
Original Article
Subretinal AAV delivery of RNAi-therapeutics
targeting VEGFA reduces choroidal
neovascularization in a large animal model
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Neovascular age-related macular degeneration (nAMD) is a
frequent cause of vision loss among the elderly in the West-
ern world. Current disease management with repeated injec-
tions of anti-VEGF agents accumulates the risk for adverse
events and constitutes a burden for society and the individ-
ual patient. Sustained suppression of VEGF using gene ther-
apy is an attractive alternative, which we explored using ad-
eno-associated virus (AAV)-based delivery of novel RNA
interference (RNAi) effectors in a porcine model of choroidal
neovascularization (CNV). The potency of VEGFA-targeting,
Ago2-dependent short hairpin RNAs placed in pri-micro-
RNA scaffolds (miR-agshRNA) was established in vitro and
in vivo in mice. Subsequently, AAV serotype 8 (AAV2.8)
vectors encoding VEGFA-targeting or irrelevant miR-agshR-
NAs under the control of a tissue-specific promotor were
delivered to the porcine retina via subretinal injection
before CNV induction by laser. Notably, VEGFA-targeting
miR-agshRNAs resulted in a significant and sizable reduc-
tion of CNV compared with the non-targeting control. We
also demonstrated that single-stranded and self-complemen-
tary AAV2.8 vectors efficiently transduce porcine retinal
pigment epithelium cells but differ in their transduction
characteristics and retinal safety. Collectively, our data
demonstrated a robust anti-angiogenic effect of VEGFA-tar-
geting miR-aghsRNAs in a large translational animal model,
thereby suggesting AAV-based delivery of anti-VEGFA RNAi
therapeutics as a valuable tool for the management of
nAMD.
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INTRODUCTION
Age-related macular degeneration (AMD) is a frequent cause of
vision loss among elderly people in the Western world.1,2 In the
USA and Europe, approximately 20 million and 65 million individ-
uals are currently affected by AMD, respectively, and of these
about 1.5 million and 10 million suffer from late-stage disease.3,4

These numbers will increase with the aging of the populations.3

In the neovascular form of the disease, new blood vessels of
choroidal origin penetrate Bruch’s membrane and form neovascu-
Molecular Therapy: Methods
This is an open access article under the CC BY-N
lar membranes in the subretinal pigment epithelium (RPE) or sub-
retinal space. These choroidal neovascularizations (CNVs) cause
structural retinal damage ultimately leading to irreversible vision
loss.5 Vascular endothelial growth factor (VEGF) is a key factor
in disease pathogenesis and current treatment with intravitreal
administration of anti-VEGF agents has dramatically improved
the prognosis.6–8 However, the requirement of frequent injections
accumulates accompanying risks and provides a significant burden
for both society and the individual patient. Hence, novel durable
treatment strategies are desirable. A promising strategy for perma-
nent VEGF suppression is gene therapy. Indeed, this strategy is
currently being investigated in several clinical trials. In the major-
ity of these, subretinal or intravitreal delivery of adeno-associated
virus (AAV) vectors encoding anti-VEGF agents are pursued. Ex-
amples include delivery of the VEGF neutralizing soluble FLT-1 re-
ceptor,9,10 aflibercept,11 or a monoclonal antibody fragment similar
to ranibizumab.12,13

Another strategy to achieve sustained VEGF suppression is RNA
interference (RNAi) technology. RNAi is a mechanism of posttran-
scriptional gene regulation, mediated by small double-stranded
RNA effector molecules interacting with specific mRNA transcripts
through complementary base pairing.14,15 For therapeutic pur-
poses, promotor-driven short hairpin RNAs (shRNAs) enable sta-
ble expression of RNAi therapeutics in mammalian cells. This al-
lows them to be harnessed for specific and sustained gene
suppression.16–18 Unfortunately, this strategy suffers from the
risk of off-target effects, in which unintended sequence comple-
mentarity of the guide strand and/or the co-delivered passenger
strand to non-targeted genes may lead to unintentional gene
silencing.19 Furthermore, oversaturation of the endogenous micro-
RNA (miRNA) pathway by competing shRNAs may lead to
& Clinical Development Vol. 32 June 2024 ª 2024 The Author(s). 1
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Figure 1. Design and knockdown efficacy of Vegfa targeting miR-agshRNA constructs

(A) Schematic diagram of the miR-agshRNA units tested with or without intron embedment in pcDNA3.1-based plasmids. (B) Bar plot (mean ± SD) showing Vegfa

knockdown activity of the differentmiR-agshRNA combinations with or without intron embedment using co-transfection of a dual-luciferase reporter plasmid in HEK293 cells.

Renilla luciferase (Rluc) fused to the Vegfa sequence is related to a firefly luciferase (Fluc) serving as internal control. All miR-agshRNA constructs were tested against a

previously published triple-targeting miRNA-based cluster, miR(5,B,7). Rluc/Fluc ratio is the mean of triplicates normalized to the pcDNA3.1-CMV-intron control. Statistical

comparisons were performed using one-way ANOVA followed by Tukey’s post hoc test. CMV, cytomegalovirus promoter; poly(A), polyadenylation signal.
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cellular toxicity.20 However, these challenges may be circumvented
by developments in RNAi technology. Notably, Ago2-dependent
shRNAs (agshRNAs) mimicking miR451 biogenesis reduce the
risk of off-target effects due to a lacking passenger strand,21,22

and their independence from the dicer processing step and prefer-
ence for Ago2-loading decrease the risk for oversaturation of the
endogenous miRNA pathway.23,24 To further increase therapeutic
specificity agshRNA can be incorporated into a primary miRNA
scaffold. This enables controlled and tissue-specific expression by
using an RNA polymerase II (Pol II) promotor.25 We have recently
investigated the therapeutic potential of VEGFA-targeting micro-
RNA-embedded agshRNAs (miR-agshRNAs). Retained VEGFA
suppression as well as increased specificity compared with their ca-
nonical shRNA counterparts were demonstrated. In addition, a
favorable safety profile including reduced endogenous miRNA
pathway competition and increased cell viability was observed.25–27

Furthermore, we have shown RPE-specific delivery and robust
Vegfa suppression in the mouse eye after subretinal injection of
a lentiviral (LV) vector encoding an expression cassette containing
Vegfa-targeting miR-agshRNA driven by the RPE-specific VMD2
promotor.26

While these studies suggest the use of VEGFA-targeting miR-
agshRNA as a viable strategy for anti-angiogenic gene therapy, the
translational potential is optimally evaluated in an animal with ocular
features more comparable with the human eye. A prominent example
is the porcine eye, which has similar size and dimensions as well as
important similarities in retinal anatomy. Indeed, CNV formation
has been successfully modeled by laser induction in the porcine eye,
suggesting it as a translational relevant model for ocular anti-angio-
genic therapy.28
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In this report, we thus explored the translational potential of dual
VEGFA-targeting miR-agshRNAs in a porcine experimental CNV
model.28 Furthermore, we tested the transduction characteristics
and retinal safety profile of single-stranded (ss) and self-complemen-
tary (sc) AAV2.8 encoding enhanced green fluorescent protein (GFP)
in the porcine retina.

RESULTS
Potent Vegfa knockdown is obtained by combination and intron

embedment of miR-agshRNAs

We designed pcDNA3.1-based expression vectors encoding our
novel Vegfa-targeting miR-agshRNAs, targeting murine Vegfa,
porcine VEGFA, and human VEGFA. Their ability to suppress
Vegfa was initially established by comparing in vitro knockdown
efficacy of various miR-agshRNA constructs. This was performed
in dual luciferase co-transfection assays in HEK293 cells using a
psiCHECK2-mVEGF reporter25 with benchmarking to a miR-
shRNA system, miR(5,B,7), previously validated in vivo.29

miR(5,B,7) is based on the polycistronic miR106b cluster and
modified to deliver three Vegfa-targeting shRNAs as part of an
intron.30 A series of cytomegalovirus (CMV)-driven miR-agshRNA
constructs based on pcDNA3.1 were screened (Figure 1A). The
previously published miR451-embedded agsh12 (miR451-12) and
miR324-embedded agsh12 (miR324-12) constructs targeting Vegfa
“target 12” were included.25,26 In addition, two miR-agshRNA con-
structs (miR451-13 and miR324-13) targeting another previously
identified potent Vegfa target site (designated “target 13”) were
included.25

All four constructs were tested using the target 12- and 13-sensitive
psiCHECK2-mVEGF reporter25 and compared with miR(5,B,7)
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Figure 2. Design, in vitro, and in vivo Vegfa knockdown efficacy of VMD2-

driven miR-agshRNA constructs

(A) Schematic presentation of the AAV2-based vector (pAAV) intron-miR324-13-

miR451-12-PES, which expresses two miR-agshRNA units from the VMD2 pro-

motor and GFP from a back-to-back PGK promoter. (B) Bar plot (mean ± SD)

showing Vegfa knockdown efficacy of the pAAV-VMD2-intron-324-13-451-12-PES

tested against a corresponding construct without intron embedment, two controls

with irrelevant miR-agshRNAs and a pAAV with a previously published triple-tar-

geting miRNA-based cluster (VMD2-miR(5,B,7)) estimated by dual luciferase co-

transfection assay in human melanoma cells. Rluc/Fluc ratio is the mean of tripli-

cates normalized to the pAAV-VMD2-intron-324-S1-451-S2 control. Statistical

comparisons were performed using one-way ANOVA followed by Tukey’s post hoc

test. (C) Eight mice were injected in each group with 1� 108 vg/eye of ssAAV2.8/13-

12 or ssAAV2.8/S1-S2. From these eyes, three pools of GFP-positive cells were

collected for RNA purification per group. RNA was purified from the GFP-positive

pools, and Vegfa mRNA was quantified using RT-qPCR. Bar plot (mean ± SD)

showing Vegfa mRNA expression relative to Actb and normalized to the ssAAV2.8/

S1-S2-treated group. Each data point represents a pool of FACS-sorted GFP-

positive murine RPE cells. Statistical comparison was performed using the Stu-

dent’s t test. eGFP, enhanced green fluorescent protein; ITR, inverted terminal

repeat; PES, PGK-eGFP-Syn-pA.; PGK, phosphoglycerate kinase 1 promotor;

poly(A), polyadenylation signal; Syn-pA, synthetic polyadenylation signal; VMD2,

vitelliform macular dystrophy 2 promoter.
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and an “empty” control. Vegfa knockdown was reported as reduced
Renilla luciferase/Firefly luciferase ratios. miR451-12, miR451-13,
miR324-12, and miR324-13 had knockdown efficacies of approxi-
mately 63%, 33%, 66%, and 47%, respectively (Figure 1B). However,
none of the constructs could compete with the �85% knockdown
achieved by miR(5,B,7) (Figure 1B).
Molec
Since miR(5,B,7) is based on a polycistronic miRNA cluster and tar-
gets the Vegfa transcript at three different sites,29 we decided to
explore the possibility of combining two miR-agshRNA units to
achieve additive knockdown. These “double” miR-agshRNAs desig-
nated miR451-13-miR324-12 and miR324-13-miR451-12 differed
only in the order of the miR scaffolds (Figure 1A). The double
miR-agshRNAs provided a clear additive effect improving knock-
down to 80% and 76% for miR451-13-miR324-12 and miR324-13-
miR451-12, respectively (Figure 1B).

