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Randomized trial of bilateral gene therapy
injection for m.11778G>A MT-ND4 Leber
optic neuropathy

Nancy J. Newman,! @Patrick Yu-Wai-Man,***> Prem S. Subramanian,®
Mark L. Moster,” An-Guor Wang,® Sean P. Donahue,” Bart P. Leroy,*° Valerio Carelli,
Valerie Biousse,’ Catherine Vignal-Clermont,**** Robert C. Sergott,’

Alfredo A. Sadun,'®> Gema Rebolleda Ferniandez,® Bart K. Chwalisz,*”-18
Rudrani Banik,’® Fabienne Bazin,?° Michel Roux,?* Eric D. Cox,** Magali Taiel**
and José-Alain Sahel?*?32%2>; for the LHON REFLECT Study Group

11,12

TThese authors contributed equally to this work.

Leber hereditary optic neuropathy (LHON) is an important example of mitochondrial blindness with the m.11778G>A
mutation in the MT-ND4 gene being the most common disease-causing mtDNA variant worldwide.

The REFLECT phase 3 pivotal study is a randomized, double-masked, placebo-controlled trial investigating the efficacy
and safety of bilateral intravitreal injection of lenadogene nolparvovec in patients with a confirmed m.11778G>A muta-
tion, using a recombinant adeno-associated virus vector 2, serotype 2 (rAAV2/2-ND4). The first-affected eye received gene
therapy; the fellow (affected/not-yet-affected) eye was randomly injected with gene therapy or placebo. The primary
end point was the difference in change from baseline of best-corrected visual acuity (BCVA) in second-affected/not-
yet-affected eyes treated with lenadogene nolparvovec versus placebo at 1.5 years post-treatment, expressed in loga-
rithm of the minimal angle of resolution (LogMAR).

Forty-eight patients were treated bilaterally and 50 unilaterally. At 1.5 years, the change from baseline in BCVA was not
statistically different between second-affected/not-yet-affected eyes receiving lenadogene nolparvovec and placebo
(primary end point). A statistically significant improvement in BCVA was reported from baseline to 1.5 years in lenado-
gene nolparvovec-treated eyes: —0.23 LogMAR for the first-affected eyes of bilaterally treated patients (P < 0.01); and —0.15
LogMAR for second-affected/not-yet-affected eyes of bilaterally treated patients and the first-affected eyes of unilateral-
ly treated patients (P < 0.05). The mean improvement in BCVA from nadir to 1.5 years was —0.38 (0.052) LogMAR and —0.33
(0.052) LogMAR in first-affected and second-affected/not-yet-affected eyes treated with lenadogene nolparvovec, re-
spectively (bilateral treatment group). A mean improvement of —0.33 (0.051) LogMAR and —0.26 (0.051) LogMAR was ob-
served in first-affected lenadogene nolparvovec-treated eyes and second-affected/not-yet-affected placebo-treated
eyes, respectively (unilateral treatment group). The proportion of patients with one or both eyes on-chart at 1.5 years
was 85.4% and 72.0% for bilaterally and unilaterally treated patients, respectively. The gene therapy was well tolerated,
with no systemic issues. Intraocular inflammation, which was mostly mild and well controlled with topical corticoster-
oids, occurred in 70.7% of lenadogene nolparvovec-treated eyes versus 10.2% of placebo-treated eyes. Among eyes trea-
ted with lenadogene nolparvovec, there was no difference in the incidence of intraocular inflammation between
bilaterally and unilaterally treated patients.

Overall, the REFLECT trial demonstrated an improvement of BCVA in LHON eyes carrying the m.11778G>A mtDNA mu-
tation treated with lenadogene nolparvovec or placebo to a degree not reported in natural history studies and supports
an improved benefit/risk profile for bilateral injections of lenadogene nolparvovec relative to unilateral injections.

Received May 24, 2022. Revised September 20, 2022. Accepted October 02, 2022. Advance access publication November 9, 2022

© The Author(s) 2022. Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use,
please contact journals.permissions@oup.com


https://orcid.org/0000-0003-1139-5178
https://orcid.org/0000-0001-7847-9320
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/brain/awac421

Lenadogene nolparvovec treatment for LHON

BRAIN 2023: 146; 1328-1341 | 1329

1 Departments of Ophthalmology, Neurology and Neurological Surgery, Emory University School of Medicine,

Atlanta, GA, USA

N

University of Cambridge, Cambridge, UK

Moorfields Eye Hospital, London, UK

o U1 W

USA

Cambridge Centre for Brain Repair and MRC Mitochondrial Biology Unit, Department of Clinical Neurosciences,
Cambridge Eye Unit, Addenbrooke’s Hospital, Cambridge University Hospitals, Cambridge, UK

UCL Institute of Ophthalmology, University College London, London, UK
Sue Anschutz-Rodgers University of Colorado Eye Center, University of Colorado School of Medicine, Aurora, CO,

7 Departments of Neurology and Ophthalmology, Wills Eye Hospital and Thomas Jefferson University, Philadelphia,

PA, USA

8 Department of Ophthalmology, Taipei Veterans General Hospital, National Yang Ming Chiao Tung University,

Taipei, Taiwan

9 Department of Ophthalmology, Neurology, and Pediatrics, Vanderbilt University, and Vanderbilt Eye Institute,
Vanderbilt University Medical Center, Nashville, TN, USA
10 Department of Ophthalmology and Center for Medical Genetics, Ghent University Hospital, and Department of

Head & Skin, Ghent University, Ghent, Belgium

11 IRCCS Istituto delle Scienze Neurologiche di Bologna, Programma di Neurogenetica, Bologna, Italy

12 Unit of Neurology, Department of Biomedical and Neuromotor Sciences, University of Bologna, Bologna, Italy
13 Department of Neuro Ophthalmology and Emergencies, Rothschild Foundation Hospital, Paris, France

14 Department of Ophthalmology, Centre Hospitalier National D’Ophtalmologie des Quinze Vingts, Paris, France
15 Doheny Eye Institute, UCLA School of Medicine, Los Angeles, CA, USA

16 Department of Ophthalmology, Alcala University, Madrid, Spain

17 Department of Ophthalmology, Massachusetts Eye & Ear, Harvard Medical School, Boston, MA, USA

18 Department of Neurology, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA

19 Department of Ophthalmology, Icahn School of Medicine at Mount Sinai, New York, NY, USA

20 eXYSTAT, Data Management and Statistics, Paris, France

21 GenSight Biologics, Paris, France

22 Sorbonne Université, INSERM, CNRS, Institut de la Vision, Paris, France

23 Fondation Ophtalmologique A. de Rothschild, Paris, France

24 Department of Ophthalmology, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA

25 CHNO des Quinze-Vingts, Institut Hospitalo-Universitaire FOReSIGHT, INSERM-DGOS CIC, Paris, France

Correspondence to: Nancy J. Newman, MD
Neuro-Ophthalmology Unit

1365B Clifton Road NE

Atlanta, GA 30322, USA

E-mail: ophtnjn@emory.edu

lenadogene nolparvovec; leber hereditary optic neuropathy; mitochondrial DNA; NADH dehydrogenase 4;

recombinant adeno-associated virus vector 2

Introduction

Leber hereditary optic neuropathy (LHON) is a blinding maternally-
inherited mitochondrial genetic disease. Retinal ganglion cells
(RGCs), whose axons form the optic nerve, are the major cellular
target affected by the resultant mitochondrial dysfunction.®
LHON classically manifests as acute to sub-acute, bilateral, painless
central vision loss, often with sequential onset. There is a male pre-
dominance of about 80% and patients typically become affected be-
tween age 15 and 35 years.>>

Approximately 90% of all LHON cases are caused by one of three
point mutations in the mtDNA: m.3460G>A in MT-ND1,
m.11778G>A in MT-ND4 and m.14484T>C in MT-ND6.* A primary
mtDNA mutation is necessary, but not sufficient to cause vision
loss, as there is well-documented incomplete penetrance with 20—
50% of male and 4-20% of female carriers manifesting the clinical
disease during their lifetime.”

