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The subretinal injection protocol for the only approved retinal
gene therapy (voretigene neparvovec-rzyl) includes air tampo-
nade at the end of the procedure, but its effects on the subreti-
nal bleb have not been described. In the present study, we eval-
uated the distribution of enhanced green fluorescent protein
(EGFP) after subretinal injection of AAV2 in non-human pri-
mates (NHP) without (group A = 3 eyes) or with (group B = 3
eyes) air tamponade. The retinal expression of EGFP was as-
sessed 1 month after subretinal injection with in vivo fundus
photographs and fundus autofluorescence. In group A
(without air), EGFP expression was limited to the area of the
initial subretinal bleb. In group B (with air), EGFP was ex-
pressed in a much wider area. These data show that the buoyant
force of air on the retina causes a wide subretinal diffusion of
vector, away from the injection site. In the present paper, we
discuss the beneficial and deleterious clinical effects of this
finding. Whereas subretinal injection is likely to become
more common with the coming of new gene therapies, the ef-
fects of air tamponade should be explored further to improve
efficacy, reproducibility, and safety of the protocol.

INTRODUCTION
Subretinal injection is currently the most frequent technique for
retinal gene therapy. It is often preferred to intravitreal injection
because it allows a higher efficacy and a lower systemic exposure.1,2

The main drawback is that the treated retinal surface is limited to
the area of the retinal detachment around the injection subretinal
bleb. Voretigene neparvovec-rzyl (VN) (Luxturna; Sparks therapeu-
tics) is a gene therapy product based on a non-replicating adeno-asso-
ciated virus serotype 2 (AAV2) vector carrying human RPE65 trans-
gene and is approved for the treatment of retinal dystrophies
associated with biallelic pathological mutation of RPE65. As VN is
the first gene therapy approved in ophthalmology, its surgical proto-
col serves as a model for future therapies to be injected in the subre-
tinal space. It is therefore crucial to question this protocol to improve
reproducibility and safety of all gene therapy subretinal injections.
The subretinal injection protocol for VN includes fluid-air exchange
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and air tamponade at the end of the procedure to eliminate any viral
particles that may have refluxed into the vitreous cavity through the
retinotomy and, therefore, decrease the risk of an inflammatory
response.3,4 Nevertheless, the effects of air tamponade on the subreti-
nal bleb have not, to our knowledge, been described.

It is crucial to address this issue because the force applied by air
tamponade on the retina may shift the subretinal bleb. This effect
could be deleterious if the subretinal fluid is moved away from
the retina area to be treated. Furthermore, air tamponade associated
with subretinal fluid can lead to a retinal fold and a profound vision
loss if the fold involves the macula.5,6 In the present paper, we
evaluated the distribution of EGFP after subretinal injection of
AAV2-EGFP in non-human primates (NHP) with or without air
tamponade.
RESULTS
The subretinal injections of AAV2-EGFP were performed in four
NHPs (NHP 1, 2, 3 and 4) without (group A = 3 eyes) or with (group
B = 3 eyes) air tamponade. In each group, one eye received vector 1
(the same AAV2 capsid as VN), and two eyes received vector 2 (an
AAV2 with a chemically modified capsid7) (Table 1). Fundus exam-
ination of each NHP was normal before surgery (Figures S1–S3).

Subretinal injection of vector 1 was performed in each eye of NHP 1.
In the right eye (group A, without air), EGFP expression was limited
to the area of the initial subretinal bleb, along the temporal superior
vascular arcade (Figure 1). In the left eye (group B, with air), EGFP
expression was observed in a much wider area (Figure 1): on fundus
photographs and fundus autofluorescence images, fluorescence
extended to macula, optic nerve, nasal retina, temporal, and temporal
inferior retina. This significant difference in distribution of EGFP
linical Development Vol. 28 March 2023 ª 2023 The Author(s). 387
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Table 1. List of non-human primates (NHPs) and experimental conditions

Surgical technique Eyes injected Vector Volume injected, mL

Group A
Without air tamponade

NHP 1 - right eye Vector 1 160

NHP 2 - right eye Vector 2 150

NHP 2 - left eye Vector 2 50

Group B
With air tamponade

NHP 1 - left eye Vector 1 150

NHP 3 - right eye Vector 2 170

NHP 4 - right eye Vector 2 160
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expression was also observed between eyes injected with vector 2 with
or without air tamponade (Figure 2): EGFP expression was limited to
the area of the initial subretinal bleb, along the temporal superior
vascular arcade in both eyes of NHP2 (group A, without air), while
EGFP expression extended to macula, optic nerve, nasal retina, and
temporal retina in the right eyes of NHPs 3 and 4 (group B, with
air). During the 4-week follow-up after subretinal injection, no sign
of intraocular inflammation was detected in the six study eyes.