We have previously obtained enhanced miRNA expression from
the miR106b cluster by placing it inside an intron.31 Thus, we sub-
sequently investigated whether intron embedment could improve
Vegfa silencing. All single and double miR-agshRNA constructs
were cloned into a pcDNA3.1-based plasmid equipped with a
short b-globin exon-intron-exon fragment (for details see mate-
rials and methods). The dual luciferase assay revealed a
tendency toward increased efficacy by intron embedding of
these “spliceable” miR-agshRNAs (Figure 1B). The intron-
miR324-13-miR451-12 produced a Vegfa knockdown of �87%
resembling the knockdown achieved with miR(5,B,7).29 Hence,
the intron-miR324-13-miR451-12 construct was the most potent
with significantly superior Vegfa knockdown compared with
the best single miR-agshRNA construct (intron-miR451-12)
(p < 0.0001).

VMD2-driven miR-agshRNAs induce robust Vegfa knockdown

The double miR-agshRNA system was then moved into an AAV2
transfer vector (pAAV2) modified from a vector previously used
to induce robust silencing of Vegfa in a murine laser-induced
CNV model.29 This dual promoter AAV2 vector harbors a PGK-
driven GFP reporter back-to-back with a VMD2-driven
miR(5,B,7) and downstream AsRed reporter expression cassette.32

The VMD2 promotor provides RPE-specific expression of
miR(5,B,7) and AsRed. One of the two BGH polyadenylation signals
was replaced with a shorter synthetic version (for details see mate-
rials and methods) and the miR(5,B,7)-AsRed unit was substituted
with either miR324-13-miR451-12 or the corresponding intron-
embedded version (Figure 2A). As non-targeting controls the
Vegfa-targeting agshRNAs was substituted with hairpins designed
to target HIV-1.26 GFP reporter activity and intron-dependent
enhancement of RNAi from the VMD2 promoter was evaluated
in human-derived melanoma cells as the VMD2 promotor is active
in these cells.33 Highly significant reporter knockdown was observed
for the VMD2-intron-miR324-13-miR451-12 construct (knock-
down efficacy of �55%) compared with the corresponding HIV-tar-
geting irrelevant control (S1/S2) (p < 0.01) (Figure 2B). No
statistically significant difference was found between VMD2-
intron-miR324-13-miR451-12 and the VMD2-driven miR(5,B,7)
cluster (Figure 2B).

Finally, to assess expression and in vivo Vegfa knockdown
of our VMD2-driven intron-miR324-13-miR451-12 construct,
subretinal injections with 1 � 108 vg of ssAAV2.8/13-12 or
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 3
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Figure 3. Transduction characteristics of ssAAV2.8/

GFP and scAAV2.8/GFP in the porcine retina

(A) Schematic overview of ssAAV2.8 and scAAV2.8

encoding GFP driven by a CMV promotor. (B) Timeline

of the delivery study showing the number (n) of animals

injected with ssAAV2.8/GFP in one eye and scAAV2.8/

GFP in the contralateral eye on D0 and at follow-ups on

D14–D42. Black asterisks indicate clinical evaluation of

ocular inflammation with slit lamp and fundus imaging.

Circles indicate evaluation of GFP expression and

retinal integrity using FI, FFI, and OCT in vivo and on

RPE/choroidal flatmounts and retinal cross-sections.

(C) Left and middle column: representative examples of

RPE/choroidal flatmounts collected on D14 (left col-

umn) and D42 (middle column) after subretinal injection

of ssAAV2.8/GFP (upper row) or scAAV2.8/GFP (lower

row). GFP signal is presented in green. Scale bars,

50 mm. Right column: representative examples of

retinal cross-sections from the injected area, obtained

on D42 (right column) from eyes injected with

ssAAV2.8/GFP (upper row) or scAAV2.8/GFP (lower

row). DAPI staining (blue) and anti-GFP staining (green).

White arrows point toward GFP expression. Scale bars,

100 mm. (D) Quantification of GFP expression on RPE/

choroidal flatmounts obtained on D14, D28, and D42.

Each dot represents one eye, n = 1–2. Data are plotted

as mean ± SD. In two cases, only one eye was available

for data analysis (scAAV2.8/GFP: D14; ssAVV2.8/GFP:

D28). (E and F) Quantification of GFP signal by FFI on

D14, D28, and D42. Each dot represents one eye, n =

3–7. Data are plotted as mean ± SD. In total, eight

animals (P1–P8) were used in the delivery study. One

eye (P3) was excluded. FFI settings: scAAV2.8/GFP

(gain = 24 dB; flash level, 32 Ws), ssAAV2.8/GFP

(gain = 24 dB; flash-level, 63 Ws). AAV, adeno-asso-

ciated virus; AU, arbitrary units; BL, baseline; CMV,

cytomegalovirus promoter; D0–D42, days 0–42; FI,

fundus imaging; FFI, fundus fluorescence imaging;

GFP, green fluorescent protein; INL, inner nuclear layer;

IPL, inner plexiform layer; n, number of animals; OCT,

optical coherence tomography; ONL, outer nuclear

layer; PI, post-injection; PR, photoreceptor; RPE, retinal

pigment epithelium; sc, self-complementary; ss, single-

stranded.
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ssAAV2.8/S1-S2 were performed in mice. The recombinant AAV
vectors were based on AAV2 inverted terminal repeats (ITRs)
and cross-packaged with the serotype 8 capsid. Seven weeks after
subretinal injections with ssAAV2.8/13-12 or ssAAV2.8/S1-S2,
we isolated transduced GFP-positive RPE cells using fluores-
cence-activated cell sorting (FACS). This enables the detection of
changes in Vegfa mRNA levels specifically in transduced RPE cells
(Figure 2C).26,34 Vegfa mRNA levels were reduced by approxi-
mately 88% in GFP-positive RPE cells from mice injected with
ssAAV2.8/13-12 compared with GFP-positive RPE cells from
mice injected with ssAAV2.8/S1-S2 (p = 0.002) (Figure 2C). Repre-
4 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
sentative examples of fundus imaging (FI) and fundus fluorescence
imaging (FFI) from injected eyes and gating strategy for FACS are
shown in Figure S1.

Subretinal delivery of ssAAV2.8/GFP and scAAV2.8/GFP results

in efficient transduction of porcine RPE cells

In contrast to ssAAVs, scAAVs are packaged with a double-stranded
vector genome. This provides higher genomic stability leading to
increased levels of transgene expression35 without the requirement
for second-strand synthesis. Thus, scAAVs facilitate higher transduc-
tion efficiency and earlier onset of transgene expression.36,37
4



Table 1. Onset and duration of GFP expression after subretinal delivery of ssAAV2.8/GFP and scAAV2.8/GFP

Animal Eye Treatment

GFP in vivo GFP flatmounts

D14 D28 D42 Time point GFP signal

P1 OD ssAAV2.8/GFP yes – – D14 yes

OS scAAV2.8/GFP yes – – – –

P2 OD scAAV2.8/GFP yes – – D14 yes

OS ssAAV2.8/GFP no – – D14 yes

P3 OD scAAV2.8/GFP yes yes – D28 yes

OS excluded – – – – –

P4 OD ssAAV2.8/GFP no no – D28 yes

OS scAAV2.8/GFP yes yes – D28 yes

P5 OD saline no no no – –

OS saline no no no – –

P6 OD ssAAV2.8/GFP yes yes yes D42 yes

OS scAAV2.8/GFP yes yes yes D42 yes

P7 OD scAAV2.8/GFP yes yes yes – –

OS ssAAV2.8/GFP yes yes yes – –

P8 OD ssAAV2.8/GFP no yes yes D42 yes

OS scAAV2.8/GFP yes yes yes D42 Yes

(�) indicates eyes and time points where data are not available due to sacrifice of the experimental animal; AAV, adeno-associated virus; D14–42, days 14–42; GFP, green fluorescent
protein; OD, oculus dexter; OS, oculus sinister; P1–P8, pigs 1–8; sc, self-complementary; ss, single-stranded.
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However, ssAAV and scAAV vectors have not been compared in the
porcine eye. We thus compared their transduction characteristics in a
delivery study and assessed potential vector-related ocular inflamma-
tion and retinal toxicity. ssAAV and scAAV encoding GFP driven by
a CMV promotor (Figure 3A) were used. Recombinant AAV vectors
based on AAV2 ITR and cross-packaged with the serotype 8 capsid
(ssAAV2.8/GFP and scAAV2.8/GFP) were used to efficiently trans-
duce the RPE.38

At initiation of the experiment (day 0 [D0]), seven animals received a
subretinal injection of ssAAV2.8/GFP in one eye and scAAV2.8/GFP
in the other eye (Figure 3B). In accordance with previous studies an
initial dose of 1 � 1010 vg/eye was chosen.38,39 One animal was in-
jected with saline in both eyes and used as a negative control. The sub-
retinal injection was successful in 15/16 eyes. In one case an RPE tear
was induced by the injection (Figure S2). Successful retinal transduc-
tion evaluated in vivo by FFI was observed in 10/14 vector-injected
eyes corresponding to 7/7, 5/5, and 3/3 of the scAAV2.8/GFP-injected
eyes on D14, D28, and D42, respectively (Table 1). In the ssAAV2.8/
GFP-injected eyes the corresponding numbers were 3/6, 2/4, and 3/3
(Table 1), even though the flash level was increased to the maximum.

