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IMPORTANCE Limited studies have assessed the long-term benefit/risk of gene therapy

for Leber hereditary optic neuropathy (LHON).

OBJECTIVE To determine the safety and efficacy of lenadogene nolparvovec in patients with

LHON due to theMT-ND4 gene variant for up to 5 years after administration.

DESIGN, SETTING, ANDPARTICIPANTS TheRESCUEandREVERSELong-TermFollow-upStudy

(RESTORE), conducted from2018 to2022, is the5-year follow-up studyof the2phase3 clinical

studiesRESCUE(EfficacyStudyofLenadogeneNolparvovecfor theTreatmentofVisionLossUpto

6Months FromOnset in LHONDue to theMT-ND4Mutation) andREVERSE (Efficacy Studyof

LenadogeneNolparvovec for theTreatmentofVisionLoss From7Months to 1 Year FromOnset

in LHONDue to theMT-ND4Mutation). At theendof each study, ie, 2 years after gene therapy

administration,patientswereofferedenrollment intheRESTOREtrial, amultinational,multicenter,

prospectivestudy,foranadditional3yearsoffollow-up.PatientswithLHONduetotheMT-ND4gene

variant received lenadogenenolparvovec in 1 eye anda sham injection in theother eye.

INTERVENTION Lenadogene nolparvovec was administered as a single intravitreal injection in

the RESCUE/REVERSE studies.

MAINOUTCOMESANDMEASURESMeasures includedbest-corrected visual acuity (BCVA),

quality of life using theNational Eye Institute visual functioning questionnaire 25 (NEI VFQ-25),

and adverse events.

RESULTS Among the 76 patients who received gene therapy in the RESCUE (n = 39) and

REVERSE (n = 37) studies, 72 (94.7%) completed these studies; 62 patients (81.6%)

participated in the RESTORE trial, and 55 patients (72.4%) completed the 5-year follow-up.

Participants were mostly male (49 [79.0%]) with a mean (SD) age of 35.9 (15.3) years at

treatment. At baseline, the mean (SD) BCVAwas 1.5 (0.5) logMAR (20/600 Snellen) in eyes

to be treated with lenadogene nolparvovec and 1.4 (0.5) logMAR (20/500) in sham eyes.

At the end of the RESCUE/REVERSE trials, ie, 2 years after treatment, eyes treated with

lenadogene nolparvovec and eyes treated with sham reached amean BCVA value of 1.4 (0.6)

logMAR (20/500). Themean (SD) change from baseline to year 2 was −0.05 (0.6) logMAR

(+1 line) and 0.01 (0.6) logMAR (−0 line) in gene therapy–treated and sham eyes, respectively

(difference, −0.03; 95% CI, −0.16 to 0.09; P = .60). Five years after treatment, the bilateral

improvement from nadir was similar to that observed at 2 years, with a mean (SD) change in

BCVA of −0.4 (0.5) logMAR (more than +4 lines) for eyes treated with lenadogene

nolparvovec and −0.4 (0.4) logMAR (+4 lines) for eyes treated with sham (difference, −0.05;

95% CI, −0.15 to 0.04; P = .27). An improvement of at least −0.3 logMAR (+3 lines) from the

nadir in at least 1 eye was observed in 66.1% of participants (41 of 62). Between 2 and 5 years,

intraocular inflammation was noted in 4 participants with 8 events in eyes treated with

lenadogene nolparvovec and 1 event in an eye treated with sham.

CONCLUSIONS AND RELEVANCE In this analysis of the RESTORE trial, follow-up of patients

with LHON due to theMT-ND4 gene variant unilaterally treated with lenadogene nolparvovec

demonstrated a sustained bilateral improvement in BCVA and a good safety profile up to 5

years after treatment. This evidence of persistent benefit over time is promising for the use

of gene therapy in these patients.
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T
hem.11778G>Avariant of theMT-ND4 gene is themost

common cause of Leber hereditary optic neuropathy

(LHON), amitochondrial genetic disease that preferen-

tiallyaffects retinal ganglioncells.1PatientswithLHONpresent

with severe bilateral sequential vision loss, significantly im-

pacting their quality of life (QoL).1,2

Lenadogene nolparvovec (rAAV2/2-ND4 or Lumevoq

[GenSight Biologics SA]) is an adenoassociated virus (AAV)–

based ocular gene therapy, developed to treat patients carry-

ing them.11778G>Amitochondrial DNA gene variant. Its effi-

cacy and safety have been evaluated in 4 clinical studies

showing an improvement in best-corrected visual acuity

(BCVA) up to 2 years after administration and a good safety

profile.3-6

The RESCUE and REVERSE Long-Term Follow-up Study

(RESTORE) is the follow-up study of the 2 phase 3 clinical

studies, RESCUE (Efficacy Study of LenadogeneNolparvovec

for the Treatment of Vision Loss Up to 6 Months From Onset

in LHON Due to the MT-ND4 Mutation)4 and REVERSE (Effi-

cacy Study of Lenadogene Nolparvovec for the Treatment of

Vision Loss From7Months to 1 Year FromOnset in LHONDue

to theMT-ND4Mutation),5 designed to determine the 5-year

safety and efficacy of lenadogene nolparvovec.7

Methods

Ethics

The RESTORE study was initiated in January 2018 (first pa-

tient included), and the statistical analysis plan was com-

pleted in June2022, beforedatabase lockon July4, 2022. The

study protocol and its amendment were reviewed and ap-

proved by an institutional review board (IRB) or ethics com-

mittee (South Central–Oxford A Research Ethics Committee,

Bristol, UK; Emory University IRB, Atlanta, Georgia, Univer-

sity of California Los Angeles General Campus IRB, Los Ange-

les, California, andWills EyeHospital IRB, Philadelphia, Penn-

sylvania;ComitédeProtectiondesPersonnesSud-Est III,Bron,

France; Comitato Etico di Area Vasta Emilia Centro della Re-

gione, Bologna, Italy; Ethikkommission der Medizinischen

Fakultät der Ludwig Maximilians Universität München,

München, Germany). Trial protocol versions 1 and 2 are avail-

able in Supplement 1 and Supplement 2, and the statistical

analysis plan is available in Supplement 3. All patients pro-

vided written informed consent before inclusion and did

not receive a stipend or other form of compensation for

participating.

