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Lenadogene nolparvovec (Lumevoq) gene therapy was devel-
oped to treat Leber hereditary optic neuropathy (LHON) caused
by the m.11778G > A in MT-ND4 that affects complex I of the
mitochondrial respiratory chain. Lenadogene nolparvovec is a
replication-defective, single-stranded DNA recombinant ad-
eno-associated virus vector 2 serotype 2, containing a codon-
optimized complementary DNA encoding the human wild-
type MT-ND4 subunit protein. Lenadogene nolparvovec was
administered by unilateral intravitreal injection in MT-ND4
LHON patients in two randomized, double-masked, and
sham-controlled phase III clinical trials (REVERSE and
RESCUE), resulting in bilateral improvement of visual acuity.
These and other earlier results suggest that lenadogene nolpar-
vovecmay travel from the treated to the untreated eye. To inves-
tigate this possibility further, lenadogene nolparvovec was
unilaterally injected into the vitreous body of the right eye of
healthy, nonhuman primates. Viral vector DNA was quantifi-
able in all eye and optic nerve tissues of the injected eye and
was detected at lower levels in some tissues of the contralateral,
noninjected eye, and optic projections, at 3 and 6 months after
injection. The results suggest that lenadogene nolparvovec
transfers from the injected to the noninjected eye, thus
providing a potential explanation for the bilateral improvement
of visual function observed in the LHON patients.

INTRODUCTION
Lenadogene nolparvovec gene therapy was developed as a treatment
for patients with vision loss due to Leber hereditary optic neuropathy
(LHON) caused by the most common m.11778G > A mutation
affecting the nicotinamide adenine dinucleotide hydride (NADH) de-
hydrogenase (complex I) subunit 4 (MT-ND4) gene. The ND4 gene is
encoded by the mitochondrial genome (deoxyribonucleic acid
[mtDNA]), and it is expressed and translated locally within the mito-
chondria to be assembled into complex I, which is the first entry site of
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the respiratory chain. Lenadogene nolparvovec is a recombinant
replication-defective, single-stranded DNA adeno-associated viral
vector 2 serotype 2 (AAV2/2). The treatment strategy is based on al-
lotopic expression of the recoded wild-type ND4 gene in the nucleus
of the retinal ganglion cell (RGC), in which axons in the optic nerve
degenerate in LHON, thereby causing vision loss. Lenadogene nol-
parvovec contains a complementary DNA (cDNA) sequence that
encodes the human wild-type ND4 protein under the control of a
cytomegalovirus (CMV) immediate early promoter in an intron-con-
taining expression cassette (beta globin intron, HBB2) flanked by the
viral inverted terminal repeats from the vector. The construct in-
cludes the cis-acting elements of human cytochrome c oxidase 10
(COX10) mitochondrial ribonucleic acid (mtRNA), thus ensuring
efficient delivery of the corresponding hybrid mRNA to the mito-
chondrial surface and the translocation of the translated human
ND4 protein into the mitochondria. This allotopic expression strat-
egy efficiently complements the mtDNA mutation in cell and animal
models, allowing rescue of the mitochondrial respiratory chain defect
and improved RGC survival.1–7

Two randomized, double-masked, sham-controlled phase 3 clinical
trials (REVERSE, ClinicalTrials.gov: NCT02652780, and RESCUE,
ClinicalTrials.gov: NCT02652767) and their long-term follow-up
study (RESTORE, ClinicalTrials.gov: NCT03406104) in LHON pa-
tients harboring the m.11778G > A mutation (hereafter named
MT-ND4 patients) who received a unilateral intravitreal (IVT) injec-
tion of lenadogene nolparvovec showed improvement of best-cor-
rected visual acuity (BCVA) in both treated and untreated eyes.8–11
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Table 1. Single unilateral IVT injection in the right eye with 3- and 6-month

observation periods

Groups

Number of
animals kept for
3 months

Number of
animals kept for
6 months

Concentration
(copies/eye)

Volume
(mL/eye)

Control
(BSSS)a

1 1 0 90

Lenadogene
nolparvovec

3 3 4.30 � 1010 90

aSupplemented with 0.001% Pluronic F68.

Molecular Therapy: Methods & Clinical Development
Two other gene-therapy trials using a viral vector containing a cDNA
coding the human wild-type mitochondrial ND4 protein have shown
similar bilateral improvement after unilateral IVT of a similar allo-
topic expression-based gene therapy (AAV2-ND4) in LHON MT-
ND4 patients.12–16 This visual improvement is beyond what would
be expected from the natural history of visual function in MT-ND4
LHON patients.10,17,18

In a preliminary study in which lenadogene nolparvovec was admin-
istered sequentially by IVT injection in both eyes of nonhuman pri-
mates (NHPs), viral vector DNA was detected and quantified from
tissue samples of the optic nerve, optic chiasm, and optic tract
3 months after the second IVT administration without local or sys-
temic toxicity.

Taken together, these findings suggest that lenadogene nolparvovec
travels from the injected eye, prompting us to assess this further in
NHPs, in which the visual system is comparable to that of humans.
We evaluated the biodistribution of lenadogene nolparvovec DNA
following single unilateral IVT treatment in cynomolgus monkeys.
After treatment, the animals were kept for an observation period of
either 3 or 6 months to evaluate the presence of the vector in an
ocular, visual pathway and associated brain tissues (Table 1). Bio-
distribution of lenadogene nolparvovec viral genome (vg) DNA and
corresponding RNA transcripts were determined using validated
qPCR and qRT (reverse transcriptase)-PCR assays. The qPCR results
at 3 months were already released, combined with REVERSE clinical
study results.8 Here, we compare the full results of this NHP study,
including qPCR and qRT-PCR results at both time points.
RESULTS
Experimental in vivo phase

