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Abstract
Background Leber hereditary optic neuropathy (LHON) is a maternally inherited mitochondrial disease whose primary
clinical manifestation is bilateral visual loss. Only a single therapy, idebenone, is approved in Europe for use in exceptional
circumstances and no therapy is currently approved in the USA. LHON remains a disease with a high unmet medical need.
Objective This is a report of an open-label, single-center, dose-escalation study that evaluated the safety and tolerability
of lenadogene nolparvovec in 15 subjects with LHON for up to 5 years following a single intravitreal injection at four dose
levels.
Methods Subjects were enrolled sequentially in four cohorts followed by an additional cohort at the dose selected, and safety
was assessed by an independent data safety monitoring board (DSMB) prior to any dose escalation.
Results Overall, the treatment was well tolerated during the 5-year follow-up. No serious adverse events were considered
related to treatment, no unexpected adverse events occurred, and no grade 3 or 4 Common Terminology Criteria for Adverse
Events were reported. Anterior chamber inflammation and vitritis were mostly managed with topical steroids, and ocular
inflammation was considered to be dose limiting by the DSMB based on the benefits/risks for the subjects. Analysis of the
logarithm of the minimal angle of resolution (LogMAR) visual acuity in both treated and untreated eyes showed clinically
relevant and durable improvements compared with baseline. Mean improvements of − 0.44 and − 0.49 LogMAR for treated
and untreated eyes, respectively, were noted, with a mean (± standard deviation) final value of LogMAR + 1.96 ± 0.60
and + 1.65 ± 0.34, respectively, at 5 years post-treatment administration. For the six subjects treated with the optimal dose
level (9 × 1010 viral genomes [vg]/eye), the mean visual acuity improvement from baseline reached − 0.68 LogMAR for
treated eyes and − 0.64 LogMAR for untreated eyes, with a mean final value of LogMAR + 1.77 ± 0.52 and + 1.78 ± 0.34,
respectively. While there was a meaningful improvement in visual acuity for REVEAL subjects, the final visual acuity was
less favorable than that seen in the two subsequent pivotal phase III studies in which subjects were treated earlier during the
course of their disease.
Conclusion Lenadogene nolparvovec was well tolerated with a good safety profile during 5 years of follow-up and may offer
meaningful lasting improvements in vision for this LHON population.
Clinical Trial Number EUDRACT N° 2013-001405-90.
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Key Points
Lenadogene nolparvovec (rAAV2/2-ND4; Lumevoq),
a gene therapy for the treatment of Leber hereditary
optic neuropathy due to mutation in the mitochondrial
nicotinamide adenine dinucleotide dehydrogenase 4, was
studied in 15 subjects.
The treatment was well tolerated.
Efficacy signals were observed, with improved visual
acuity in both treated and fellow eyes up to 5 years after
a single treatment.

1 Introduction
Leber hereditary optic neuropathy (LHON) is a rare, maternally inherited mitochondrial genetic disease with a continued high unmet medical need. LHON is typically a nonsyndromic optic neuropathy primarily affecting the retinal
ganglion cells (RGCs), whose axons form the optic nerve
and extend into the brain via the optic chiasm and optic tract
[1]. RGCs are located near the inner surface of the retina
and receive visual information from photoreceptors via bipolar cell and retinal interneurons and collectively transmit
image-forming and non-image-forming visual information.
The pathophysiology of LHON is characterized by selective loss of RGCs and their axons, which leads to rapidly
progressive bilateral visual loss.
LHON was the first inherited human disease associated
with point mutations in the mitochondrial DNA (mtDNA)
[2] and is considered the most common inherited genetic
mitochondrial disorder [3]. Three primary point mutations
in the mtDNA are responsible for LHON in approximately
90% of subjects: G3460A, G11778A and T14484C, located,
respectively, in the ND1, ND4 and ND6 genes. These genes
code for nicotinamide adenine dinucleotide (NADH) dehydrogenases, subunits of complex I of the mitochondrial
respiratory chain. These mutations in the mtDNA affect
complex I subunits of the mitochondrial respiratory chain,
causing impaired mitochondrial biogenesis and increased
levels of reactive oxygen species. RGCs appear to be selectively vulnerable to mitochondrial dysfunction, resulting in
apoptotic cell death, optic nerve degeneration and optic atrophy [4]. This manifests clinically with acute painless central
visual loss, which is the hallmark of LHON [5].
The primary mutations are necessary but not sufficient to
cause visual loss, and incomplete penetrance is well documented. It is estimated that approximately 50% of males and