Patients’ unmasking was permitted at the time of data-

base lock of the RESCUE and REVERSE trials. The treatment

assigned to eacheyewasnot systematically communicated to

theparticipantsandthesitemedical teams,but thedetailswere

known by the sponsor study team. Investigators received the

information of the primary end point results at 48 weeks af-

ter lenadogene nolparvovec injection in the RESCUE and

REVERSE studies once the main analysis had been com-

pleted. This study followed the Strengthening the Reporting

ofObservational Studies inEpidemiology (STROBE) reporting

guidelines.

Study Participants

PatientswithLHONdue to theMT-ND4genevariantwerepre-

viously treatedwith lenadogenenolparvovec in theRESCUE4

or REVERSE5 study. Lenadogene nolparvovec had been ad-

ministeredas a single intravitreal injectionat adoseof9 × 1010

viral genomes; the other eye had received a sham injection.

RESCUE trial participants were treatedwithin 6months after

vision loss, and REVERSE trial participants were treated be-

tween 6 and 12 months after vision loss. At the end of each

study (2 years after administration), patientswere offered en-

rollment in the RESTORE trial for an additional 3 years of

follow-up. Interim results havebeendescribedbyBiousse and

colleagues.7Race and ethnicity datawere not collected in the

REVERSE, RESCUE, and RESTORE trials as most regulatory

bodies do not allow the collection of this information.

OutcomeMeasures

In the RESTORE study, all BCVA values were converted into

logMAR. The Snellen andEarly TreatmentDiabetic Retinopa-

thyStudy (ETDRS) lines/letters equivalents are reported in this

publication.

The predefined responder criteria were an improvement

of at least −0.2 logMAR (+2 lines; +10 ETDRS letters) or −0.3

logMAR (+3 lines; +15 ETDRS letters) from nadir, a clinically

relevant recovery (an improvement of at least 0.2 logMAR for

eyes on-chart at nadir, and eyes that converted to on-chart for

eyes that were off-chart at nadir), a clinically relevant stabili-

zation (logMAR<+1.0 [<20/200Snellen] at baseline in at least

1 eye thatwasmaintained in this eye), anda clinically relevant

benefit (definedaseither clinically relevant stabilization, clini-

cally relevant recovery fromnadir, or both). Thenadirwasde-

fined as the worst BCVA value from baseline to the time of

the final assessment; it could be before (at baseline) or after

treatment. Since the nadir will be the worst BCVA across

multiple BCVA tests, it could be 1 lowBCVA 1 time due to poor

effort or fixation, especially when measuring BCVA at these

relatively poor levels of vision, such as a Snellen equivalent

of 20/800.Therefore, it is possiblewith thismethod thatBCVA

improvements could be regression to the mean, that is, the

BCVA improved from1BCVAobtainedat 1 time,whichwas low

due to poor effort or fixation.

Key Points

Question What are the 5-year outcomes of lenadogene

nolparvovec gene therapy in patients with Leber hereditary

optic neuropathy (LHON) due to theMT-ND4 gene variant?

Findings In the RESCUE and REVERSE Long-Term Follow-up

Study (RESTORE) including 62 patients, sustained bilateral

improvement in visual acuity with improved quality of life and

good overall tolerability were observed up to 5 years after

unilateral lenadogene nolparvovec intravitreal administration

in patients with LHON due to theMT-ND4 gene variant.

Meaning These results demonstrate the persistent benefit over

time from a single dose of lenadogene nolparvovec, which is

promising for the use of gene therapy in LHON due to theMT-ND4

gene variant.
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QoLwasmeasuredusing theNational Eye InstituteVisual

Functioning Questionnaire 25 (NEI VFQ-25).8 A change from

baseline of 4ormorepointswas considered a clinicallymean-

ingful improvement.9

Systemic adverse events (AEs) related to treatment or in-

travitreal injection and all ocular AEs were recorded. AEs of

special interest (AESI) included intraocular inflammation and

elevation of intraocular pressure (IOP).

Statistical Analysis

Analyses were conducted using SAS software, version 9.4 or

higher (SAS Institute). LogMAR values are presented as ob-

served or imputed data; missing values were imputed by last

observedcarried forward.Thedifference inmeanchange from

baseline or nadir (least squaremeans) in BCVA between the 2

treatment groups, with its 95%CI and P value, was estimated

using a multivariate analysis of covariance model with base-

line or nadir value and eye status as covariates and a random

intercept for patient. Logistic regression and generalized es-

timatingequationmodelswereused forpatient-responderend

points and eye-responder end points, respectively.

The evolution of BCVA over timewas represented using a

locally estimated scatterplot smoothing (LOESS), nonpara-

metric, local regressionmodel inwhicheachpatient’seyeswere

considered independently.LOESScurveswith95%CIwerepre-

sented from 12months up to 86months after vision loss (lon-

gest follow-up in theRESTOREstudy). The sameLOESSmodel

was applied to apool of 11 natural history studies of LHONdue

to theMT-ND4 gene variant, as describedpreviously.10,11This

additional analysis was defined in a specific statistical analy-

sis plan. Nomultiplicity adjustmentwas applied. All P values

were 2-sided, and P <.05 was considered statistically signifi-

cant.

Results

Study Participants

Among the 76 patients with LHON due to the MT-ND4 gene

variant who received gene therapy in the RESCUE (n = 39)

and REVERSE (n = 37) studies, 72 (94.7%) completed these

studies. A total of 62 patients (81.6%) participated in the

RESTORE trial, and 55 patients (72.4%) completed the 5-year

follow-up (Figure 1). Of the 7 participants who discontinued

before the end of the study, 2 patients withdrew their con-

sent, 2 were lost to follow-up, 2 died, and 1 did not want to

visit the study site because of the COVID-19 pandemic. In the

RESTORE study, 49 participants were male (79.0%), 13 were

female (21.0%), and the mean (SD) age at the time of

treatment administration was 35.9 (15.3) years, with 7

participants aged 15 to 18 years.