There were no deaths, adverse clinical signs, or effects on body weight
or food consumption related to lenadogene nolparvovec treatment.
The conjunctiva of two of the treated animals and one control animal
was red during the first week and occasionally during the study. This
was transient, observed with and without lenadogene nolparvovec
treatment, and considered to be related to the injection. No ophthal-
mologic abnormalities were observed in any animal following IVT
administration and during the observation periods. Tonometry
values for intraocular pressure (IOP) of the injected eye were above
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the normal range in some treated (4 of 6) and control (1 of 2) animals
immediately after IVT administration and rapidly came back to
normal range. This was expected and related to the introduction of
fluid volume into the vitreous. All animals were healthy prior to
termination of the investigation at 3 and 6 months.
Biodistribution in NHPs

Biodistribution of lenadogene nolparvovec was evaluated in all ani-
mals. Most samples had DNA and RNA concentration and purity
ratios above or close to the recommended thresholds (2.0 and 1.8,
respectively). All analyzed RNA samples had RNA integrity number
(no.; RIN) values between 4.4 and 9.4, indicating that the RNA qual-
ity was sufficient for qRT-PCR analysis. All DNA samples were
analyzed first by the CMV qPCR assay and then reanalyzed by
the ND4 qPCR assay, specific for the plasmid AAV2/2-ND4
(pAAV2/2-ND4) portion of the construct. The results from the
two qPCR assays were similar. Differences in results between the
2 assays occurred in <8% of analyzed samples and were considered
due mainly to the presence of vg quantities close to the lower limit
of quantification (LLOQ) and to the lower limit of detection (LOD)
of the ND4 assay compared to the CMV assay (6.25 versus 25 vg/
well). ND4 qPCR assay results are presented in Table 2, and the
CMV assay results are available in Table S1. qRT-PCR assay results
are presented in Table 3.
Control animals

In the ND4 qPCR assay, lenadogene nolparvovec DNA was unde-
tectable in all control animal samples 3 and 6 months after unilat-
eral IVT injection of vehicle, with the exception of one optic chiasm
sample from one control animal at 6 months, which was below the
limit of quantification (BLQ), defined as 250 vg/mg DNA. Five
sentinel control samples included in the DNA extraction batches
and PCR plates were below the limit of detection (BLD) in the assay,
indicating a lack of cross contamination in the DNA extraction and
qPCR processing. In addition, this single BLQ result was not repli-
cated in the duplicate optic chiasm sample from the same animal.
The RNA transcript of lenadogene nolparvovec was BLD, defined
as 25 copies per microgram of RNA in all control animal samples
at 3 or 6 months.
Lenadogene nolparvovec-treated animals

ND4 qPCR results at 3 and 6 months in samples from injected

right eyes

At 3 months after injection, lenadogene nolparvovec DNA was quan-
tifiable in all ipsilateral anterior segment and vitreous humor samples
from the 3 treated NHPs and in the lacrimal gland, aqueous humor,
retina, and optic nerve samples in 2 of 3 animals. At 6 months after
injection, all ipsilateral anterior segment, vitreous humor, and retina
samples and 2 of 3 aqueous humor samples were quantifiable from all
3 treated NHPs. Vector DNA was also quantifiable in lacrimal gland
and optic nerve samples in 1 of 3 individuals and detectable in the op-
tic nerve in 2 of 3 individuals. Lenadogene nolparvovec was BLD in all
tear samples and in 2 of 3 lacrimal gland samples.
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Table 2. qPCR detection of lenadogene nolparvovec in DNA from NHP fluid and tissue samples using the ND4 assay

Control animals
n = 1 Treated animals n = 3 (at 3 and 6 months)

At 3 months after IVT injection

1 sample per eye 3 samples of left and right eyes

BLD BLQ
Contralateral left eye Injected right eye

BLD BLQ Quantified copiesa BLD BLQ Quantified copiesa

Tears1

Lachrymal gland 2 � 2 1 � � 1 2 (4.35 � 102)

Aqueous humor 2 � 3 � � � 1 2 (1.65 � 103)

Vitreous humor 2 � 3 � � � � 3 (1.99 � 105)

Anterior segment of the eye 2 � � � 3 (3.39 � 103) � � 3 (3.21 � 106)

Retina 2 � � 1 2 (5.99 � 103) � 1 2 (2.70 � 106)

Optic nerve 2 � � � 3 (1.00 � 104) � 1 2 (1.45 � 103)

Visual pathway and associated brain tissues (2 samples collected per animal)

BLD BLQ BLD BLQ Quantified copiesa

Optic chiasm 2 � � 4 2 (3.28 � 104)

Optic tract 2 � 1 5 �
Visual cortex 2 � 3 2 1 (2.05 � 103)

Lateral geniculate nucleus 2 � 1 4 1 (2.84 � 102)

Cerebellum 2 � 6 � �
Thalamus 2 � 6 � �
Auricular lymph node 2 � 5 1 �
At 6 months after IVT injection

1 sample per eye 3 samples per eye

BLD BLQ
Contralateral left eye Injected right eye

BLD BLQ Quantified copiesa BLD BLQ Quantified copiesa

Tears 2 � 3 � � 3 � �
Lachrymal gland 2 � 3 � � 2 � 1 (6.18 � 103)

Aqueous humor 2 � 2 1 � � � 2 (4.48 � 102)b

Vitreous humor 2 � 3 � � � � 3 (1.13 � 106)

Anterior segment of the eye 2 � 2 1 � � � 3 (2.65 � 106)

Retina 2 � 3 � � � � 3 (8.48 � 106)

Optic nerve 2 � 2 � 1 (3.19 � 102) � 2 1 (5.18 � 102)

Visual pathway and associated brain tissues (2 samples collected per animal)

BLD BLQ BLD BLQ Quantified copiesa

Optic chiasm 1 1 3 2 1 (7.68 � 102)

Optic tract 2 � 3 3 �
Visual cortex 2 � 4 2 �
Lateral geniculate nucleus 2 � 1 3 2 (5.73 � 103)

Cerebellum 2 � 3 2 1 (2.69 � 102)