10% of females who carry one of the primary point mutations
will manifest the clinical disease [6]. Genotype is the most
significant prognostic factor of visual outcome, followed by
age at onset of visual loss. Mutations in ND6 and ND4 are
typically associated with the best and worst visual prognosis,
respectively. Spontaneous recovery rates are highest among
people with the T14484C ND6 mutation. On the other hand,
the 11778-ND4 mutation is known to cause the most severe
clinical form of LHON, with rare and poor visual spontaneous recovery in only approximately 4% of patients [2, 7, 8].
Moreover, it is well established that the natural history of the
disease is better for young-onset patients (even with the 11778ND4 mutation), especially if they are aged < 15 years [9–11].
LHON is a rare disease, with an estimated prevalence
of between 1 in 30,000 and 1 in 50,000 reported in Northern Europe [4, 12, 13]. In the northeast of England, the
reported prevalence of visual loss due to LHON is 3.22 per
100,000 people, and it is estimated that 2% of Australians
aged < 65 years who are registered as legally blind have visual loss from LHON [14]. The 11778-ND4 mutation is the
most frequent, accounting for about 75% of LHON in North
America and Europe [1, 4, 7].
Men are affected much more commonly than women, with
a male predominance > 80% in most pedigrees [15]. Classically, subjects become affected between the age of 15 and
35 years, but onset of LHON has been reported at almost any
age, from 2 to 87 years, in both men and women [14, 16, 17].
Newman et al. [18] conducted a meta-analysis of 204 subjects with ND4 LHON aged ≥ 15 years at disease onset and
revealed that only 11.3% of subjects experienced a certain
level of spontaneous visual recovery. The authors could not
rule out that treatment with idebenone had contributed to
the improvement. This meta-analysis showed that the ND4
mutations are known to cause the most severe clinical form
of LHON; importantly, among patients aged ≥ 15 years,
recovery of vision from nadir is poor and uncommon, and
ultimate visual acuities of better than 20/200 are rare.
Therapeutic options for adolescent and adult patients
with LHON are currently limited to idebenone ( Raxone®),
a synthetic analog of coenzyme Q10, which is approved only
in Europe under exceptional circumstances for treatment of
LHON [19]. The RHODOS study [20] showed only a modest visual improvement of 7 Early Treatment Diabetic Retinopathy Study (ETDRS) letters in idebenone-treated subjects
compared with placebo at 24 weeks. There is currently no
approved treatment for LHON in the USA.

2 Materials and Methods
The REVEAL study, a phase I/IIa open-label, single-center,
dose-escalation clinical trial, enrolled 15 subjects with
LHON due to 11778 mutation in the mitochondrial NADH
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dehydrogenase 4. Subjects were enrolled sequentially to four
dose cohorts, each comprising three subjects (9 × 109 [cohort
1], 3 × 1010 [cohort 2], 9 × 1010 [cohort 3] and 1.8 × 1011
[cohort 4] viral genomes [vg]/eye), and a fifth cohort (cohort
5) served as an expansion cohort at the dose selected for
further development. The REVEAL study was designed to
establish the safety and tolerability of lenadogene nolparvovec intravitreal injection (IVI) and to assess the best dose
level to be implemented in pivotal phase III studies.
Subjects who met the eligibility criteria were enrolled
sequentially. There was a 4-week waiting period after treatment of the first subject in each cohort and a further 4-week
safety interval following treatment of the third subject in
each cohort; the study data were then reviewed by the data
safety monitoring board (DSMB) before escalation to the
next dose level.
Subjects who had signed written informed consent were
required to be aged ≥ 18 years with a documented diagnosis of LHON based on a genetic test confirming the presence of the G11778A mutation in the mitochondrial ND4.
The study eye had to have the worst vision of the two eyes,
which was required to be stable for the previous 3 months
and be ≤ 20/200 for the first four cohorts and ≤ 20/63 for the
expansion cohort. No delay was imposed between the onset
of visual loss and treatment administration. The study eye
needed to have a retinal nerve fiber layer (RNFL) thickness
of ≤ 80 µm, usually corresponding to a long time course of
the disease. Furthermore, the study eye had to have sufficient
viable RGCs, based on optical coherence tomography (OCT)
images analyzed by the investigator. Females of childbearing
potential had to have a negative serum pregnancy test and
agree to practice effective birth control for 18 months following treatment. Male subjects had to agree to use condoms
for 6 months following treatment.
The exclusion criteria were as follows. Subjects could not
have absence of vision in the fellow eye, glaucoma, diabetic
retinopathy, macula edema, vitreoretinal disease, pathology of the retina or the optic nerve, retinal vein occlusion,
narrow angles, optic neuropathy from other causes or any
other disease that could affect visual function. Nor could
they have allergy or hypersensitivity to any of the trial
products, anemia, severe coagulopathy or cardiovascular
disease, HIV infection, significant systemic illness or any
significant laboratory abnormalities. Subjects could not present with a known mutation of other genes implicated in
pathological retinal conditions, nor could they have received
oral corticoids within the previous 14 days or idebenone
within 7 days. Eye surgery or participation in another clinical trial during the previous 3 months was not permitted.
Also excluded were patients with any other condition that,
in the opinion of the investigator, could have compromised
the safety or compliance of the subject or would preclude the
subject from successful completion of the study and subjects