The m.11778G>A mutation is the most common LHON muta-
tion, accounting for about 70% of LHON in North America and

Europe.™* Genotype is the most significant prognostic factor of
visual outcome, followed by the age at onset of vision loss. The
m.11778G>A mutation causes a severe clinical form of LHON,
with multiple natural history studies in MT-ND4 LHON patients
confirming rare and poor recovery, although younger age at onset,
especially onset at less than 12 years, portends a relatively better
visual prognosis.>>*®

Over the past decade, substantial progress has been made in the
application of gene therapy to monogenic blinding diseases, with
the first treatment approved by both American and European regu-
latory agencies for an inherited retinal degenerative disorder, Leber
congenital amaurosis caused by biallelic RPE65 mutations.” Gene
therapy in mitochondrial disorders is challenging, as the wild-type
protein needs to reach the mitochondrial matrix compartment by
crossing both the mitochondrial outer and inner membranes, and
then assemble within mature complex I, competing with the mu-
tant ND4 protein that is still synthesized locally by mitoribosomes.
The allotopic expression strategy involves the nuclear expression
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of the wild-type mitochondrial gene engineered with an additional
mitochondrial targeting sequence (MTS) and results in mRNA
translation and co-translocation of the protein into mitochondria.?
This strategy has been successfully applied in cell models and safe-
ly translated in induced rodent LHON models with preservation of
RGCs and visual function.”*?

Lenadogene nolparvovec is a replication-defective single-
stranded DNA recombinant adeno-associated virus vector 2, sero-
type 2 (rAAV2/2), containing a codon-modified complementary
DNA (cDNA) that encodes for the human wild-type ND4 protein, un-
der the control of the cytomegalovirus (CMV) immediate early pro-
moter in an intron-containing expression cassette (beta globin
intron, HBB2), flanked by the AAV inverted terminal repeats. The con-
struct includes the cis-acting elements of the human cytochrome c
oxidase 10 (COX10) mtRNA (MTS in 5’ of the cDNA, and 3’ UTR at
the 3’ end of the cDNA) ensuring the efficient delivery of the corre-
sponding hybrid mRNA to the mitochondrial surface.’®
Expression of the transgene results in the synthesis of a functional
human ND4 protein that translocates into the mitochondrial com-
partment. Serotype 2 (rAAV2/2) was chosen because it results in high-
ly efficient transduction of the inner retinal layers, including RGCs
which are the major target cells affected in LHON.' Lenadogene nol-
parvovec gene therapy proposes to permanently correct the under-
lying mtDNA mutation, based on the allotopic nuclear expression
of the wild-type ND4 subunit of complex I targeted to mitochondria.
Lenadogene nolparvovec is delivered via an intravitreal injection
(IVT) for the optimal transduction of RGCs.

The clinical development of lenadogene nolparvovec consists of
one phase 1/2 study, REVEAL,” three phase 3 pivotal studies,
REVERSE, """ RESCUE"""® and REFLECT, and a long-term follow-up
study, RESTORE.'®?° RESCUE and REVERSE assessed the efficacy
and safety of an unilateral IVT of lenadogene nolparvovec in pa-
tients carrying the m.11778G>A mutation with vision loss <1 year
and followed for 2 years after treatment.’®'® Patients who com-
pleted the RESCUE and REVERSE studies are being followed in the
ongoing extension study, RESTORE, and results at 3 years post-
treatment have been reported.?®

In the previously published studies, lenadogene nolparvovec was
exclusively administered as a unilateral IVT injection. Given that
LHON is a bilateral disease that rapidly affects both eyes of a patient,
REFLECT was conducted to assess the efficacy and safety of bilateral
IVT of lenadogene nolparvovec. Here, we report the results of the pri-
mary analyses for REFLECT at 1.5 years post-treatment.

Materials and methods

REFLECT (ClinicalTrials.gov NCT03293524) is a phase 3, pivotal, ran-
domized, double-masked, placebo-controlled study that was con-
ducted in 13 centres across seven countries (Belgium, France,
Italy, Spain, Taiwan and UK each had one centre and the USA had
seven centres). The study included LHON patients with vision
loss <1 year in one or both eyes caused by the m.11778G>A
MT-ND4 mutation. Patients were randomized to one of two treat-
ment arms. In both treatment arms, the first-affected eye received
an IVT of lenadogene nolparvovec. The second-affected/
not-yet-affected eye was randomized to treatment with either an
IVT of lenadogene nolparvovec or placebo (balanced salt solution).
In patients reporting simultaneous onset of vision loss, the
second-affected eye was randomly selected. Patients and study
personnel were unaware whether they were receiving unilateral
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or bilateral active drug, or which eye was treated in the unilateral
cases.

This study was designed and conducted in accordance with the
ethical principles established in the Declaration of Helsinki (7th re-
vision, 2013), with the principles of Good Clinical Practice according
to the International Council for Harmonization guideline [ICH
E6(R2), 2016], as well as with applicable regulatory requirements.
The protocol was reviewed and approved by independent ethics
committees at all centres. Written informed consent at the
Screening Visit (Visit 1) was obtained prior to the patient entering
the study and before initiation of any study-related procedure.

An interactive web response system was used to enroll and ran-
domize the patients in the study. Upon confirmation of eligibility
for inclusion, patients were randomized following simple random-
ization procedures (computerized random numbers) to treatment
arm 1 (bilateral treatment, TARM1) or treatment arm 2 (unilateral
treatment, TARM2) in a 1:1 allocation according to a predefined cen-
tral randomization scheme (Fig. 1). Bilaterally lenadogene
nolparvovec-treated patients received lenadogene nolparvovec
IVT in both eyes at a dose of 9x 10 vector genomes (vg) in 90 ul
for each eye. Unilaterally lenadogene nolparvovec-treated patients
received lenadogene nolparvovec IVT in their first-affected eye (9 x
10™° vg in 90 pl) and placebo IVT (90 pl) in their second-affected/
not-yet-affected eye. The dose of lenadogene nolparvovec selected
in REFLECT (9 x 10%° vg/eye) was the maximal tolerated dose deter-
mined in the previous phase 1/2a REVEAL study.*** This dose was
also selected in the phase 3 studies RESCUE and REVERSE.*®*°

Each eye underwent administration of the allocated treatment
as a single IVT. Pre-IVT procedures included pupil dilation, topical
antisepsis and anaesthesia. Administration of an intraocular pres-
sure (IOP) lowering agent of the investigator’s choice preceded all
IVTs. In addition, all patients received a peri-treatment, systemic
immune modulating corticoid regimen (a 28-day oral corticosteroid
therapy starting 2 days before the first IVT) to ameliorate the poten-
tial ocular inflammation related to the IVT of lenadogene
nolparvovec.

Additional details on the study design are presented in the
Supplementary material.

Ocular and vision evaluations included assessment of best-
corrected visual acuity (BCVA) using the Early Treatment Diabetic
Retinopathy Study (ETDRS) chart at 1 or 4 m, slit lamp biomicro-
scopy, applanation tonometry, fundoscopy, contrast sensitivity
(CS) assessed with the Pelli-Robson Low Vision Contrast
Sensitivity chart,” Humphrey visual field (HVF) perimetry, spectral
domain optical coherence tomography (SD-OCT), and colour fun-
dus photographs. Quality of life assessments were conducted using
the National Eye Institute Visual Functioning Questionnaire 25
(VEQ-25).%2

Additional details on the study outcome measures are provided
in the Supplementary material.

Statistical analyses were conducted using SAS® software v9.4 (SAS
Institute, Cary, NC).