The relevant clinical characteristics of the 14patientswho

were not included in the RESTORE study are displayed in

eTable 1 in Supplement 4. Overall, no differences in demo-

graphics and BCVA values at the end of the RESCUE and

REVERSE trials were observed between the 14 patients who

did not participate in the RESTORE study and the 62 patients

who were included.

BCVA andQoL

At baseline, ie, at the start of theRESCUEandREVERSE trials,

eyes to be treated with lenadogene nolparvovec had a mean

(SD)BCVAof 1.5 (0.5) logMAR(20/600Snellen), andshameyes

showed a mean (SD) BCVA of 1.4 (0.5) logMAR (20/500 Snel-

len) (eTable 2 in Supplement 4). BCVAvalues at baselinewere

lower, meaning better, in RESCUE participants than in

REVERSE participants (eTable 3 in Supplement 4). Overall, at

the end of the RESCUE and REVERSE trials, ie, 2 years after

treatment, eyes treatedwith lenadogenenolparvovecandeyes

treatedwith shamreachedamean (SD)BCVAvalueof 1.4 (0.6)

logMAR (20/500). Themean (SD) change frombaseline toyear

2 was −0.05 (0.6) logMAR (+1 line; +3 letters) for eyes treated

with gene therapy and0.01 (0.6) logMAR (0 line; −1 letter) for

eyes that receiveda sham injection (difference, −0.03; 95%CI,

−0.16 to 0.09; P = .60). When looking at the change from na-

dir, consideredasamost relevantassessment foradiseasesuch

as LHON, at year 2, the mean (SD) change was −0.4 (0.4) log-

MAR (+4 lines; +20 letters) in eyes treated with lenadogene

nolparvovecand−0.3 (0.3) logMAR(+3 lines;+17 letters) ineyes

treatedwith shaminjection (eTable2 inSupplement4).Atyear

5, themean(SD) improvement inBCVAfromnadir reached−0.4

(0.5) logMAR(+4 lines;+22 letters) ineyes treatedwith lenado-

gene nolparvovec and −0.4 (0.4) logMAR in eyes treatedwith

sham (+4 lines; +20 letters; difference, −0.05; 95% CI, −0.15

to 0.04; P = .27) (eTable 2 in Supplement 4). Analyses using

observed data showed similar results (Table 1). Eyes treated

with lenadogenenolparvovec and those treatedwith shamof

theRESCUEparticipants showedamean (SD) change inBCVA

fromnadir of−0.5 (0.4) logMAR(+4 lines; +23 letters) and−0.4

(0.4) logMAR (+4 lines; +21 letters), whereas for REVERSE

participants, BCVA improved from nadir by −0.4 (0.4) log-

MAR (+3 lines; +18 letters) in eyes receiving lenadogene nol-

parvovec and −0.4 (0.3) logMAR (+4 lines; +19 letters) in

eyes receiving sham (eTable 3 in Supplement 4).

Figure 1. Flowchart of theParticipants inRESCUE (EfficacyStudyof

LenadogeneNolparvovec for theTreatmentofVisionLossUp to6Months

FromOnset in LHONDue to theMT-ND4Mutation), REVERSE (Efficacy

Studyof LenadogeneNolparvovec for theTreatmentofVisionLoss From

7Months to 1Year FromOnset in LHONDue to theMT-ND4Mutation), and

theRESCUEandREVERSELong-TermFollow-upStudy (RESTORE) Studies

39 Individuals enrolled in RESCUE

62 Enrolled in RESTORE

31 From RESCUE

31 From REVERSE

37 Individuals enrolled in REVERSE

35 Completed 2-y study 37 Completed 2-y study

7 Discontinued

2 Withdrew

2 Lost to follow-up

2 Died

1 Due to COVID-19–related 
restrictions

55 Completed 5-y study
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Fiveyears after treatment, an improvementof at least−0.2

logMAR (+2 lines) and −0.3 logMAR (+3 lines) fromnadir in at

least 1 eyewasobserved in79.0%ofparticipants (49of62) and

66.1%ofparticipants (41of62), respectively (eTable2 inSupple-

ment 4). Based on the clinically relevant recovery fromnadir,

the responder ratewas 71.0% (44of62). In total, 80.6%ofpar-

ticipants (50 of 62) of participants had their BCVA in at least 1

eyeon-chart at year 5.Atbaseline, 13of62participants (21.0%)

had at least 1 eyewith logMAR<1 (<20/200); at year 5, 10 of 13

participants (76.9%) had clinically relevant stabilization. In

total, 71.0%of participants (44 of 62) had a clinically relevant

benefit at year 5 (eTable 2 in Supplement 4). Changes in BCVA

and responder analyses by gender are presented in eTable 4

in Supplement 4. Overall, change in BCVA fromnadir and the

ratesof responders at year 5were similar in female (n = 13) and

male (n = 49) participants (eTable 4 in Supplement 4).

Table 1. Best-Corrected Visual Acuity (BCVA) Values, Change in BCVA and Responder Analyses, Observed Dataa

Variable
Lenadogene
nolparvovec-treated eyes Sham-treated eyes

Difference between
groups (95% CI) P value

Baseline

No. 62 62 NA NA

Mean (SD) 1.5 (0.5)
20/600 Snellen

1.4 (0.5)
20/500 Snellen

Min-max −0.10 to 2.30 −0.20 to 2.00

Year 2

No. 62 61 NA NA

Mean (SD) 1.4 (0.6)
20/500 Snellen

1.4 (0.6)
20/500 Snellen

Min-max −0.20 to 4.00 −0.20 to 4.00

Year 5

No. 51 51 NA NA

Mean (SD) 1.4 (0.7)
20/500 Snellen

1.3 (0.5)
20/400 Snellen

Min-max −0.20 to 4.50 −0.20 to 2.30

Change from baseline to year 2

No. 62 61 −0.04 (−0.16 to 0.09)b .58

Mean (SD) −0.05 (0.6)
+1 line (+3 ETDRS letters)

