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Introduction: Therapies for Leber hereditary optic neuropathy (LHON), in common
with all disorders caused by mutated mitochondrial DNA, are inadequate. We have
developed two gene therapy strategies for the disease: mitochondrial-targeted and
allotopic expressed and compared them in a mouse model of LHON.

Methods: A LHON mouse model was generated by intravitreal injection of a
mitochondrialtargeted Adeno-associated virus (AAV) carrying mutant human NADH
dehydrogenase 4 gene (hND4/m.11778G>A) to induce retinal ganglion cell (RGC)
degeneration and axon loss, the hallmark of the human disease. We then attempted
to rescue those mice using a second intravitreal injection of either mitochondrial-
targeted or allotopic expressed wildtype human ND4. The rescue of RGCs and their
axons were assessed using serial pattern electroretinogram (PERG) and transmission
electron microscopy.

Results: Compared to non-rescued LHON controls where PERG amplitude was
much reduced, both strategies significantly preserved PERG amplitude over 15
months. However, the rescue effect was more marked with mitochondrial-targeted
therapy than with allotopic therapy (p = 0.0128). Post-mortem analysis showed
that mitochondrial-targeted human ND4 better preserved small axons that are
preferentially lost in human LHON.

Conclusions: These results in a pre-clinical mouse model of LHON suggest
that mitochondrially-targeted AAV gene therapy, compared to allotopic AAV gene
therapy, is more efficient in rescuing the LHON phenotype.

gene therapy, mitochondrial-targeted, allotopic expression,
neuropathy (LHON), mitochondrial-targeted therapy

Leber hereditary optic

Introduction

Mitochondrial dysfunction affects almost every tissue in the body, especially those with high
energy requirements such as the brain, heart, nervous system, and eye (Desler and Rasmussen,
2012). Leber Hereditary Optic Neuropathy (LHON) is the most common primary genetic
mitochondrial disease characterized by losing retinal ganglion cells (RGCs) and optic nerve
atrophy (Ellouze et al., 2008). More than 90% of LHON cases are caused by one of the three
point mutations in mitochondrial DNA (m. 11778G > A, m.3460G > A, and m.14484 T > C)
that encode subunits ND4, ND1, and ND6 of respiration complex I, respectively (Yu-Wai-Man
and Chinnery, 1993; Karaarslan, 2019; Zuccarelli et al., 2020).
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Pharmacological therapies for LHON, as in most mitochondrial
diseases, are inadequate. Gene therapy approaches for LHON have
2012; Bacman et al., 2013; Chadderton
et al,, 2013); However allotopic expression is the only approach that

been proposed (Yu et al,,

has reached human testing for m. 11778G > A mutation in China
(NCT01267422) (Liu et al,, 2020), in France (NCT02064569) (Yu-
Wai-Man et al., 2020), and in the USA (NCT02161380) (Feuer et al.,
2016; Guy et al,, 2017; Lam et al., 2022). The French clinical trial is
currently in phase 3 trials in the USA and Europe.

The allotopic expression approach involves expressing a nuclear
version of a mitochondrial gene in the nucleus and importing
the expressed protein back to the mitochondria with the help
of the N-terminal fused mitochondrial targeting sequence (MTYS)
(Koilkonda R. D. et al., 2014; Artika, 2020). Guy et al. (2002) studied
the allotopic method extensively in (1) expressing wildtype ND4
in cybrid cells and (2) generating animal models for LHON using
mutant human ND4 (R340H) (Qi et al., 2007; Koilkonda R. et al.,
2014). Studies proving the use of a second AAV as a vector to
carry allotopic wildtype ND4 (Baracca et al.,, 2005; Qi et al., 2007;
Koilkonda R. et al., 2014; Cwerman-Thibault et al., 2015) to rescue
RGC degeneration and loss of vision frames the basis for performing
gene therapy using allotopically expressed human ND4 in patients
carrying m.11778G > A mutation (NCT02161380) (Koilkonda and
Guy, 2011; Cwerman-Thibault et al., 2014; Guy et al.,, 2014, 2017;
Koilkonda R. et al., 2014; Feuer et al., 2016; Yu-Wai-Man et al., 2020).

Although visual improvement was observed in patients in those
clinical trials, most participants still have low vision, and are still
classified as being legally blind, especially for those with the visual loss
for more than 1 year (Guy et al., 2014, 2017; Yu-Wai-Man et al., 2020;
Yuan et al., 2020). Additionally, the hydrophobicity of ND4 protein
limits its ability to cross the mitochondrial membrane and maintain
stable long-term gene expression (Oca-Cossio et al., 2003; Perales-
Clemente et al,, 2011). The entire process, from practical protein
synthesis to successful integration into mitochondrial respiration
complex, is challenging.

Viruses have the ability to traverse the mitochondrial double
membrane to access the inner matrix and deliver DNA inside the
1978; Kaeppel et al.,, 2013). Yu et al. (2012)
have observed that fusing a MTS to the capsid of adeno-associated

organelle (Maul et al,

virus (MTS-AAV) can redirect the virus to mitochondria rather than
the nucleus. When the MTS-AAV-carried ND4 gene was introduced
into the LHON cybrids, ATP synthesis was rescued and when injected
into LHON rodents, visual loss and optic atrophy improved post gene
therapy. It was also proven using next-generation sequencing that
the transferred gene remains episomal, making mito-targeted gene
transfer a long-term platform for the treatment of LHON and other
primary genetic mitochondrial diseases (Ellouze et al., 2008; Yu et al,,
2018).