Thalamus 2 � 4 2 �
Auricular lymph node 2 � 3 3 �
BLD, below the limit of detection (15.625 copies/mg DNA); BLQ, below the limit of quantification (<250 copies/mg DNA); �, no sample gave this result; Tears,1 insufficient sample
available for analysis.
aQuantity of copies per microgram of DNA in tissues or copies per microliter of DNA in humor; values are shown as mean when >1 sample had quantifiable results.
bOne sample was excluded, as the result was equivalent to that of the blank control sample.
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Table 3. qRT-PCR detection of lenadogene nolparvovec in RNA from NHP fluid and tissue samples

Control animals
n = 1

Treated animals n = 3 (at 3 and 6 months)

At 3 months after IVT injection

1 sample per eye 3 samples of left and right eyes

BLD BLQ
Contralateral left eye Injected right eye

BLD BLQ Quantified copiesa BLD BLQ Quantified copiesa

Tears 2 � 3 � � 3 � �
Lachrymal gland 2 � 3 � � 3 � �
Aqueous humor 2 � 3 � � 2 1 �
Vitreous humor 2 � 1 b � 2 b �
Anterior segment of the eye 2 � 1 2 � � � 3 (2.28 � 105)

Retina 2 � 3 � � 1 � 2 (5.96 � 105)

Optic nerve 2 � 3 � � 2 1 �
Visual pathway and associated brain tissues (2 samples collected per animal)

BLD BLQ BLD BLQ Quantified copiesa

Optic chiasm 2 � 5 1 �
Optic tract 2 � 6 � �
Visual cortex 2 � 6 � �
Lateral geniculate nucleus 2 � 5 1 �
Cerebellum 2 � 6 � �
Thalamus 2 � 6 � �
Auricular lymph node 2 � 6 � �
At 6 months after IVT injection

1 sample per eye 3 samples per eye

BLD BLQ
Contralateral left eye Injected right eye

BLD BLQ Quantified copiesa BLD BLQ Quantified copiesa

Tears 2 � 3 � � 3 � �
Lachrymal gland 2 � 3 � � 3 � �
Aqueous humor 2 � 3 � � 2 1 �
Vitreous humor 2 � 3 � � � 1 1 (5.51 � 102)c

Anterior segment of the eye 2 � 3 � � � � 3 (1.26 � 106)

Retina 2 � 3 � � � � 3 (7.47 � 105)

Optic nerve 2 � 3 � � 2 1 �
Visual pathway and associated brain tissues (2 samples collected per animal)

BLD BLQ BLD BLQ Quantified copiesa

Optic chiasm 2 � 5 1 �
Optic tract 2 � 6 � �
Visual cortex 2 � 6 � �
Lateral geniculate nucleus 2 � 3 3 �
Cerebellum 2 � 6 � �
Thalamus 2 � 6 � �
Auricular lymph node 2 � 6 � �
BLD, below the limit of determination (25 copies/mg RNA); BLQ, below the limit of quantitation (1,000 copies/mg RNA).
aQuantity of copies per microgram of RNA in tissues or copies per microliter of RNA in humor; values are shown as mean when >1 sample had quantifiable levels.
b3 samples with RNA detection were exposed to DNA contamination (at similar levels), and the results are not presented in the summary table (vitreous humor at 3 months: animals
2002 and 2003 [samples from the contralateral eye] and animal 2001 [sample from the injected eye]).
c1 sample with RNA quantification was exposed due to DNA contamination, and the result of this sample was not reported in the summary table (vitreous humor at 6 months: animal
2006 [sample from the injected eye: 1.54 � 101]).
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ND4 qPCR results at 3 and 6 months in samples from untreated

left eyes

At 3 months after injection, lenadogene nolparvovec DNA was quan-
tifiable in the anterior segment and optic nerve samples of all 3 ani-
mals, detected or quantified in all retina samples (2 quantified and
1 detected), and detected in one sample of the lacrimal gland. At
6 months after injection, lenadogene nolparvovec DNA was quantifi-
able in the optic nerve (animal 2006) and detected in aqueous humor
(animal 2007) and anterior segment (animal 2006) samples. Vector
DNA was BLD in all remaining samples from the noninjected eye.

ND4 qPCR results at 3 and 6 months in samples from visual

pathway and brain tissues

At 3 months after injection, lenadogene nolparvovec DNAwas quanti-
fiable in theoptic chiasmof 2 animals andwasdetected in the remaining
four samples from the 3 animals. Lenadogene nolparvovec was quanti-
fiable in the visual cortex and lateral geniculate nucleus of 1 animal, and
it was detected in 2 of 5 and 4 of 5 remaining samples from these tissues,
respectively. Lenadogene nolparvovec was detected in 5 of 6 optic tract
samples and in 1 of 6 auricular lymph node samples, but it was not de-
tected or quantified in the cerebellum or thalamus at 3 months.

At 6 months after injection, lenadogene nolparvovec DNA was quan-
tified in 1 and detected in 2 samples from the optic chiasm. In the
optic tract, lateral geniculate nucleus, and visual cortex, there was
quantification or detection in 3, 5, and 2 samples out of 6, respectively.
Lenadogene nolparvovec DNA was quantified (1 sample) or detected
(2 samples) in the cerebellum and detected in 2 thalamus and 3 auric-
ular lymph node samples.

qRT-PCR results at 3 and 6months in samples from the injected

right eye

At 3 months after injection, lenadogene nolparvovec RNA transcript
was quantified in all anterior segment samples and in 2 of 3 retina
samples from the injected eye. The RNA transcript was also detected
in the aqueous humor (animal 2002) and the optic nerve (animal
2001) at 3 months.