GFP expression on RPE/choroidal flatmounts was detectable in all
eyes and at all time points evaluated (Table 1) and effective transduc-
tion of RPE cells was observed for ssAAV2.8/GFP and scAAV2.8/
GFP (Figure 3C). Histological analysis of retinal cross-sections
from the bleb area obtained on D42 showed successful transduction
of RPE cells in eyes injected with ssAAV2.8/GFP and scAAV2.8/
Molec
GFP (Figure 3C). Notably, GFP expression in photoreceptor (PR)
cells was observed in the ssAAV2.8/GFP-injected eye, while it was ab-
sent in the eye injected with scAAV2.8/GFP.

Subretinal delivery of ssAAV2.8/GFP and scAAV2.8/GFP results

in different expression profiles regarding time of on-set,

expression level, and duration in porcine eyes

In all eyes, the GFP-positive area correlated to the subretinal bleb
from D0 (5/10 eyes) or was slightly extended (5/10 eyes) (Figure S3).
In some eyes, a distinctive GFP signal was bordering an area with
lower GFP expression. There was no difference between vector type
or right and left eye regarding the location and size of the GFP-pos-
itive area (Figure S3).

Transduction profile evaluation on RPE/choroidal flatmounts re-
vealed a faster onset of GFP expression that led to approximately
five times higher intensities on D14 in eyes injected with
scAAV2.8/GFP compared with eyes injected with ssAAV2.8/GFP
(Figures 3C, 3D, and S4). The highest GFP expression level was
observed on D14 in the scAAV2.8/GFP-injected eyes, after which it
slowly decreased (Figures 3C, 3D, and S4). In contrast, the highest
level of GFP expression was observed on D42 in ssAAV2.8/GFP-in-
jected eyes (Figures 3C, 3D, and S4). Furthermore, in the eyes injected
with scAAV2.8/GFP, a tendency of reduced or lacking GFP expres-
sion in parts of the transduced area was observed on D28 and D42
compared with D14 (Figures 3C and S4). As observed on RPE/
choroidal flatmounts, the highest level of GFP expression was
observed on D42 by FFI in the ssAAV2.8/GFP-injected eyes
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 5
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Figure 4. In vivo examination of the porcine retina post-injection of

ssAAV2.8/GFP and scAAV2.8/GFP

Representative images of the porcine retina obtained with indicated imaging

techniques on D0, D14, D28, and D42 after subretinal injection with ssAAV2.8/GFP

(A) or scAAV2.8/GFP (B). FI (upper row) with black arrows indicating the border of

the subretinal bleb on D0 and yellow arrows indicating the retinotomy and resulting

scar tissue. Corresponding images obtained by FFI (middle row) showing GFP

expression (white). Cross-sectional OCT scans (lower row) corresponding to the

dashed line on FI. Light-blue arrowheads on OCT scans indicate hyperreflective

irregularities adjacent to the RPE. FFI settings: scAAV2.8/GFP (gain = 24 dB; flash

level = 32 Ws), ssAAV2.8/GFP (gain = 24 dB; flash level = 63 Ws). FI, fundus im-

aging; FFI, fundus fluorescence imaging; GFP, green fluorescent protein; OCT,

optical coherence tomography; PI, post-injection.
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(Figure 3E). However, the highest level of GFP expression was
observed on D28 rather than on D14 in scAAV2.8/GFP-injected
eyes (Figure 3F). Parallel to the observations on RPE/choroidal flat-
mounts, regions with reduced or lacking GFP expression on D28
and D42 compared with D14 were observed in eyes injected with
scAAV2.8/GFP. These areas seem to correlate with areas showing
6 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
high GFP expression on D14 (Figure S3). A similar pattern was
observed in a single eye injected with ssAAV2.8/GFP, in which the
area of high GFP expression on D14 was diminished on D42
(P6,OD) (Figure S3).

Self-complementary AAV2.8/GFP causes structural retinal

changes in porcine eyes at the applied dose

The potential immune response to AAV vector particles is dose
dependent and may be induced by the capsid, the vector DNA, or
the transgene resulting in irreversible damage to the retinal tissue
and/or a decrease of therapeutic efficacy due to neutralization of cells
expressing the transgene.38 Ocular inflammation following gene ther-
apy, i.e., gene therapy-associated uveitis, can manifest as anterior
chamber inflammation, vitritis, or retinitis.38 Such inflammatory
changes were evaluated using slit lamp examination and fundoscopy
and graded according to the standardization of uveitis nomenclature
at baseline, D14, D28, and D42 (Figure 3B). Assessment of RPE and
retinal integrity was conducted with FI and cross-sectional optical
coherence tomography (OCT) scans at the same time points (Figure
4). Encouragingly, we did not see clinical signs of intra-ocular inflam-
mation in any of the eyes during the study. FI and OCT images at
baseline revealed normal retinas for all animals with discrete varia-
tions of retinal pigmentation observed among the experimental ani-
mals similar to our previous study.40 However, from D14 and on-
wards most eyes injected with scAAV2.8/GFP displayed pigmentary
changes on FI (D14 = 43%; D28 = 80%; D42 = 100% of the eyes)
(Figures 5A and 5B). Additional observations on OCT scans included
the loss of distinct layering of the RPE/PR complex (D14 = 29%;
D28 = 100%; D42 = 100% of the eyes), hyperreflective irregularities
adjacent to the RPE (D28 = 80%; D42 = 100% of the eyes), and a single
case (P1, OS, D14) of sparse cells in the vitreous body (Figures 4B, 5A,
5B, and S5; Table S1). In contrast, loss of distinct layering of the RPE/
PR complex was only seen in a single ssAAV2.8/GFP-injected eye.
This was restricted to a small region of the injection area correspond-
ing to the area with the most intense GFP signal. No other structural
changes were noted in eyes injected with ssAAV2.8/GFP.

In some transduced areas in the scAAV2.8/GFP-injected eyes, severe
outer retinal alterations with complete loss of the ellipsoid and inter-
digitation zone were seen. These were sometimes accompanied by
gross thinning of the outer nuclear layer (Figure S5). However, no
general reduction in thickness was apparent in the transduced areas.
Corresponding to areas of reduced in vivo GFP expression with
accompanying disturbances of the RPE/PR complex in scAAV2.8/
GFP-injected eyes, the RPE mosaic appeared disorganized with pleo-
morphism and polymegathism (Figure S6). In contrast, the RPE
mosaic was well preserved in the GFP-positive areas of flatmounts
from ssAAV2.8/GFP-injected eyes (Figure S6). Hematoxylin and
eosin (H&E)-stained retinal cross-sections from one animal revealed
preserved retinal layering and a continuous RPE layer in the GFP-
positive and GFP-negative areas in both the ssAAV2.8/GFP- and
scAAV2.8/GFP-injected eye (Figure 5C). However, the RPE layer ap-
peared flattened with loss of pigment granules in the GFP-positive
area of the scAAV2.8/GFP-injected eye (Figure 5C). In these areas,
4
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Figure 5. Structural retinal changes after injection

with scAAV2.8/GFP

(A) Representative examples of FI (upper row) at baseline

and on D42 after injection with ssAAV2.8/GFP or

scAAV2.8/GFP. Light-pink arrows delimit the area of

pigmentary changes. Cross-sectional OCT scan (lower

row) corresponding to dashed white line on FI. White line

indicates area outside the pigmentary changes, light-pink

line indicates area with pigmentary changes. Light-blue

arrow indicates hyperreflective irregularities adjacent to the

RPE. Orange arrows point toward an area with loss of

distinct layering of the RPE/PR complex. (B) Evaluation of

structural retinal changes at different time points after

subretinal injection of ssAAV2.8/GFP or scAAV2.8/GFP:

Pigmentary changes (left), loss of distinct layering of

the RPE/PR complex (middle), and hyperreflective

irregularities adjacent to the RPE (right). Data are

presented as percent of eyes available at the respective

time point. ssAAV2.8/GFP (D14: n = 6; D28: n = 4; D42:

n = 3); scAAV2.8/GFP (D14: n = 7, D28: n = 5; D42: n =

3). (C) H&E stains of retinal cross-section of the same

eyes displayed in (A) injected with ssAAV2.8/GFP (GFP-

positive area) or with scAAV2.8/GFP (GFP-positive and

GFP-negative areas). Purple arrows point toward RPE

cells with reduced pigment granules. Scale bars, 20 mm.

BL, baseline; GFP, green fluorescent protein.
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the PR outer segments also appeared blunted. No chorioretinal in-
flammatory infiltrates were present, and no difference in the distribu-
tion of the microglia and macrophage marker ionized calcium-bind-
ing adaptor molecule 1 (Iba1) was noticed in retinal cross-sections
from the ssAAV2.8/GFP- and scAAV2.8/GFP-injected eye on D42
(Figure S7A).41 Furthermore, no difference was observed in the
GFP-positive and GFP-negative areas in scAA2.8/GFP-injected eyes
(Figure S7A). Staining for glial fibrillary acidic protein (GFAP) in
retinal cross-sections did not reveal Müller cell gliosis in eyes injected
with either of the two AAV2.8/GFP vectors on D42 (Figure S7B).
Molecular Therapy: Method
In summary, we showed efficient transduction of
RPE cells in the porcine retina for both
ssAAV2.8/GFP and scAAV2.8/GFP. The latter
showed faster onset of GFP expression but re-
sulted in structural retinal changes that provide
a serious concern for translational application.
Thus, we proceeded with the ssAAV2.8 vector
in the subsequent therapeutic in vivo study,
although the changes most likely are related to
a higher transgene expression level rather than
the specific nature of the vector.