In this study, we used mito-targeted and allotopic expressed
wildtype hND4 to treat LHON mice induced by MTSAAV delivered
hND4G11778A and compare their therapeutic efficacy to protect the
RGCs and axons from dysfunction and degeneration in those mice.

Materials and methods

Animals

All animal procedures were performed abiding by the National
Institutes of Health Guide for Care and Use of Laboratory Animals
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and the ARVO Statement for the use of Animals in Ophthalmic
and Vision Research. Intraocular injections of recombinant AAV
were performed on 3-month-old DBA/1] mice post sedation by
inhalation of 1.5-2% isoflurane, right after baseline tests. A local
anesthetic (proparacaine HCl) was topically applied to the cornea,
and then a 32-gauge needle attached to a Hamilton syringe was
inserted through the pars plana. 1 pl of AAVs carrying the gene of
interest was injected into the eyes at the interval of 2 days, including
MTSAAV/mutant ND4 (4.32 E9 vg/eye), MTSAAV/mCherry (4.52
E8 vg/eye), MTSAAV/wild-type ND4 (4.4 E8 vg/eye), AAV/pIND4
(4.5 E9 vg/eye), and AAV/Cherry (3.72 E9 vg/eye) as showed in
Table 1. For the treatment, the mice were first injected with mutant
human ND4, and 2 days later were injected with wildtype human
ND4 (Rescued) or m/Cherry (un-rescued). The injection controls
received two injections of mCherry. Pattern electroretinograms
(PERGs) were performed longitudinally at 3-, 6-, 9-, and 12-month
after injections for the allotopic group and baseline, 1-, 3-, 6-, and
12-month after injection for the mito-targeted group.

Plasmids and AAVs

Plasmids including sc-HSP-ND4G11778A, sc-HSP-wtND4, sc-
HSP-mCherry, sc-smCBA-PIND4, and sc-smCBA-Cherry were
constructed as previously described (Koilkonda R. et al.,, 2014; Yu
et al.,, 2018). In brief, for mito-constructs, human ND4 G11778A or
wildtype ND4 gene fused in frame with FLAG and mitochondrial-
encoded Cherry(mCherry) were cloned into scAAV backbones under
the control of the mitochondrial heavy strand promoter (HSP), where
NDA4FLAG is followed by mCherry with a stop codon between two
genes (sc-HSP-ND4G11778A or sc-HSP-wtND4). mCherry cloned
into the same scAAV backbone was used as a control (sc-HSP-
mCherry). For allotopic constructs, human ND4 in standard code was
fused with the MTS of ATP synthase subunit C (pIND4) and cloned
into scAAV backbones under the control of chicken b-actin promoter
(sc-smCBA-PIND4). Also, mCherry in standard code was cloned in
the same scAAV backbone and used as a control (sc-smCBA-Cherry).
The resultant plasmids were purified using Qiagen endotoxin free
megprep. Then, the mito-constructs were packaged by the University
of Florida into MTSAAV2 using VP2COX8, VP1, VP3 (Y444, 500,
730F), and helper plasmid PXX6, and the allotopic constructs were
packaged into AAV2 using PDG2mut (Y444, 500, 730F) by National
Heart, Lung and Blood Institute's GTRP AAV facility at Children’s
Hospital of Philadelphia (CHOP).

TABLE1 Summary of experiments.

Study groups | Naive | Injection |Unrescued | Rescued
control | control

Mito-targeted (1st) MTSAAV/ MTSAAV/ MTSAAV/
mCherry mutND4 mutND4
MTSAAV/ MTSAAV/ MTSAAV/
mCherry mCherry wtND4
n=10 n=10 n=10
Allotopic (2nd) n=10 n=0 MTSAAV/ MTSAAV/
mutND4 mutND4
AAV/Cherry | AAV/pIND4
n=10 n=10

MTS, mitochondrial targeted sequence; mut, mutant; wt, wildtype; mCherry, mcherry in mito-
code.
Cherry, mcherry in standard code.
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PERG

Pattern electroretinograms (Chou et al, 2014) were obtained
from mice at various time points. In brief, mice were weighed
and anesthetized intraperitoneally (IP) using a mixture of ketamine
(80 mg/kg body weight) and xylazine (10 mg/kg body weight).
A feedback-controlled heating pad was used to maintain the body
temperature of individual animals at 37.6°C. PERG signals were
recorded from a common subcutaneous needle (Grass Technologies,
West Warwick, RI, USA) placed in the snout and referenced to a
similar electrode placed in the back of the head. A third subcutaneous
electrode placed at the root of the tail served as a ground. Pupils
were natural without dilation. A small drop of balanced saline
solution was applied topically as necessary to prevent corneal dryness.
Visual stimuli consisting of horizontal gratings (95% contrast, 0.06
cycles/degree spatial frequency), 700 cd/m? mean luminance were
generated on two (15 cm x 15 cm) LED tablet displays (Jorvec Corp,
Miami, FL, USA) and presented at each eye separately at a distance
of 10 cm. Gratings reverse in contrast at slightly different temporal
frequency (OD, 0.984 Hz; OS, 0.992 Hz) to allow deconvolution of the
signal and retrieval of PERG from each eye. PERG signals were fed to
an Opti-Amp bioamplifier (Intelligent Hearing Systems Inc., Miami,
FL, USA) amplified (10,000-fold), filtered (1-300 Hz, 6 dB/oct), and
averaged (OD, 372 epochs of 492 ms; OS, 372 epochs of 496 ms)
using a Universal Smart Box acquisition system (Intelligent Hearing
Systems Inc., Miami, FL, USA).