The distribution of EGFP in each eye of group B (with air) is shown
in detail in Figures 3, 4, and 5. In all cases, the area of EGFP expres-
Figure 1. EGFP distribution 1 month after vector 1 subretinal injection

EGFP distribution was limited to the area around the injection site without air tamponad

Canon), fundus photographs of EGFP fluorescence (B, E, Canon) and fundus autofluo

without fluid-air exchange in the right eye (A–C), and with fluid-air exchange in the left

surgery.
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sion was much wider than the initial subretinal bleb: compared with
the area of the bleb at surgery, the area of fundus EGFP expression
was multiplied by 5 (NHP1, Figure 3), 4 (NHP3, Figure 4), and 4.5
(NHP4, Figure 5). The edges of these areas were linear and well
limited. The distribution of EGFP expression was not reproducible
between NHPs. Interestingly, in the right eye of NHP4, EGFP was
not expressed in the whole superior quadrant of the retina,
including the initial area of the subretinal bleb (Figure 5): this
area corresponds to the position of the intravitreal air bubble
when the NHP is upright.

On the flat-mounted retina of the LE of NHP1 (with air), the trans-
duced area was approximately 60% of the total surface (data shown
elsewhere8). The cellular tropism of the vector was the same across
the areas of retina transduced by the original bleb and its extension.
The transduced cells included retinal ganglion cells, the outer plexi-
form layer, the outer nuclear layer, and photoreceptor inner seg-
ments. Very few transduced cells in the inner nuclear layer and photo-
receptor outer segments were observed. On RT-qPCR analysis of
retinas injected with a similar dose of vector 2, the relative quantifica-
tion of GFP mRNA levels, normalized to HPRT mRNA levels, was
higher in retinas with air tamponade (NHP 3 RE = 51, NHP 4
RE = 20) than without (NHP 2 LE = 4).
e (A–C) and was wider with air tamponade (D–F). Color fundus photographs (A, D,

rescence (C, F, Heidelberg) 1 month after subretinal injection of vector 1 in NHP 1

eye (D–F). The red circle shows the position of the subretinal bleb at the end of the
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Figure 2. EGFP distribution 1 month after vector 2 subretinal injection

EGFP distribution was limited to the area around the injection site without air tamponade (A–F) and waswider with air tamponade (G–L). Color fundus photographs (A, D, G, J,

Canon), fundus photographs of EGFP fluorescence (B, E, H, K, Canon) and fundus autofluorescence (C, F, I, L, Heidelberg) 1 month after subretinal injection of vector 2

without fluid-air exchange in the right eye (A–C) and left eye (D–F) of NHP 2; and with fluid-air exchange in the right eye of NHP 3 (G–I) and in the right eye of the NHP 4 (J–L).

The red circle shows the position of the subretinal bleb at the end of the surgery.

www.moleculartherapy.org
DISCUSSION
At the end of the procedure of subretinal injection of VN, intravitreal
fluid-air exchange and air tamponade are recommended to eliminate
Molecular
viral particles that potentially refluxed into the vitreous cavity
through the retinotomy and could cause an inflammatory reaction.3,4

However, the present study shows that air tamponade drastically
Therapy: Methods & Clinical Development Vol. 28 March 2023 389

http://www.moleculartherapy.org


Figure 3. EGFP distribution 1 month after vector 1 subretinal injection with air exchange in the left eye of NHP 1

Fundus photographs of EGFP fluorescence (A, C, E, G, Canon), fundus autofluorescence (B, D, F, H, Heidelberg), and a merged image of fundus photographs of EGFP

fluorescence (I). The red circle shows the position of the subretinal bleb at the end of the surgery. The ratio between the area of fundus EGFP expression and the area of the

bleb at the end of the surgery was measured with Fiji.
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modifies AAV2 distribution in the subretinal space. Clinicians and
scientists should be aware of this and of its associated clinical impact.

The combination of two forces (the surface tension and buoyant force)
is at the origin of this effect. First, the surface tension is generated by an
air bubble to maintain the bubble as a single entity; the surface tension
is exerted uniformly in all directions. Second, buoyancy is the force ex-
erted by a fluid that supports the weight of an object; the buoyant force
provided by an air bubble is maximal at its apex.9,10 Therefore, intra-
vitreal air tamponade exerts a force on the retina in all directions, due
to the surface tension, and this force is exerted mostly upward, due the
buoyant force. It means that the area of the retina where this force is
maximal depends on the position of the head. This fact is well known
and used in daily practice by vitreoretinal surgeons to treat rhegmatog-
enous retinal detachment.11 After subretinal injection, the retina is
detached and stretched around the injection site. Resorption of the
subretinal bleb and reattachment of the retina takes several hours,
while resorption of intravitreal air takes several days. So, during the
first hours after subretinal injection, the buoyant force of air applied
to the retina can affect the position of the subretinal bleb.