0.01 (0.6)
−0 line (−1 ETDRS letter)

Min-max −1.30 to 3.00 −0.80 to 2.50

Change from baseline to year 5

No. 51 51 0.06 (−0.08 to 0.20)b .42

Mean (SD) −0.1 (0.7)
+1 line (+5 ETDRS letters)

−0.1 (0.4)
+1 line (+6 ETDRS letters)

Min-max −1.40 to 3.50 −1.20 to 1.70

Change from nadir to year 2c

No. 62 61 −0.05 (−0.14 to 0.04)b .23

Mean (SD) −0.4 (0.4)
+4 lines (+20 ETDRS letters)

−0.3 (0.3)
+3 lines (+17 ETDRS letters)

Min-max −2.40 to 0.00 −1.20 to 0.00

Change from nadir to year 5c

No. 51 51 0 (−0.08 to 0.08)b .99

Mean (SD) −0.4 (0.4)
+4 lines (+21 ETDRS letters)

−0.4 (0.4)
+4 lines (+20 ETDRS letters)

Min-max −1.40 to 0.00 −1.60 to 0.00

≤-0.3 LogMAR from nadir, No./total No. (%)

Year 5 31/51 (60.8) 29/51 (56.9) 3.92 (−15.17 to 23.01) NA

≤-0.2 LogMAR from nadir, No./total No. (%)

Year 5 35/51 (68.6) 39/51 (76.5) 7.84 (−9.41 to 25.10) NA

Clinically relevant recovery from nadir, No./total No. (%)d

Year 5 30/62 (48.4) 35/62 (56.5) 8.07 (−9.46 to 25.59) NA

Clinically relevant stabilization, No./total No. (%)e

Year 5 7/9 (77.8) 7/10 (70.0) 7.78 (−31.52 to 47.08) NA

Clinically relevant benefit, No./total No. (%)f

Year 5 30/62 (48.4) 36/62 (58.1) 9.68 (−7.80 to 27.16) NA

≤1.6 LogMAR [on-chart], No./total No. (%)

Year 5 39/51 (76.5) 42/51 (82.4) 5.88 (−9.77 to 21.54) NA

Abbreviations: CRB, clinically relevant

benefit; CRR, clinically relevant

recovery; CRS, clinically relevant

stabilization; ETDRS, Early Treatment

Diabetic Retinopathy Study;

NA, not applicable.

a Data were analyzed as observed

data. Lowercase n represents the

number of eyes. A line corresponds

to 5 letters and is considered read

for at least 3 letters read. In a

conservative approach, the

improvement of the last line

corresponds to an improvement of

4 or 5 letters. As an example,

18 letters improvement corresponds

to 3 lines improvement and 19

letters improvement corresponds to

4 lines improvement.

bMultivariate model with baseline or

nadir value and eye status as

covariates and random intercept

for patient.

c The nadir was defined for each eye

of each patient as the worst BCVA

value observed from baseline to the

time point of interest. As a result,

the nadir value could change

depending on the period of interest.

dClinically relevant recovery was

defined as a BCVA assessment

improving from >1.6 logMAR

(>20/800) at nadir to �1.6 logMAR

(�20/800), or an improvement

�−0.2 logMAR (+2 lines on the

ETDRS chart) if value at nadir was

�1.6 logMAR (�20/800), ie, no

letters read on the ETDRS chart at 1

m. All available observed data are

used with no imputation.

e Clinically relevant stabilization was

defined as logMAR <+1.0 (<20/200)

at baseline in at least 1 eye that was

maintained in this eye. All available

observed data are used with no

imputation.

f Clinically relevant benefit was

defined as either clinically relevant

stabilization, clinically relevant

recovery from nadir, or both.
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For participants in the REVERSE, RESCUE, and RESTORE

trials (n = 76), the evolution of BCVA over time, represented

bytheLOESScurve, showedan improvement inbotheyes from

month 12 up to the last available value (86 months post vi-

sion loss) (Figure 2). Of note, the curve starts at 12months af-

ter onset when 92.7% of eyes (141 of 152) in the RESCUE and

REVERSE trials had received treatment. For the natural his-

torypool, theLOESScurveshowedadeclineofBCVAover time.

Analysis at the last available observation showed a statisti-

cally significant better BCVA in the treatedpool vs thenatural

historypool,withaclinically relevantmeandifferenceof−0.32

(95%CI, −0.44 to −0.21) logMAR (+3 lines) in favor of patients

receiving lenadogene nolparvovec (P <.001) and no overlap

of the 95% CI.

The improvement in BCVA was greater and more fre-

quent frombaseline toyear2, and frombaseline toyear 5, than

the improvement from year 2 to year 5 (eFigure 1 in Supple-

ment4).ThepatternofBCVAimprovementwassimilar foreyes

treated with lenadogene nolparvovec and eyes that received

a sham injection, in terms of individual data (eFigure 1 in

Supplement 4) and mean change (eFigure 2 in Supple-

ment 4). Kaplan-Meier analysis for time to improvement of at

least 0.3 logMAR (≥+3 lines) from baseline to year 5 is shown

in eTable 5 and eFigure 3 in Supplement 4.

Clinically significant improvement from baseline was

observed in 7 of 10 subscale scores of the NEI VFQ-25 ques-

tionnaire at 5 years (Table 2).9 The composite score showed a

mean gain from baseline of 7 points. In RESCUE trial partici-

pants, the composite score improved by 3 points from base-

line, whereas in REVERSE trial participants, it improved by

10 points (eTable 6 in Supplement 4).