Optic nerve diameter and axon count

A total of 15 months post-injection, optic nerves were dissected
from 1 mm behind the ocular bulbs. For quantifying the axon counts,
transmission electron micrographs were photographed by a masked
observer at a magnification of 1500X for each optic nerve specimen
(n = 3 in each group). The diameter and number of axons were
manually counted by a masked observer. In the mito-targeted group,
a total of 2,226 axons were counted for the un-rescued group, 3,049
axons for the rescued group, and 3,320 axons for mcherry double
injected control group. In the allotopic group, a total of 4,695 axons
were counted for the un-rescued group, 6,445 axons for the rescued
group, and 5,229 axons for the I group.

Statistical analysis

GraphPad Prism software was used to perform univariate
statistical analysis. To compare PERG amplitude changes over time
between controls and treated mice, the method of Generalized
Estimating Equations (GEE) was used (IBM SPSS statistics Ver. 26).
GEE is an unbiased non-parametric method to analyze longitudinal
correlated data, accounting for the inclusion of both eyes in the
design. In the analysis, PERG amplitude was the dependent variable,
and age at testing period and treatment group (Controls, Treated)
were predictor variables. Main effects (Age, Group) and interaction
between age and treatment group were computed, as well as pairwise
comparisons between age and treatment group. PERG latency tended
to increase with age in all groups. As the differences between
groups were relatively small, latency changes were not specifically
analyzed but were included as covariates. P-values of < 0.05
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were considered statistically significant. Values were expressed as
means + standard deviation (SD).

Results

Mito targeted wildtype ND4 mediates a
rapid and more efficient vision rescue than
allotopic expressed ND4

To compare the therapeutic efficacy of the mito-targeted- and
allotopic- gene therapy, we performed two experiments in which a
LHON mouse model was first generated by intravitreal injection of
MTSAAV carrying mutant human ND4G11778A(mutND4) and then
rescued using a second injection of either mito-targeted or allotopic
wildtype human ND4 (wtND4) (Table 1). The mito-targeted wtND4
was in mitochondrial genetic code, while, allotopic expressed wtND4
was recoded in nuclear (standard) code and fused in-frame with
MTS of the ATP synthase subunit C (pIND4) (Guy et al.,, 2002).
Unrescued mice received a second injection of mCHERRY encoded in
either mitochondrial (mito-targeted) or standard (allotopic) genetic
code. Both experiments included a group of non-injected mice as
naive controls. The rescue efficacy of the two strategies was assessed
using longitudinal PERGs, a sensitive electrophysiological measure
for RGC function in vivo.

To detect if double injections per se impaired the RGC
function, we compared the PERG amplitude between naive and
mcherry_mcherry double injected mice from baseline to 1-, 3-, and
12-month after injection (Figure 1A). No significant decrease was
found in PERG amplitude with age for both naive and mcherry
double- injected mice (P = 0.096). We did not find a statistically
significant difference in PERG amplitude between the two groups
(P = 0.082) or any interaction between age and group (P = 0.322)
(Figure 1B).

Next, we wanted to detect whether mito-targeted wtND4
rescued the RGC dysfunction induced by mutND4 in the
injected mice. Compared to age matched un-rescued control
mice (MTND4_mcherry), mice in both groups had a similar baseline
PERG amplitude before injection (Figure 2A); however, a significant
decrease in PERG amplitude was found at 1 month after injection in
both groups (Figure 2B). The rescued mice (MTND4_WT_rescued)
regained the PERG amplitude at 3 months (p = 0.055, Figure 2C),
and the difference between the rescued and unrescued mice became
statistically significant at 6 (p = 0.018, Figure 2D) and 12 months
(p = 0.042, Figure 2E) after injection. GEE analysis showed a
significant change starting at the age of 6 months (3 months after
injection) and persisted to 9 (6 months after injection) and 15 months
after birth (12 months after injection). The mean PERG amplitude
significantly decreased with age (<0.001); specifically, the effect
between the two groups was statistically significant (p = 0.039),
suggesting mito-targeted wildtype ND4 efficiently reverts RGC loss
in LHON mice (Figure 2F).

Then, we wanted to see if the allotopically expressed wtND4
rescued RGC dysfunction in the injected mice. For this experiment,
data were available for the post-injection period (3, 6, 9,12 months
of age, 6, 9, 12, 15 months after injection) as a confirmation of our
previous studies using allotopic vector in the same mouse strain of
the same age range (Koilkonda R. et al., 2014; Koilkonda R. D. et al,,
2014). Compared to unrescued mice (Allo-unrescued), the rescued
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Mito-targeted wtND4 rescue mutND4-induced RGC dysfunction. (A) Scatterplot of PERG amplitudes (average of both eyes) of all mice tested in each
group showed no significant difference at the baseline (BL) between un-rescued (MTND4_mcherry) and rescued mice (MTND4_WT_rescued).

(B) Mutant ND4 injection induced a significant decrease in PERG amplitude at 1 month after injection. Wildtype ND4 reverse the reduction PERG from
3 months (C), 6 months (D), to 12 months (E) after injection. (F) A line graph shows the mean PERG amplitude for un-rescued mice significantly

decreased with age relative to rescued mice from 6 to 15 months after birth.

mice (Allo-rescued) showed an overall increase in PERG amplitude
of about 15% (P = 0.017) that was more marked in 9-12 months after
injection (Figures 3A-E), suggesting that allotopic expressed wtND4
mediates a moderate and delayed rescue in LHON mice.