At 6 months after injection, lenadogene nolparvovec RNA was quan-
tified in all samples from the anterior segment and retina and in 1 of 3
vitreous humor samples from the injected eye. Lenadogene nolparvo-
vec RNA transcript was detected in the aqueous humor, vitreous hu-
mor, and optic nerve in 1 of 3 animals at 6months. No PCR inhibition
was detected in any sample.

qRT-PCR assay results at 3 and 6 months in samples from the

untreated left eyes

At 3 months after injection, lenadogene nolparvovec transcript RNA
was detected in anterior segment samples from the untreated eye in 2
of 3 animals (animals 2001 and 2003). Of note, there was DNA
contamination in 2 vitreous humor samples, which were disqualified.
At 6 months after injection, lenadogene nolparvovec RNA was
neither quantified nor detected in samples from untreated left eyes.
No PCR inhibition was detected in any sample.
Molecular The
qRT-PCR results at 3 and 6 months in samples from visual

pathway and brain tissues

At 3 months after injection, lenadogene nolparvovec transcript RNA
was detected in the optic chiasm and lateral geniculate nucleus of 1
sample (animal 2001), but it was neither detected nor quantified in
the optic tract, visual cortex, cerebellum, thalamus, and auricular
lymph nodes.

At 6 months after injection, lenadogene nolparvovec RNA was de-
tected in 1 optic chiasm sample and in 3 lateral geniculate nucleus
samples, but it was neither detected nor quantified in the optic tract,
visual cortex, cerebellum, thalamus, and auricular lymph nodes.

DISCUSSION
In four separate clinical trials, including one phase 1/2 study
(REVEAL), two pivotal trials (REVERSE and RESCUE), and one
long-term follow-up study (RESTORE), MT-ND4 LHON patients
unilaterally injected with lenadogene nolparvovec demonstrated
bilateral visual improvement beyond the expectations of the natural
history of the disease.8–11,17–19 A similar contralateral effect was re-
ported in two other comparable gene-therapy trials developed for
MT-ND4 LHON subjects in the United States20,21 and in China;12,13

each used a viral vector containing a cDNA coding the human wild-
type mitochondrial ND4 protein (AAV2-ND4), the route of admin-
istration was IVT, and MT-ND4 subjects were injected in only one
eye in all studies. This contralateral effect has not been described in
gene therapies with subretinal administration targeting other
ophthalmic genetic diseases, specifically in patients with RPE65-
mediated inherited retinal dystrophy who participated in a random-
ized, controlled, open-label, phase 3 trial.22 Both the nature of the
treated disease (neuro-ophthalmic mitochondrial disease) and the
IVT route of administration may play a role in the development
and mechanism of the contralateral effect.

These convergent findings prompted us to assess the ability of lena-
dogene nolparvovec to transfer from the injected eye to tissues of
the contralateral eye in healthy NHPs. A mechanistic and bio-
distribution study using qPCR in NHPs (whose visual system, optic
nerve fiber decussation, and brain projections are comparable to hu-
mans) was conducted to better understand the biodistribution of le-
nadogene nolparvovec DNA. We tested tissues of the injected and
noninjected eyes, the visual pathway, and associated brain tissues
to explore the in vivo transfer of the lenadogene nolparvovec active
substance following single unilateral IVT administration in cyno-
molgus monkeys. Six healthy male NHPs received a unilateral
IVT in the right eye followed by an observation period of 3 or
6 months prior to evaluation of biodistribution. We demonstrated
the presence of viral vector DNA in not only the injected eyes but
also in tissues of the noninjected eyes. Lenadogene nolparvovec
DNA was quantified or detected in the injected eyes and ipsilateral
optic nerves 3 and 6 months after injection. Vector DNA was also
quantified or detected at lower levels in most of the eye tissues
and optic nerves of the noninjected eyes at 3 months. Lenadogene
nolparvovec DNA was still quantifiable in the optic nerve and
rapy: Methods & Clinical Development Vol. 23 December 2021 311
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detected in the aqueous humor and anterior segment of the nonin-
jected eyes at 6 months.

Overall, the data from individual animals were consistent, as lenado-
gene nolparvovec DNA was recovered in contralateral tissues of the
noninjected eye in 3 out of 3 animals at 3 months and in 2 out of 3
animals at 6 months following unilateral IVT. Lenadogene nolparvo-
vec was quantified or detected in the visual pathway and associated
brain tissues, including optic chiasm, optic tract, visual cortex, lateral
geniculate nucleus, and sporadically in the cerebellum, thalamus, and
auricular lymph node at 3 and 6 months. Because lenadogene nolpar-
vovec DNA was detected and quantified in the optic chiasm, a
possible anatomic route for the transfer of viral vector DNA from
the treated eye to the nontreated eye was via the optic nerve and
chiasm, through anterograde and subsequent retrograde movement
along the anterior visual pathways. A systemic transfer of lenadogene
nolparvovec cannot be excluded, even though it is unlikely given that
biodistribution studies have shown only limited and transient pres-
ence of lenadogene nolparvovec in blood.8,9,19

The RNA transcript of lenadogene nolparvovec was quantified in all
anterior segments and most retina samples and sporadically in the
aqueous humor, vitreous humor, and optic nerve from the injected
eye at 3 and 6 months. The RNA transcript was weakly distributed
away from the injected eye compared to the vector DNA, being found
only sporadically at detectable levels in the optic chiasm and lateral
geniculate nucleus at 3 and 6 months and in the anterior segment
only at 3 months in the noninjected eye.

Importantly, the reliability of the results from this study is high, due to
the replication in 2 qPCR assays for the analysis of DNA samples,
consistent with earlier NHP biodistribution studies and robust valida-
tion parameters for the qPCR and qRT-PCR assays. The CMV and
ND4 qPCR assays gave similar results in >92% of analyzed samples.
Of the 214 analyzed samples, only 17 (<8%) had a different result.
Among these, 9 samples were BLD in the CMV assay and BLQ in
the ND4 assay, whereas 2 were BLQ in the CMV assay and BLD in
the ND4 assay. This could be explained by the LOD value in the
ND4 assay (6.25 instead of 25 vg/well). The remaining 6 samples
were BLQ in one assay and quantified in the other, which was likely
to have been related to the samples having quantities of vgs close to
the LLOQ, from 1.01 � 102 to 1.28 � 102 vg/well.