Safety

During the RESTORE study, no systemic AEs related to the

study treatment or procedure were reported. Two partici-

pantsdied,one fromcardiovasculardiseaseandtheother from

glioblastoma; these eventswerenot related to the study treat-

ment or procedure, andnovectorDNAwas found in the brain

biopsy of the participant’s glioblastoma.12

A total of 36 ocular AEs occurred in 24 eyes receiving

lenadogene nolparvovec (38.7%), and 21 ocular AEs were

reported in 18 eyes receiving sham (29.0%). Ocular AEs

mainly included cataract (6 participants), intraocular inflam-

mation (8 events in lenadogene nolparvovec eyes and 1 in a

sham eye; 4 participants), and increases in IOP (3 events in

lenadogene nolparvovec eyes and 2 in sham eyes; 4 partici-

pants) (eTable 7 in Supplement 4). Regarding the patient

who presented with intraocular inflammation (mild anterior

uveitis) in the sham eye, it should be noted that the other

eye, injected with the gene therapy, also developed a mild

anterior and intermediate uveitis. Most ocular events (48 of

57 [84%]) were mild, none were severe or serious, and none

led to study discontinuation. All intraocular inflammation

events occurred in the anterior chamber or vitreous)

(eTable 7 in Supplement 4).

Overall, intraocular inflammationandelevationof IOPoc-

curred with a higher incidence between baseline and year 2

(in the RESCUE or REVERSE trials) than between year 2 and

year 5 (in the RESTORE trial) and tended to be shorter after 2

years of treatment. From baseline to year 2, the rate of intra-

ocular inflammationwas 79.0% ineyes (49of 62) treatedwith

gene therapy vs 10.9% in eyes (5 of 62) treated with sham,

whereas betweenyear 2 andyear 5, this ratewas 16.7% in eyes

(4 of 62) treated with gene therapy and 5.6% in eyes (1 of 62)

treated with sham (eTable 7 in Supplement 4). The intensity

of theseAESIwassimilar irrespectiveof the timeperiod.Table3

shows the characteristics of intraocular inflammation and el-

evation of IOP over 5 years by initial study. The rate of intra-

ocular inflammation was similar in RESCUE and REVERSE

patients in eyes treated with lenadogene nolparvovec (71.0%

[22of 31] and87.1% [27of 31], respectively) and in eyes treated

with sham (9.7% [3 of 31] for both studies). Regardless of

the initial study, thecharacteristicsofocular inflammationand

elevation of IOP were similar in patients treated with gene

therapy (Table 3).

Discussion

In the RESCUE, REVERSE, and RESTORE trials, the change in

BCVA from nadir was judged to be more relevant than the

Figure 2. Evolution of Best-Corrected Visual Acuity (BCVA) in Eyes

(Treated and Sham) From the REVERSE (Efficacy Study of Lenadogene

Nolparvovec for the Treatment of Vision Loss From 7Months to 1 Year

FromOnset in LHONDue to theMT-ND4Mutation), RESCUE (Efficacy

Study of Lenadogene Nolparvovec for the Treatment of Vision Loss Up

to 6Months FromOnset in LHONDue to theMT-ND4Mutation),

and the RESCUE and REVERSE Long-Term Follow-up Study (RESTORE)

studies vs Natural History Eyes
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Natural history studies

RESCUE, REVERSE, and RESTORE studies

The evolution of BCVA over time for treated eyes (n = 76 [RESCUE n = 39;

REVERSE n = 37]) and natural history eyes (n = 408) was estimated by locally

estimated scatterplot (LOESS) regression (solid line) with 95% CI around the

fitted curve (shaded area). For natural history eyes, BCVA values after 86

months were assigned to the 86-month time point using the next observation

carried backwardmethod. Smoothing parameter: 0.302 for treated eyes and

0.413 for natural history eyes. The statistically significant difference between

treated eyes (lenadogene nolparvovec and sham) and natural history eyes is

illustrated by the nonoverlapping CIs of LOESS curves. Mean difference at last

observation was estimated by amixed-model analysis of covariance with

repeatedmeasures: −0.32 (95% CI, −0.44 to −0.21) logMAR (P <.001 vs natural

history and Kruskal-Wallis test: P <.001 vs natural history).
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change from baseline for assessing eye response. During the

subacute phase of LHON, BCVA deteriorates rapidly, shifting

from on- to off-chart values over a fewweeks ormonths.13 In

other words, baseline BCVA varies greatly depending on the

stage of the disease at the time of patient enrollment, which

makes it an unsuitable reference point for ameaningful com-

parison between study and evenwithin study. Baseline BCVA

values for RESTORE participants clearly illustrate the inho-

mogeneity of VA in the first year of LHON disease, showing

differencesbetweenRESCUEandREVERSEparticipants,with

better BCVA values for RESCUE participants, consistent with

the early stage of their disease. Similarly, the pooled study

population shows awidedispersion of the baselineBCVAval-

ues from logMAR−0.2 (not yet affected second eyes from the

RESCUE trial) to theworst value of +2.3. In contrast, once the

nadir BCVA has been reached, it shows relatively little varia-

tion over time.14 Therefore, the nadir is amore stable and rel-

evant reference value for assessing the treatment effect and

has been defined as theworst VAmeasurement of each eye of

each patient with LHON from baseline to the time point of

interest, documented in multiple publications and endorsed

by LHON clinical experts.14-16

Abilateral improvement inBCVAhadbeen reported inpa-

tients with LHON due to the MT-ND4 gene variant unilater-

ally injected with lenadogene nolparvovec at the end of the

RESCUE and REVERSE studies and maintained up to 5 years

after treatment in the RESTORE study.4,5 This contralateral

effect of lenadogene nolparvovec in the contralateral un-

treated eyes has been consistently demonstrated in all 5

clinical studies (REVEAL [Safety and Tolerability Study of

Lenadogene Nolparvovec in Patients With LHON Due to

Mutations in MT-ND4], RESCUE, REVERSE, RESTORE, and

REFLECT [Efficacy and Safety Study of Bilateral Intravitreal

Injection of Lenadogene Nolparvovec in LHON Subjects Due

to theMT-ND4Mutation forUp to 1 Year]).3-7As in the 5 years’