The primary efficacy end point was the difference of change
from baseline to 1.5 years post-treatment in BCVA between
second-affected/not-yet-affected lenadogene nolparvovec- and
placebo-treated eyes in ND4 LHON patients. Logarithm of the
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First-affected eye: Ledanogene nolparvovec (9E10 vg)

Second-affected/Not-yet-affected eye: Ledanogene nolparvovec (9E10 vg)

First-affected eye: Ledanogene nolparvovec (9E10 vg)
Second-affected/Not-yet-affected eye: Placebo

TARM 1:
| TARM 2:
Screening Inclusion Treatment
W-4 to W-1 Randomization DO (or D-1 and D0)* vi
D-1 (or D-2)*

Yis X2 Y3 Y4 Y5

Primary
End point

Double-Masked

> >
L Ld

Unmasked (long-term follow-up#)

Figure 1 REFLECT study design. Asterisk indicates the allocated study treatment was administered on the same day (Day 0) or on two consecutive days
(Day —1 and Day 0) at the investigator’s discretion. In all cases, the initial treatment administration had to be performed the day following the Inclusion
visit; thus, the Inclusion visit was performed on Day -1 if eyes were treated on the same day, or on Day -2 if eyes were treated on 2 consecutive days.
*Participation in the long-term follow-up phase of the study up to Year 5 was/will be sought at the Year 2 visit with a separate informed consent. For
patients who did not consent to participate in the long-term follow-up period, the end-of-study visit was the Year 2 visit. D =day; W =week; Y =year.

minimal angle of resolution (LogMAR) BCVA was used to represent
BCVA. A difference of —0.3 LogMAR (15 ETDRS letters equivalent)
was considered clinically significant based on US Food and Drug
Administration recommendations.

Additional details on the statistical methods are presented in
the Supplementary material.

The data supporting the results of this study and the trial protocol
are available upon reasonable request to the corresponding author.

Results

From March 2018 to June 2019, a total of 108 patients were screened
for study eligibility and 98 were randomized to either the bilateral-
treated group (48 patients) or unilateral-treated group (50 patients).
The main reasons for non-inclusion were the presence of eye dis-
eases, excluding LHON, which may interfere with ocular assess-
ments, patient decision not to stop idebenone, or inability to
comply with all protocol requirements. All 98 randomized patients
received the study treatment. One bilaterally treated patient was
randomized by error to the unilateral group [included in the unilat-
eral Group for Intent-to-treat (ITT)/Efficacy analysis]. At the data
cut-off date for this interim analysis (April 13, 2021), 94 (95.9%) of
the 98 randomized patients had completed the Year 1.5 visit, and
three patients were still ongoing but had not completed the Year
1.5 visit. These three patients missed their Year 1.5 visit due to
the COVID-19 pandemic and were considered as having major
protocol deviation. One patient was withdrawn before the Year
1.5 visit due to lack of compliance with study visits (Fig. 2).

Demographic and baseline disease characteristics for the ITT popu-
lation were comparable between the treatment arms (Table 1). The
overall mean age of patients was 31.5 years at onset of vision loss
(range: 14-73 years) and 32.1 years at screening (age 15-74 years).
Most patients were male (79.6%) and were randomized at a study

site located in the USA (57.1%). The paediatric population (aged
15-17 years at screening) comprised 10 patients.

All but one patient had bilateral vision loss at baseline. Mean
[standard deviation (SD)] duration of disease (i.e. duration of vision
loss for the first-affected eye) was 8.3 (3.2) months (range: 1.7-11.9
months), in line with the inclusion criteria requiring vision loss dur-
ation <1 year for study eligibility. The mean (SD) time interval of vi-
sion loss between the first- and second-affected eye was 2.0 (2.0)
months (range: 0.0-8.7 months). Mean (SD) baseline values for
LogMAR BCVA were 1.64 (0.45) for first-affected eyes, and 1.47
(0.48) for second/not-yet-affected eyes.

The mean (SD) changes in BCVA from baseline to 1.5 years was
-0.09 (0.072) and -0.04 (0.071) LogMAR for the second/
not-yet-affected lenadogene nolparvovec- and second/
not-yet-affected placebo-treated eyes, respectively (Table 2. The
least squares (LS) mean difference in the change of BCVA between
these two treatment arms at 1.5 years was —0.05 LogMAR [P=
0.6080, analysis of covariance (ANCOVA)]. The primary end point,
defined as a difference of at least —0.3 LogMAR, was therefore not
met.

Using the ANCOVA model, the change in mean BCVA from
baseline to 1.5 years of the first-affected lenadogene nolparvovec-
treated eyes was —0.26 (0.063) LogMAR (+13 ETDRS letters equiva-
lent) for bilaterally treated patients and —0.21 (0.061) LogMAR (+11
ETDRS letters equivalent) for unilaterally treated patients (P<
0.0001 and P<0.001, respectively), whereas the improvement
from Dbaseline of the second/not-yet-affected lenadogene
nolparvovec- and second/not-yet-affected placebo-treated eyes
was not statistically significant (Table 2). The time course of the
mean change in LogMAR BCVA estimated by ANCOVA model is
shown in Fig. 3. When applying a linear mixed model which was
a pre-defined sensitivity analysis, all eye groups showed an im-
provement in LS mean BCVA at 1.5 years versus baseline, which
was statistically significant for the three groups of eyes treated
with lenadogene nolparvovec, but not for the placebo-treated
eyes. In the first-affected eyes of patients treated bilaterally with le-
nadogene nolparvovec, the difference in the change between base-
line and 1.5 years was —0.23 (0.070) LogMAR (+12 ETDRS letters
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Assessed for eligibility (n =108)

Screen failed (n = 10)

Randomized (ITT population) (n = 98)

| Allocated to TARM1 (Bilateral treatment) (n = 48)
Received allocated treatment (n = 48)

Completed the Year 1.5 vi'sit* (n = 46)
Did not complete the Year 1.5 visit (n = 2)
(Reason: missed the visit due to the COVID-19

pandemic)

Analysed (n = 48) \

Allocated to TARM2 (Unilateral treatment) (n = 50)
Received allocated treatment (n = 49)
Did not receive allocated treatment (n = 1)

(Reason: randomized by error to TARM2)

Completed the Year 1.5 visit* (n = 48)
Did not complete the Year 1.5 visit (n = 1)
(Reason: missed the visit due to the COVID-19
pandemic)

Discontinued the study prior to Year 1.5 visit (n = 1)

(Reason: non-compliant to study visits)

Analysed (n = 50)

Figure 2 Participants flow at the 1.5 year interim analysis. TARM1: First-affected eye and second-affected/not-yet-affected eye administered lenado-
gene nolparvovec. TARM2: First-affected eye administered lenadogene nolparvovec, second-affected/not-yet-affected eye administered placebo.
*Taking in account reassigned visit at Year 1.5 as per the rules described in the ‘Statistical analyses’ section.

equivalent) (P <0.01) (Supplementary Table 1). The change in mean
BCVA from baseline to 1.5 years between second-affected/not-
yet-affected eyes treated bilaterally, and first-affected eyes of
patients treated unilaterally with lenadogene nolparvovec was
—0.15 (0.070) LogMAR and —0.15 (0.069) LogMAR (+8 ETDRS letters
equivalent) (P<0.05), respectively (Supplementary Table 1). A
mean difference of —0.08 (0.069) LogMAR (+4 ETDRS letters equiva-
lent) was observed in second-affected/not-yet-affected placebo
eyes of patients treated unilaterally with lenadogene nolparvovec.
The time course of the mean change in LogMAR BCVA estimated by
linear mixed model is shown in Supplementary Fig. 1.