who were unable or unwilling to comply with the protocol
requirements.
Following determination of eligibility for the study,
lenadogene nolparvovec was administered as a single IVI
of 180 µL into the study eye at the following doses: 9 × 109
(cohort 1), 3 × 1010 (cohort 2), 9 × 1010 (cohorts 3 and 5)
and 1.8 × 1011 (cohort 4) vg/eye. An anterior chamber paracentesis was performed aseptically under local anesthesia
immediately before the IVI to prevent increased intraocular pressure (IOP) due to the volume of the injection. Subjects were then followed for safety and efficacy assessment
3 days after treatment and again at 1, 2, 4, 8, 12, 24, 36 and
48 weeks post-treatment. Subjects were also followed in the
longer term at 1.5, 2, 2.5, 3, 4 and 5 years post-treatment.
The primary endpoint of the study was the overall incidence of adverse events (AEs) up to 5 years post experimental treatment with this investigational medicinal product
evaluated for each dose level and for the study as a whole.
Similarly, the incidence of serious AEs (SAEs) was monitored. The secondary endpoints included safety assessments (humoral and cellular responses to AAV2) and efficacy measurements (best corrected visual acuity [BCVA],
contrast sensitivity, color vision, perimetry exams, pattern
electroretinogram [pERG], pattern reversal and flash visual
evoked potentials [VEPs], OCT).
Study assessments included general clinical examination; hematology and biochemistry laboratory parameters;
ETDRS BCVA; contrast sensitivity (Pelli Robson); color
vision (15 hue color test); ophthalmic examination, including slit lamp biomicroscopy, IOP and fundoscopy; perimetry
exams, including Humphrey perimetry SITA 24-2, semiautomated (Octopus 900) kinetic perimetry and microperimetry; pERG; pattern and flash VEPs recorded according to
the International Society of Clinical Electrophysiology of
Vision [21, 22]; and imaging exams, including color fundus
photos (Canon Retinograph CR-2 AF, Tokyo, Japan) and
Heidelberg Spectralis OCT. In addition, humoral and cellular responses against lenadogene nolparvovec were assessed.
AEs and SAEs were recorded throughout the study, and
the DSMB was informed of all SAEs on an ongoing basis.
BCVA was tested with the ETDRS charts when subjects
retained the visual ability to see letters on the chart and were
expressed in logarithm of the minimal angle of resolution
(LogMAR). Subjects unable to see any letters on the chart
were tested for their ability to count fingers (CF) or detect
hand motion (HM). The distance at which subjects correctly
read the chart or identified CF or HM was documented. CF
and HM were converted to LogMAR for analyses. For CF,
the LogMAR value was calculated using this equivalence:
LogMAR = −Log (20/200 × 20/[distance in cm × 0.0328]).
For HM, the following formula was applied: LogMAR =
−Log (20/2000 × 20/[distance in cm × 0.0328]). For subjects with vision reduced to light perception or no light
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perception, the applied correspondence was LogMAR +4
and +4.5, respectively. The 5-year follow-up visit was used
to analyze the mean change from baseline.
The small cohort of subjects in this study meant that formal statistical analyses were not possible; therefore, data
analyses were mostly descriptive in nature. The incidence
and severity of AEs for each body system were presented for
each dose level and summarized overall. Summary descriptive statistics were presented for all continuous variables
related to laboratory data for each dose level and for the
study overall. Descriptive statistics were performed for visual test results and immune monitoring.
The protocol was reviewed and approved by an independent ethics committee. The study was conducted in accordance with the principles and requirements of the International Conference on Harmonization Good Clinical Practice.
The DSMB closely reviewed study data to ensure the continued safe conduct of the trial and protection of subjects.

3 Results
3.1 Demographics
A total of 19 subjects were screened; four were excluded
(three were screen failures and one withdrew consent). In
total, 15 subjects received treatment in five cohorts (four
dose-escalation cohorts and one expansion cohort). There
were no medical or surgical history violations in any of the
15 subjects contraindicating participation in the study or
treatment administration. The time between the onset of
visual loss and treatment administration ranged from 0.6 to
22.2 years, with the mean ± standard deviation (SD) time
period being 5.9 ± 7.3 years. For cohorts 3 and 5, who
received 9 × 1010 vg/eye, the mean time was 4.6 ± 8.7 years.
The distribution of subjects at baseline (n = 15) was
13 males and two females. The mean age of subjects was
47.9 ± 17.2 years. All subjects were injected with a single
dose of lenadogene nolparvovec in their corresponding
cohorts.
Among the 15 included subjects, 12 completed the 5-year
follow-up period. Three subjects from the first dose cohort
did not complete the 5-year follow-up: two withdrew consent
at 48 weeks and year 4, respectively, and one died at year 3.
The disposition of trial subjects is presented in Fig. 1.

3.2 Safety
3.2.1 Adverse Events
Overall, 192 treatment-emergent AEs (TEAEs) involving all
15 subjects were reported.

Six SAEs occurred in five subjects and were unlikely to
be related or were unrelated to the study drug and unrelated
to the IVI procedure. Among these subjects, one death was
related to one SAE (septic shock secondary to endocarditis), which was assessed as unrelated to the study drug or
the IVI procedure. The other SAEs were non-cardiac chest
pain, Leber plus pseudo Leigh, pneumonia, radius fracture
and fall.
No general safety issues were related to the study drug or
the IVI procedure.
No changes of clinical significance were noted by the
investigator for any of the vital signs, and most of the laboratory parameters were within normal ranges. All laboratory
abnormalities were minor, and none were grade 3 or 4 Common Terminology Criteria for Adverse Events, considered
clinically relevant, or related to the study drug or treatment
procedures by the investigator.
No TEAEs occurred that led to study discontinuation.
The majority of TEAEs were of mild intensity; eight were
of moderate intensity and eight were severe.
The AEs that were considered severe (n = 8) were as follows: septic shock (SAE), non-cardiac chest pain (SAE),
Leber plus pseudo Leigh (SAE), pneumonia (SAE), radius
fracture (SAE), fall (SAE), anterior chamber inflammation,
and vitritis.
The most frequently reported TEAEs were local ocular
events, with 91 of all 192 TEAEs being ocular. The most
common ocular TEAEs were intraocular inflammation and
elevation of IOP. The intraocular inflammation included
anterior chamber inflammation (25 events in ten subjects)
and vitritis (19 events in 11 subjects).
Anterior chamber inflammation and vitritis were mostly
assessed as mild in severity, with anterior chamber cell grade
of 1 + or lower (according to Standardization of Uveitis
Nomenclature Working Group criteria; scores range from
0 to 4 + , with lower scores indicating less cells visible in
the anterior chamber and lower severity of uveitis) [23] or
vitreous haze grade 1 + or lower (according to National Eye
Institute criteria adapted by the Standardization of Uveitis Nomenclature Working Group; scores range from 0 to
4 + , with lower scores indicating greater severity of uveitis) [24]. Those intraocular inflammations were considered
to be related to lenadogene nolparvovec in most instances.
All occurrences of anterior chamber inflammation resolved
without sequelae in response to standard topical antiinflammatory agents. Similarly, most incidences of vitritis
responded to a short course of topical steroids, but two subjects required oral prednisone treatment (for a duration of
approximately 2 months for the two subjects treated with
9 × 1010 vg/eye and 1.8 × 1011 vg/eye, respectively). One of
those subjects who received the highest dose of lenadogene
nolparvovec in cohort 4 experienced three severe episodes of
uveitis flare (one episode of anterior chamber inflammation
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Fig. 1  Disposition of subjects.
DSMB data safety monitoring
board, vg viral genomes