Lastly, to determine if any difference exists in rescue effects
of RGC dysfunction in LHON mice between mito-targeted and

Frontiers in Neuroscience

allotopic gene therapy, data was analyzed as mean PERG amplitude
change between the rescue group and its corresponding non-
rescued control (MTND4_WT_rescued and MTND4_mcherry vs.
Allo-rescued and Allo-unrescued). As no baseline PERG data were
collected for the allotopic group, rescue-induced PERG changes
could not be compared relative to baseline. However, we were able
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Allotopic expressed wtND4 rescue mutND4-induced RGC dysfunction. Scatterplots of PERG amplitudes (average of both eyes) of all mice tested in each
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12 months (D) post-injection. (E) A line graph shows the mean PERG amplitude for un-rescued mice significantly decreased with age relative to rescued

mice from 9 to 15 months after birth.

to analyze rescue effects by comparing post-injection data with
corresponding post-injection data of unrescued mice. Namely, we
subtracted individual rescued PERG amplitudes from the grand mean
of corresponding unrescued data over a comparable age ranges (3, 6,
12 MPI). Kolmolgorov-Smirnoff tests showed that the distributions
of both allotopic and mito-targeted approach data points were
different from zero, indicating both strategies were effective in rescue;
however, the rescue effect was more robust with the mito-targeted
approach (p = 0.0128) (Figure 4).

Mito targeted wildtype ND4 mediates a
more efficient rescue of axons in the optic
nerve compared to allotopic expressed
ND4

To evaluate the rescue efficacy of optic atrophy induced by
mutant ND4 in mice, we performed post-mortem ultrastructural
analysis 15 months after intravitreal injections. The optic nerves
of the mutant ND4 injected untreated mice (MTND4_mcherry,
Figure 5A) had many cystic spaces and electron-dense debris
where axons were degraded. In contrast, age-matched control
(mcherry_mcherry, Figure 5B) and mito-targeted ND4 treated
mice (MTND4_WT_rescued, Figure 5C) exhibited numerous axons.
Quantitative analysis revealed 33% axons loss in untreated mice
compared to controls (186995 =+ 33784 vs. 278898 + 14203,
axons/mm?, p = 0.009), while wildtype ND4 treatment increased the
axons by 37% (256132 & 22452, axons/mm?, p = 0.033, Figure 5D).
Consistently, the optic nerves of unrescued mice (Allo-unrescue,
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Figure 5E) in the allotopic group also had more cystic spaces
compared to naive (Figure 5F) and rescued mice (Allo-rescue)
(Figure 5G). Axon quantification revealed an increase of 37.5% in
Allo-rescue mice (216577 4 20351 vs. 157768 =+ 25500, axons/mm?)
compared to unrescued mice (Figure 5H). Although the sample size
for the axon density measurement was small (n = 3 per group), there
was a significant difference between mice rescued with the mito-
targeted strategy (p = 0.0095) compared to mice rescued with the
allotopic strategy (p = 0.158).

To compare the distribution of axons diameters in unrescued and
rescued LHON mice, we manually measured the diameter of every
axon that was imaged as described in the methods. The proportion
of axons of different diameters was calculated relative to the total
existing axons counted for each eye. Compared to age-matched
unrescued mice, the axon distribution of MTND4-rescued mice
tended to shift toward small axons (Figure 5I), whereas no apparent
shift was evident in Allo-rescued mice (Figure 5]). The data suggests
that mito -targeted delivery systems for gene therapy may preserve
small axons that are preferentially lost in human LHON (Sadun et al,,
2000).

Discussion

Mammalian mtDNA is present as thousands of copies per cell in
most cells and mutations can occur in all (homoplasmy) or a fraction
of them (heteroplasmy) (Frazier et al., 2019; Naeem and Sondheimer,
2019; Jackson et al, 2020; Filograna et al, 2021). Virtually
all pathogenic mutations in mtDNA are functionally recessive
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Wild type ND4 protect optic nerve degeneration. Transmission electron micrographs of the retrobulbar optic nerve were performed 15 months
post-injection. More cystic spaces are observed in un-rescued mice (A,E) when compared to mcherry double-injected control (B), mito-targeted ND4
rescued (C), naive (F), and allotopic expressed ND4 rescued (G) mice. Quantification of axons in the mice of mito-targeted (D) and allotopic (H) rescue
experiments. Only mito-targeted ND4 significantly preserved axons compared to its corresponding non-rescued controls. In contrast, allotopic
expressed ND4 did not. Analysis of the distribution of axonal diameters showed that mito-targeted ND4 (l) preserved small axons with a shift to larger

diameter axons in the corresponding non-rescued compared to the allotopic group (J).

(Filograna et al,, 2021), including mutant ND4 (m.11778G > A).
The impact of pathogenic mutations will not be biochemically and
clinically manifest until the ratio of mutated to wildtype mtDNA
exceeds a certain upper limit (Shoffner et al., 1990; Rossignol et al.,
2003; Falabella et al., 2022). A load of heteroplasmy, defined as the
relative amount of mutated to wildtype mtDNA, corresponds to
timing and symptom severity (Naeem and Sondheimer, 2019; Jackson
et al., 2020). Thus, shifting the heteroplasmic equilibrium without
correcting all, or perhaps even most mtDNA mutations, can lead to a
shift in disease onset and symptom severity due to complementation
of wildtype molecules for the effects of the mutation (DiMauro and
Schon, 2003; Desquiret-Dumas et al., 2012; Naeem and Sondheimer,
2019; Jackson et al.,, 2020). Heteroplasmic shifting can be induced
at different levels of mitochondrial gene expression, such as the
Mito-targeted strategy induces the shift at DNA level while allotopic
strategy induces at protein level.