A nadir BCVA value was obtained for each eye between baseline
and 1.5 years. The mean time from baseline to nadir in BCVA was
8.2 weeks for first-affected eyes (pooled eyes treated with lenado-
gene nolparvovec), 11.8 weeks for second/not-yet-affected eyes
treated with lenadogene nolparvovec and 11.2 weeks for placebo-
treated eyes. The mean nadir was LogMAR +1.71 and LogMAR
+1.66 for first-affected and second-affected/not-yet-affected eyes
treated with lenadogene nolparvovec, respectively (TARM1). The
mean nadir was LogMAR +1.82 and LogMAR +1.70 for first-affected
lenadogene nolparvovec- and second-affected/not-yet-affected
placebo-treated eyes, respectively (TARM2). All eye groups showed
a statistically significant and clinically relevant®* improvement in
LS mean LogMAR BCVA at 1.5 years versus nadir by ANCOVA and
linear mixed models (P<0.0001) (Tables 3 and 4). Using the
ANCOVA model, the mean improvement in BCVA from nadir to
1.5 years was —0.38 (0.050) LogMAR and —0.31 (0.042) LogMAR (+19
ETDRS and +16 ETDRS letters equivalent) in first-affected and
second-affected/not-yet-affected eyes treated with lenadogene
nolparvovec, respectively (TARM1). A mean improvement of —0.36
(0.049) LogMAR and -0.25 (0.041) LogMAR (+18 ETDRS and +13
ETDRS letters equivalent) was observed in first-affected lenado-
gene nolparvovec- and second-affected/not-yet-affected placebo-
treated eyes, respectively (TARM?2) (Table 3). Using the linear mixed
model, the mean improvement in BCVA from nadir to 1.5 years was

—0.38 (0.052) LogMAR (+19 ETDRS letters equivalent) and -0.33
(0.052) LogMAR (+17 ETDRS letters equivalent) in first-affected and
second-affected/not-yet-affected eyes treated with lenadogene
nolparvovec, respectively (TARM1). A mean improvement of —0.33
(0.051) LogMAR (+17 ETDRS letters equivalent) and —0.26 (0.051)
LogMAR (+13 ETDRS letters equivalent) was observed in first-
affected lenadogene nolparvovec-treated eyes and second-
affected/not-yet-affected placebo-treated eyes, respectively
(TARM?2) (Table 4).

Shifts from off-chart BCVA (LogMAR >1.6) at baseline to
on-chart (LogMAR <1.6) BCVA at 1.5 years are illustrated in
Supplementary Figure 2. Patients treated bilaterally with lenado-
gene nolparvovec demonstrated a shift of 68.4% in first-affected
eyes versus 53.3% in second/not-yet-affected eyes (TARM1). A shift
0f42.9% in first-affected lenadogene nolparvovec eyes versus 15.4%
in second/not-yet-affected placebo eyes was reported in patients
treated unilaterally with lenadogene nolparvovec (TARM2). The
shift was statistically significant in first-affected eyes of bilaterally
treated patients only (TARM1, P=0.0124, McNemar test).

In bilaterally treated patients, the proportion of eyes that were
on-chart at 1.5 years was 81.3% and 72.9% in first- and
second-affected lenadogene nolparvovec-treated eyes, respective-
ly. In unilaterally treated patients, the proportion was 68.0% for
both lenadogene nolparvovec- and placebo-treated eyes. The pro-
portion of patients with one or both eyes on-chart at 1.5 years
was 85.4% and 72.0% for bilaterally and unilaterally treated pa-
tients, respectively, with an odds ratio (OR) of 2.30 in favour of bilat-
eral treatment compared to unilateral treatment [OR=2.30 (95%
confidence interval=0.78-6.76), P=0.1305 by logistic regression
model using treatment as factor and baseline LogMAR as covariate].

The responder rate for clinically relevant response (CRR) at
1.5 years reached 68.8% and 62.0% for bilaterally and unilat-
erally treated patients, respectively (Table 5). The improvement
of at least —0.3 LogMAR (equivalent to a gain of >15 letters)
from nadir to 1.5 years showed a responder rate of 68.8% and
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TARM1 TARM2 Total
Bilateral treatment Unilateral treatment
Statistic (N=48) (N=50) (N=98)
Age, years Mean (SD) 32.4 (14.4) 31.9 (13.4) 32.1(13.8)
Median 27.0 29.5 28.5
Min, Max 15,74 15, 65 15, 74
Gender
Male n (%) 37 (77.1) 41 (82.0) 78 (79.6)
Female n (%) 11 (22.9) 9 (18.0) 20 (20.4)
Region
Asia n (%) 8 (16.7) 7 (14.0) 15 (15.3)
Europe n (%) 11 (22.9) 16 (32.0) 27 (27.6)
USA n (%) 29 (60.4) 27 (54.0) 56 (57.1)
Affected eye status®
Bilateral n (%) 47 (97.9) 50 (100.0) 97 (99.0)
Unilateral n (%) 1(2.1) 0 1(1.0)
Duration of disease, months n 48 50 98
Mean (SD) 8.33 (3.36) 8.27 (3.09) 8.30 (3.20)
Median 8.85 8.85 8.85
Min, Max 1.7,11.9 24,119 1.7,11.9
Time interval of vision loss between first and n 48 50 98
second-affected eyes, days
Mean (SD) 56.85 (66.34) 61.88 (54.08) 59.42 (60.14)
Median 33.50 59.50 46.00
Min, Max 0.0; 266 0.0; 197 0.0; 266
Baseline LogMAR BCVA of first-affected eye n 48 50 98
Mean (SD) 1.59 (0.47) 1.68 (0.43) 1.64 (0.45)
Median 1.50 1.60 1.60
Min, Max 0.6;2.3 0.8;2.3 0.6;2.3
Baseline LogMAR BCVA of second/not-yet-affected eye n 48 50 98
Mean (SD) 1.44 (0.51) 1.50 (0.46) 1.47 (0.48)
Median 1.40 1.50 1.40
Min, Max 0.0; 2.3 0.7;2.3 0.0;2.3

TARM1.: First-affected eye and second-affected/not-yet-affected eye administered lenadogene nolparvovec. TARM2: First-affected eye administered lenadogene nolparvovec,
second-affected/not-yet-affected eye administered placebo. N =number of patients in the ITT population; n=number of patients; % = percentage of patients calculated relative

to N.

“Bilateral status is defined as LogMAR > 0 for both eyes on the day of injection. Unilateral status is defined as LogMAR =0 for one of the two eyes on the day of injection.

64.0% for bilaterally and unilaterally treated patients, respect-
ively (Table 5).

The switch from off-chart at baseline to on-chart at 1.5 years in
LogCS varied from 33.3% to 55.2% in each eye group. Overall, for pa-
tients with both eyes off-chart at baseline, 64.3% of bilaterally trea-
ted patients and 55.6% of unilaterally treated patients moved to
on-chart LogCS in one or both eyes at 1.5 years. The mean time
from baseline to nadir in LogCS was 4.5 weeks for first-affected
eyes (pooled eyes treated with lenadogene nolparvovec), 9.9 weeks
for second/not-yet-affected eyes treated with lenadogene nolpar-
vovec, and 5.0 weeks for placebo-treated eyes. The improvement
of at least —0.3 LogCS from nadir to 1.5 years showed a responder
rate of 50.0% and 48.0% for bilaterally and unilaterally treated pa-
tients, respectively.