The present data show that the buoyant force of air applied to the
retina modifies retinal EGFP distribution considerably, leading to a
wider subretinal distribution of the vector: EGFP expression was de-
tected way beyond the initial subretinal bleb with air tamponade
390 Molecular Therapy: Methods & Clinical Development Vol. 28 March
(group B) whereas EGFP expression was limited to the area of the
initial subretinal bleb without air tamponade (group A). This result
was similar with vector 1 (the same AAV2 capsid as VN) and with
vector 2 (an AAV2 with a chemically modified capsid). The distribu-
tion of EGFP in the right eye of NHP4 is particularly informative
because it matches perfectly with the hypothesis that intravitreal air
tamponade can shift the subretinal bleb downward, rightward, and
leftward (Figure 5) in an upright individual. The superior quadrant,
where the buoyant force of air is maximal in an upright individual,
can be flattened, with very few viral vectors transfected in this area.
The distribution of EGFP expression was not reproducible among
the three NHPs of group B (with air), most likely because their
head position after surgery was not controlled.

From one perspective, the capacity of intravitreal air to shift the con-
tent of a subretinal bleb could be beneficial because it would allow
treatment of a wider area of retina. With one subretinal injection of
300 mL of viral vectors (as recommended for VN3,4), only a relatively
small area of the retina is treated. This disadvantage of the subretinal
injection may be corrected by post-operative air tamponade, as in the
three NHPs used in this study.

From another standpoint, the capacity of post-operative air tampo-
nade to displace the subretinal bleb could be harmful. As for the right
eye of NHP4 (Figure 2), post-operative air tamponade can shift the
2023



Figure 4. EGFP distribution 1 month after vector 2 subretinal injection with air exchange in the right eye of NHP 3

Fundus photographs of EGFP fluorescence (A, C, E, G, Canon), fundus autofluorescence (B, D, F, H, Heidelberg), and a merged image of fundus photographs of EGFP

fluorescence (I). The red circle shows the position of the subretinal bleb at the end of the surgery. The ratio between the area of fundus EGFP expression and the area of the

bleb at the end of the surgery was measured with Fiji.
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viral vectors away from the area of interest, which originally justified
the choice of the site of injection. Entirely missing the treatment target
area in an atrophic peripheral retina without viable retinal cells (as in
advanced retinal dystrophies) or in a macular pathology would be
useless. Furthermore, air tamponade could even be harmful on a de-
tached retina where it would expose the risk of a retinal fold. The risk
factors of macular fold after rhegmatogenous retinal detachment sur-
gery are well known: residual subretinal fluid at the end of surgery,
large volume of gas tamponade, and a post-operative head position
that results in gas tamponade compression of the detached retina
and subsequent displacement of residual subretinal fluid toward
attached retina.12 Therefore, in the case of a superior subretinal
bleb with air tamponade, the risk of macular fold is maximal if the pa-
tient is upright during the first post-operative hours. What is more,
macular fold after subretinal injection of VN has already been
described in practice.5

The effect of post-operative air tamponade depends on the post-oper-
ative head position. Indeed, a supine position for 24 h is recommen-
ded after subretinal injection of VN.4 The supine position seems to be
the most appropriate position because the buoyant force applied by
air tamponade on the subretinal bleb, if posterior, is minimal and
Molecular
may favor the diffusion of the subretinal fluid in the whole posterior
pole of the eye. Furthermore, if the position is not respected (specif-
ically in young children), risks of unwanted distribution of viral vector
and macular folds are high. In this case, per-operative fluid-air ex-
change is still indicated to eliminate viral particles in the vitreous cav-
ity, but it may be preferable to avoid post-operative air tamponade by
an air-fluid exchange.