Frontiers in Neuroscience

This study compared rescue effects of two gene-therapy
strategies—allotopic and mito-targeted—using a LHON mouse
model induced by MTSAAV-delivered hND4G11778A. RGC function
was investigated in response to coarse patterns of high-contrast
(0.05 c/deg = 2.77 logMAR) (Yu et al, 2012; Chadderton et al,,
2013; Liu et al., 2020) to detect severe visual deficits that are also
characteristic of human LHON and potential reversal of visual loss
after gene-therapy. We found that both allotopic and mito-targeted
gene therapy strategies were effective in improving visual function
compared to age-matched unrescued mice. However, the rescue effect
of mito-targeted gene therapy appeared to occur earlier than that of
allotopic strategy.

Mitochondria retain only a small number of genes, which
encode highly hydrophobic proteins throughout evolutionary history
(Johnston and Williams, 2016). One of the most common hypotheses
about this phenomenon is the difficulty of importing and sorting
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those proteins across the mitochondrial membrane if produced
remotely (Adams and Palmer, 2003; Allen, 2015; Johnston and
Williams, 2016). The allotopic approach delivers the ND4 gene
in standard genetic code into the nucleus and then translocates
the expressed ND4 protein from cytosol back to mitochondria. In
contrast, mito-targeted strategy delivers ND4 gene directly inside
mitochondria using a mitochondrial targeting AAV (MTSAAV), and
the ND4 protein is expressed inside mitochondria, making this
strategy more likely to have a higher delivery efficacy and an earlier
rescue than the allotopic approach.

The difference in rescue between these two strategies is in
agreement with our previous observation. An allotopic test article,
produced by the University of Florida, initiated significant rescue
12 months after injection in the same LHON mouse model as in
this study (Koilkonda R. et al., 2014). Instead, mito-targeted wildtype
ND4 mediated a marked reversal of visual function loss in mutant
ND4 transgenic mitomice started from 1 month and sustained up to
12 months after injection (Yu et al., 2018).

Delayed therapeutic effects of the allotopic vector were also
evident in the clinical trials for LHON. In the clinical trial we
performed, a substantial improvement of > = 15ETDRS (Early
Treatment Diabetic Retinopathy Study) letters was noted from 12-
to 24-month post-injection (Feuer et al,, 2016; Guy et al., 2017; Lam
etal,, 2022). Similarly, the French Gensight study group reported that
a mean (SD) improvement in BCVA of —0.308 (0.068) LogMAR,
equivalent to a gain of 15 ETDRS letters for changes from the
baseline, was evident at 96 weeks after the treatment with the allotopic
expressed ND4 in their phase 3 clinical trial (Yu-Wai-Man et al., 20205
Newman et al., 2021).

Rapid rescue is clinically relevant in treating LHON patients,
especially for those who have bilateral simultaneous onset of
acute visual loss or unilateral cases with acute visual loss in
one eye 6-8 weeks before vision loss in the second eye. Rapid
rescue of RGCs using gene therapy might prevent optic nerve
degeneration or prevent visual loss in the second eye, even though
oxidative injury and apoptosis may already be irreversible at this
time. Also, the enhanced survival of RGCs might mediate vision
improvement in both eyes as we have observed in the current LHON
clinical trials where vision improved bilaterally with unilateral gene
therapy injection.

In conclusion, our data shows that the severe visual loss induced
by a mitochondrial disease may be reversed for most of the lifespan
of laboratory mice using both mito-targeted and allotopic expressed
gene therapy. However, mito-targeted therapy likely mediates a
quicker and more efficient rescue than the allotopic strategy. This
study has certain limitations, such as the experiments were performed
in different time periods and under conditions that were similar but
not identical, including the test articles that were produced from
different facilities. The allotopic vector was made in a GMP lab
using two plasmids for the package, while the mito-target vector was
produced in a non-GMP lab using five plasmids for the package.
This might induce some difference in the titer, purity, and empty/full
capsid ratio of the two vectors. Besides, the mouse number, gender,
and gene therapy protocols used to rescue the animals were similar
within a protocol but not identical among different groups. Further
investigations will be needed to confirm the findings. Still, this
study provides preliminary experimental evidence supporting mito-
targeted gene therapy as a long-term platform for treating human
mitochondrial optic neuropathies such as LHON.

Frontiers in Neuroscience

10.3389/fnins.2023.1119724

Data availability statement

The original contributions presented in this study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee, University of Miami.

Author contributions

JG and HY designed the research. SV, T-HC, JE, YL, and HY
performed the research. WWH contributed to new reagents/analytic
tools. SV, T-HC, VP, and HY analyzed the data. SV, VP, and HY wrote
the manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This study was supported by the National Eye Institute RO1 EY
027414, R01 EY017141, R24 EY028785, and P30 EY014801.

Acknowledgments

We acknowledge the defining contributions of JG (deceased),
who invented mito-targeting AAV and LHON gene therapy
investigational product (allotopic expression system) and designed
the research. His tireless efforts made this study possible. We also
gratefully acknowledge Dr. Alfred S. Lewin and Mr. Vince A. Chiodo
at the University of Florida for the MTSAAV package and the support
of the and National Heart, Lung and Blood Institute’s GTRP AAV
facility at CHOP in manufacturing the allotopic AAV.

Conflict of interest

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

Publisher’s note

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

frontiersin.org


https://doi.org/10.3389/fnins.2023.1119724
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Velmurugan et al.

