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[Abstract]

Objective To evaluate the safety and clinical outcomes of gene
therapy for Lebet’s hereditary optic neuropathy (LHON).

Methods A multi-center, prospective, non-randomized, controlled
clinical trial was designed and 40 patients with mitochondrial DNA
11778 mutation in 80 eyes were recruited between December 2017
and February 2018 at the Department of Ophthalmology, Shiyan
Taihe Hospital. Recombinant adeno-associated virus 2-complex I
NADH dehydrogenase 4 (tAAV2-ND4) was intravitreally injected
into the eye with poor visual acuity (or the right eye when both eyes
had equal visual acuity). The contralateral eye was designated as the
uninjected eye, thus forming an injected eye group and an uninjected
eye group, with 40 eyes in both groups. Best-corrected visual acuity
(BCVA) was determined using a tumbling E logarithmic visual acuity
chart before surgery and 1, 3, 6, and 12 months after surgery.
Intraocular pressure (IOP) was determined using a non-contact
tonometer. The anterior segment of the eye was observed using a slit
lamp microscope. The fundus was examined using a CR-2 non-
mydriatic retinal camera. Visual acuity, changes in IOP, and
complications were compared between the injected and uninjected eye
groups before and after gene therapy. The efficacy of the treatment
was evaluated, and an improvement in BCVA by teriotlogMAR was
considered effective.

Results Among the 40 patients, visual acuity was improved by slit
logMAR in 23 patients for an efficacy of 57.5%, including six eyes in
the injected eye group, four eyes in the uninjected eye group, and both
eyes in 13 cases. BCVA at 12 months after treatment was (1.51 £ 0.62)
logMAR in the uninjected eye group and (1.62 £ 0.58) logMAR in the
injected eye group, which were significantly improved from the pre-
treatment BCVA of (1.75 * 0.46) logMAR and (1.83 £ 0.47) logMAR,
respectively (P<0.01 for both groups). The overall difference in BCVA
between the two groups was not statistically significant (Fyroup=0.084,
P=0.772). The overall difference in IOP before and after treatment
was not statistically significant (Fyroup=0.557, P=0.575; Fime=2.314,
P=0.106). No serious complications occurred in any patient after
treatment or during the follow-up period.

Conclusions The rAAV2-ND#4 intravitreal injection for LHON was
safe and effective, and monocular intravitreal injection of the
therapeutic gene could improve visual acuity in both eyes.
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Leber’s hereditary optic neuropathy (LHON) is a hereditary eye
disease caused by mutations in mitochondrial DNA (mtDNA), often
at position 11778. [ It manifests as simultaneous or sequential acute
or subacute loss of visual acuity in both eyes. [2I It tends to develop in
adolescent males and is a common cause of bilateral blindness in this

population. Many patients experience a dramatic reduction in visual
acuity to < 0.1 in both eyes within a relatively short period of time.
Current treatments for LHON include oral Q10, idebenone, and EPI-
743, 133 but none of these treatments have been shown to be effective.
We previously conducted a series of basic studies to confirm that
recombinant  adeno-associated  virus = 2-complex I NADH
dehydrogenase 4 (tAAV2-ND4) could be normally expressed in the
mitochondria or enter the mitochondria of cells after injection, [0 thus
validating the safety and efficacy of intravitreal rAAV2-ND4 injection
and determining the dosage. [l After completing this preliminary basic
research, we conducted the first clinical gene therapy trial in nine
patients with LHON in 2011-2012 and found that six patients had
significantly improved visual acuity with no serious complications after
a follow-up for 36 months, [ thereby initially confirming the safety
and efficacy of gene therapy for LHON. Since then, research groups
from France and the United States have conducted clinical trials of
gene therapy for LHON without serious ocular complications. [10-11]
To further expand the sample size to confirm the safety and efficacy
of gene therapy, we conducted a second clinical trial of gene therapy
for LHON to provide a foundation for evaluating the methodology
and clinical efficacy of rAAV2-ND4 intravitreal injection for the
treatment of LHON.