N= 19
SUBJECTS SCREENED

N= 4, NOT INCLUDED
Reasons
- Screening failures (3)
- Withdrawal of consent (1)

N= 15
SUBJECTS INCLUDED

N= 0
Did not receive
study medication
N= 15
SUBJECTS WHO RECEIVED STUDY MEDICATION

DSMB REVIEW

N= 3
9x109 vg/eye
(COHORT 1)

N= 3, Not completed
Reasons:
- Consent withdrawn (2)
- Adverse event (1)

DSMB REVIEW
N= 3
3x1010 vg/eye
(COHORT 2)

DSMB REVIEW
N= 3
9x1010 vg/eye
(COHORT 3)
N= 3
1.8x1011 vg/eye
(COHORT 4)

DSMB REVIEW

N= 3
9x1010 vg/eye
(COHORT 5)

and two episodes of vitritis with vitreous haze). On this
basis, the DSMB selected the 9 × 1010 vg/eye dose, which
was one dose lower than highest dose of lenadogene nolparvovec, to take into the expansion cohort. None of these cases
of intraocular inflammation involved any sequelae.
Elevation of IOP occurred in ten subjects (11 events). IOP
elevations that were temporally related to the IVI injection
(within 4 h post-dose) were considered by the investigator as
due to the experimental procedure, whereas those recorded
at later follow-up time points were considered as probably
related to the study medication. Four events of ocular hypertension were related to study procedure and six were related
to study medication. Most cases were mild, and all were
transient and manageable without sequelae.
3.2.2 Immune Response
After unilateral IVI of lenadogene nolparvovec, a transient
mild increase in serum AAV2 neutralizing antibodies (Nabs)
titers was reported. This immune response was not dose
dependent but was more related to the endogenous presence of anti-rAAV2 NAbs before drug administration. No

association was observed between intraocular inflammation
and humoral immune response.
Of the 15 subjects, 13 showed no cellular immune
response during the time course of the study and two subjects did. However, for these two subjects, samples had been
positive at baseline, suggesting that the rAVV2-specific cellular immune response measured could be due to a previous
or concomitant AAV2 infection and not directly related to
the treatment. No association was observed between intraocular inflammation and cellular immune response.
3.2.3 Biodissemination
In the REVEAL study, the quantified sequence was specific
to the cytomegalovirus (CMV) promoter of the lenadogene nolparvovec vector. Viral shedding data showed that
some tear samples were positive for the CMV promoter up
to 1 week after lenadogene nolparvovec administration.
No sample remained positive at week 2. The presence of
lenadogene nolparvovec in blood was only detected in a
few subjects and was mild, with levels close to the limit of
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equivalent to approximately 7 ETDRS lines (34 ETDRS
letters), and a change of − 0.64 LogMAR, equivalent to
more than 6 ETDRS lines (32 ETDRS letters), in treated
and untreated eyes, respectively. The improvements in the
BCVA of treated and untreated eyes were maintained for
the full 5-year follow-up period and are shown in Tables 1
and 2. The mean final BCVA was LogMAR +1.77 ± 0.52
and +1.78 ± 0.34 in treated and untreated eyes, respectively.
Mean LogMAR BCVA for all subjects who completed
the 5-year follow-up are shown graphically in Fig. 2, and
the mean changes in these BCVAs from baseline for the
treated eyes of subjects who completed the 5-year follow-up
are summarized in Fig. 3. Mean values of LogMAR BCVA
for both treated and untreated eyes in the combined cohorts
that received the DSMB-selected dose of 9 × 1010 vg/eye are
summarized in Fig. 4, and the mean changes in LogMAR
from baseline in treated and untreated eyes in these same
cohorts are illustrated in Fig. 5. There was no statistically
significant difference between treated and untreated eyes at
any visit during the 5 years of follow-up within any cohort
or for all cohorts overall.

quantification. Finally, all urine samples were negative for
the presence of lenadogene nolparvovec.

3.3 Efficacy
3.3.1 Best Corrected Visual Acuity—LogMAR
Analyses of LogMAR BCVA in both treated and untreated
eyes showed clinically meaningful improvements and were
reflected in the mean change from baseline to year 5 for all
subjects. For treated eyes, a mean improvement of LogMAR
BCVA was noted for the entire study population and was
− 0.44 LogMAR, equivalent to approximately 4 ETDRS
lines (22 ETDRS letters). For the untreated eyes in the combined study population, a mean improvement in BCVA was
− 0.49 LogMAR, equivalent to approximately 5 ETDRS
lines (24.5 ETDRS letters). The improvements in the BCVA
of treated and untreated eyes were maintained for the full
5-year follow-up period and are shown in Tables 1 and 2.
The mean ± SD final BCVA was LogMAR + 1.96 ± 0.60
and + 1.65 ± 0.34 in treated and untreated eyes, respectively.
The best improvements in BCVA were seen for the 9 × 1010
vg/eye dose previously selected by the DSMB as having
the better benefit/risk, with a change of − 0.68 LogMAR,