References

Adams, K. L., and Palmer, J. D. (2003). Evolution of mitochondrial gene content: gene
loss and transfer to the nucleus. Mol. Phylogenet. Evol. 29, 380-395. doi: 10.1016/S1055-
7903(03)00194-5

Allen, J. F. (2015). Why chloroplasts and mitochondria retain their own genomes and
genetic systems: colocation for redox regulation of gene expression. Proc. Natl. Acad. Sci.
U.S.A. 112,10231-10238. doi: 10.1073/pnas.1500012112

Artika, I. M. (2020). Allotopic expression of mitochondrial genes: basic strategy and
progress. Genes Dis. 7, 578-584. doi: 10.1016/j.gendis.2019.08.001

Bacman, S. R., Williams, S. L., Pinto, M., Peralta, S., and Moraes, C. T. (2013). Specific
elimination of mutant mitochondrial genomes in patient-derived cells by mitoTALENS.
Nat. Med. 19, 1111-1113. doi: 10.1038/nm.3261

Baracca, A., Solaini, G., Sgarbi, G., Lenaz, G., Baruzzi, A., Schapira, A. H,, et al.
(2005). Severe impairment of complex I-driven adenosine triphosphate synthesis in Leber
hereditary optic neuropathy cybrids. Arch. Neurol. 62, 730-736. doi: 10.1001/archneur.
62.5.730

Chadderton, N., Palfi, A., Millington-Ward, S., Gobbo, O., Overlack, N., Carrigan,
M., et al. (2013). Intravitreal delivery of AAV-NDI1 provides functional benefit in a
murine model of Leber hereditary optic neuropathy. Eur. J. Hum. Genet. 21, 62-68.
doi: 10.1038/ejhg.2012.112

Chou, T. H., Bohorquez, J., Toft-Nielsen, J., Ozdamar, O., and Porciatti, V. (2014).
Robust mouse pattern electroretinograms derived simultaneously from each eye using a
common snout electrode. Invest. Ophthalmol. Vis. Sci. 55, 2469-2475. doi: 10.1167/iovs.
14-13943

Cwerman-Thibault, H., Augustin, S., Ellouze, S., Sahel, J. A., and Corral-Debrinski, M.
(2014). Gene therapy for mitochondrial diseases: Leber hereditary optic neuropathy as
the first candidate for a clinical trial. C. R. Biol. 337, 193-206. doi: 10.1016/j.crvi.2013.11.
011

Cwerman-Thibault, H., Augustin, S., Lechauve, C., Ayache, J., Ellouze, S., Sahel, J. A.,
et al. (2015). Nuclear expression of mitochondrial ND4 leads to the protein assembling
in complex I and prevents optic atrophy and visual loss. Mol. Ther. Methods Clin. Dev.
2:15003. doi: 10.1038/mtm.2015.3

Desler, C., and Rasmussen, L. J. (2012). Mitochondria in biology and medicine.
Mitochondrion 12, 472-476. doi: 10.1016/j.mito.2012.06.008

Desquiret-Dumas, V., Gueguen, N., Barth, M., Chevrollier, A., Hancock, S., Wallace,
D. C., etal. (2012). Metabolically induced heteroplasmy shifting and l-arginine treatment
reduce the energetic defect in a neuronal-like model of MELAS. Biochim. Biophys. Acta
1822, 1019-1029. doi: 10.1016/j.bbadis.2012.01.010

DiMauro, S., and Schon, E. A. (2003). Mitochondrial respiratory-chain diseases.
N. Engl. J. Med. 348, 2656-2668. doi: 10.1056/NEJMra022567

Ellouze, S., Augustin, S., Bouaita, A., Bonnet, C., Simonutti, M., Forster, V., et al. (2008).
Optimized allotopic expression of the human mitochondrial ND4 prevents blindness
in a rat model of mitochondrial dysfunction. Am. J. Hum. Genet. 83, 373-387. doi:
10.1016/j.2jhg.2008.08.013

Falabella, M., Minczuk, M., Hanna, M. G., Viscomi, C., and Pitceathly, R. D. S. (2022).
Gene therapy for primary mitochondrial diseases: experimental advances and clinical
challenges. Nat. Rev. Neurol. 18, 689-698. doi: 10.1038/s41582-022-00715-9

Feuer, W. J., Schiffman, J. C., Davis, J. L., Porciatti, V., Gonzalez, P., Koilkonda,
R. D, et al. (2016). Gene therapy for Leber hereditary optic neuropathy: initial results.
Ophthalmology 123, 558-570. doi: 10.1016/j.ophtha.2015.10.025

Filograna, R., Mennuni, M., Alsina, D., and Larsson, N. G. (2021). Mitochondrial
DNA copy number in human disease: the more the better? FEBS Lett. 595, 976-1002.
doi: 10.1002/1873-3468.14021

Frazier, A. E., Thorburn, D. R,, and Compton, A. G. (2019). Mitochondrial energy
generation disorders: genes, mechanisms, and clues to pathology. J. Biol. Chem. 294,
5386-5395. doi: 10.1074/jbc.R117.809194

Guy, J., Feuer, W. J., Davis, J. L., Porciatti, V., Gonzalez, P. J., Koilkonda, R. D, et al.
(2017). Gene therapy for Leber hereditary optic neuropathy: low- and medium-dose
visual results. Ophthalmology 124, 1621-1634. doi: 10.1016/j.ophtha.2017.05.016

Guy, J., Feuer, W. ], Porciatti, V., Schiffman, J., Abukhalil, F., Vandenbroucke, R., et al.
(2014). Retinal ganglion cell dysfunction in asymptomatic G11778A: Leber hereditary
optic neuropathy. Invest. Ophthalmol. Vis. Sci. 55, 841-848. doi: 10.1167/iovs.13-13365