1 Materials and methods

1.1 General characteristics

The study was designed as a multi-center, prospective, nonrandomized,
controlled clinical trial. The research group consisted of clinicians
from Shiyan Taihe Hospital, Tongji Hospital of Tongji Medical
College of Huazhong University of Science and Technology, Ezhou
Central Hospital of Wuhan University, and Hospital Oftalmolégico
Dr. Pedro Lagleyze, Buenos Aires, Argentina. Forty patients with
LHON caused by mutations in mtDNA position 11778 were recruited
between December 2017 and February 2018 at the Department of
Ophthalmology of Shiyan Taihe Hospital. The eye with the poorer
visual acuity (or the right eye when both eyes had equal visual acuity)
was selected for rAAV2-ND4 intravitreal injection as the injected eye
group and the contralateral eye was selected as the uninjected eye
group, with 40 eyes in both groups. The LHON diagnostic criteria
were: (1) painless vision loss with acute or subacute onset; (2)
monocular or binocular onset; (3) prolonged P100 wave latency and
reduced amplitude as indicated by visual evoked potentials; (4) central
visual field loss or color vision deficiency; (5) normal or mildly
hyperemic or edematous optic disc at early stages, localized
microvascular dilatation without hemorrhage or exudation in the
peripapillary region, temporal pallor of the optic disc at late stages; (6)
gene sequencing results consistent with a diagnosis of LHON. The
inclusion criteria were: (1) diagnostic criteria of LHON met,
confirmed as a mutation at mtDNA position 11778 by gene
sequencing, no other treatment in the past 3 months, and no
improvement in visual acuity; (2) age 12—65 years, disease duration of
36 months, and stable visual acuity; (3) agreement not to use other
drugs or treatments for this disease during the treatment period. The
exclusion criteria were: (1) chronic diseases such as diabetes mellitus,
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severe cardiovascular, cerebrovascular, hepatic, renal, or other primary
disease, other systemic neurological diseases, currently recovering
from heart surgery, psychiatric disorders, or cancer; (2) other eye
diseases affecting vision such as glaucoma; (3) participation in other
clinical studies within the previous 3 months; (4) a history of alcohol,
tobacco, drug, or substance abuse or exposure to toxic substances; (5)
pregnancy, lactation, or planning to become pregnant within 12
months; (6) significant abnormalities in preoperative immunological
tests, such as positive humoral immune response to AAV2 or
CD3/CD8 abnormalities. All 40 patients had binocular eye disease, of
whom 33 patients were male and 7 were female. The disease duration
ranged from 7 to 312 months with a mean duration of (41.30 £ 56.08)
months. The patients were aged from 12—42 years with a mean age of
(20.30 £ 6.39) years. The mean best-corrected visual acuity (BCVA) in
the injected and uninjected eyes was (1.83 = 0.47) logMAR and (1.75
+ 0.46) logMAR, respectively, which were not statistically significantly
different (t = 0.813, P=0.419). The mean baseline intraocular pressure
(IOP) in the injected and uninjected eyes was (17.63 £ 2.56) mmHg
and (17.88 % 2.64) mmHg, respectively (1 mmHg = 0.133 kPa), which
were not statistically significantly different (t = 0.430, P=0.669). The
trial was conducted in accordance with the Declaration of Helsinki,
and the study protocol was approved by the Institutional Review
Board of Shiyan Taihe Hospital (approval number: 201807). All
patients and/or guardians voluntarily provided informed written
consent after being fully informed of the trial content and surgical
risks.

1.2 Methods

1.2.1 Surgical procedure The operation was performed in the
operating room with the patient in the supine position. The eye was
disinfected with three drops of propantheline chloride ophthalmic
solution. The face and eye were routinely disinfected and draped. The
eye was opened with an eye speculum, the conjunctival sac was
flushed with 0.5% v/v povidone iodine disinfectant and washed with
0.9% w/v sodium chloride solution after 10 s to remove the
disinfectant. A 1-mL syringe was used to aspirate 0.05 mL of rAAV-
ND4 (1 x 1010 vg) (Neurophth, Wuhan, China), which was injected 4
mm behind the corneal margin at a 7-8 o’clock position clockwise
along the eye. The drug was slowly injected, the needle was withdrawn,
and a sterile cotton swab was pressed against the injection site for 2
min. Antibiotic ointment was applied to the operated eye, which was
covered, and the patient was returned to the ward after lying in the
supine position for 30 min. All operations were performed by the
same senior physician.