In this the study, there were no effects on mortality or clinical
condition, clinical signs, body weight, food consumption, or ophthal-
mological examinations, including pupillary light reflex, slit lamp
biomicroscopy, IOP, and indirect ophthalmoscopy, confirming the
expected safety profile of lenadogene nolparvovec at 4.3 � 1010 vg/
eye, the dose corresponding to a previously established no observable
adverse effect level (NOAEL) in monkeys and a clinically relevant
dose level in humans. Furthermore, at this same dose level per eye,
NHPs had no evidence of histopathological abnormalities in the brain
nor any evidence of systemic or local adverse effects on extensive
ophthalmological examinations of qualitative (standard eye exams,
312 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
OCT (Optical Coherence Tomography), tonometry), functional
(ERG: Electroretinogram), and behavioral (reflexes) endpoints in a
previous study in bilaterally injected NHPs.

Several mechanisms have been considered to explain the apparent
clinical contralateral effect of unilateral IVT gene therapy for
LHON. Despite the plausibility of some of these mechanisms, the
detailed roles of these respective processes involved in this phenome-
non remain unclear. The followingmechanistic hypotheses behind the
contralateral effect observed in lenadogene nolparvovec clinical
studies have been proposed: (1) transfer of active substance (vector
particles, DNA) between eyes via inter-orbital communication or via
systemic transfer and (2) transfer of mitochondrial material (RNA,
protein) between eyes. An examination of these two hypotheses fol-
lows. Other less-likely explanations include an underappreciation of
the natural history of visual improvement in the disease, which is
not supported by recent meta-analyses,10,17,18 involvement of inflam-
matory mediators or other signaling pathways triggered by the injec-
tions that activate cell survival in general,23,24 or brain plasticity with
plastic changes in higher visual centers to restore the original visual
modality, leading to improved visual performance in both eyes.25–27

Transfer of viral vector DNA between eyes

Systemic transfer of anti-vascular endothelial growth factor (VEGF)
therapies injected IVT in conditions such as neovascular age-related
macular degeneration (AMD) and cystoid macular edema (CME) has
been demonstrated. Several publications report a clinical improvement
in the contralateral eye after unilateral injection of bevacizumab or ra-
nibizumab for the treatment of AMD or CME.28,29 Hanhart and col-
leagues30 conducted a retrospective study on 35 patients with bilateral
diabetic macular edema to evaluate the effect of unilateral bevacizumab
IVTon contralateral noninjected eyes. ImprovedBCVAwas detected in
14 (40%) injected eyes and 15 (43%) noninjected eyes, associated with
an average reduction in thickness of themacular edema similar between
injected and noninjected eyes. Indeed, the mechanism of lenadogene
nolparvovec transfer via the systemic circulation cannot be excluded,
but the limited and transient biodistribution of lenadogene nolparvovec
in blood argues against this route of transfer. At 3 and 6 months post-
unilateral IVT, lenadogene nolparvovec DNA was found in the optic
chiasm and optic nerves of both eyes of NHPs. Individual axons from
RGCsuse anterograde (from retina tobrain) and retrograde (frombrain
to retina) transport for shuttling of signaling factors.31 In particular,
growth factors are uploaded to ganglion cell axon terminals near
LGN (Lateral Geniculate Nucleus) relay neurons for transport to the
retina and to LGN neuronal axons from the primary visual cortex to
the LGN and then to the retina.32 Recently, Calkins and colleagues33

presented a study of interactions between the two optic projections in
an inducible model of glaucoma. Elevation of IOP in one eye was suffi-
cient to cause the transfer of radiolabeled glucose to that eye via the optic
chiasm following injection of the label in the contralateral eye. Elimina-
tion of transfer was also achieved by cutting the optic nerve of the eye
receiving the injection of radiolabeled glucose in a way that did not
disrupt the eye’s vascular supply, indicating that transfer in that model
must have occurred via the optic chiasm.
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Transfer of mitochondrial material (RNA, protein) between eyes

Importantly, the mitochondrial basis of LHON may play a role in the
mechanism of the contralateral effect. Damaged or depleted mito-
chondria from the RGC axon terminal in the LGN are shuttled
back to the RGC soma.34 As mitochondria move along the axon in
both directions, they are in constant contact with one another, often
fusing and thereby sharing complementary genetic material in the
form of mtRNA or even proteins. Astrocyte networks play several
possible roles in white matter tracts, similar to the optic projections,35

where axons propagate energy demanding action potentials at great
distances from their nuclei. In particular, astrocytes interact inti-
mately with axons along the entirety of their length. One purpose
of this interaction is to engulf mitochondria, in a process called mi-
tophagy. This is of particular importance in the optic nerve, which
is highly, metabolically active.36 In this way, mitochondria from
RGCs and their axons can make their way into the astrocyte plexus
of the optic nerve. The content of these mitochondria includes
mRNA and proteins, which are absorbed into endosomes within
the astrocytes.37 Importantly, astrocytes not only internalize material
from RGC axons but also transfer material back to them, including
mitochondria, mRNA, and other cytoplasmic proteins.38 The highly
energy-dependent RGCs with axons that form the optic nerves, optic
chiasm, and optic tracts are enriched with mitochondria, which are
transported along the axons of the RGCs to deliver energy where it
is needed, in a highly regulated process coordinated by the nuclear
and mitochondrial genomes.39 Although this mitochondrial mecha-
nism was not studied in our NHP experiment, it is possible that
“healthy” mitochondrial RNA or other pro-survival factors from
RGC axons of the treated eye traverse the two nerves via astrocyte
coupling following axonal mitophagy, thereby inducing the contralat-
eral improvement seen in MT-ND4 LHON gene-therapy trials.