AAV-mediated subretinal delivery of VEGFA-

targeting miR-agshRNA reduces CNV in a

porcine model

Having established potent Vegfa knockdown
with a miR-agshRNA construct in vitro and
in vivo in mice, and shown successful
ssAAV2.8-mediated gene transfer to the porcine RPE cells in vivo,
we aimed to investigate the in vivo anti-angiogenic effect of the
VMD2-driven intron-miR324-13-miR451-12 construct (Figure 2A).
For this purpose the construct was packaged in a serotype 8 capsid
with a single-stranded genome configuration (ssAAV2.8/13-12) and
tested in a porcine laser-induced CNV model.40 To increase efficacy
and to account for a potentially weaker transgene expression by the
VMD2 promotor compared with the CMV promotor42 a slightly
higher dose (3 � 1010 vg/eye) than in the delivery study was chosen.
On D0, 10 animals received a subretinal injection of ssAAV2.8/13-12
s & Clinical Development Vol. 32 June 2024 7
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Figure 6. AAV-mediated subretinal delivery of VEGFA-targeting miR-agshRNA to the porcine retina

(A) Timeline of the intervention study, showing the number of animals for subretinal injection of ssAAV2.8/13-12 and ssAAV2.8/S1-S2 on D0, laser-mediated CNV induction

on D28 and follow-ups on D14 and D42 post-injection. Black asterisks indicate clinical evaluation of ocular inflammation using slit lamp and fundus imaging. Circles indicate

evaluation of GFP expression, retinal integrity, and CNV formation with FI, FFI, and OCT in vivo and on RPE/choroidal flatmounts. (B) Representative examples of FI (upper

row) and corresponding FFI (lower row) of an eye injected with ssAAV2.8/S1-S2 on D0 (PI), pre- and post-laser treatment on D28 and D42. Yellow arrows point toward the

retinotomy and resulting scar tissue. Black arrows indicate the border of the subretinal bleb on D0. Blue arrowheads indicate laser lesions on D28 and D42. GFP expression is

shown in white on the images obtained by FFI, white arrows indicate the border of the GFP-positive area. (C). Representative examples of cross-sectional OCT scans

(inverted colors) obtained on D42 showing subretinal CNV lesions (marked with a white border) for eyes injected with ssAAV2.8/13-12 (upper row) and ssAAV2.8/S1-S2

(lower row). Scale bars, 450 mm. (D) Analysis of CNV area on cross-sectional OCT scans for eyes injected with ssAAV2.8/13-12 and ssAAV2.8/S1-S2. Dot plot and boxplot of

individual CNV measurements are presented. Statistical comparison was performed on mean CNV area per eye using the Wilcoxon rank-sum test. P9–P18 represents

individual animals, n = 9. Both eyes in P12 were excluded. AAV, adeno-associated virus; BL, baseline; CNV, choroidal neovascularization; D0–D42, days 0–42; n, number of

animals; NA, not available; OCT, optical coherence tomography; PI, post-injection; PoL, post-laser; PrL, pre-laser; ss, single-stranded.
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in one eye and an irrelevant, non-targeting control (ssAAV2.8/S1-S2)
in the other eye (Figure 6A).

On D28, varying levels of GFP expression were observed by FFI in 17/
20 eyes. Intensities were in general lower than in the delivery study
(Figures 6B and S8). In 3/20 eyes a brim of bright GFP expression sur-
rounding an area with low GFP expression was present as seen in the
delivery study (Figures 6B and S8). On D28, four laser burns were
placed within the GFP-positive area or corresponding to the localiza-
tion of the subretinal bleb observed on D0 if the GFP signal was indis-
cernible (Figure 6B). Inclusion/exclusion of lesions was based on pre-
defined criteria (see materials and methods, Figures S9 and S10). In
total, 44/80 lesions and 33/80 lesions were included in the in vivo
and RPE/choroidal flatmount data analysis, respectively.

The anti-angiogenic effect of VEGFA-targeting miR-agshRNAs was
evaluated on D42, i.e., 14 days after laser application. CNV size was
8 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
evaluated in vivo on cross-sectional OCT scans (Figures 6B–6D)
and on RPE/choroidal flatmounts stained with anti-cluster of dif-
ferentiation 31 (CD31) and Griffonia simplicifolia type I lectin
(GS-IB4) (Figures 7A–7C). As the most standardized method of
quantifying CNVs, measurement of CNV areas on flatmounts
constituted the primary outcome measure.43 The OCT analysis
showed a reduction in the mean cross-sectional CNV areas of
eyes injected with ssAAV2.8/13-12 compared with eyes injected
with ssAAV2.8/S1-S2 (Figures 6C and 6D). The median value
was 36,540 mm2 (interquartile range: 28,759 mm2) and
79,310 mm2 (interquartile range: 53,899 mm2) in the ssAAV2.8/
13-12- and ssAAV2.8/S1-S2-injected eyes, respectively. However,
the difference did not reach statistical significance (p = 0.195).
Notably, the mean CNV area measured on flatmounts was signif-
icantly reduced in eyes injected with ssAAV2.8/13-12 compared
with eyes injected with ssAAV2.8/S1-S2 (Figure 7). This was
true for quantification using the CD31 as well as the GS-IB4
4
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Figure 7. AAV-mediated subretinal delivery of VEGFA-targeting miR-agshRNA reduces CNV in a porcine model

(A) Representative examples of RPE/choroidal flatmounts from eyes harvested on D42 after injection of ssAAV2.8/13-12 (upper row) or ssAAV2.8/S1-S2 (lower row).

Overview of the RPE/choroidal flatmounts. GFP expression (green), CD31 (red), GS-IB4 (blue). Scale bar, 800 mm (first column). Magnified images of CNV lesions corre-

sponds to the white box in the first column. CD31 staining (red), GS-IB4 staining (blue) and CD31/GS-IB4 staining (fourth column). Scale bar, 100 mm. (B) Quantification of

CD31 CNV area and (C) GS-IB4 CNV area from ssAAV2.8/13-12 and ssAAV2.8/S1-S2-injected eyes. Dot plot and boxplot of individual CNV measurements are presented.

Statistical comparisons were performed onmean CNV area per eye using the Student’s t test. P10–P18 represents individual animals, n = 8. Both eyes from P9 and P12were

excluded. AAV, adeno-associated virus; CD31, cluster of differentiation 31; CNV, choroidal neovascularization; GS-IB4, Griffonia simplicifolia type I lectin; ss, single-

stranded.
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signal: the mean CD31 CNV area was 175,008 ± 122,423 and
348,467 ± 91,057 mm2 in the ssAAV2.8/13-12- and ssAAV2.8/S1-
S2-injected eyes, respectively. The mean GS-IB4 CNV area was
300,780 ± 115,764 and 438,942 ± 101,456 mm2 in the ssAAV2.8/
13-12- and ssAAV2.8/S1-S2-injected eyes, respectively. The reduc-
tion using CD31 area amounted to 49.9% (13.8%; 86.0%) (p =
0.0109), while the reduction using GS-IB4 area amounted to
32.7% (2.7%; 62.6%) (p = 0.0351). Furthermore, as in the delivery
study no clinical signs of intra-ocular inflammation were observed.
Molec
Taken together, our data show that a VEGFA-targeting miR-
agshRNA construct efficiently reduces CNV size in an experi-
mental porcine model.

DISCUSSION
To our knowledge, this is the first study to evaluate the efficacy of
AAV-based gene therapy delivering RNAi-therapeutics targeting
VEGFA in a porcine CNVmodel, and the first to target VEGFA using
novel agshRNA constructs in a large animal model. We have shown
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that pol-II driven miR-agshRNA facilitate robust Vegfa knockdown
in vitro and that the gene-silencing efficacy can be further increased
by combining two Vegfa-targeting miR-agshRNAs in a single
construct. Importantly, the potent Vegfa knockdown was validated
in vivo in murine RPE cells and efficient reduction of CNV area
was observed after subretinal delivery of ssAAV2.8 encoding
VEGFA-targeting miR-agshRNA in the pig eye. Moreover, we are
the first to compare transduction characteristics and retinal safety
of ssAAV and scAAV vectors in the porcine retina.