data of the RESCUE, REVERSE, and RESTORE trials, this phe-

nomenon has been observed in the REVEAL and REFLECT

studies inuntreatedandplaceboeyes, respectively.3,6 In anef-

fort to explore thepotentialmechanisms contributing to such

an effect, nonclinical investigations were conducted and

showed the following: (1) lenadogene nolparvovec (viral vec-

tor DNA) was able to transfer from injected eyes to unin-

jected eyes of healthy monkeys,17 and (2) the transcription

product of lenadogene nolparvovec (mRNA transgene) was

expressed in the contralateral eyes after unilateral injection in

a mouse model of glaucoma.18 Importantly, postmortem

studies of 2 RESCUE patients who received lenadogene nol-

parvovec intravitreal injection in 1 eye and a sham injection

in the other provided eye autopsy data at 15 months and 6.5

years after treatment. In both patients, the AAV2-ND4 trans-

gene was found in the retinas of both eyes, the injected eye

and the sham eye. These results provide the first evidence of

successful gene transduction of retinal ganglion cells, occur-

ring in both eyes of 2 patients with LHON due to theMT-ND4

gene variant after unilateral injection of lenadogene

nolparvovec.19 It is worth noting that bilateral improvement

after unilateral treatment has also been shown in LHON

due to the MT-ND4 gene variant with other AAV-based

gene therapy products. Two independent research groups

(Guy group, Bascom Palmer Eye Institute, Miami, Florida,

Table 2. National Eye Institute Visual Functioning Questionnaire 25 (NEI VFQ-25)a

NEI VFQ-25
subscale scores

Baseline

Year Change

2 5 From baseline to year 2 From baseline to year 5 From year 2 to year 5

No.
Mean
(SD) No.

Mean
(SD) No.

Mean
(SD) No. Mean (SD) [95% CI] No. Mean (SD) [95% CI] No. Mean (SD) [95% CI]

Mental health
score

62 29.5
(21.7)

62 45.8
(26.6)

51 51.0
(25.7)

62 16.2 (21.7)
[10.72 to 21.74]

51 22.2 (25.9)
[14.89 to 29.47]

51 4.3 (21.6)
[−1.78 to 10.36]

Role difficulties
score

62 32.1
(26.7)

62 44.3
(28.6)

51 48.5
(28.4)

62 12.3 (32.1)
[4.16 to 20.44]

51 17.2 (29.2)
[8.96 to 25.36]

51 3.9 (29.1)
[−4.26 to 12.11]

Dependency
score

62 32.0
(25.9)

62 44.8
(29.0)

51 45.3
(28.4)

62 12.8 (34.4)
[4.04 to 21.50]

51 14.1 (32.9)
[4.79 to 23.32]

51 −0.3 (20.9)
[−6.20 to 5.55]

Near activities
score

62 27.0
(20.3)

62 33.6
(24.3)

51 39.2
(22.7)

62 6.6 (28.2)
[−0.57 to 13.75]

51 12.8 (26.4)
[5.31 to 20.18]

51 3.6 (19.7)
[−1.94 to 9.13]

General vision
score

61 34.4
(16.4)

62 39.4
(20.2)

51 41.6
(21.5)

61 5.3 (21.9)
[−0.36 to 10.85]

50 7.6 (22.5)
[1.22 to 13.98]

51 1.2 (16.2)
[−3.38 to 5.73]

Distance
activities score

62 38.2
(20.8)

62 42.5
(23.5)

51 44.1
(23.9)

62 4.2 (24.4)
[−1.95 to 10.42]

51 6.9 (25.1)
[−0.12 to 14.01]

51 −0.3 (16.7)
[−5.01 to 4.36]

Social
functioning score

62 47.2
(25.4)

62 49.0
(24.3)

51 51.7
(25.5)

62 1.8 (31.4)
[−6.17 to 9.80]

51 4.4 (31.5)
[−4.45 to 13.27]

51 0.3 (20.8)
[−5.62 to 6.11]

Peripheral vision
score

62 61.7
(26.7)

62 62.1
(26.3)

51 61.8
(25.2)

62 0.4 (33.7)
[−8.16 to 8.97]

51 1.0 (30.4)
[−7.57 to 9.53]

51 −3.4 (27.4)
[−11.14 to 4.27]

Color vision score 62 72.6
(28.5)

62 67.3
(30.6)

51 68.6
(27.3)

62 −5.2 (33.9)
[−13.86 to 3.37]

51 −2.5 (36.8)
[−12.81 to 7.91]

51 −0.5 (23.7)
[−7.16 to 6.18]

Ocular pain score 62 88.1
(17.9)

62 85.5
(20.3)

51 85.5
(20.2)

62 −2.6 (17.8)
[−7.15 to 1.91]

51 −2.9 (21.6)
[−9.01 to 3.13]

51 −0.5 (14.4)
[−4.53 to 3.55]

Composite scoreb 62 43.6
(16.7)

62 48.0
(19.2)

51 50.0
(17.8)

62 4.4 (20.1)
[−0.73 to 9.48]

51 7.0 (19.1)
[1.63 to 12.37]

51 0.5 (10.9)
[−2.57 to 3.54]

Abbreviations: No., number of patients; NEI VFQ-25,National Eye Institute visual

functioning questionnaire-25.

a The results of the general health rating questionwere excludedbecause of a high

level ofmissing data and thedriving scorewas not presentedbecause it is not

relevant to the population of individualswith Leber hereditary optic neuropathy.

bThe composite score is an unweighted average of the responses to all list items

except for the general health rating question.8 A change from baseline

�4 points is considered a clinically meaningful improvement.9

Research Original Investigation Outcomes of Lenadogene Nolparvovec Gene Therapy in LHON

104 JAMAOphthalmology February 2025 Volume 143, Number 2 (Reprinted) jamaophthalmology.com

Downloaded from jamanetwork.com by Deutsches Zentrum fur Neurodegenerative Erkrankungen e.V. (DZNE) user on 02/24/2025



and Bin Li group, Wuhan, China) reported the same contra-

lateral effect seen with lenadogene nolparvovec,20-22 in-

dicating that this is a reproducible phenomenon and not an

isolated occurrence.