Overall, the HVF parameters were stable with mean deviation
(MD) ranging on average from +1.44 dB improvement to —1.29 dB
worsening in each eye group. Subgroup analyses were performed
to investigate the relationship between HVF MD and final BCVA at
1.5 years post-treatment. Four subgroups of eyes were defined
based on final LogMAR ranges, with each subgroup including a
comparable number of treated eyes: Group 1: <1 LogMAR; Group

2:>1 to <1.3 LogMAR,; Group 3: >1.3 to <1.6 LogMAR; Group 4: >1.6
LogMAR. The relationship between change from baseline of HVF
MD and final BCVA subgroups is shown in Supplementary Fig. 3.
Overall, the ganglion cell layer (GCL) macular volume as mea-
sured on optical coherence tomography (OCT) showed thinning
from baseline to 1.5 years of on average —0.069 mm® and
—0.092 mm? for first and second eyes of bilaterally treated patients,
respectively. For unilaterally treated patients, the reduction was
larger for placebo-treated eyes (-0.117 mm?) than for lenadogene
nolparvovec-treated eyes (—0.019 mm?). Similarly, as for the HVF
MD, subgroup analyses were performed to investigate the relation-
ship between GCL macular volume and final BCVA at 1.5 years post-
treatment. The relationship between change from baseline of HVF
MD and final BCVA subgroups is shown in Supplementary Fig. 4.

All patients in the REFLECT trial were treated with active product ei-
ther bilaterally or unilaterally and the change in VFQ 25 question-
naire from baseline to 1.5 years represents the change of the VFQ
25 from untreated to treated status. REFLECT patients showed a
clinically meaningful improvement in their vision-related quality
of life at 1.5 years when compared to baseline, with a mean increase
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Table 2 First-affected and second-affected/not-yet-affected eyes: change from baseline to 1.5 years in LogMAR BCVA—observed

data and ANCOVA analysis (ITT population)

TARM1 (Bilateral

treatment)

First-affected eye

TARM2 (Unilateral
treatment)

TARM1 (Bilateral TARM2 (Unilateral
treatment) treatment)
Second/not-yet-affected eye

Lenadogene Lenadogene Lenadogene Placebo
nolparvovec nolparvovec nolparvovec (N=50)
Statistic (N=48) (N=50) (N=48)
Baseline n 48 50 48 50
Mean (SD) 1.59 (0.470) 1.68 (0.432) 1.44 (0.512) 1.50 (0.455)
Year 1.5 (Visit 12) n® 48 50 48 50
Observed Mean (SD) 1.34 (0.527) 1.46 (0.587) 1.35 (0.585) 1.45 (0.604)
Change from baseline Mean (SD) —0.25 (0.468) —0.22 (0.412) —0.08 (0.568) —0.05 (0.467)
(observed)
Estimates from ANCOVAP LS mean (SE) ~0.26 (0.063) -0.21 (0.061) —0.09 (0.072) ~0.04 (0.071)
[95% CI] [-0.38, —0.13] [-0.33, —0.09] [~0.24, 0.05] [-0.18, 0.10]
P-value HO: <0.0001 0.0008 0.1955 0.5536
LS mean=0
Lenadogene nolparvovec LS mean difference - —0.05 (0.101)
versus placebo (SE) [95% CI] [-0.25, 0.15]

P-value

- 0.6080

TARMI: First-affected eye and second-affected/not-yet-affected eye administered lenadogene nolparvovec. TARM2: First-affected eye administered lenadogene nolparvovec,
second-affected/not-yet-affected eye administered placebo. For patients whose LogMAR evaluation date was out of the visit 12 window (518-578 days post-treatment), the first
LogMAR value after visit 12 (578 days post-treatment) was used. CI=confidence interval; N =number of patients in the ITT population; n=number of patients; SE =standard

error.
“Missing data were imputed using the last observation carried Fforward method.

PAn ANCOVA model was used to model change from baseline to 1.5 years (visit 12) for LogMAR BCVA, using baseline LogMAR as covariate and treatment as fixed effect.

in the composite score by +6.4 and +6.3 points for bilaterally and
unilaterally treated patients, respectively. The largest improve-
ments were observed for the following vision-targeted subscale
scores (expressed as mean increase from baseline to 1.5 years in bi-
laterally and unilaterally treated patients, respectively): mental
health (+14.2 and +12.7); role difficulties (+10.8 and +13.2); depend-
ency (+13.5 and +5.1); and general vision (+7.6 and +11.1)
(Supplementary Table 2).

Most patients (66.3%) experienced at least one systemic adverse
event (AE) up to 1.5 years. There was no systemic AE leading to
study discontinuation, no systemic life-threatening AE, and no sys-
temic AE leading to death in any patient.

The proportion of patients experiencing at least one systemic AE
was 71.4% for bilaterally treated patients and 61.2% for unilaterally
treated patients. Most systemic AEs were of mild intensity, whether
overall (135/179 events, 75.4%) or in each treatment arm for bilat-
erally treated patients [68/88 events (77.3%)], and unilaterally trea-
ted patients [67/91 events (73.6%)]. Most systemic AEs were
considered unrelated to study treatment or to study procedure.
Overall, 2 (2.0%) patients reported a total of five systemic AEs con-
sidered related to the study treatment: one patient experienced
toothache and headache on the day of IVT (counted as four separ-
ate events in total); and another patient reported a nasopharyngitis
on Day 22 after the IVT. All five treatment-related systemic events
were also considered related to the study procedure. Overall, 14
(14.3%) patients reported a total of 19 systemic AEs considered re-
lated to the study procedure. The most frequently reported system-
ic AEs related to the study procedure (patients overall) were
headache (4.1%), rash (3.1%), and nasopharyngitis (2.0%).

A total of three severe systemic AEs were reported in three pa-
tients, all considered unrelated to the study treatment or to the
study procedure. In all, five (5.1%) patients experienced one serious
systemic AE. None of the serious systemic AEs were considered re-
lated to the study treatment or to the study procedure.

Overall, the most frequent systemic AEs reported by patients
were headaches (18.4%), nasopharyngitis (12.2%), and insomnia
(5.1%). There was no indication that systemic AEs occurred more
frequently in bilaterally treated patients compared to unilaterally
treated patients for each AE category. During the study, two pa-
tients developed multiple sclerosis after treatment administration,
both reported as a serious AE of moderate intensity: one patient (bi-
lateral treatment) developed symptoms of multiple sclerosis ap-
proximately 7 months after the IVT, and the other patient
(unilateral treatment) developed multiple sclerosis symptoms ap-
proximately 2 years after the IVT injection. Neither of these two
events were considered to be related to the study treatment or
study procedure.

Most eyes (77.6%) experienced at least one ocular AE. The pro-
portion of eyes experiencing at least one ocular AE was higher in
eyes treated with lenadogene nolparvovec (ranging from 77.6% to
89.8%) versus eyes treated with placebo (55.1%). There were no ocu-
lar AEs leading to study discontinuation and no serious ocular AEs
in any patient.

Most ocular AEs were of mild intensity, whether overall (433/479
events, 90.4%) or in each eye group: 262/292 events (89.7%) of mild
intensity for lenadogene nolparvovec eyes of bilaterally treated pa-
tients, 123/137 (89.8%) for lenadogene nolparvovec eyes of unilat-
erally treated patients, and 48/50 (96.0%) for placebo eyes. Only
two eyes (1.0%) experienced a total of four severe ocular AEs, which
all occurred in the same bilaterally treated patient: two eye pruritus
(one in each eye) considered unrelated to study treatment or
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Placebo second-affected/not-yet-affected eyes (TARM2/unilateral treatment) n=50

Figure 3 Time course of LS mean change in LogMAR BCVA from baseline to 1.5 years for first-affected and second-affected/not-yet-affected eyes—es-
timated by ANCOVA model (ITT population). An ANCOVA model (considering both eyes of each patient) was used to model the change from baseline to
time point of interest for LogMAR BCVA, using baseline LogMAR as covariate and treatment as fixed effect. Data are shown as LS mean.