Our NHP study presents some limitations. The study aimed to pro-
vide a better understanding of the biodistribution of lenadogene nol-
parvovec DNA in the injected and noninjected eyes, the visual
pathway, and associated brain tissues to explore the possibility of
in vivo migration of the lenadogene nolparvovec active substance
following single unilateral IVT administration to cynomolgus mon-
keys. Our results do not provide the necessary data to formally
describe or confirm the route of lenadogene nolparvovec transfer
and its mechanism. Although we provide evidence that transfer of le-
nadogene nolparvovec DNA to the contralateral eye may have
occurred, further work using more sensitive assays is needed to deter-
mine if transgenemRNA in the contralateral eye could have been pro-
duced in situ or transported post-transcription from the injected eye.

The demonstration of a transfer of the lenadogene nolparvovec active
substance between eyes has major consequences for designing gene-
therapy clinical trials and should lead to prioritizing interpatient
comparisons whenever possible.

The presence of viral vector DNA in the contralateral noninjected eye
has been demonstrated in NHPs following a unilateral IVT of lenado-
gene nolparvovec. As viral vector DNA was consistently detected or
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quantified in the optic chiasm for up to 6 months after unilateral
IVT, we propose a potential anatomic route from the treated eye to
the nontreated eye via the optic chiasm through anterograde and sub-
sequent retrograde transport along the optic projections to the un-
treated eye. The current NHP study provides a possible explanation
for the bilateral improvement of visual function in LHON patients
treated with a single unilateral IVT of lenadogene nolparvovec gene
therapy. Further studies are needed to validate these observations
and, importantly, to evaluate the mechanisms that facilitate the inter-
ocular transfer of vector DNA and/or mRNA transcripts and how
specific expression levels of the transgene translate to corresponding
improvements in visual function.

MATERIALS AND METHODS
Biodistribution following unilateral IVT administration in NHPs

The objective of the study was to investigate the potential propagation
of the lenadogene nolparvovec vector from the treated eye to the
contralateral untreated eye by evaluating biodistribution in ocular, vi-
sual pathway, and associated brain tissues at 3 and 6 months after a
single IVT injection in cynomolgus monkeys.

Experimental in vivo phase

Animals

This NHP was used because its visual system, optic nerve fiber decus-
sations, and brain projections are similar to that of humans. Purpose-
bred male cynomolgus monkeys were obtained from Noveprim
Europe (Ebene, Mauritius). On the day of treatment, the animals
were at least 28 months old and had a mean body weight of 3.73 kg
(range: 3.46 to 4.18 kg). The animals were quarantined for 4 weeks
on arrival in Europe, during which time, tuberculin testing, treatment
against parasites, and a coprology test were performed. Tuberculin
testing and antiparasitic treatment were also performed regularly at
the test facility. The NHPs were acclimatized to study conditions
for at least 42 days before treatment. They were group housed in
ETS 123 (European Convention for the Protection of Vertebrate An-
imals Used for Experimental and Other Scientific Purposes) and
Directive 2012/63/EU-compliant cages located in a dedicated primate
unit. The animals received enrichment rewards on each handling
occasion, free access to water, and 180 g Primate Leaf-Eater vege-
tarian diet (SSNIFF Spezialdiaten, Germany) and fruit by daily
distribution.

Test item, control item, and analytes

The test item, lenadogene nolparvovec (AAV2/2-ND4), was obtained
as a clear, colorless viral suspension formulated in balanced sterile sa-
line solution (BSSS) buffer supplemented with 0.001% Pluronic F68
from GenSight Biologics (Paris, France). The control item was BSSS
supplemented with 0.001% Pluronic F68, prepared at Charles River
Laboratories. The reference analyte used for qPCR calibration stan-
dards and quality control (QC) samples, pAAV2/2-ND4, was ob-
tained from Aldevron with a certificate of analysis from Novasep
(Lyon, France). The reference analyte used for qRT-PCR, lenadogene
nolparvovec RNA (AAV2/2-RNA), a single-stranded RNA encom-
passing pAAV2/2-ND4, was prepared at Charles River Laboratories
rapy: Methods & Clinical Development Vol. 23 December 2021 313

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
(Evreux, France) by in vitro transcription from an ND4 PCR ampli-
con containing a T7 RNA polymerase promoter.

Administration and animal care

On the day of treatment, lenadogene nolparvovec was thawed, re-
homogenized, and diluted with BSSS vehicle formulation supple-
mented with 0.001% Pluronic F68 before being administered as a
single unilateral IVT injection in the right eye of 6 male NHPs at
4.3 � 1010 vg in a dose volume of 90 mL. The 4.3 � 1010 vg/eye
dose corresponded to the NOAEL dose in monkeys, determined
in a preliminary study, and it is allometrically equivalent (based
on vitreous volumes) to the human clinical dose of 9 � 1010 vg/
eye used in the REVERSE (Yu-Wai-Man et al.8), RESCUE (New-
man et al.9), and REFLECT pivotal clinical studies. A control group
of 2 NHPs received 90 mL BSSS, supplemented with 0.001% Plur-
onic F68 in the right eye by single IVT injection. The animals
were then observed for a period of 3 or 6 months (Table 1). Obser-
vation-period monitoring included assessment of body weight and
food consumption, ophthalmologic exams, local tolerance, and gen-
eral clinical condition.

Prior to IVT injection, animals were placed under general anesthesia
with ketamine hydrochloride, and pupils were dilated with tropica-
mide. Animals were sedated with xylazine and given a local anesthetic
(tetracaine). Analgesics (buprenorphine and meloxicam) and preven-
tive antibiotics (tobramycin) were administered before and after the
injection. Immediately following, the eye was examined by indirect
ophthalmoscopy and slit lamp biomicroscopy to confirm the location
of the injected drug in the vitreous body and any abnormalities caused
by the procedure.