We have previously demonstrated that a VMD2-driven, intron-
embedded polycistronic miRNA cluster miR(5,B,7) expressing multi-
ple Vegfa-targeting shRNAs successfully reduced Vegfa levels and
CNV formation in a mouse model.27,29,30 Furthermore, we have
shown that our novel miR-agshRNA system provides advantages in
terms of safety and specificity.25,26 This study combines these ap-
proaches to pursue increased efficacy, specificity, and safety for trans-
lational application. Importantly, potent in vitro Vegfa knockdown
and in vivo antiangiogenic effect were observed for an intron-
embedded miR-agshRNA vector construct (intron-miR324-13-
miR451-12) simultaneously expressing two Vegfa-targeting miR-
agshRNAs (agshRNA-13 and agshRNA-12) known to mediate
effective Vegfa knockdown individually.25,26 Importantly, both the
CMV-driven pcDNA3.1-based construct and the VMD2-driven
pAAV2 construct showed Vegfa knockdown equal to their respective
positive control (CMV- or VMD2-driven miR(5,B,7) cluster). We did
not directly compare the knockdown efficacy of the CMV- and
VMD2-driven constructs, but recent studies suggest a stronger trans-
gene expression from universal promotors compared with RPE-spe-
cific promotors.42 The observed knockdown efficacy and ability to
combine miR-agshRNA constructs suggest vector-encoded RNAi
therapeutics as an alternative strategy for anti-angiogenic ocular
gene therapy. Notably, our novel agshRNA-platform, which is based
on a small cassette expressing sequence-specific RNAi effectors, is
easily packaged in AAV vectors and enables the combination of
several RNAi effectors into a single vector construct. As RNAi enables
specific targeting of any given transcribed gene due to its reliance on
base pairing, these features allow simultaneous targeting of the mul-
tiple pathways leading to nAMD26— or other diseases in general.
Thus, vector-delivered RNAi is a promising, versatile tool for the
management of nAMD as well as other ocular and systemic
conditions.18

The therapeutic potential of VEGFA-targeting miR-agshRNA was
evaluated in a porcine laser-induced CNVmodel that has been exper-
imentally validated.40,43 Laser perforation of Bruch’s membrane is an
established method of CNV induction that has been amply used to
evaluate anti-angiogenic therapies.43 Most studies have been per-
formed in rodents. However, our use of a large animal model offers
several advantages. Notably, the comparable size and dimensions of
the porcine and human eye enables the use of similar surgical
methods and translation of pharmacokinetic properties. More similar
anatomy and physiology also supports the translational value. In
particular, the presence of central retinal specialization similar to
10 Molecular Therapy: Methods & Clinical Development Vol. 32 June 20
the human macula should be noted.44 Finally, the outbred nature
may increase the external validity compared with inbred rodent
models although it comes at a price of increased variation.43 The vali-
dation of the therapeutic efficacy of VEGFA-targeting miR-agshRNA
in this large animal model thus strongly confirms its translational
potential.

In the therapeutic study, eyes were randomly assigned to treatment,
and the investigators were blinded during surgery and analysis.
Furthermore, inclusion/exclusion criteria were predefined. This ran-
domized controlled design effectively reduces potential bias. Encour-
agingly, we observed a significant treatment effect on our primary
outcome measure; CNV area evaluated on RPE/choroidal flatmounts.
Although the effect estimate was associated with some variation, the
best estimate of 30%–50% reduction in CNV size is a meaningful
treatment effect. Importantly, the notable Vegfa knockdown in RPE
cells from mice subjected to ssAAV2.8/13-12 injections validate
that the therapeutic effect on CNV area corresponds with VEGFA
inhibition.

Although not statistically significant, analysis of mean cross-sectional
area on OCT scans also suggested an anti-angiogenic effect of our
VEGFA-targeting miR-agshRNA construct. It should be noted that
CNV quantification using OCT is less validated for preclinical
CNV studies28,43 with several potential sources of variation: The
cross-sectional growth pattern of CNV membranes may differ from
the growth pattern of the “en-face” area. Parts of the subretinal hyper-
reflective lesions may represent non-vascular scar tissue confounding
CNVmeasurements. The delineation of the CNVmembranes is chal-
lenged by laser-induced neuroretinal damage. In addition, the un-
paired analysis not accounting for inter-eye correlation is expected
to reduce statistical power.45 As alternative strategies, optimization
via another laser system28 or protection of the neuroretina by subre-
tinal injection of saline before laser application40 could be explored.

Fluorescein angiography (FA) is commonly applied for the quantita-
tive assessment of CNV membranes in vivo.43 However, we did not
use this method as the similar emission profiles of fluorescein
(530 nm) and GFP (510 nm) were expected to cause spectral overlap.
Further to this, FA still needs to be validated in porcine models of
CNV.28 Another attractive in vivo imaging alternative is OCT-angi-
ography, which enables detection of vessel flow and thus detection
of CNVmembranes. OCT-angiography was performed in the present
study, but the image quality was not sufficient for quantification of
CNV size, mainly due to movement artifacts.

We also explored the differences in transduction characteristics and
retinal safety of single-stranded and self-complementary AAV2.8 vec-
tors in the porcine retina. The robust RPE transduction and GFP
expression for both ssAAV2.8/GFP and scAAV2.8/GFP is consistent
with a previous study by Mussolino et al., which showed effective
transduction of both RPE and PR in the porcine retina by ssAAV2.8
vectors.46 Surprisingly, PR transduction in retinal cross-sections was
observed for ssAAV2.8/GFP, but not for scAAV2.8/GFP. However,
24
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this findingmay be explained by only evaluating retinal cross-sections
on D42, where scAAV2.8-mediated transgene expression was
decreased in some regions. The anti-GFP stains of the retinal cross-
sections showed that the GFP-positive area correlated to the subreti-
nal bleb from D0 or was slightly extended in all eyes. Notably,
spreading to the sclera and choroid was not observed for any of the
applied vectors.

A pattern of retinal GFP expression with a circular brim of strong
GFP expression enclosing an area with weaker expression has been
observed after subretinal delivery of GFP-encoding ssAAV2.8 vectors
in non-human primates (NHPs).47 Histologically these “halo-like”
patterns corresponded to high and low GFP expression in the RPE.
A dose dependency was suggested as the pattern could only be
observed for doses of 1 � 1010 vg/eye and above. This observation
should be considered in future studies as it indicates an undesirable
variation in transgene expression across the bleb area.

Subretinal injection of scAAV2.8/GFP was associated with signs of
toxicity, which included early reduction of transgene expression
(fromD28 and onwards) and structural retinal alterations. The nature
of these structural alterations suggests cytotoxicity rather than func-
tional transcriptional repression as the cause of reduced transgene
expression. In previous studies, retinal toxicity and transgene inacti-
vation has been related to cytotoxicity mediated by, e.g., transgene
overexpression or immunotoxicity caused by a harmful immune
response to the vector capsid, vector DNA, or transgene.48 In some
eyes, the areas of outer retinal alterations corresponded to areas
with high GFP expression on D14. The fact that signs of toxicity
were almost exclusively seen in scAAV2.8/GFP-injected eyes suggest
a relation to high levels and/or fast onset of GFP expression.49,50

Importantly, the absence of ocular inflammation throughout the
study period does not support an immune-mediated mechanism.
This was to be expected with the relatively low doses used in the de-
livery (1 � 1010 vg/eye) and intervention (3 � 1010 vg/eye)
study. Indeed, an adverse ocular immune response following subreti-
nal injection has mainly been observed with doses higher than
1 � 1011 vg/eye.38,39

In NHPs, signs of ocular inflammation have been detected using a
dose of 1� 1011 vg/eye. Inflammatory changes included the presence
of anterior chamber cells peaking 3 days post-injection and the pres-
ence of vitreous cells from D7.41 As our earliest clinical examination
was conducted 14 days post-injection, initial signs of ocular inflam-
mation may have been missed, but any persistent inflammation could
be confidently excluded. The absence of an immune-mediated mech-
anism is further supported by the lack of difference in the number and
localization of microglia in retinal sections between ssAAV2.8/GFP-
and scAAV2.8/GFP-injected eyes. In conclusion, a cytotoxic effect of
the transgene and cis-acting elements51 seems most probable. Howev-
er, detailed investigation into the underlying mechanism was chal-
lenged by the limited material for histopathological examination
and other analyses as eyes were needed for evaluating GFP expression
on flatmounts. Notably, delivery of our miR-agshRNA constructs in
Molecu
therapeutic doses did not cause similar alterations. This supports
our previous observation of a favorable retinal safety profile of such
constructs.26

It should be noted that our observations do not invalidate the use of
scAAV for ocular gene therapy but rather suggest the importance of
dose-titration. Indeed, one would also expect the observed changes to
be seen with high doses of ssAAV2.8/GFP. Conversely, a reduction of
the scAAV dose would be expected to provide a similar safety profile,
while reaching the same levels of transgene expression as ssAAVs.
Importantly, this reduction of vector dose could reduce the risk of
an adverse immune response to, e.g., capsid antigens. In this context,
but also to better understand the halo-like pattern, it would be of
considerable clinical interest to perform dose escalation experiments
with detailed examination of safety and expression profiles for
different vector types in further studies. In addition, refined methods
for dose selection based on, e.g., allometric scaling, would be
advantageous.52

Our demonstration of in vivo anti-angiogenic effect of a VEGFA-
targeting miR-agshRNA in a translational animal model combines
two transformative technologies, gene therapy and RNAi. While
the eye has been at the forefront of gene therapeutic development,53

approved RNAi therapeutics are currently restricted to drugs with
hepatic targeting. In addition, development of vector-delivered
RNAi effectors are currently limited.18 Thus, our investigation of
an AAV-delivered therapeutic miR-agshRNA importantly contrib-
utes to the development of RNAi-based drugs for extra-hepatic dis-
ease and in particular vector-delivered RNAi that offers a unique
possibility of long-term treatment of human disease. Specifically,
our study firmly supports further clinical development of sustained
anti-VEGFA RNAi therapeutics as a valuable treatment option for
the management of nAMD. Besides offering safe and effective
gene knockdown, the miR-agshRNA platform notably enables com-
bination of several RNAi effectors into a single vector construct.26

This allows simultaneous targeting of multiple pathways leading
to nAMD, which may be necessary to address the complex patho-
genesis of the disease.13,53

MATERIALS AND METHODS
Design of pcDNA3.1-based miR-agshRNA constructs

Construction of the “empty” pcDNA3.1-based plasmid vector,
pcDNA3.1-CMV-MCS, as well as the miR451- and 324-
embedded agsh12 (miR451-12 and miR324-12, respectively) has
been described previously.25,26 For this study, we similarly con-
structed miR451- and miR324-embedded agsh13 (miR451-13 and
miR324-13, respectively), using synthetic DNA flanked by 50 SalI
and 30 XhoI + AgeI sites (purchased as pUC57-based DNA from
Genscript, Piscataway, NJ) and subcloning the SalI-AgeI fragment
into the compatible XhoI and AgeI sites of pcDNA3.1-CMV-MCS.
Double miR-agshRNA constructs were next created by opening the
resulting miR451-13 and miR324-13 constructs using XhoI and
AgeI and ligating the previously described miR451-12 or
miR324-12 XhoI-AgeI fragments.25
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Finally, we created spliceable versions of all the above constructs. This
was done by inserting a custom-made exon-intron-exon unit (see
Table S2, derived from the human b-globin gene) into the multiple
cloning sites of pcDNA3.1-CMV-MCS. In short, a 330-base pair syn-
thetic SalI-XmaI fragment (purchased as pUC57-based DNA from
GenScript) holding the exon-intron-exon was subcloned into the
compatible XhoI and AgeI sites of pcDNA3.1-CMV-MCS, creating
the pcDNA3.1-CMV-intron. The pcDNA3.1-CMV-intron was used
as recipient plasmid for all miR-agshRNA fragments as described
above using XhoI, EcoRI, AgeI multiple cloning sites placed in the
middle of the intron region. All plasmid constructs were validated
by restriction enzyme digest and sequencing.