Table 1  Mean change of LogMAR from baseline to 5-year follow-up visit in treated eyes
LogMAR

Baselinea
Number
Mean ± SD
95% CI (mean)
Median (Q1; Q3)
Minimum; maximum
5-year follow-up visit
Number
Mean ± SD
95% CI (mean)
Median (Q1; Q3)
Minimum; maximum
Change from baseline to
5-year follow-up visit
Number
Mean ± SD
95% CI (mean)
Median (Q1; Q3)
Minimum; maximum

Cohort 1
(9 × 109 vg/eye)
(N = 3)

Cohort 2
(3 × 1010 vg/eye)
(N = 3)

Cohort 4
(1.8 × 1011 vg/eye)
(N = 3)

Cohorts 3 and 5
(9 × 1010 vg/eye)
(N = 6)

Total
(N = 15)

3
1.86 ± 0.70
0.12–3.61
2.01 (1.10; 2.48)
1.10; 2.48

3
2.47 ± 0.76
0.58–4.35
2.79 (1.60; 3.01)
1.60; 3.01

3
2.23 ± 0.98
− 0.20–4.65
2.79 (1.10; 2.79)
1.10; 2.79

6
2.45 ± 0.70
1.71–3.19
2.79 (1.60; 3.01)
1.51; 3.01

15
2.29 ± 0.72
1.89–2.69
2.79 (1.60; 2.79)
1.10; 3.01

0

3
1.87 ± 0.41
0.86–2.88
1.79 (1.51; 2.31)
1.51; 2.31

3
2.44 ± 0.81
0.42–4.45
2.79 (1.51; 3.01)
1.51; 3.01

6
1.77 ± 0.52
1.22–2.32
1.70 (1.51; 1.79)
1.20; 2.74

12
1.96 ± 0.60
1.58–2.34
1.79 (1.51; 2.53)
1.20; 3.01

0

3
− 0.60 ± 0.57
− 2.02–0.83
− 0.48 (− 1.22; − 0.09)
− 1.22; − 0.09

3
0.21 ± 0.21
− 0.30–0.72
0.22 (0.00; 0.41)
0.00; 0.41

6
− 0.68 ± 0.72
− 1.44–0.08
− 0.64 (− 1.00; − 0.09)
− 1.81; 0.09

12
− 0.44 ± 0.68
− 0.87 to − 0.01
− 0.18 (− 1.00; 0.05)
− 1.81; 0.41

Improvement: (5 years − baseline) < 0. Worsening: (5 years − baseline) > 0
CI confidence interval, LogMAR logarithm of the minimal angle of resolution, Q quartile, SD standard deviation, vg viral genomes
a

Baseline value is defined as the last available value measured prior to intravitreal injection (scheduled and unscheduled visits are considered)
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Table 2  Mean change of LogMAR from baseline to 5-year follow-up visit in untreated eyes
LogMAR

Baselinea
Number
Mean ± SD
95% CI (mean)
Median (Q1; Q3)
Minimum; maximum
5-year follow-up visit
Number
Mean ± SD
95% CI (mean)
Median (Q1; Q3)
Minimum; maximum
Change from baseline to
5-year follow-up visit
Number
Mean ± SD
95% CI (mean)
Median (Q1; Q3)
Minimum; maximum

Cohort 1
(9 × 109 vg/eye)
(N = 3)

Cohort 2
(3 × 1010 vg/eye)
(N = 3)

Cohort 4
(1.8 × 1011 vg/eye)
(N = 3)

Cohorts 3 and 5
(9 × 1010 vg/eye)
(N = 6)

Total
(N = 15)

3
1.77 ± 0.49
0.54; 2.99
2.01 (1.20; 2.09)
1.20; 2.09

3
2.10 ± 0.94
− 0.24; 4.43
1.60 (1.51; 3.18)
1.51; 3.18

3
1.70 ± 0.61
0.19; 3.21
2.01 (1.00; 2.09)
1.00; 2.09

6
2.29 ± 0.72
1.53; 3.04
2.29 (1.60; 3.01)
1.51; 3.01

15
2.03 ± 0.68
1.65; 2.41
2.01 (1.51; 2.79)
1.00; 3.18

0

3
1.60 ± 0.20
1.11–2.08
1.60 (1.40; 1.79)
1.40; 1.79

2
1.40 ± 0.56
− 3.62–6.41
1.40 (1.00; 1.79)
1.00; 1.79

5
1.78 ± 0.34
1.36–2.20
1.79 (1.60; 1.79)
1.40; 2.31

10
1.65 ± 0.34
1.40–1.89
1.70 (1.40; 1.79)
1.00; 2.31

0

3
− 0.50 ± 0.78
− 2.45–1.45
− 0.20 (− 1.39; 0.09)
− 1.39; 0.09

2
− 0.11 ± 0.16
− 1.51–1.29
− 0.11 (− 0.22; 0.00)
− 0.22; 0.00

5
− 0.64 ± 0.71
− 1.53–0.24
− 0.70 (− 1.00; 0.00)
− 1.61; 0.09

10
− 0.49 ± 0.64
− 0.95 to − 0.04
− 0.21 (− 1.00; 0.00)
− 1.61; 0.09

Improvement: (5 years − baseline) < 0. Worsening: (5 years − baseline) > 0
CI confidence interval, LogMAR logarithm of the minimal angle of resolution, Q quartile, SD standard deviation, vg viral genomes
a