Ophthalmological examinations were performed regularly on both
eyes including pupillary light reflex, indirect ophthalmoscopy, and
slit lamp biomicroscopy under sedation with ketamine and xylazine.
IOP was measured by tonometry using a TonoPen under tranquiliza-
tion and local anesthesia before and after the injection of lenadogene
nolparvovec or BSSS. At the end of the observation periods of 3 and
6 months, the animals were tranquilized by an intramuscular injec-
tion of ketamine hydrochloride, then deeply anesthetized by intrave-
nous injection of pentobarbital sodium, and humanely euthanized by
exsanguination. Tissues and fluids were analyzed for biodistribution
using validated qPCR and qRT-PCR assays to determine vector
DNA and transgene transcript levels.

NHP biodistribution study sample analysis

Tissue collection

The following tissues and fluids were collected from both eyes using
sterile sets of disposable instruments and preserved separately: tears,
lachrymal gland, aqueous humor, anterior segment of the eye
(including cornea, iris, and lens), vitreous humor, retina (dissection
centered on the fovea whenever possible), optic nerve, optic chiasm,
optic tract, lateral geniculate nucleus, visual cortex, cerebellum, thal-
amus, and mandibular and auricular lymph nodes. The time of eutha-
nasia of the animals and of snap freezing of the tissues was recorded in
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the raw data. Care was taken during sample collection and preserva-
tion to avoid cross contamination. Tissue and fluid samples were
collected from control NHPs (group 1) before collections from lena-
dogene nolparvovec-treated NHPs (group 2) and from the untreated
left eye before collections from the treated right eye. A new set of
disposable sterile instruments was used for each animal and for
each organ, tissue, or fluid collected. Tissues were rinsed with cold
PBS at 4�C, and organs were split into 2 pieces, put into separate cry-
otubes, and snap frozen in liquid nitrogen. Samples were stored at
�80�C pending nucleic acid extractions.

Extraction of nucleic acids

DNA for the quantification of lenadogene nolparvovec vgs

Tissue and fluid samples were homogenized, and DNA was extracted
using the NucleoSpin Tissue Kit (Macherey Nagel). DNA was ex-
tracted from tears using the QIAamp Viral Mini Kit (QIAGEN).
DNA concentration and purity were determined by UV spectropho-
tometry using the Nanodrop 8000 apparatus (Thermo Fisher).
Sentinel control samples (extraction buffer) were included every 10
samples within each DNA extraction batch to monitor any cross
contamination between samples. DNA samples were stored at
�20�C pending qPCR analysis.

RNA for the quantification of lenadogene nolparvovec

transgene transcripts

RNA was extracted from tissues using a combined Trizol/RNeasy Kit
(QIAGEN) and from biological fluids using the QIAamp Viral RNA
Mini Kit (QIAGEN), according to validated in-house procedures.

Sentinel control samples (extraction buffer) were included every 10
samples in each batch to monitor potential cross contamination.
RNA concentration and purity were determined by UV spectropho-
tometry. RNA QC was performed by microcapillary electrophoresis
(Agilent 2100 Bioanalyzer). RNA samples were stored at �80�C
pending qRT-PCR analysis. RNA QC (except for sentinel control
samples and RNA extracts from fluid samples) was performed by mi-
crocapillary electrophoresis using an Agilent 2100 Bioanalyzer.

qPCR analysis

Careful consideration was given to find the most robust method to
measure viral vector genome quantities while limiting the risk of in-
tersample cross contamination and ensuring qPCR assay specificity
for the detection and quantification of lenadogene nolparvovec vgs
in NHP tissues and biological fluids. vgs were first analyzed using a
validated qPCR assay targeting the promoter region of the transgene,
and results were confirmed with a second qPCR assay targeting the
ND4 transcript region. The first assay targeted the CMV promoter
of the vector and was validated for the quantitation of lenadogene nol-
parvovec vgs in NHP tissues and human samples. The second assay
targeted the codon-optimized ND4 sequence and was validated for
the quantitation of lenadogene nolparvovec vgs in human blood.

For qPCR assays, the following assay validation parameters were
determined: matrix equivalence between NHP or human DNA and
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a surrogate matrix (herring sperm DNA), dynamic range, detection
limit, quantification limits, within-run and between-run precision
and accuracy, dilution integrity, matrix effect, and selectivity and
specificity in monkey and human genomic DNA. The DNA extrac-
tion recovery yield from NHP tissues or human blood after spiking
with known amounts of lenadogene nolparvovec was determined,
and the stability of lenadogene nolparvovec DNA in these samples af-
ter storage at �20�C was evaluated.

Assay 1 (CMV)

The following primers and probe were used:

$ forward primer: 151CMV-F 50-CATCAATGGGCGTGGATA
GC-30,

$ reverse primer: 274CMV-R 50-GGAGTTGTTACGACATTTTGG
AAA-30, and

$ internal TaqMan probe: 187CMV-P 6FAM (6-Carboxyfluorescein)
50-ATTTCCAAGTCTCCACCC-30 MGB (Minor Groove Binder).

Assay 2 (ND4)

The following primers and probe were used:

$ forward primer: ND4-F 50-TCCTGAAGCTGGGTGGTTATG-30,
$ reverse primer: ND4-R 50-GGCTCTTGAGGTCAGTCTGCC-30,
and

$ internal TaqMan probe: ND4b1_MGB.P FAM 50-CATGGCTTA
CCCTTTC-30 MGB.

For assay 2, primers were blasted against Macaca fascicularis se-
quences to ensure qPCR assay specificity.

For both assays, PCR reactions were performed using 400 ng of DNA
as a template (primers and probe at 300 nM/150 nM for assay 1 and
200 nM/250 nM for assay 2, respectively) and TaqMan Gene Expres-
sion Master Mix 1�. All samples were analyzed in duplicate using an
Applied Biosystems 7900HT (assay 1) or an Applied Biosystems
Quantstudio 5 (assay 2) real-time PCR instrument. Study samples
(including sentinel controls) were run in 96-well plates in parallel
with the following:

$ a calibration curve containing 8 calibration standards ranging from
100 to 107 copies of a reference analyte containing the amplicon
sequence, prepared in 400 ng of a surrogate DNA matrix (herring
sperm DNA),

$ 2 sets of QCs at the low, mid, and high levels,
$ no DNA controls (ultrapure nuclease-free water), and
$ no template controls (corresponding to PCR reactions without
DNA).

