for over 30 years, there is hope that some of the
proposed therapeutic strategies will allow to reduce the dis-
ease burden. These include gene therapy and genome edit-
ing, reproductive options, as well as drug repurposing and
discovery of novel molecules targeting the key pathogenic
mechanisms.
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