1.2.2 Follow-up and evaluation indicators Visual acuity, IOP, and
the anterior segment and fundus of the eye were examined regularly at
1, 3, 6, and 12 months after surgery. Therapeutic efficacy was defined
as an improvement in visual acuity by = 0.3 logMAR at the time of the
final follow-up. The primary endpoint was the change in visual acuity,
which was determined by the same physician using a tumbling E
logarithmic visual acuity chart (Wenzhou Xingkang Medical Tech. Co.,
Ltd., Wenzhou, China) and converted into logMAR visual acuity. IOP
was measured three times using an air pulse non-contact full auto
tonometer (Canon, Tokyo, Japan), and the mean value was used. The
anterior segment of the eye was examined using a slit lamp microscope,
and the fundus was examined using a CR-2 non-mydriatic retinal
camera (Canon).

3 Discussion

In 2007, three research groups in the United States and the United
Kingdom successfully conducted a clinical trial on gene therapy for
Leber’s congenital amaurosis, [1213] ushering in the era of gene therapy
for eye diseases. LHON is caused by a mutation at mtDNA position
11778 that changes the amino acid at position 340 of the ND4 gene in
the respiratory chain from arginine to histidine, resulting in
dysfunction of the ND4 protein. Gene therapy involves the transfer of
the non-mutated ND4 gene into the patient’s cells at the site of the
disease to encode a normal ND4 protein, replacing the function of the

1.3 Statistics

SPSS 22.0 software was used for statistical analysis. The Shapiro-Wilk
test was applied to determine the normality of measurement data, and
the data are presented as mean * standard deviation. Count data are
presented as frequency and percentage. The overall comparison of
BCVA and IOP before and after gene therapy in the injected and
uninjected eye groups was analyzed by two-way repeated measures
analysis of variance ANOVA, and the least significant difference-t test
was used for multiple comparisons. Differences with P<0.05 were
considered to be statistically significant.

2 Results

2.1 Therapeutic efficacy

Following treatment, the visual acuity was improved in six eyes in the
injected eye group and in four eyes in the uninjected eye group, as well
as in 13 cases in both eyes. The visual acuity of 23 of the 40 patients
was improved by 2 0.3 logMAR, for an efficacy of 57.5%.

2.2 Comparison of BCVA before and after treatment in both
groups

The difference in BCVA between the two groups was not statistically
significant (Fgroup=0.084, P=0.772), whereas the difference in BCVA
before and after treatment was statistically significant (Fiime=34.109,
P<0.01). At 12 months after treatment, BCVA was statistically
significantly improved in both groups compared to before treatment
(both P<0.01) (Table 1).

Table 1 Comparison of BCVA before treatment and 12 months after
treatment (meantSD, LogMAR)

BCVA
Group Eyes
Before treatment 12 months after treatment
Uninjected eye group 40 1.75%0.46 1.51+0.622
Injected eye group 40 1.83+0.47 1.62+0.582

Note: I’group:0.084, P=0.772; Fime=34.109, P<0.01. 2P<0.01 compared to
before treatment (two-way repeated measures ANOVA, LSD-ftest). SD:
standard deviation; BCVA: best-corrected visual acuity; ANOVA: analysis of
variance; LSD-t test: least significant difference-#test
2.3 Comparison of IOP before and after treatment in both
groups

The overall difference in IOP between the two groups before
and after treatment was not statistically significant (Fyroup=0.557,
P=0.575; Fime=2.314, P=0.1006) (Table 2).

Table 2 Compatison of IOP before and after treatment (meantSD, mmHg)

10P
Group Eyes
Before treatment 1 month after treatment 12 months after treatment
Uninjected - eye 17.8842.64 18.254+2.23 17.9342.46
group
Injected eye group 40 17.63+2.56 18.55+3.14 17.85%2.51

Note: Fgroup:0-557u P=0.575; Fiime=2.314, P=.106 (two-way repeated measures
ANOVA). 1 mmHg=0.133 kPa. IOP: intraocular pressure; SD: standard deviation

2.4 Complications

During the follow-up period, there were no cases of conjunctivitis,
keratitis, antetior uveitis, intermediate uveitis, or retinal detachment in
any of the patients after tAAV2-ND4 intravitreal injection. In two
eyes with high IOP (approximately 26 mmHg) after injection, IOP
was returned to normal after treatment with carteolol HCI ophthalmic
solution b.i.d.