Table 3 First-affected and second-affected/not-yet-affected eyes: change from nadir to 1.5 years in LogMAR BCVA—observed data
and ANCOVA analysis (ITT population)

TARM1 (Bilateral treatment) TARM2 (Unilateral treatment)

First-affected eye Second/not-yet-affected First-affected eye Second/not-yet-affected

eye eye
Lenadogene Lenadogene nolparvovec Lenadogene Placebo
nolparvovec (N=48) nolparvovec (N=50)
Statistic (N=48) (N=50)
Nadir n 48 48 50 50
Mean (SD) 1.71 (0.46) 1.66 (0.46) 1.82 (0.53) 1.70 (0.44)
Year 1.5 (Visit 12) n? 48 48 50 50
Observed Mean (SD) 1.34 (0.53) 1.35 (0.59) 1.46 (0.59) 1.45 (0.60)
Change from nadir Mean (SD) —0.37 (0.29) —0.31(0.32) —0.37 (0.40) —0.25 (0.28)
(Observed)
Estimates from LS mean (SE) —0.38 (0.050) —0.31 (0.042) —0.36 (0.049) —0.25 (0.041)
ANCOVA® [95% CI] [-0.48, —0.28] [-0.39, -0.23] [-0.46, —0.26] [-0.34, —0.17]
P-value HO: <0.0001 <0.0001 <0.0001 <0.0001
LS mean=0

TARML: First-affected eye and second-affected/not-yet-affected eye administered lenadogene nolparvovec. TARM?2: First-affected eye administered lenadogene nolparvovec,
second-affected/not-yet-affected eye administered placebo. For patients whose LogMAR evaluation date was out of the visit 12 window (518-578 days post-treatment), the first
LogMAR value after visit 12 (578 days post-treatment) was used. The nadir was defined as the worst value observed from baseline to the post-treatment time point of interest,
including baseline and the post-treatment time point values. CI = confidence interval; N =number of patients in the ITT population; n=number of patients; SE = standard error.
“Missing data were imputed using the last observation carried forward method.

®An ANCOVA model was used to model change from nadir to 1.5 years (visit 12) for LogMAR BCVA, using nadir LogMAR as covariate and treatment as fixed effect.
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Table 4 First-affected and second-affected/not-yet-affected eyes: change from nadir to 1.5 years in LogMAR BCVA-estimated by

linear mixed model (ITT population)

TARM1 (Bilateral treatment)

TARM2 (Unilateral treatment)

First-affected eye Second/Not-yet-

affected eye

First-affected eye Second/Not-yet-

affected eye

Lenadogene Lenadogene Lenadogene Placebo
nolparvovec nolparvovec nolparvovec (N=50)
Statistic (N=48) (N=48) (N=50)
Nadir n 48 48 50 50
Mean (SD) 1.71 (0.46) 1.66 (0.46) 1.82 (0.53) 1.70 (0.44)
Year 1.5 (Visit 12) n* 48 48 50 50
Estimates from linear LS mean (SE) —0.38 (0.052) —0.33 (0.052) —0.33 (0.051) —0.26 (0.051)
mixed model® [95% CI] [-0.48, —0.27] [-0.44, —0.23] [-0.44, —0.23] [-0.36, —0.16]
P-value HO: <0.0001 <0.0001 <0.0001 <0.0001
LS mean=0

TARMI: First-affected eye and second-affected/not-yet-affected eye administered lenadogene nolparvovec. TARM2: First-affected eye administered lenadogene nolparvovec,
second-affected/not-yet-affected eye administered placebo. The nadir was defined as the worst value observed from baseline to the post-treatment time point of interest,
including baseline and the post-treatment time point values. N =number of patients in the ITT population; n=number of patients; SE=standard error.

*Missing data were imputed using the last observation carried forward method.

YA linear mixed model (considering both eyes of each patient) was used to model the change from baseline to 1.5 years (visit 12) for LogMAR BCVA, using treatment and baseline

value as fixed effects, and intercept per patient as random effect.

Table 5 BCVA responder analyses versus nadir at 1.5 years (ITT population)

First-affected eye Second/Not-yet-affected eye Patient®
TARM1 TARM2 TARM1 TARM2 TARM1 TARM2
(Bilateral (Unilateral (Bilateral (Unilateral (Bilateral (Unilateral
treatment) treatment) treatment) treatment) treatment) treatment)
Lenadogene Lenadogene Lenadogene Placebo (N=48) (N=50)
nolparvovec nolparvovec nolparvovec (N=50)
Statistic (N=48) (N=50) (N=48)
Improved by >0.3 LogMAR from nadir at 1.5 years
Responder n 30 27 26 23 33 32
% 62.5% 54.0% 54.2% 46.0% 68.8% 64.0%
TARM1 versus  OR [95% CI] 1.50 [0.66, 3.40] 1.37 [0.62, 3.05] 1.29 [0.55, 3.03]
TARM2 P-value® 0.3302 0.4339 0.5526
Clinically relevant recovery from nadir at 1.5 years
Responder n 30 29 26 25 33 31
% 62.5% 58.0% 54.2% 50.0% 68.8% 62.0%
TARM1 versus  OR [95% CI| 1.07 [0.46, 2.50] 1.15 [0.49, 2.69] 1.25 [0.50, 3.16]
TARM2 P-value® 0.8757 0.7464 0.6364

TARML: First-affected eye and second-affected/not-yet-affected eye administered lenadogene nolparvovec. TARM2: First-affected eye administered lenadogene nolparvovec,
second-affected/not-yet-affected eye administered placebo. Clinically relevant recovery was defined as: (i) for eyes on-chart at nadir, a decrease (i.e. improvement) of >0.2

LogMAR from nadir; and (ii) for eyes off-chart at nadir, eyes which became on chart (i.e. BCVA <1.6 LogMAR). The nadir was defined as the worst value observed from baseline to
the post-treatment time point of interest, including baseline and the post-treatment time point values. Missing data were imputed using the last observation carried forward
method. N=number of eyes (at eye level) or number of patients (at patient level); n=number of eyes (at eye level) or number of patients (at patient level); OR = odds ratio; % =

percentage of eyes or patients calculated relative to N.
For analyses at the patient level, response in one or both eyes.

A logistic regression model was used to model the proportion of responders using treatment as factor, and nadir LogMAR as covariate.

procedure, and two punctate keratitis (one in each eye) considered
unlikely related to study treatment and probably related to study
procedure.

In eyes treated with lenadogene nolparvovec, the majority of
ocular AEs were considered related to study treatment: 174/292
(59.6%) events for bilaterally treated patients and 89/137 (65.0%)
events for unilaterally treated patients. The most common
treatment-related ocular AEs were intraocular inflammation: vitritis
(approximately 50% of eyes); iridocyclitis (approximately 25%); kera-
tic precipitates (approximately 23%); and iritis (approximately 15%).

The proportion of ocular AEs considered related to study pro-
cedure was low, with 82/292 (28.1%) events for bilaterally treated
patients and 40/137 (29.2%) events for unilaterally treated patients.
The most common procedure-related ocular AEs were events
of superficial punctate keratitis, which were reported by approxi-
mately 17% of bilaterally treated eyes and 6% of unilaterally treated
eyes.

The proportion of placebo-treated eyes experiencing at least
one related ocular AE was 18.4% and 30.6% for AEs related to study
treatment and study procedure, respectively. Punctate keratitis
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was reported as procedure-related AEs in 8% of eyes of patients in-
jected with placebo.

Overall, 109 eyes (55.6%) experienced at least one AE of intraocu-
lar inflammation. The incidence of intraocular inflammation was
higher in eyes treated with lenadogene nolparvovec versus eyes
treated with placebo (approximately 70% versus 10%). Among
eyes treated with lenadogene nolparvovec, there was no difference
in the incidence of intraocular inflammation between bilaterally
and unilaterally treated patients.