Overall, eyes treated with lenadogene nolparvovec and

eyes treated with sham gained +22 ETDRS letters and +20

ETDRS lettersvsnadir at5yearsafter treatment, indicating that

the treated and untreated eyes tracked together. Patient re-

sponder rateswere globally approximately 70%, including the

clinically relevant recovery, endorsed by an International

Committee of LHON experts,13 and based on the published

literature.23-25

Interestingly,whencomparing theevolutionofBVCAover

time between the 152 eyes of participants in the RESCUE,

REVERSE, and RESTORE trials and the 408 eyes of natural

history patients with LHON due to theMT-ND4 gene variant,

the analysis at the last available observation showed a statis-

tically significant andclinicallymeaningful betterBCVA in the

treated pool vs the natural history pool, with no overlap of

the 95% CI. The conservative threshold of at least 15 ETDRS

letters (−0.3 logMAR) difference, endorsed by regulators, has

been used to define the clinically meaningfulness of the

difference.26 Patients from the natural history pool were

matched for age (≥15 years at onset of vision loss) and LHON

Table 3. Intraocular Inflammation and Elevation of Intraocular Pressure (IOP) by Initial Study Over 5 Years

Variable

RESCUE REVERSE Pooled

Lenadogene
nolparvovec-treated
eyes (n = 31)

Sham-treated eyes
(n = 31)

Lenadogene
nolparvovec-treated
eyes (n = 31)

Sham-treated eyes
(n = 31)

Lenadogene
nolparvovec-treated
eyes (n = 62)

Sham-treated
eyes (n = 62)

Eyes with at least 1
intraocular inflammation
AESI, No. (%)

22 (71.0) 3 (9.7) 27 (87.1) 3 (9.7) 49 (79.0) 6 (9.7)

No. of intraocular
inflammation events

59 3 65 3 124 6

Duration, d

No. 57 3 65 3 122 6

Mean (SD) 214.1 (235.6) 54.7 (16.2) 307.2 (380.7) 355.7 (270.0) 263.7 (323.3) 205.2 (237.6)

Median (IQR) [range] 142.00 (61.00 to
294.00) [7.00 to
1063.00]

64.00 (36.00 to
64.00) [36.00 to
64.00]

107.00 (35.00 to
504.00) [1.00 to
1856.00]

504.00 (44.00 to
519.00) [44.00 to
519.00]

139.50 (48.00 to
364.00) [1.00 to
1856.00]

64.00 (44.00 to
504.00) [36.00
to 519.00]

Missing data 2 0 0 0 2 0

Maximal grade, No. (%)

No. 59 3 65 3 124 6

Mild 53 (89.8) 3 (100) 58 (89.2) 3 (100) 111 (89.5) 6 (100)

Moderate 6 (10.2) 0 7 (10.8) 0 13 (10.5) 0

Severe 0 0 0 0 0 0

Localization of
inflammation, No. (%)

No. 59 3 65 3 124 6

Anterior chamber
inflammation

35 (59.3) 3 (100) 40 (61.5) 2 (66.7) 75 (60.5) 5 (83.3)

Intermediate
inflammation

24 (40.7) 0 25 (38.5) 1 (33.3) 49 (39.5) 1 (16.7)

Posterior inflammation 0 0 0 0 0 0

Eyes with at least 1
elevation of IOP, No. (%)

14 (45.2) 5 (16.1) 7 (22.6) 0 (0.0) 21 (33.9) 5 (8.1)

No. of elevations
of IOP events

16 5 8 0 24 5

Duration, d

No. 14 3 8 0 22 3

Mean (SD) 228.8 (277.4) 96.3 (70.3) 215.9 (274.4) 0 224.1 (269.8) 96.3 (70.3)

Median (IQR) [range] 172.50 (29.00 to
281.00) [1.00 to
968.00]

64.00 (48.00 to
177.00) [48.00 to
177.00]

55.00 (2.00 to
473.50) [1.00 to
665.00]

0 130.50 (12.00 to
457.00) [1.00 to
968.00]

64.00 (48.00 to
177.00) [48.00
to 177.00]

Missing data 2 2 0 0 2 2

Maximal grade, No. (%)

No. 16 5 8 0 24 5

Mild 12 (75.0) 4 (80.0) 6 (75.0) 0 18 (75.0) 4 (80.0)

Moderate 4 (25.0) 1 (20.0) 2 (25.0) 0 6 (25.0) 1 (20.0)

Severe 0 0 0 0 0 0

Abbreviations: AESI, adverse event of special interest; IOP, intraocular pressure;

RESCUE, Efficacy Study of Lenadogene Nolparvovec for the Treatment of Vision

Loss Up to 6Months FromOnset in LHONDue to theMT-ND4Mutation;

REVERSE, Efficacy Study of Lenadogene Nolparvovec for the Treatment of

Vision Loss From 7Months to 1 Year FromOnset in LHONDue to theMT-ND4

Mutation.
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genotype (symptomatic LHON due to the m.11778G>A

variant) with patients from the RESCUE, REVERSE, and

RESTORE trials for a meaningful comparison.10,11

The longer-lastingefficacyof lenadogenenolparvovecwas

reflected by a sustained improvement in participants’ QoL,

as demonstrated by a meaningful improvement from base-

line in 7 of 10NEI VFQ-25 subscale scores, and amean gain of

7 points in the composite score at 5 years.

In this follow-up study including 62 patients with LHON

due to the MT-ND4 gene variant, no systemic treatment- or

procedure-related AEs were reported, and ocular AEs were

mostlymildwith no cases of severe or seriousAEs or AEs that

led to study discontinuation. The frequency of the 2 AESI, in-

traocular inflammation and increased IOP, was lower after

2 years of gene therapy administration than before, which is

consistentwith the global ocular safety profile of lenadogene

nolparvovec and confirms the absence of delayed safety

issues.27 The good safety profile of lenadogene nolparvovec

over time after administrationwas also reported in the 5-year

open-label dose-escalation study REVEAL,3 and it is consis-

tentwithpreviouslypublished7-year follow-updata fromYuan

and colleagues21 on another AAV2-ND4 gene therapy.