mutated ND4 protein. Gene therapy is currently the most promising
treatment for LHON, but its safety is the primary issue that must be
addressed. Because intravitreal injection of AAV2 vectors can induce
immune rejection in the body and thus affect efficacy, we determined
the timing and peak of the immune response induced by AAV2 and
the drug regimen in preliminary animal experiments, [ thus reducing
the risk for immune rejection in the body. Gensight Biologics (Paris,
France) and Guy ef a/. (USA) used AAV2 as a vector to treat LHON
patients with varying degrees of intermediate or anterior uveitis. [10-11]
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Subsequently, Gensight Biologics confirmed an association of
intraocular inflaimmation with the AAV2 vector and suggested that
prophylactic systemic administration of glucocorticoids could reduce
the inflammatory response. [ In the present study, glucocorticoids
were administered to all patients 1 week before and 4 weeks after gene
therapy to reduce the probability of immune rejection, and no serious
complications occurred during the intraoperative or postoperative
follow-up periods, confirming the safety of the gene therapy.

Between 2011 and 2012, we treated nine patients with LHON with
rAAV2-ND4 for the first time and conducted a follow-up on the
patients for 7 years. Six patients exhibited significant improvement in
visual acuity (= 0.3 logMAR), for an efficacy of over 60%. [ The
results of the present study showed that the efficacy of rtAAV2.ND4
intravitreal injection was 57.5%, consistent with the results of the
previous study and further confirming the efficacy of LHON gene
therapy. In addition, it is of note that the results of both gene therapy
treatments suggested that not only did the visual acuity of the injected
eye improve compared to the baseline, but the visual acuity of the
uninjected eye also improved to various degrees. Man ez a/. '] selected
one eye in 37 LHON patients with the m.11778C mutation for
rAAV2/2ND4 treatment by random assignment, and observed
sustained improvement in binocular visual acuity over a follow-up
petiod of 96 weeks. The results showed that at week 96, 68% (25/37)
of the subjects had clinically relevant recovery of BCVA from baseline
levels in at least one eye, and 78% (29/37) had improved binocular
vision, indicating that monocular gene therapy can significantly
improve binocular vision. The mechanisms responsible for this
binocular vision improvement remain poorly understood. In a non-
human primate study, viral vector DNA was found to be transferred
from the injected eye to the anterior segment, retina, and the optic
nerve of the contralateral uninjected eye (https:/www.gensight-
biologics.com). In addition, Yang e/ al. 1!8] performed intravitreal
injection of fluorescent gold in one eye of rats, and after 2 weeks, the
fluorescent gold was found to travel up to the contralateral optic
chiasma, after which it partially entered the optic nerve of the
contralateral eye. This provides a plausible explanation for the
improved binocular visual acuity after monocular gene therapy
injection, but whether the substance is transferred via axonal transport,
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axonal regeneration, or other means remains unclear and needs to be
further investigated.

The importance of the present study is that there have been no
reports on the clinical practice of gene therapy in China, only
references and summaries of foreign literature. Additionally, this study
provided a clinical foundation for gene therapy of LHON in China.
Because a normal control group was not established in the present
study, and that the gene therapy in one eye changed the visual
function of both eyes, the eyes that did not undergo intravitreal
injection of rAAV2ND4 cannot be used as a control group.
Therefore, the changes in visual acuity before and after gene therapy
were compared in 80 eyes of 40 patients. A limitation of the present
study was that the natural course of the disease was not set as the
control group, and an analysis of patients with the natural course of
the disease was not available. The present study did not analyze the
correlation factors between patients with and without improvement of
visual acuity, and did not include objective tests such as visual field
testing, retinal nerve fiber layer thickness measurements, or visually
evoked potential measurements.

The results of the present study showed that rAAV2-ND4
intravitreal injection was safe and effective in the treatment of LHON,
thereby providing a theoretical foundation for future development of
clinical gene therapies for LHON. We will continue to perform
follow-up on the 40 patients over an extended period of time, observe
their general condition, and evaluate the improvement in their visual
function after gene therapy with objective examinations, including
visual field testing, retinal nerve fiber layer thickness measurements,
and visually evoked potential measurements to investigate the long-
term safety and efficacy of gene therapy for LHON.
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