Baseline value is defined as the last available value measured prior to intravitreal injection (scheduled and unscheduled visits are considered)

Fig. 2  Mean LogMAR scores
from baseline at each visit
to year 5 for all treated eyes.
Cohort 1: 9 × 109 vg/eye; cohort
2: 3 × 1010 vg/eye; cohorts 3
and 5: 9 × 1010 vg/eye; cohort
4: 1.8 × 1011 vg/eye. LogMAR
logarithm of the minimal angle
of resolution, vg viral genomes

C. Vignal‑Clermont et al.
Fig. 3  Mean change in LogMAR from baseline at each visit
to year 5 for all treated eyes.
Cohort 1: 9 × 109 vg/eye; cohort
2: 3 × 1010 vg/eye; cohorts 3
and 5: 9 × 1010 vg/eye; cohort
4: 1.8 × 1011 vg/eye. LogMAR
logarithm of the minimal angle
of resolution, vg viral genomes

Fig. 4  Mean LogMAR scores
at each visit and for both
treated and untreated eyes at the
9 × 1010 vg/eye dose. LogMAR
logarithm of the minimal angle
of resolution, vg viral genomes

3.3.2 Visual Field
The measurement of visual field was performed with
the Humphrey Visual Field (HVF) Analyzer using the
SITA Standard 24-2 test (Stimulus white, size 3, fovea
off). Mean deviation (MD) represents the average difference from normal values in the subjects’ age group, and

pattern SD (PSD) provides information about localized
loss. Most HVFs were considered unreliable in relation to
losses of fixation and false-positive or negative response
rates. Eyes treated in cohorts 3 and 5, which were injected
with the lenadogene nolparvovec dose of the pivotal phase
III studies (9 × 1010 vg/eye), showed a mean improvement
of 2.66 dB in MD from baseline to the last follow-up.
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Fig. 5  Mean change of LogMAR at each visit for both
treated and untreated eyes at the
9 × 1010 vg/eye dose. LogMAR
logarithm of the minimal angle
of resolution, vg viral genomes

However, the mean PSD change from baseline was not
clinically relevant in any of the cohorts, including cohorts
3 and 5. The treated eyes of subjects in cohorts 3 and 5
showed a mean improvement of 6.33 dB in foveal threshold values from baseline to the 5-year follow-up. Both
these findings were in keeping with the improvements seen
in visual acuity.
Octopus kinetic perimetry, which was used to measure
central scotoma, and microperimetry were unreliable for
most subjects and were only recorded for the first year of
the study. Although Octopus kinetic perimetry showed a
decrease in scotoma size for subjects who received 9 × 1010
vg/eye during this initial study period, microperimetry
showed no clinically relevant changes in these cohorts.
3.3.3 Optical Coherence Tomography
OCT was used to measure the thickness of the peripapillary
RNFL, including the fibers of the papillomacular bundle,
which is preferentially affected in LHON. When compared
with healthy subjects of the same age range, baseline values
for mean total RNFL thickness for treated eyes were low,
with a mean value of < 50 µm for all 15 subjects. For the
entire study population, the treated eyes had a mean change
from baseline to 5 years follow-up of − 7.92 µm.

3.3.4 Other Secondary Endpoints
Color vision (15 hue) and contrast sensitivity (Pelli Robson)
were assessed during the initial 48-week study period and
no improvements were recorded, although some patients
volunteered improvement in perception of colors. Pattern
VEPs were recorded during the same period and were found
to be undetectable at all time points and dose levels. For
most patients, flash VEPs were detectable at baseline and
remained stable over 48 weeks. pERG was detected in three
of the 15 subjects at baseline but undetectable in all subjects
at week 48.

4 Discussion
LHON classically manifests as acute to subacute bilateral
painless central visual loss. The bilateral visual loss is typically sequential, and clinical manifestation in the first eye
is essentially predictive of bilateral involvement [7, 9]. A
recent prospective natural history study of subjects with the
11778 ND4 mutation reported that 53% of patients showed
bilateral involvement within 2 months after onset in the
first eye, and 80% reported bilateral involvement within
6 months [25]. Visual loss typically progresses to a nadir
over a median of 6–8 weeks [9], and one study reported that
94% of subjects with available data reached nadir within
8 weeks of the onset of visual loss [10]. Mean time to visual
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stabilization was reported to be 3.7 months in a sample of
87 eyes [7].
Several retrospective studies have reported the final
visual acuity outcomes in patients with LHON. At more
than 24 months from onset of visual loss in subjects with
the ND4 mutation, the median final acuity in the better–seeing eye was counting fingers (Snellen equivalent
20/1200), with 73% of subjects qualifying for partial sightedness or legal blindness at outcome [9]. Nikoskelainen
et al. [10] reported final visual acuities < 20/200 in 73% of
subjects with the 11778-ND4 mutation, and Oostra et al.
[26] reported a mean final visual acuity of 20/182 in the
better seeing eyes of patients with the 11778-ND4 mutation in another retrospective study, with only 19% of these
eyes having a final visual acuity better than 20/200. A prospective study of 44 subjects with ND4 LHON followed
for up to 36 months reported a mean Snellen equivalent
of < 20/320 [25]. Furthermore, a meta-analysis of 204
subjects with ND4 LHON, aged ≥ 15 years at onset of the
disease, revealed that spontaneous recovery was both rare
and extremely poor when it did occur [18]. In addition,
the prospective randomized placebo-controlled RHODOS
study of idebenone showed no spontaneous recovery in
visual acuity in any of the 22 control subjects during the
24 weeks of follow-up [20].
Subjects with ND4 LHON who are simply carriers of the
11778-ND4 mutation present a normal BCVA before the
expression of the disease, and it has been shown that these
non-affected patients with (asymptomatic) LHON (ND4
mutation carriers only) have a preserved BCVA (LogMAR
0; Snellen 20/20) [27, 28]. LHON is a debilitating condition
with no symptomatic warnings of a rapid onset of visual
loss. Most young people affected by ND4 LHON disease
will become blind within 1 year. Irrespective of how the
disease progresses, it inevitably results in bilateral visual
loss with profound emotional and psychological impact
on the affected individuals and those around them [29].
There is a clear unmet need in the medical management of
patients with ND4 LHON. Therapeutic options for adolescent and adult patients with LHON are currently limited to
idebenone, and its benefits in patients with ND4 LHON are
limited [19, 20].
As previously shown, spontaneous visual recovery
in patients with LHON with the 11778-ND4 mutation
is extremely rare and, when it does occur, the degree of
improvement is minimal.
The efficacy signals seen in the REVEAL study are
encouraging but have the following limitations: first, the
REVEAL study was an open-label non-randomized uncontrolled study, where the eye with the worst vision was chosen
for treatment. Neither the subjects nor the investigators and
their study teams were masked to treatment, which inevitably resulted in bias with respect to BCVA measurement,