Limitations

This study has some limitations. Amajor limitation of the re-

sults is that the change inBCVAafter interventionusedchange

in BCVA from the previous lowest level of BCVA (the previous

nadir) rather than from the baseline BCVA. The problemwith

using the nadir is that the nadirwill be theworse BCVAacross

multiple BCVA tests, and it could be 1 low BCVA 1 time due to

poor effort or fixation, especially when measuring BCVA at

these relatively poor levels of vision, such as a Snellen equiva-

lentof20/800. In turn,oneexplanation for improvement from

the nadir could be regression to the mean, that is, the BCVA

improved from 1 BCVA obtained at 1 time, whichwas low due

topooreffortor fixation.Anothermajor limitationof this study

includes the lack of a control group of untreated patients

raising difficulties in interpreting the actual treatment effect.

However, the comparison of unilaterally treated patients

withLHONdue to theMT-ND4genevariantvsanexternal con-

trol group of untreated patientswith natural history of LHON

matched for age and MT-ND4 genotype showed the efficacy

of lenadogenenolparvovec in improvingBCVAcomparedwith

the spontaneous natural decline observed in untreated pa-

tients. Other limitations should also bementioned. First, the

patientswereunmaskedafterdatabase lockof theRESCUEand

REVERSE trials, as the communication of treatment assigned

to each eyewas permitted. This unmasking could have intro-

duced bias. Nevertheless, the evolution of outcome mea-

sures between year 2 and year 5 showed a similar improve-

ment for eyes treatedwith lenadogenenolparvovec as for eyes

treatedwith sham, suggesting that this unmaskinghadno im-

pact on the study results. Second, because of the long

follow-up duration of the study, potential bias due to loss of

follow-up cannot be ruled out. In addition, choosing the na-

dir as the reference value could have led to an underestimate

of the improvement inBCVA fromnadir in caseswhere thena-

dir could have been missed (before the baseline or between

visits), and conversely, to a better improvement inBCVA from

nadir when compared from baseline if the nadir value was

worse than the baseline value. There was no multiplicity ad-

justment and in the case of amissing BCVA value at a specific

time point, a manual review of visits with an available BCVA

value was carried out to decide which visit to use before da-

tabase lock and data analyses. The imbalance between fe-

male andmale participants, which is a classical feature of the

population of individuals with LHON, made the comparison

between genders difficult. Finally, the use of a last observed

carried forwardmethod formissingBCVAvalues is also a limi-

tation as more sophisticated methods for handling missing

data are now available.

In summary, theabsenceof a control armsecondary to the

contralateral therapeuticeffectof lenadogenenolparvovecand

the variability of baseline BCVA related to treatment admin-

istration during the early acute phases of the disease brought

challenges in the assessment of the efficacy of lenadogene

nolparvovec.Therefore, an indirect comparisonapproachwas

used to compare patients treated with lenadogene nolparv-

ovec with an external control group, comparable in terms of

age and gene variant. The favorable evolution of BCVA over

time and the amplitude of improvement vs nadir in patients

with LHON due to theMT-ND4 gene variant treated with the

gene therapy have never been achieved in comparable un-

treated patients with theMT-ND4 gene variant. Importantly,

the follow-up of patientswith LHONdue to theMT-ND4 gene

variant who were unilaterally treated with lenadogene nol-

parvovecdemonstrated thepersistenceof lenadogenenolpar-

vovec effect when compared with an external control group,

and a favorable safety profile, up to 5 years after treatment.

Conclusions

LHON due to the MT-ND4 gene variant is the most frequent

and severe clinical form of LHONwith a high unmet medical

need.Theevidenceofpersistentbenefitover timewith lenado-

gene nolparvovec is promising for the use of gene therapy in

patients with LHON due to theMT-ND4 gene variant.
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Invited Commentary

Single-Eye Gene Therapy for Leber Hereditary Optic Neuropathy
Hendrik P. N. Scholl, MD, MA; Bence György, MD, PhD

Leber hereditary optic neuropathy (LHON) is typified by an

abrupt,painlessbeginningofvision loss thatmostlyaffectscen-

tral vision. Severevision impairmentusuallydevelopsquickly,

and many individuals have substantial bilateral central

scotomas. While a small per-

centageofpatients spontane-

ously recover somewhat,

most continue to have vision impairments. After the initial

phase, visual acuity usually stabilizes, leaving a significant

number of patients with persistent vision impairment to var-

ied degrees. The variability of the natural history has been a

challenge for the clinical development of therapies.

LHON is caused by mutations in the mitochondrial ge-

nome, most commonly the ND4 gene. Various forms of

gene augmentation therapies are beingdeveloped,which aim

to express a healthy copy of the mitochondrial ND4 protein.

Notably, 3 phase 3 clinical trials already have been com-

pleted. In this issueof JAMAOphthalmology, Yu-Wai-Manetal1

present the 5-year outcomes fromaphase 3 clinical trial using

lenadogene nolparvovec gene therapy in m.11778G>A

MT-ND4-LHON.TheRESTOREtrial involvedparticipants from

the RESCUE2 and REVERSE3 phase 3 clinical trials. The key

finding fromthis study is that the sustainedbilateral improve-

ment observed at the 2-year mark after unilateral injection

appeared to persist up to 5 years posttreatment.

The initial findings of the RESCUE and REVERSE trials

showed somewhat puzzling results because none of the pri-

mary outcomes for the 2 trials were met, despite improve-

ment in various parameters. This discrepancywas associated

with a prespecified primary outcome, specifically, the best-

correctedvisual acuity (BCVA)differencebetween treatedand

control (fellow) eyes. Both trials resulted in improved BCVA,

but improvement was noted in both the study eye and the

fellow (control) eyes.

The potentially durable effect of lenadogene nolparvovec

might come as no surprise, as the adenoassociated viral (AAV)

vectors are designed to induce long-term, stable gene expres-

sion in nondividing cells, such as retinal ganglion cells or pho-

toreceptors. This phenomenon was evident in voretigene

neparvovec, an AAV-based gene therapy for RPE65mutation-

associated inherited retinaldystrophy, reporting functional vi-

sion improvementup to7.5years, the latest tested timepoint.4
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