Guy, J., Qi, X., Pallotti, F., Schon, E. A., Manfredi, G., Carelli, V., et al. (2002). Rescue
of a mitochondrial deficiency causing Leber hereditary optic neuropathy. Ann. Neurol.
52, 534-542. doi: 10.1002/ana.10354

Jackson, C. B., Turnbull, D. M., Minczuk, M., and Gammage, P. A. (2020). Therapeutic
manipulation of mtDNA Heteroplasmy: a shifting perspective. Trends Mol. Med. 26,
698-709. doi: 10.1016/j.molmed.2020.02.006

Johnston, I. G., and Williams, B. P. (2016). Evolutionary inference across eukaryotes

identifies specific pressures favoring mitochondrial gene retention. Cell Syst. 2, 101-111.
doi: 10.1016/j.cels.2016.01.013

Frontiers in Neuroscience

08

10.3389/fnins.2023.1119724

Kaeppel, C., Beattie, S. G., Fronza, R, van Logtenstein, R., Salmon, F., Schmidt, S., et al.
(2013). A largely random AAV integration profile after LPLD gene therapy. Nat. Med. 19,
889-891. doi: 10.1038/nm.3230

Karaarslan, C. (2019). Leber’s hereditary optic neuropathy as a promising disease for
gene therapy development. Adv. Ther. 36, 3299-3307. doi: 10.1007/s12325-019-01113-2

Koilkonda, R., Yu, H., Talla, V., Porciatti, V., Feuer, W. J., Hauswirth, W. W, et al.
(2014). LHON gene therapy vector prevents visual loss and optic neuropathy induced
by G11778A mutant mitochondrial DNA: biodistribution and toxicology profile. Invest.
Ophthalmol. Vis. Sci. 55, 7739-7753. doi: 10.1167/i0vs.14-15388

Koilkonda, R. D., and Guy, J. (2011). Leber’s hereditary optic neuropathy-gene therapy:
from benchtop to bedside. . Ophthalmol. 2011:179412. doi: 10.1155/2011/179412

Koilkonda, R. D., Yu, H,, Chou, T. H., Feuer, W. J., Ruggeri, M., Porciatti, V., et al.
(2014). Safety and effects of the vector for the Leber hereditary optic neuropathy gene
therapy clinical trial. JAMA Ophthalmol. 132, 409-420. doi: 10.1001/jamaophthalmol.
2013.7630

Lam, B. L., Feuer, W. ], Davis, J. L., Porciatti, V., Yu, H., Levy, R. B., et al. (2022). Leber
hereditary optic neuropathy gene therapy: adverse events and visual acuity results of all
patient groups. Am. J. Ophthalmol. 241, 262-271. doi: 10.1016/j.aj0.2022.02.023

Liu, H. L., Yuan, J. J., Zhang, Y., Tian, Z., Li, X., Wang, D, et al. (2020). Factors
associated with rapid improvement in visual acuity in patients with Leber’s hereditary
optic neuropathy after gene therapy. Acta Ophthalmol. 98, €730-e733. doi: 10.1111/aos.
14379

Maul, G. G., Rovera, G., Vorbrodt, A., and Abramczuk, J. (1978). Membrane fusion as
a mechanism of simian virus 40 entry into different cellular compartments. J. Virol. 28,
936-944. doi: 10.1128/jvi.28.3.936-944.1978

Naeem, M. M., and Sondheimer, N. (2019). Heteroplasmy shifting as therapy for
mitochondrial disorders. Adv. Exp. Med. Biol. 1158, 257-267. doi: 10.1007/978-981-13-
8367-0_14

Newman, N. J., Yu-Wai-Man, P., Carelli, V., Moster, M. L., Biousse, V., Vignal-
Clermont, C., et al. (2021). Efficacy and safety of intravitreal gene therapy for Leber
hereditary optic neuropathy treated within 6 months of disease onset. Ophthalmology
128, 649-660. doi: 10.1016/j.0phtha.2020.12.012

Oca-Cossio, J., Kenyon, L., Hao, H., and Moraes, C. T. (2003). Limitations of allotopic
expression of mitochondrial genes in mammalian cells. Genetics 165, 707-720. doi: 10.
1093/genetics/165.2.707

Perales-Clemente, E., Fernandez-Silva, P., Acin-Perez, R., Perez-Martos, A., and
Enriquez, J. A. (2011). Allotopic expression of mitochondrial-encoded genes in
mammals: achieved goal, undemonstrated mechanism or impossible task? Nucleic Acids
Res. 39, 225-234. doi: 10.1093/nar/gkq769

Qi, X,, Sun, L., Lewin, A. S., Hauswirth, W. W., and Guy, J. (2007). The mutant human
ND4 subunit of complex I induces optic neuropathy in the mouse. Invest. Ophthalmol.
Vis. Sci. 48, 1-10. doi: 10.1167/iovs.06-0789

Rossignol, R., Faustin, B., Rocher, C., Malgat, M., Mazat, J. P., and Letellier, T. (2003).
Mitochondrial threshold effects. Biochem. J. 370, 751-762. doi: 10.1042/bj20021594

Sadun, A. A., Win, P. H., Ross-Cisneros, F. N., Walker, S. O., and Carelli, V. (2000).
Leber’s hereditary optic neuropathy differentially affects smaller axons in the optic nerve.
Trans. Am. Ophthalmol. Soc. 98, 223-232.