which is a highly subjective assessment and dependent on
how much effort a subject applies to the assessment. On the
other hand, the fact that the study was conducted at a single
center meant that the study assessments were homogeneous. It could also be argued that bias would have favored
improvement in the treated eyes over the untreated eyes, but
this was not the case.
Furthermore, the natural history of this disease would
suggest that the improvements in BCVA observed in both
the entire study population (n = 15) and in cohorts 3 and
5 (9 × 1010 vg/eye) and maintained over a 5-year period
are unlikely to have occurred as the result of spontaneous
recoveries. The best response to treatment was seen with the
dose of 9 × 1010 vg/eye (cohorts 3 and 5), which was selected
for the pivotal phase III studies and was clinically relevant
(i.e., ≥ 0.3 LogMAR) for both treated and untreated eyes
starting 24 weeks after treatment administration and remaining stable up to the end of study (year 5) (Fig. 5). However, it
should be highlighted that these 0.3 LogMAR improvements
applied to “off-chart” assessments of visual acuity, with a
mean ± SD final LogMAR value of +1.77 ± 0.52 and +1.78
± 0.34 for treated and untreated eyes, respectively. Therefore, despite meaningful improvements in LogMAR values,
the final BCVA stayed off chart at 5 years post-treatment
administration. These results from the REVEAL study are
not as convincing as those seen in the two subsequent pivotal
phase III studies (RESCUE and REVERSE; dose 9 × 1010
vg/eye), when subjects were treated earlier during the course
of their disease (all within 1 year of the onset of visual loss).
In those two studies, the mean ± SD final LogMAR value for
all eyes (treated and sham eyes) was reported to be + 1.36
± 0.60 using the last available observation (up to 4.3 years
post-visual loss).
Binocular improvements in BCVA were seen in subjects
following injection of a single eye with lenadogene nolparvovec. This contralateral therapeutic effect of lenadogene
nolparvovec on untreated eyes was sustained, mirroring
the improvement seen in the treated eyes, and this effect of
lenadogene nolparvovec was further investigated in a nonclinical mechanistic study conducted in non-human primates
(NHPs), demonstrating the transfer of viral vector DNA
from the injected eyes to the uninjected contralateral eyes
after unilateral lenadogene nolparvovec IVI [30]. Because
viral vector DNA was detected and quantified in the optic
chiasm in the monkey, it is suggested that the anatomic route
taken by the viral vector DNA from the treated eye to the
non-treated eye was via the optic nerve and chiasm, through
anterograde and subsequent retrograde movement along
the optic nerves. This pathway is supported by evidence
of the transneuronal spread of adenovirus vector through
synaptic transfer mechanisms [31]. A systemic transfer of
lenadogene nolparvovec cannot be excluded, even if it is
unlikely and less probable than interorbit transfer through
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the optic chiasm, as biodissemination studies have shown
limited and transient presence of lenadogene nolparvovec
in the blood. The expression in the non-treated eye of the
ND4 protein, not assessed in our NHP study, would then
explain the contralateral effect. Transfer of mitochondrial
material (messenger RNA, proteins) cannot be excluded as a
possible contributing mechanism of the visual improvement
in the non-treated eye [32]. Finally, brain plasticity could
account for an effect on visual function in the contralateral
eye, as was shown for blind subjects implanted with retinal
prosthesis [33].
Furthermore, the same contralateral effect of lenadogene
nolparvovec was also observed in the two pivotal phase III
studies (RESCUE and REVERSE) [30, 34]. A binocular
improvement in BCVA has also been observed in other clinical development programs. Two gene therapies addressing
subjects with ND4 LHON, using a viral vector, containing a
complementary DNA coding for the human wild-type mitochondrial ND4 protein, have been studied in the USA [35,
36] and in China [37–40]. Both therapies administered the
treatments intravitreally to a single eye, and both showed
comparable bilateral improvements in vision [35–40].
The mean ± SD disease duration was 4.6 ± 8.7 years,
with a median of 1.1 years for the subjects who received the
selected dose of 9 × 1010 vg/eye. Because of this long delay
between the onset of visual loss and the time of lenadogene
nolparvovec administration, the baseline BCVA should be
considered as the final definitive BCVA value after nadir.
Despite this long delay, BCVA did improve in four of the six
subjects. Among these four subjects, two had experienced a
visual loss within 1 year and two had experienced visual loss
between 1 and 2 years prior to treatment (Table 3). Although