Design of the pAAV2-based RNAi transfer vectors

The previously published pAAV2-based transfer vector pAAV-
VMD2-m5mBm7-asRED+PGK-eGFP-poly(A)29 was modified by
replacing one of the two BGHpolyadenylation signals with a short syn-
thetic poly(A) signal (see Table S2). In brief, the BGHpA unit down-
stream of GFP was removed by BclI and ClaI digest, and the synthetic
poly(A) signal was inserted by oligo-mediated ligation of annealed
and phosphorylated oligos with BclI- and ClaI-compatible ends.
The resulting vector was termed pAAV-VMD2-mir(5,B,7)-asRED+
PGK-eGFP-synpA. The doublemiR-agshRNAunit consisting of either
miR324-13-miR451-12 or the non-targeting miR324-S1-miR451-S2
was PCR amplified using BstBI-tagged primers using pcDNA3.1-
CMV-miR324-13-miR451-12 as template and cloned into the BstBI
sites in pAAV-VMD2-mir(5,B,7)-asRED+PGK-eGFP-synpA. This
effectively replaced the m5mBm7-asRED units with the double miR-
agshRNA unit. Similarly, exon-binding BstBI-tagged primers were
used to amplify inserts to create the pAAV-VMD2-intron-miR324-
13-miR451-12+PGK-eGFP-synpA or the corresponding intron-
miR324-S1-miR451-S2 version. PCR templates for the non-targeting
miR324-S1-miR451-S2 control were prepared by insertion of
miR451-S2 DNA flanked by AgeI sites (purchased as pUC57-based
DNA from GenScript) into the existing pcDNA3.1-CMV-miR324-
S1 construct25 or a pcDNA3.1-CMV-intron-miR324-S1 derivative.
All vector plasmids were validated by restriction enzyme digest and
sequencing. PCR primers used to amplify miR-agshRNA units with
or without intron embedment are shown in Table S2.

Cell culturing

All cell lines were kept in an incubator at 37�C and 5%, v/v, CO2.
HEK293 (CRL-1573; American Type Culture Collection, Manassas,
VA) and human melanoma cell line26 were cultured in T-75 cell cul-
ture flasks (Sarstedt, Nümbrecht, Germany) in Dulbecco’s modified
Eagle’s medium (Sigma, Søborg, Denmark) supplemented with 10%
fetal calf serum, 2 mM glutamine, 100 U/mL penicillin, and
0.1 mg/mL streptomycin.

Dual luciferase reporter assay

HEK293 cells were seeded at a density of 3,000 cells/well in white
96-well cell culture plates (Nunclon Delta surface, Thermo Scientific,
Denmark). Twenty-four hours after seeding, cells were co-transfected
using 34 ng vector DNA containing the RNAi effector and 6 ng psi-
12 Molecular Therapy: Methods & Clinical Development Vol. 32 June 20
CHECK2-based reporter, psiCHECK-mVEGF. miR-agshRNA ex-
pressing pcDNA3.1-based plasmids or a positive or negative control
were used as RNAi effectors. The psiCHECK-mVEGF reporter con-
tains target 12 and 13, which are orthologs inmouse and pig species as
well as in humans.25,26 Transfections were conducted using
X-tremeGENE 9 (Roche, Basel, Switzerland) according to the manu-
facturer’s protocol (DNA-to-transfection reagent ratio of
1 mg:7.5 mL). Forty-eight hours post-transfection, Rluc and Fluc
expression levels were determined using the Dual-Glo Luciferase
Assay System (Promega, Madison, WI) according to the manufac-
turer’s protocol with a luminometer (MicroLuminat plus LB 96V,
Berthold Technologies, Bad Wild-bad, Germany). Rluc/Fluc ratio
was normalized to the negative control (pcDNA3.1-CMV-intron).
Melanoma cells were seeded at a density of 110,000 cells/well in trans-
parent standard flat-base 12-well cell culture plates (Sarstedt). Thirty
hours after seeding, cells were co-transfected using 711 ng vector
DNA containing the RNAi effector (the miR-agshRNA expressing
pAAV2-based plasmid), or a positive or negative control, and
89 ng psiCHECK-mVEGF reporter. Transfections were conducted
using JetPRIME (Polyplus-transfection, Illkirch, France) according
to manufacturer’s protocol (DNA-to-transfection reagent ratio of
1 mg:2.25 mL). The medium was changed 4 h post-transfection.
Then, 42 h post-transfection, Rluc and Fluc expression levels were
determined as described above; however, after lysis of cells, lysates
were transferred to white 96-well plates (Nunclon Delta surface,
Thermo Scientific). Three biological replicates were made for each
experiment.

Vector production and preparation for subretinal injection

Single-stranded and self-complementary AAV vectors encapsulated
in serotype 8 and containing the gene encoding GFP under the con-
trol of the CMV promoter (ssAAV2.8/GFP and scAAV2.8/GFP) were
purchased from the in-stock selection of The University of North
Carolina (UNC) Gene Therapy Center Vector Core (Chapel Hill,
NC) for the delivery study with the following titers: ssAAV2.8/GFP:
7.9 � 1012 vg/mL; scAAV2.8/GFP: 4.0 � 1012 vg/mL. Prior to subre-
tinal injection, AAV vectors were diluted in saline. Single-stranded
AAV vectors for the intervention study were encapsulated in serotype
8 and produced at the UNC vector core using the following plasmids:
pAAV-VMD2-intron-miR324-13-miR451-12+PGK-eGFP-synpA
(therapeutic vector) and pAAV-VMD2-intron-miR324-S1-miR451-
S2+PGK-eGFP-synpA (non-targeting control). The following titers
were achieved: ssAAV2.8/13-12: 5.5 � 1012 vg/mL; ssAAV2.8/S1-S2:
2.2 � 1012 vg/mL. The purity of the ssAAV2.8/13-12 and ssAAV2.8/
S1-S2 vectors was very high with full/empty ratios of 98% and 94%,
respectively.54

Experimental animals

Mice

Animals were managed according to previously outlined proced-
ures.29 In brief, 8-week-old male C57BL/6JRj mice were procured
from Janvier Labs (Le Genest-Saint-Isle, France) and maintained on
a 12/12 h light/dark cycle at the Animal Facilities of the Department
of Biomedicine, Aarhus University, Denmark, with unrestricted
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access to water and Altromin maintenance feed (Altromin, Brogaar-
den, Denmark).

Pigs

Eighteen female, domestic pigs (crossing of Danish landrace [25%],
Yorkshire [25%], Duroc [50%]), P1–18, aged 3 months with a weight
of approximately 40 kg were used for the study. The animals used in
this experiment were bred locally at a farm pig herd following Danish
regulations. The animals were assigned to two studies: P1–P8 were part
of the delivery study, which investigated transduction characteristics
of ssAAV2.8/GFP and scAAV2.8/GFP (Figure 3); P9–P18 were
part of the intervention study, exploring the therapeutic potential of
VEGFA-targeting miR-agshRNA (Figures 6 and 7). Individual eyes
were considered the experimental units. No formal power-calculation
was performed due to unknown variance of the outcome measure.
However, the number of experimental units were deemed sufficient
to identify a relevant anti-angiogenic effect. The animals were kept in
a stable with a light/dark cycle of 12 h/12 h at the Animal Facility,
Department of Clinical Medicine, Aarhus University. The pigs were
fed a normal finisher pig diet based on barley, wheat, and soy. Each
pig was fed a rationed portion based on weight to limit the weight
gain to between 2 and 4 kg per week. Hay and water were supplied
ad libitum. The animals were kept in groups of 8 (delivery study)
and 10 (intervention study). Before surgical intervention, animals
were fasted overnight. During the first 2 days after surgical intervention
(subretinal injection or CNV induction), the stable light was dimmed to
prevent irritation of the injected eyes. Furthermore, regular inspection
of the animals was performed by a veterinarian nurse. Animals were
euthanized using an intravenous injection of 100 mg/kg pentobarbital
(Euthanimal, 400 mg/mL; Scanvet, Fredensborg, Denmark).

The Animal Research: Reporting of In Vivo Experiments (ARRIVE)
checklist for the porcine study is provided as supplemental
information.

Anesthesia of the experimental animals

Mice

Before subretinal injection or in vivo fundoscopy, mice underwent
anesthesia via intraperitoneal injection of ketamine and medetomi-
dine hydrochloride (Ketador 60–100 mg/kg [Richter Pharma, Wels,
Austria] and Cepetor 0.8–1.2 mg/kg [ScanVet Animal Health, Fre-
densborg, Denmark]). Pupils were dilated with a 1% tropicamide so-
lution (Mydriacyl, Alcon Nordic, Copenhagen, Denmark) and eyes
were lubricated with Carbomer eye gel (Visco-tears Alcon Nordic).
Post procedures, mice were revived from anesthesia with atipamezole
0.5–1 mg/kg (Antisedan, Orion Pharma, Copenhagen, Denmark).