Shoffner, J. M., Lott, M. T., Lezza, A. M., Seibel, P., Ballinger, S. W., and Wallace, D. C.
(1990). Myoclonic epilepsy and ragged-red fiber disease (MERRF) is associated with a
mitochondrial DNA tRNA(Lys) mutation. Cell 61, 931-937. doi: 10.1016/0092-8674(90)
90059-N

Yu, H., Koilkonda, R. D., Chou, T. H., Porciatti, V., Ozdemir, S. S., Chiodo, V.,
etal. (2012). Gene delivery to mitochondria by targeting modified adenoassociated virus
suppresses Leber’s hereditary optic neuropathy in a mouse model. Proc. Natl. Acad. Sci.
U.S.A. 109, E1238-E1247. doi: 10.1073/pnas.1119577109

Yu, H., Porciatti, V., Lewin, A., Hauswirth, W., and Guy, J. (2018). Longterm reversal
of severe visual loss by mitochondrial gene transfer in a mouse model of Leber hereditary
optic neuropathy. Sci. Rep. 8:5587. doi: 10.1038/s41598-018-23836-y

Yuan, J., Zhang, Y., Liu, H.,, Wang, D., Du, Y., Tian, Z., et al. (2020). Seven-year
follow-up of gene therapy for Leber’s hereditary optic neuropathy. Ophthalmology 27,
1125-1127. doi: 10.1016/j.0phtha.2020.02.023

Yu-Wai-Man, P., and Chinnery, P. F. (1993). “Leber hereditary optic neuropathy,” in
GeneReviews (®) (Seattle, WA: University of Washington, Seattle).

Yu-Wai-Man, P., Newman, N. J., Carelli, V., Moster, M. L., Biousse, V., Sadun, A. A,
etal. (2020). Bilateral visual improvement with unilateral gene therapy injection for Leber
hereditary optic neuropathy. Sci. Transl. Med. 12:eaaz7423. doi: 10.1126/scitranslmed.
aaz7423

Zuccarelli, M., Vella-Szijj, J., Serracino-Inglott, A., and Borg, J. J. (2020). Treatment
of Leber’s hereditary optic neuropathy: an overview of recent developments. Eur. J.
Ophthalmol. 30, 1220-1227. doi: 10.1177/1120672120936592

frontiersin.org


https://doi.org/10.3389/fnins.2023.1119724
https://doi.org/10.1016/S1055-7903(03)00194-5
https://doi.org/10.1016/S1055-7903(03)00194-5
https://doi.org/10.1073/pnas.1500012112
https://doi.org/10.1016/j.gendis.2019.08.001
https://doi.org/10.1038/nm.3261
https://doi.org/10.1001/archneur.62.5.730
https://doi.org/10.1001/archneur.62.5.730
https://doi.org/10.1038/ejhg.2012.112
https://doi.org/10.1167/iovs.14-13943
https://doi.org/10.1167/iovs.14-13943
https://doi.org/10.1016/j.crvi.2013.11.011
https://doi.org/10.1016/j.crvi.2013.11.011
https://doi.org/10.1038/mtm.2015.3
https://doi.org/10.1016/j.mito.2012.06.008
https://doi.org/10.1016/j.bbadis.2012.01.010
https://doi.org/10.1056/NEJMra022567
https://doi.org/10.1016/j.ajhg.2008.08.013
https://doi.org/10.1016/j.ajhg.2008.08.013
https://doi.org/10.1038/s41582-022-00715-9
https://doi.org/10.1016/j.ophtha.2015.10.025
https://doi.org/10.1002/1873-3468.14021
https://doi.org/10.1074/jbc.R117.809194
https://doi.org/10.1016/j.ophtha.2017.05.016
https://doi.org/10.1167/iovs.13-13365
https://doi.org/10.1002/ana.10354
https://doi.org/10.1016/j.molmed.2020.02.006
https://doi.org/10.1016/j.cels.2016.01.013
https://doi.org/10.1038/nm.3230
https://doi.org/10.1007/s12325-019-01113-2
https://doi.org/10.1167/iovs.14-15388
https://doi.org/10.1155/2011/179412
https://doi.org/10.1001/jamaophthalmol.2013.7630
https://doi.org/10.1001/jamaophthalmol.2013.7630
https://doi.org/10.1016/j.ajo.2022.02.023
https://doi.org/10.1111/aos.14379
https://doi.org/10.1111/aos.14379
https://doi.org/10.1128/jvi.28.3.936-944.1978
https://doi.org/10.1007/978-981-13-8367-0_14
https://doi.org/10.1007/978-981-13-8367-0_14
https://doi.org/10.1016/j.ophtha.2020.12.012
https://doi.org/10.1093/genetics/165.2.707
https://doi.org/10.1093/genetics/165.2.707
https://doi.org/10.1093/nar/gkq769
https://doi.org/10.1167/iovs.06-0789
https://doi.org/10.1042/bj20021594
https://doi.org/10.1016/0092-8674(90)90059-N
https://doi.org/10.1016/0092-8674(90)90059-N
https://doi.org/10.1073/pnas.1119577109
https://doi.org/10.1038/s41598-018-23836-y
https://doi.org/10.1016/j.ophtha.2020.02.023
https://doi.org/10.1126/scitranslmed.aaz7423
https://doi.org/10.1126/scitranslmed.aaz7423
https://doi.org/10.1177/1120672120936592
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Comparison of different gene-therapy methods to treat Leber hereditary optic neuropathy in a mouse model
	Introduction
	Materials and methods
	Animals
	Plasmids and AAVs
	PERG
	Optic nerve diameter and axon count
	Statistical analysis

	Results
	Mito targeted wildtype ND4 mediates a rapid and more efficient vision rescue than allotopic expressed ND4
	Mito targeted wildtype ND4 mediates a more efficient rescue of axons in the optic nerve compared to allotopic expressed ND4

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References