For all samples, Ct (Cycle threshold) values were plotted according to
the base 10 logarithms of the calibration point copy numbers, and the
resulting curve was linear fitted using Microsoft Excel software. Sam-
ple test item DNA copy numbers in QC, study, and control samples
were then interpolated from the standard curve.
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Potential PCR inhibition was monitored in all samples by spiking a
known quantity (2.5� 103 copies) of an exogenous DNA (Drosophila
melanogaster antp gene). The spiked samples were then assayed by
qPCR, using a qPCR assay developed and validated in house. PCR
was considered as inhibited when the recovery percentage of the
measured antp copy number was lower than 50% of the nominal
value. Acceptance criteria were set for all qPCR runs.

Assay 1: Validation of the CMV qPCR method for quantification

of AAV2/2-ND4 vg in NHP samples

The qPCR method was validated for the determination of AAV2/2-
ND4 copies with a dynamic range of 250 to 2.5 � 107 copies/mg of
DNA and a detection limit of 31.25 copies/mg of DNA. The qPCR
detection assay was found to be specific in DNA extracted from pri-
mate tissues, blood, and fluids.

Assay 2: Validation of theND4 qPCRmethod for quantification of

AAV2/2-ND4 vg in NHP samples

The ND4 qPCR method was validated for the determination of
AAV2/2-ND4 copies with a dynamic range of 250 to 2.5 � 107

copies/mg of DNA and a detection limit of 15.625 copies/mg of
DNA. No significant matrix effect was identified in any of the tested
NHP samples. The qPCR detection assay was found to be specific in
genomic DNA extracted from the liver in NHPs.

qRT-PCR analysis

A one-step qRT-PCR strategy was used, combining first-strand
cDNA synthesis (RT) and PCR reaction in the same tube. The
qRT-PCR assay for the determination of ND4 transcript quantities
in total RNA used the same primers and probe as the corresponding
qPCR assay. The following qRT-PCR assay validation parameters
were determined: matrix equivalence between NHP tissue RNA
from all tissues and surrogate matrix (yeast RNA), dynamic range,
quantification limits, detection limit, within-run and between-run
precision and accuracy, dilution integrity, matrix effect, selectivity,
and specificity. The qRT-PCR assay specificity was evaluated by
analyzing RNA samples from all tested tissues extracted from 6
NHP individuals. The RNA extraction recovery yield from NHP tis-
sues after spiking with known amounts of an in vitro-transcribed
ND4 RNA was determined, and the stability of the ND4 transcript
in these samples was evaluated after storage at �80�C.

qRT-PCR analysis of RNA from study samples (100 or 500 ng of total
RNA/qRT-PCR reaction) was done using the QuantiTect Probe RT-
PCR Kit (QIAGEN). The qRT-PCR plates were run using an Applied
Biosystems 7900HT instrument. Samples were run in duplicate in 96-
well plates in parallel with the following:

$ a calibration curve containing 8 calibration standards ranging from
100 to 107 copies of a reference analyte containing the amplicon
sequence, prepared in 100 ng of a surrogate RNA matrix (yeast
RNA),

$ 2 sets of QCs at the low, mid, and high levels,
$ no RNA controls,
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$ no RT controls, and
$ no template controls (corresponding to PCR reactions without
RNA).

For all samples, Ct values were plotted according to the base 10 log-
arithms of the calibration point copy numbers, and the resulting
curve was linear fitted using Microsoft Excel software. ND4 transcript
quantity in QC, study, and control samples was then interpolated
from the standard curve.

Validation of the qRT-PCR method for quantification of pAAV2/

2-ND4 copies in NHP samples

Lenadogene nolparvovec RNA was synthesized by in vitro transcrip-
tion from a PCR product of the pAAV2/2-ND4 using T7 RNA poly-
merase and characterized. The qRT-PCR method was validated for
the quantification of ND4 RNA in NHP tissues and fluids. The
qRT-PCR assay was found to be specific in all primate RNA tissues
and fluids, and no significant matrix effect was identified. The qRT-
PCR assay was linear, with RNA quantities ranging from 29.5 to
60.0 ng for cerebellum or 100 ng for the other tested tissues and fluids.
The dynamic range was from 1.00� 103 to 1.00� 108, and the limit of
detection was 25.0 copies/mg of RNA.

Analyzed tissues and fluids

The following tissues and fluids were analyzed: tears, lacrimal gland,
aqueous humor, vitreous humor, anterior segment, retina, optic
nerve, optic chiasm, optic tract, visual cortex, lateral geniculate nu-
cleus, cerebellum, thalamus, and auricular lymph node.

Tears, lacrimal gland, aqueous humor, vitreous humor, anterior
segment, retina, and optic nerve were analyzed separately for the ipsi-
lateral and contralateral eyes. As RGC axons from both eyes converge
in the optic chiasm and beyond at approximately the same ratio, an-
alyses of tissues posterior to the optic nerve, including the optic
chiasm, optic tract, lateral geniculate nucleus, brain tissues (visual
cortex, cerebellum, thalamus), and auricular lymph node, represent
bilateral contributions.

Regulatory compliance

The in vivo phase plan was reviewed and approved by the Charles
River Laboratories Evreux Ethics Committee. The study plan,
together with available information concerning the test item,
was reviewed and approved by the Citoxlab France Biosafety
Committee. The test item, AAV2/2-ND4, is categorized by na-
tional authorities (Haut Conseil des Biotechnologies) and by the
Citoxlab France Biosafety Committee as follows: class 2, biosafety
level 2 (A2, L2; approval number 153). Appropriate precautions
were followed in the performance of the study. The experimental
work was performed according to the relevant current authority
regulations.
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