Pigs

Pre-anesthesia on D0 of both the delivery and the intervention study
was achieved with an intramuscular injection of 1 mL/10 kg zoletil
mix containing: tiletam and zolazepam (Zoletil 50 Vet; Virbac, Kold-
ing, Denmark), xylazin (Rompun, 20 mg/mL; Bayer, Leverkusen,
Germany), butorphanol (Butomidor Vet, 10 mg/mL; Salfarm, Kold-
ing, Denmark), and ketamin (Ketaminol, 100 mg/mL; MSD Animal
Molecu
Health, Copenhagen, Denmark). General anesthesia was induced
with 0.05–0.15 mg/kg propofol (10 mg/mL; Fresenius Kabi, Bad
Homburg, Germany) intravenously, if required. Endotracheal intuba-
tion followed by artificial ventilation was conducted. General
anesthesia was maintained with intravenous infusion of 3.5–
6.5 mg/kg/h propofol and 15 mg/kg/h fentanyl (50 mg/mL; Hameln,
Glostrup, Denmark). Both eyes were topically anesthetized using
0.4% oxybuprocaine eyedrops (minims Oxybuprocaine hydrochlo-
ride; Bausch & Lomb, Surrey, UK). Pupil were dilated with topical
administration of 0.5% tropicamide eyedrops (minims Tropicamide
0.5%; Bausch & Lomb) and 10%metaoxedrin eyedrops (Metaoxedrin;
Amgros, Copenhagen, Denmark). For follow-up examinations (D14,
D28, D42) the pigs were anesthetized with an intramuscular injection
of 1 mL/10 kg zoletil mix (see details above) and 0.5 mg/kg propofol
(see details above) while connected to an oxygen mask (E-vet, Hader-
slev, Denmark) supplied with 100% oxygen.

Subretinal injection of AAV in mice

For the investigation of Vegfa knockdown in FACS-sorted RPE cells,
18mice were subjected to bilateral subretinal injection with 1� 108 vg
of AAV in a total volume of 1 mL or 1 mL PBS. Injections were per-
formed under a OPMI 1 FR PRO Surgical microscope (Zeiss, Jena,
Germany). A 30-gauge needle was used to perforate the eye posterior
to the limbus and a 35-gauge blunt-ended needle connected to a
microinjection syringe with Silifilex tubing (World Precision Instru-
ments, Sarasota, FL; NF35BL-2, NANOFIL, and SILFLEX-2) was then
inserted through the opening and advanced through the vitreous cav-
ity. The subretinal space was accessed by perforating the retina, and
the AAV solution was then slowly injected. Eight mice received
ssAAV2.8/13-12, eight mice ssAAV2.8/S1-S2, and two mice PBS
with the type of injection being randomly assigned to the different ca-
ges, i.e., animals in a given cage received the same vector. The surgeon
was not blinded.

Fundoscopic assessments were conducted using the Micron IV imag-
ing system (Phoenix Research Laboratories, Pleasanton, CA) to detect
GFP expression. At 4 weeks post-injection a fundoscopic examination
was carried out and, 7 weeks post-injection the animals were sacri-
ficed by cervical dislocation and the eyes were enucleated.

FACS of isolated murine RPE cells

RPE cells were gathered from ssAAV2.8/13-12-injected eyes (n = 15),
ssAAV2.8/S1-S2-injected eyes (n = 16), and PBS-injected eyes (n = 4)
as described previously (Figures S1A and S1B).26,34 The eyes injected
with AAVwere further divided into groups of five or six eyes to obtain
three pools of RPE cells for each vector construct. PBS injected eyes
were pooled and used as negative control to set the gates for FACS
sorting.

In summary, hyaluronidase was employed to detach the neural retina
from the RPE layer, followed by trypsin enzymatic digestion com-
bined with gentle shaking of the eyecup to detach RPE cells from
Bruch’s membrane. After centrifugation, RPE cells were suspended
in FACS buffer (10 mM EDTA and 2% FCS in PBS), and the RPE
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cell solution was passed through a 100-mm cell strainer (Thermo
Fisher Scientific). The cells were maintained on ice and sorted imme-
diately after collection.

FACS was conducted by the FACS Core Facility, Department of
Biomedicine, Aarhus University, using the FACSAria III with 4 lasers
(405, 488, 561, and 633 nm) and associated BD FACSDiva Software
version 8.0.2 (BD Biosciences, San Jose, CA). The 488 nm laser was
used for excitation, and 530/30 (eGFP detector) and 585/42 (PE de-
tector) bandpass filters were used for detection. The cell population
was identified based on forward scatter (FSC) and side scatter
(SSC), where debris was removed. To avoid autofluorescent RPE cells,
we identified the GFP-positive cell population based on fluorescence
measured in the GFP and the neighboring PE detector (Figure S1C),
as described previously.34 Data were analyzed in FlowJo v10.8.1.

Purification of RNA from FACS-sorted murine RPE cells and

cDNA synthesis

The collected cells were centrifuged at 240 � g for 15 min at 6�C and
the cell pellets were used for RNA purification. RNA extraction was
performed using the RNeasy Micro Kit (QIAGEN) following the
manufacturer’s protocol, with the exception that the gDNA elimi-
nator column was omitted, and DNase treatment was not conducted
on the column. QIAshredders (QIAGEN) were used for homogeniza-
tion of cell lysates. RNA elution was carried out in a volume of 14 mL
and treated with DNAfree (Thermo Fisher Scientific) according to the
manufacturer’s protocol. For the cDNA synthesis, 5 mL of the eluate
was used in a 10 mL reaction using the iScript cDNA synthesis kit
(Bio-Rad) according to the manufacturer’s protocol.

RT-qPCR analyses of Vegfa in isolated murine RPE cells

Quantification of Vegfa mRNA transcripts in isolated murine RPE
cells was performed according to established protocols.26 In brief,
RealQ Plus Master Mix Green (Ampliqon, Odense, Denmark) was
prepared in a total reaction volume of 10 mL. A dose of 3 mL of the
diluted (1:6) cDNA synthesis reaction was used as template. All reac-
tions were analyzed in technical duplicates, except negative controls
(-RT, UF H2O). Fifty amplification cycles were used, but Cq values
above 35 were not considered. The annealing temperature for both
primer sets was 58�C, and the primer concentration was 0.5 mM.
Standard curves were made using cDNA samples harvested from
RPE cells fromwhole eyecups in 3-fold serial dilutions. PCR efficiency
was 104% for Vegfa and 92% for Actb, which was used as a reference
gene. The qPCR was performed using the LightCycler 480 II instru-
ment (Roche). The range of Cq values was between 21.5 and 29.5
for Atcb and Vegfa. The -RT contamination controls indicated no
DNA contamination with Cq values above 35. Concentrations were
calculated from the Cq values using the standard curves. All primer
sequences are available in Table S3.

Subretinal injection of AAV in pigs for delivery and intervention

study

The subretinal injection procedure for the delivery and interven-
tion studies only differed in the content of the injected AAV solu-
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tion and is therefore described together (Figures S11A and S11B).
The eyelids of the experimental animals were kept retracted using
an eyelid speculum and corneas were frequently lubricated with
topical administration of saline. The porcine retina was visualized
with a surgical microscope (Opmi Lumera 300; Zeiss) in combina-
tion with a glass coverslip (16 mm diameter; Thermo Fisher Scien-
tific, Roskilde, Denmark) separated from the cornea by a layer of
Viscotears Eye Gel (2 mg/g; Alcon, Copenhagen, Denmark). Sub-
retinal injections were performed in both eyes of all experimental
animals. The sclera was incised nasally on the right eye (oculus
dexter [OD]) and temporally on the left eye (oculus sinister
[OS]) 4 mm from the corneal limbus using a surgical knife
(Mani Ophthalmic Knife. MVR-Angled 21G; Mani, Takanezawa,
Japan). A vitreo-retinal port system (23 gauge; DORC, Zuidland,
the Netherlands) was introduced through the scleral incision. Sub-
sequently, a subretinal cannula (Poly Tip Cannula 23/28 g � 2 mm
tip; MedOne, Sarasota, FL) connected to an extension tube (5 cm,
MedOne, Sarasota) and a 1-mL syringe containing the AAV solu-
tion was inserted in the port-system and slowly advanced toward
the neuroretina. AAV solution (50 mL) was slowly injected subre-
tinally in each eye.

In the delivery study, the two eyes of each pig were randomized to
receive an AAV solution containing either 1 � 1010 vg ssAAV2.8/
GFP or 1 � 1010 vg scAAV2.8/GFP. In the intervention study, the
two eyes of each pig were randomized to receive an AAV solution
containing either 3 � 1010 vg ssAAV2.8/13-12 or 3 � 1010 vg
ssAAV2.8/S1-S2. In both studies, the retinal surgeon was
blinded for the AAV solution given. After injection the subretinal
cannula and port-system were removed and the pars plana inci-
sions examined for leakage. None of the pars plana incisions
required suturing. Chloramphenicol (1% chloramphenicol,
Takeda Pharma, Vallensbæk Strand, Denmark) and ultracortenol
(0,5% Agepha Pharma, Senec, Slovakia) ointment were applied to
all eyes at the end of the surgery. Furthermore, the animal received
an intramuscular injection of 0.4 mg/kg meloxicam (Metacam,
20 mg/mL; Boehringer Ingelheim Animal Health Nordics, Copen-
hagen, Denmark).