We present here the effect of air tamponade on subretinal viral vector
distribution, but this study has some limits. First, the number of sub-
jects is relatively small. Even if the difference of EGFP distribution be-
tween the two groups is substantial and highly instructive, repeating
the experiment on several other animals may be necessary to confirm
these results. Second, head position was not controlled at all: within
the first hour after subretinal injection, NHPs were totally awake
and free to position themselves. This is a notable limitation because
even if this study showed that air tamponade associated with a free
positioning can cause unwanted distribution of viral vectors, we
cannot confirm that the recommended position (supine position for
24 h) prevents it. Interestingly, images of group A showed that subre-
tinal bleb position was not altered by a free head positioning after sur-
gery if there was no air tamponade.
Therapy: Methods & Clinical Development Vol. 28 March 2023 391
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Figure 5. EGFP distribution 1 month after vector 2 subretinal injection with air exchange in the right eye of NHP 4

Fundus photographs of EGFP fluorescence (A, C, E, G, Canon), fundus autofluorescence (B, D, F, H, Heidelberg), and a merged image of fundus photographs of EGFP

fluorescence (I). The red circle shows the position of the subretinal bleb at the end of the surgery. The ratio between the area of fundus EGFP expression and the area of the

bleb at the end of the surgery was measured with Fiji.
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In summary, intravitreal fluid-air exchange and air tamponade
after AAV2 subretinal injection are recommended to eliminate
viral particles in the vitreous cavity and inflammatory reaction;
however, as this exerts a buoyant force on the subretinal bleb, it
can alter viral vector distribution in the subretinal space. To
reduce the risks of unwanted distribution of viral vector and
macular folds, it is recommended to maintain the supine
position for 24 h post-injection. If the position is not respected
(specifically in young children), per-operative fluid-air exchange
is still indicated but it is rational to avoid post-operative air tam-
ponade by an air-fluid exchange at the end of the procedure.
Whereas subretinal injection is a new procedure likely to become
more common with the coming of new gene therapies, the effects
of per-operative fluid-air exchange and post-operative air tampo-
nade should be explored further to improve efficacy and safety
of the protocol.

METHODS
This study was done with NHPs that were primarily used to demon-
strate the efficacy of a chemically modified AAV2-mannose (vector 2)
compared with an unmodified AAV2 (vector 1). This modified
AAV2-mannose is presented in detail in another article.8 All experi-
ments were performed under the control of our quality management
system, which has been approved by Lloyd’s Register Quality
Assurance to meet the requirements of the international management
392 Molecular Therapy: Methods & Clinical Development Vol. 28 March
system standard ISO 9001:2015. This covers a range of laboratory ac-
tivities, including research experiments and the production of
research-grade viral vectors.

Animal care and welfare

Experiments were performed on four male Cynomolgus monkeys
(Macaca fascicularis) provided by BioPrim (Baziege, France).
Research was conducted at the Boisbonne Center (ONIRIS, Nantes-
Atlantic College of VeterinaryMedicine, Nantes) under authorization
#H44273 delivered by the Departmental Direction of Veterinary
Services (Loire-Atlantique, France). All animals were handled in
accordance with the Guide for the Care and Use of Laboratory
Animals. The experiments involving animals were conducted in
accordance with agreement delivered by the Animal Experimentation
Ethics Committee of Pays de Loire (France) and the Ministry of
Higher Education and Research.

Vector

All AAV2-CAG-GFP vectors were produced by the vector core facil-
ity in Nantes (http://umr1089.univ-nantes.fr/) and the chemically
modified AAV2-CAG-GFP vector was obtained as described previ-
ously.7 The viral recombinant vectors used in the NHP study were
approved by the Scientific Committee of the “Haut Conseil des
Biotechnologies” of the French Ministry of Research. The concentra-
tion of the vectors was 4.1011 vg/mL.
2023
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Surgery

Pupils were dilated with atropine 0.3%, tropicamide 0.5%, and neosy-
nephrine 10% eye drops. General anesthesia was induced and main-
tained with isoflurane. Local anesthesia was associated with oxybu-
procaïne 0.4% eye drops. Ocular surface was disinfected by vetedine
5% and rinsed three times with ocryl. After lateral canthotomy, a
25-gauge three-port vitrectomy was performed with posterior vitre-
ous detachment. Bleb retinal detachment was performed by subreti-
nal injection of viral vector along the temporal superior vascular
arcade with a 41-gauge subretinal injection cannula. At the end of
the procedure, fluid-air exchange of the vitreous cavity was performed
only in NHP of the group B “air tamponade.” and lateral canthotomy
were sutured with vicryl 7/0 (adsorbable). Subconjunctival injection
of 0.5 mL of methylprednisolone (40 mg/mL) was performed.

Examinations

In vivo analyses were performed under general anesthesia 1 week
before surgery and every week after surgery during 1 month. Color
fundus photographs were taken with a Canon CF-60UVi retinal cam-
era. Fundus photographs of EGFP fluorescence were taken with the
same device. Fundus Autofluorescence (FAF) was evaluated with
the Spectralis Heidelberg Retinal Angiograph.
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