All events of intraocular inflammation were of mild or moderate
intensity. Nearly all events of intraocular inflammation occurred in
the anterior chamber (mainly iridocyclitis, keratic precipitates and
iritis) and in the intermediate chamber (mainly vitritis). There were
only three events of posterior inflammation, all occurring in eyes of
bilaterally treated patients (retinal vasculitis). All three events were
mild or moderate in intensity, were considered related to the study
treatment and resolved after treatment without sequelae. The pro-
portion of eyes with intraocular inflammation not treated by corti-
costeroids was higher in patients treated unilaterally (44.9%) than
bilaterally (36.7%). About half of intraocular inflammation events
were managed with a topical corticosteroid alone (105/229 events,
46%), about 15% (35/229) with both topical and systemic treatments,
and about 6% (14/229) with a systemic corticosteroid alone. The use
of corticosteroids for the management of intraocular inflammation
mainly occurred during the first 6 months post-IVT.

There was no inflammation at baseline in any groups of eyes
(scores of 0 in all eyes). The mean of all global inflammation scores
measured during AEs of intraocular inflammation was approxi-
mately 0.8/16 in eyes treated with lenadogene nolparvovec (i.e.
low grade inflammation), and 0.3/16 in eyes treated with placebo.
The highest mean sub-score was the vitreous cell score for lenado-
gene nolparvovec eyes (around 0.4/4) and the anterior chamber cell
score for placebo eyes (around 0.2/4). In lenadogene nolparvovec
eyes, mean inflammation scores measured were globally compar-
able between eyes of bilaterally and unilaterally treated patients.

Overall, 27 eyes (13.8%) experienced an AE of an increase of
IOP. The incidence of IOP increase was higher in eyes treated
with lenadogene nolparvovec versus eyes treated with placebo
(approximately 18% versus 2%). All events of IOP increase were
of mild or moderate intensity. In a minority of cases, the increase
in IOP was considered related to study treatment (5/29, 17.2%)
and/or procedure (9/29, 31.0%). Four events of IOP increase oc-
curred either on the day or on the following day of the IVT, all
being considered related to the study procedure, and one add-
itionally considered to be related to study treatment. Most events
of IOP increase were successfully managed with a topical
IOP-lowering agent (21/29 events, 72%), and mainly occurred dur-
ing the first 6 months post-IVT.

Regarding the humoral immune response, 29 patients had no
(defined as titre <10) or low titres (defined as titre <100) of neutral-
izing antibodies (NAbs). In the remaining 69 patients with NAbs
>100, NAbs tended to peak between 14 and 56 days following treat-
ment, and then to decrease. No relevant differences were observed
between patients treated bilaterally and unilaterally.

Regarding the cellular immune response, 68 patients had no ob-
servable response. Among patients with positive response in at
least one measurement (n=30), cellular immune response tended
to occur between 14 and 56 days after treatment. Again, no relevant
differences were observed between patients treated bilaterally and
patients treated unilaterally.

Biodissemination of lenadogene nolparvovec in blood was as-
sessed at baseline and Days 14 and 28 post-treatment. At Day 14,
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lenadogene nolparvovec was detected at quantifiable levels in
only 2 out of the 97 tested blood samples (2%), with amounts close
to the lower limit of quantification. None of the 98 tested samples
were positive for lenadogene nolparvovec at Day 28.

Discussion

The clinical development of lenadogene nolparvovec consists of
one phase 1/2 study, REVEAL,* three phase 3 pivotal studies,
REVERSE,'®"*8 RESCUE"""® and REFLECT, and a long-term follow-up
of REVERSE and RESCUE patients in the RESTORE study.'®%° The
REFLECT study is the third phase 3 study evaluating the efficacy
and safety of lenadogene nolparvovec in LHON patients with the
m.11778G>A mutation. It is also the first clinical study assessing
the efficacy of a bilateral IVT of lenadogene nolparvovec, while in
the three previous clinical studies REVEAL,?* REVERSE'®® and
RESCUE," ™™ lenadogene nolparvovec was exclusively adminis-
tered as unilateral IVT. With the completion of REFLECT, lenado-
gene nolparvovec has been administered to 174 patients across
three phase 3 studies, with 126 patients having received a unilateral
injection and 48 bilateral injections.

Patient demographic characteristics in REFLECT were typical of
the LHON disease population and consistent across all phase 3 clin-
ical studies, with a majority of males enrolled (80%), and a mean age
of 32 years. The mean duration of vision loss at the time of lenado-
gene nolparvovec administration in the REFLECT study was 8.3
months, more similar to the timing of REVERSE enrollment (re-
stricted to vision loss for 6-12 months) than that of RESCUE (vision
loss within 6 months) (Supplementary Table 3). Consistent with the
duration of vision loss, the mean BCVA before treatment in
REFLECT patients [+1.5 (Snellen 20/600) to +1.6 (Snellen 20/800)]
was more aligned with that of REVERSE [+1.6 (Snellen 20/800)]
than that of RESCUE [+1.3 (Snellen 20/400)] (Supplementary
Table 3).

In REFLECT, all eye groups, including placebo eyes, showed a
statistically significant and clinically relevant improvement®* in
mean LogMAR BCVA at 1.5 years versus nadir, similar to the bilat-
eral response seen in both treated and sham eyes in REVERSE and
RESCUE, and to a degree not reported in natural history studies of
LHON patients of corresponding age and genotype.'® Further evi-
dence of a contralateral effect among unilaterally treated
REFLECT patients can be found in the time course of mean
LogMAR BCVA from baseline to 1.5 years. This contralateral effect
is consistent across the three phase 3 clinical studies, being main-
tained in the long-term follow-up study RESTORE at 3 years
post-IVT, and even demonstrated in the phase 1/2 study REVEAL.
In the REFLECT study, the improvement in BCVA of placebo eyes
(contralateral therapeutic effect) observed in unilaterally treated
patients likely accounts for the study’s failure to meet its primary
end point, as the placebo eye in a patient who receives unilateral
treatment does not constitute a relevant control.

Two similar gene therapy programmes led by groups in the
USA?>?® and China,”* have targeted the m.11778G>A mutation
in MT-ND4, also using a viral vector containing a cDNA coding the
human wild-type mitochondrial ND4 protein. For all trials, the
route of administration was intravitreal and nearly always unilat-
erally. Most of these gene therapy trials have shown comparable bi-
lateral improvements after unilateral IVT of gene therapy
(AAV2-ND4) in MT-ND4 LHON patients. Indeed, the recent full re-
sults of the phase 1/2 study conducted by Lam et al.>* confirmed bi-
lateral improvement in both injected and fellow eyes, although, as
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the authors themselves emphasize, the low number of patients
provided limited power to assess efficacy of the gene therapy and
inconclusive results when compared to their equally limited pro-
spective natural history study.>?

The physiologic basis of the contralateral effect of unilateral le-
nadogene nolparvovec IVT has been investigated in a mechanistic
study conducted in non-human primates.’®** This study suggested
there is some transfer of viral vector DNA from the injected eyes to
the uninjected contralateral eyes after unilateral lenadogene IVT.
Because lenadogene nolparvovec DNA was detected and quantified
in the optic chiasm, it was speculated that the anatomic route taken
by the viral vector DNA from the treated eye to the non-treated eye
may be via the optic nerve and chiasm (through anterograde and
subsequent retrograde transport along the optic projections).
While a systemic transfer of lenadogene nolparvovec cannot be ex-
cluded, it is unlikely given that the results of biodissemination
studies have shown limited and only transient presence of vector
genetic material in blood. Other mechanisms, such as the transfer
of mitochondria or active mediators between eyes, could also pro-
vide a basis for this bilateral effect.’®*?

Interestingly, bilaterally treated patients showed better im-
provement of BCVA and responder rates, as compared to unilateral-
ly treated patients. The uniformity of this finding across all
measurements of BCVA efficacy is striking, with placebo-injected
eyes consistently demonstrating inferior visual outcomes. These
same trends were observed for LogCS measurements.