In vivo imaging

Immediately after the subretinal injection at baseline and on D14,
D28, and D42 in vivo imaging (FI, FFI, and radial cross-sectional
OCT scans) were obtained of the porcine retina using a modified
multimodal retinal imaging device (deep range imaging OCT-1
Triton plus; Topcon, Roskilde, Denmark) as described previ-
ously.40 In both studies, FI, FFI, and cross-sectional OCT scans
centered on the injected area were acquired. Due to a stronger
GFP expression signal in the eyes injected with scAAV2.8/GFP
relative to ssAAV2.8/GFP, different FFI settings were used for im-
aging scAAV2.8/GFP (gain = 24 dB; flash level = 32 Ws) and
ssAAV2.8/GFP (gain = 24 dB; flash level = 63 Ws) injected eyes.
In the intervention study, cross-sectional OCT line-scans through
the middle of the subretinal lesion were acquired to evaluate the
size of the CNV area.
24



www.moleculartherapy.org
Evaluation of ocular inflammation

All pigs from both studies were examined for potential ocular inflam-
mation on D14, D28, and D42 using slit lamp (Eyetec handheld slit
lamp LED, LS-1B, MMC Optical, Rødovre, Denmark) and fundo-
scopy (Figure S11C). Anterior chamber cells and flare were graded
by the standardization of uveitis nomenclature classification,55 and
vitreous haze was graded after Nussenblatt et al.56

CNV induction

In the intervention study, CNVs were induced by laser on D28 in all
eyes. Prior to laser induction, images were obtained by FFI to assess
GFP expression. Four burns, aimed to perforate Bruch’s membrane,
were placed in the area with positive GFP signal or corresponding
to the bleb area on D0 if the GFP signal was absent. An IRIS medical
Oculight SLx 810 nm laser (Iridex, Mountain View, CA) was used
with the following parameters: spot size, 600 mm; power, 1000 mW;
duration, 100 ms. The following criteria for inclusion and exclusion
of the subretinal lesions were predefined (Figure S9): lesions were
included if (1) the laser induction generated a focal spot with defini-
tive whitening, (2) the lesion was placed within the bleb area (as seen
by FI on D0) or within the area of GFP expression (determined by
assessment of RPE/choroidal flatmounts), and (3) neovascularization
was evident on immunostained RPE/choroidal flatmounts on D42.
Choroidal hemorrhage caused by the laser induction, retinal trauma,
or extensive retinal degeneration led to exclusion of the eye.

Harvest of tissue

Eyes were enucleated and transferred to a Petri dish (Thermo Fischer
Scientific) with a circular filter paper (Frisenette, Knebel, Denmark)
moistened with PBS (Dulbecco’s phosphate buffered saline without
magnesium and calcium; BioWest, Nuaillé, France). Remaining mus-
cle and connective tissue were removed from the eye. A frontal cut
was then made just posterior to the ora serrata to remove the anterior
part including the cornea and lens. The remaining posterior eyecup
was placed in 4% paraformaldehyde (Histolab Products, Askim, Swe-
den) solution and fixed for 1 h at room temperature (RT). Subse-
quently, the eyes were used to produce either RPE/choroidal flat-
mounts (P1–P6, P8, P9–P18) or retinal cross-sections (P7) for
further analysis.

Preparation and immunostaining of RPE/choroidal flatmounts

Eyes were washed in PBS (BioWest) and dissected under a dissection
microscope. Three to four incisions were made from the edges of the
eyecups toward the optic nerve. In all eyes, the bleb area and/or the
laser-induced subretinal lesions were identified under the dissection
microscope aided by the fundus images obtained on D42. A 6-mm bi-
opsy punch (Kai Europa, Solingen, Germany) was used to punch out
the identified area. The neuroretina was gently removed and the RPE/
choroid was separated from the sclera by careful dissection using a
pair of Dumont style 3C Dumoxel tweezers (Sigma) and a pair of
Vannas scissors (Simonsen & Weel, Vallensbæk Strand, Denmark).

Flatmounts from the intervention study were directly transferred to a
Superfrost Plus glass slide (Menzel-Glaser, Braunschweig, Germany)
Molecu
with the RPE layer facing upwards. Remaining PBS was removed with
filter paper. LifterSlip premium printed cover glasses (Erie Scientific
Company, Portsmouth, NH) were mounted using Fluoromount-G
Mounting Medium (Thermo Fisher Scientific).

Flatmounts from the intervention study were transferred to 48-well-
plates containing 200 mL of permeabilization-blocking buffer (PBB;
4% BSA [VWR, Søborg, Denmark] and 0.5% Triton X-100 [Sigma]
in PBS) and incubated for 2 h at 4�C on a rocking table. Subsequently,
each sample was incubated with 150 mL primary antibody solution
containing 1:100 diluted rat anti-CD31 antibody 0.5 mg/mL
(557355, BD Pharmingen, San Diego, CA) and 1:100 diluted isolectin
Griffonia simplicifolia (GS)-IB4 biotin conjugate 1 mg/mL (I21414;
Life Technologies, Nærum, Denmark) in PBB at 4�C overnight on
a rocking table.

The next day flatmounts were washed in PBS-X (0.5% Triton in PBS)
four times for 15 min at RT on a rocking table. Subsequently, samples
were incubated with 150 mL secondary antibody solution containing
1:500 diluted goat anti-rat Alexa Fluor 568 2 mg/mL (ab175476; Ab-
cam, Cambridge, UK) and 1:100 diluted streptavidin Alexa Fluor 405
conjugate 2 mg/mL (S32351; Thermo Fisher Scientific) in PBB in
darkness for 2 h on a rocking table. Following washes in PBS-X, the
flatmounts were mounted on Superfrost glass slides as described
above.

Imaging and analysis of GFP expression and CNV size on RPE/

choroidal flatmounts

RPE/choroidal flatmounts were imaged with an upright wide-field
fluorescence microscope (Olympus VS120; Olympus, Tokyo,
Japan) using identical settings. The images were obtained with a
sensitive monochrome camera (Hamamatsu ORCA FLASH4.0V2;
Hamamatsu, Japan) and associated VS-ASW imaging software.
GFP expression on flatmounts from the delivery study was quan-
tified on 20� magnification images using the ImageJ2 software
(version 2.9.0/1.53t): The GFP expression area was identified and
marked with the free-hand selection tool. The mean gray value
of the defined area was then measured using the “analyze” func-
tion. The CNV area on RPE/choroidal flatmounts from the inter-
vention study was similarly measured using the ImageJ2 software.
The free-hand selection tool was used to define the area of CD31
and GS-IB4 signal in the separate channels. Subsequently, areas
were measured using the “analyze” function. Measurements were
performed by one investigator blinded for the vector type injected.

Analysis of in vivo images

The CNV lesion area was evaluated on inverted images of the cross-
sectional OCT scans, which had been acquired through the center of
the lesions. The inverted images increased contrast thereby aiding
identification of lesion borders. Measurements were performed by
two investigators blinded for the vector type injected. Images were
opened in the ImageJ2 software (version 2.9.0/1.53t) and the free-
hand selection tool was used to define the inferior, lateral, and supe-
rior border of the lesion. The area was then measured with the
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“analyze” tool in the software. GFP expression in vivo was evaluated
on images obtained by FFI and the areas with GFP-positive signals
defined and quantified as described above.

Preparation and immunostaining of retinal cross-sections

The eyecups from P7 (OD injected with scAAV2.8; OS injected with
ssAAV2.8) were fixed in 4% paraformaldehyde (Histolab Products) so-
lution and fixed for 1 h at RT. Identification of the bleb area was aided
by fundus images from D0 and fundus fluorescence images from D42.
The location was drawn on the outside of the eyecup. Paraffin embed-
ding and sectioning were performed at the Department of Pathology,
Aarhus University Hospital. Sections (4 mm) were cut from the identi-
fied bleb area and every sixth section was stained with H&E. The re-
maining sections were used for immunostaining with 40,6-diami-
dino-2-phenylindole (DAPI) and anti-GFP, DAPI and anti-Iba1, or
DAPI, anti-GFP, and anti-GFAP. After deparaffination in xylene
(Merck, Søborg, Denmark) and rehydration with graded ethanol
washes, the sections were placed in a jar with TE buffer pH 9.0
(10 mM Tris (Sigma 7–9; Sigma), 1 mM EDTA (Sigma) in H2O)
and heated in a microwave oven for 3.5 min on medium heat (for
anti-GFP), 10 min on low heat (for anti-Iba1), and 10 min boiling in
a jar with TE buffer (for anti-GFAP). Subsequently, the sections
were placed on a rocking table to cool down for 30 min. Then, the sec-
tions were washed three times in PBS and blocked with a solution of
3% BSA (VWR) and 1% Triton X-100 (Sigma) in PBS. The slides
were incubated with anti-GFP diluted 1:100 (G10362, 0.2 mg/mL, In-
vitrogen, MA), anti-Iba1 diluted 1:700 (019–19741, 0.5 mg/mL, Wako,
Osaka, Japan), or anti-GFAP diluted 1:250 (sc-6170, 0.2 mg/mL, Santa
Cruz Biotechnology, Dallas, TX) in a solution of 1% BSA and 1%
Triton in PBS at 4�C in a humidity chamber overnight. On the next
day, sections were warmed to RT, washed three times with PBS, and
incubated with donkey anti-rabbit Alexa Fluor 568 (2 mg/mL) anti-
body diluted 1:400 in 1%BSA in PBS. After washing with PBS, sections
were stained with DAPI (2 mg/mL, Sigma), rinsed twice with distilled
water, dipped in ethanol, and dried. LifterSlip premium printed cover
glasses (Erie Scientific) were applied using Fluoromount-G Mounting
Medium (Thermo Fisher Scientific).

Statistics

Statistical analyses were performed using the R statistical software
package, version R-4.2.2 (https://www.r-project.org/). Data are pre-
sented as mean ± SD unless otherwise stated. A significance level of
a = 0.05 was used and confidence intervals are presented accordingly.
Data were assessed for normality by QQ plot inspection. Statistical dif-
ferences between two group means were evaluated using a two-tailed
Student’s t test or non-parametrically using the Wilcoxon rank-sum
test. Differences between multiple means were evaluated using one-
way ANOVA followed by Tukey’s post hoc test. Analysis of CNVmea-
surements was performed using the mean lesion size per eye.

Study approval

The protocol was approved by the Danish animal Experiments
Inspectorate (license number 2020-15-0201-00745 [mice] and
2018-15-0201-01518 [pigs]) and followed the Association for
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Research in Vision and Ophthalmology statement for use of animals
in ophthalmic and vision research.
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