the numbers of subjects studied are too small to allow us to
draw definitive conclusions, these results suggest a potential benefit from gene therapy if subjects are treated within
2 years of visual loss.
None of the three visual field exams were found to
be reliable in this study, which may be due to the dense
central scotomas affecting the patients who were unable
to complete the assessments. The same limitations also
applied to the color vision, contrast sensitivity, pERG and
VEP assessments. Likewise, OCT imaging did not prove to
be a good marker for assessing the efficacy of gene therapy
in this population because of the significant thinning of
the RNFL already present at baseline, which showed little
change over the 5-year follow-up period. This suggested
a floor effect by the disease on the retinal nerve layers of
interest.
These findings confirm that it was appropriate to select
ETDRS BCVA as the primary endpoint for the subsequent
pivotal phase III studies of lenadogene nolparvovec.
The REVEAL study was a dose-finding trial; the DSMB
recommended that the highest dose of 1.8 × 1011 vg/eye
given to the subjects was not sufficiently well tolerated.
This recommendation was based on the observation that
intraocular inflammation was more marked in the 1.8 × 1011
vg/eye cohort than in the cohorts receiving lower doses. An
extension cohort of three subjects was therefore treated with
9 × 1010 vg/eye, which was confirmed to be well tolerated
and selected as the maximum tolerated dose to be taken into
pivotal phase III studies.
In the REVEAL study, the immune response was limited and not dose dependent, indicating that lenadogene
nolparvovec is not highly immunogenic when injected

Table 3  LogMAR best corrected visual acuity, changes from baseline to year 5 for treated and untreated eyes: safety population
Cohorts 3 and 5
(9 × 1010 vg/eye)

Sex

Age, years

Disease duration, Eye
years

Baseline
LogMAR

Year 5
LogMAR

Change
from baseline

Patient 01-009

Male

71

22.21

Patient 01-011

Male

29

1.36

Patient 01-012

Male

59

1.58

Patient 01-017

Male

44

0.88

Patient 01-018

Female

51

0.79

1.6
1.51
1.79
1.79
1.79
1.79
2.74
2.31
1.6

0.09
− 0.09
−1
−1
−1
0
− 0.27
− 0.7
0.09

Patient 01-019

Male

38

0.58

1.51
1.6
2.79
2.79
2.79
1.79
3.01
3.01
1.51
1.6
3.01
3.01

1.2
1.4

− 1.81
− 1.61

Left eye (U)
Right eye (T)
Left eye (U)
Right eye (T)
Left eye (T)
Right eye (U)
Left eye (T)
Right eye (U)
Left eye (T)
Right eye (U)
Left eye (T)
Right eye (U)

Improvement: (visit value − baseline) < 0. Worsening: (visit value − baseline) > 0
LogMAR logarithm of the minimal angle of resolution, T treated eye, U untreated eye, vg viral genomes
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into the vitreous humor. Importantly, no association was
observed between intraocular inflammation and humoral
or cellular immune response [41]. In addition, the quantified sequence was specific to the CMV promoter of the
lenadogene nolparvovec vector. Therefore, the few lowlevel positive results of lenadogene nolparvovec in the
blood were potentially due to concomitant CMV infection
and not necessarily to the presence of lenadogene nolparvovec in blood. Finally, biodissemination was limited in
blood and tears and absent in urine.
The absence of any systemic issue related to lenadogene nolparvovec treatment is mainly supported by the
limited biodissemination of the product, which was negligible in blood and tears and not detected in urine. Furthermore, the general humoral and cellular immunologic
response was limited and not correlated with intraocular
inflammation, confirming the local and ocular nature of
the immune response. The most frequently reported ocular
TEAEs consisted of intraocular inflammation, mostly mild
in intensity, and localized to the anterior and intermediate
segments. Intraocular inflammation was treated and controlled with local (topical) corticosteroids alone in most
cases, with the exception of the highest dose, which was
not pursued in subsequent phase III studies.

5 Conclusion
This study indicates that, after 5 years of follow-up, lenadogene nolparvovec was well tolerated, with a good overall safety profile. No unexpected AEs and no study drugrelated or study procedure-related SAEs occurred. No
general safety issues were related to the study drug or the
IVI procedure, and no TEAEs led to study discontinuation.
The most frequently reported TEAEs were ocular, with
intraocular inflammation and elevation of IOP being the
most frequent. Increased IOP was mostly mild, well tolerated, and transient. Intraocular inflammation, localized in
the anterior and intermediate segments, was mostly mild
and responsive to standard topical anti-inflammatory treatment, with the exception of the highest dose, leading to the
choice of a lower dose to be used in subsequent phase III
studies. There were no sequelae from any of these events.
Analysis of mean change of LogMAR in both treated and
untreated eyes showed a clinically relevant and durable
treatment effect for the 5 years post-treatment period, with
the highest magnitude of effect for eyes injected with the
pivotal phase III dose (9 × 1010 vg/eye). However, the final
mean BCVA remained “off chart” and was not at the level
of improvement seen in subsequent pivotal phase III studies. The time between the onset of visual loss and treatment may play a role in the effect of gene therapy, and a

therapeutic window of a maximum of 2 years between visual loss and treatment seems reasonable. There is a clear
unmet medical need in the management of patients with
ND4 LHON, and lenadogene nolparvovec offers this population the hope of a meaningful and sustainable improvement in vision following a simple one-time procedure.
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