Remarkably, first-affected eyes in all REFLECT patients consist-
ently had better BCVA outcomes than their second-affected eyes,
even when the second-affected eyes received lenadogene nolpar-
vovec, albeit placebo eyes fared the worst. This seemingly counter-
intuitive better response in eyes receiving gene therapy later in the
course of their visual decline (i.e. between 6 and 12 months from
onset) was also demonstrated in the prior RESCUE and REVERSE
studies. It has been suggested that acutely metabolically swollen
RGCs and their axons may impart a relative barrier to RGC transfec-
tion by lenadogene nolparvovec.™

Regarding secondary outcomes, there was a meaningful rela-
tionship between the change in HVF MD (improvement/stabiliza-
tion/deterioration) and the final BCVA subgroups: the better the
evolution of HVF MD was versus baseline, the better was the final
BCVA. This relationship was also demonstrated in both RESCUE
and REVERSE and further illustrates the remarkable coherence in
efficacy results for all three studies.’>'®

OCT has proven to be an important tool in evaluating the clinical
course of LHON.***8 In our analyses, among the parameters mea-
sured by OCT, the GCL macular volume has been shown to be the
most sensitive measure to characterize anatomical changes.
Moster et al.** showed that GCL thickness has a stronger relation-
ship to BCVA than other OCT measurements. In this current study,
similar to the visual field assessment, a subgroup analysis investi-
gating the relationship between GCL measurements and final BCVA
at 1.5 years post-treatment showed a correspondence between the
absolute change in the GCL macular volume on OCT and the final
BCVA groups, with less thinning of GCL macular volume in the
group with final best BCVA in comparison with the other final
BCVA groups. The GCL macular volume measurements displayed
a similar relationship with final BCVA groups in RESCUE and
REVERSE.">*®

Across all phase 3 clinical studies, patient reported outcome
measures, assessed using the validated VFQ-25 questionnaire,
supported a treatment benefit with lenadogene nolparvovec
treatment. Mean improvement in composite score was
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approximately +6 points at Year 1.5 in REFLECT, +4 points at
Week 96 in REVERSE and RESCUE, and +7 points at Year 3 in
RESTORE. Patients showed a clinically meaningful improve-
ment in vision-related quality of life measures post-treatment
when compared to baseline in most sub-scores across all these
phase 3 studies.

Overall, lenadogene nolparvovec has an excellent systemic
safety profile. There were no systemic AEs leading to study discon-
tinuation, no systemic life-threatening AEs, and no systemic AE
leading to death in any patientin REFLECT. The absence of systemic
issues related to lenadogene nolparvovec treatment is supported
by the limited biodissemination of the product, which is negligible
in the blood of REFLECT patients, similar to what has been observed
in previous clinical studies.'®*° Furthermore, the general humoral
and cellular immunologic response was limited, consistent with
the local ocular nature of the immune response with intraocular in-
flammation. Importantly, the favourable safety profile of lenado-
gene nolparvovec was comparable for bilaterally and unilaterally
treated patients.

LHON can be associated with a number of neurological condi-
tions such as multiple sclerosis (Harding’s syndrome).*® The mul-
tiple sclerosis-like illness diagnosed in two participants of the
REFLECT study is in keeping with the frequency of this condition
in previous studies on larger cohorts of LHON patients.*

Most ocular AEs were of mild intensity, with no ocular AE lead-
ing to study discontinuation and no serious ocular AE in any pa-
tient. Intraocular inflammation, the main ocular AE, was
invariably deemed related to study treatment. Despite a 28-day
oral corticosteroid therapy started 2 days before the first IVT, a regi-
men similar to that provided in several other clinical studies using
IVT or sub-retinal AAV-based gene therapies,**™* 70.7% of lenado-
gene nolparvovec-treated eyes developed some degree of intraocu-
lar inflammation versus 10.2% of placebo-treated eyes. Intraocular
inflammation occurred almost exclusively in the anterior chamber
and vitreous compartment, with posterior segment inflammation
being rare. Intraocular inflammation was treated and controlled
with local (topical) corticosteroid alone and only rarely required
the addition of oral corticosteroids. The characteristics of the in-
traocular inflammation of unilaterally (REVEAL, REVERSE, RESCUE
and REFLECT unilateral arm) and bilaterally (REFLECT bilateral
arm) treated patients were comparable. Data on bilateral use of le-
nadogene nolparvovec did not show an increased severity or fre-
quency of ocular AEs as compared with unilateral injection.

The most commonly reported ocular AEs related to the study
procedure were punctate keratitis, conjunctival haemorrhage and
conjunctival hyperemia, which were observed at a similar fre-
quency in lenadogene nolparvovec-treated eyes and uninjected/
placebo-treated eyes (with an incidence of about 20, 7 and 6%, re-
spectively). In clinical practice, these minor local reactions are fre-
quently observed with IVT and are treated symptomatically. IOP
increases were rarely considered related to the study treatment,
with few events occurring at the time of the IVT or immediately
post-IVT, confirming that the injection of a 90 pl volume was well
tolerated. In summary, lenadogene nolparvovec has an overall
good safety profile with excellent systemic tolerability and a good
ocular tolerability, characterized by mostly mild ocular side effects,
responsive to conventional ophthalmologic treatments.

As with any clinical trial, REFLECT has several limitations. The
contralateral effect in unilaterally treated patients has been ob-
served across all lenadogene nolparvovec studies, demonstrating
that contralateral placebo/sham eyes are not appropriate controls.
The lack of a patient placebo-controlled arm in REFLECT and
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previous studies necessitates the indirect comparison of outcomes
with published natural history data. Although a large
meta-analysis of natural history MT-ND4 LHON patients has shown
that spontaneous visual recovery is rare and limited (11%),? and be-
low the responder rates seen in lenadogene nolparvovec-treated
patients with comparable demographic characteristics, these nat-
ural history studies were not prospective and suffer from lack of
consistent data acquisition. It is also not possible to fully exclude
that some of the visual gains are due to better use of eccentric fix-
ation as has been documented in patients with central scotomas
from macular disease.*®

Another limitation in the design of REFLECT is the use of the
change of BCVA from baseline as a primary end point. The range
of disease onset time (any time within 12 months) makes compari-
son to baseline BCVA problematic given that it is inhomogeneous,
encompassing eyes that are at various stages of BCVA decline.
The comparison to the nadir (i.e. worst BCVA) may be a more clin-
ically relevant reference for evaluating the treatment effect on
BCVA at 1.5 years than baseline BCVA, although, by definition,
eyes can only improve from nadir. The change in BCVA from the na-
dir enables determination of the treatment effect in a more stan-
dardized way for first-affected eyes (earlier affected) and second/
not-yet-affected eyes (later affected or even not affected).

In conclusion, LHON is a devastating blinding disease with an
unmet medical need for treatment. Lenadogene nolparvovec is a
gene therapy specifically developed to treat patients carrying
the m.11778G>A mtDNA mutation, targeting the root cause of
the disease by allotopic expression of a replacement wild-type
MT-ND4. The efficacy results of the REFLECT study showed an im-
provement of BCVA in LHON patients treated with lenadogene
nolparvovec to a degree not demonstrated in natural history stud-
ies. REFLECT also demonstrated a contralateral therapeutic effect
in placebo eyes of unilaterally treated patients, consistent with
the contralateral therapeutic effect observed for sham eyes
in the previous phase 3 studies, REVERSE and RESCUE. A larger
treatment effect was observed in patients who received bilateral
treatment as compared to those receiving unilateral treatment.
Lenadogene nolparvovec has an overall good safety profile with
favourable systemic and ocular tolerability, which is comparable
for bilaterally and unilaterally treated patients. The REFLECT
study, therefore, supports an improved benefit/risk profile for bi-
lateral injection of lenadogene nolparvovec relative to unilateral
injection.
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