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Choroidal neovascularization (CNV) is the defining character-
istic feature of the wet subtype of age-related macular degener-
ation (AMD) and may result in irreversible blindness. Based
on anti-vascular endothelial growth factor (anti-VEGF), the
current therapeutic approaches to CNV are fraught with
difficulties, and mammalian target of rapamycin (mTOR)
has recently been proposed as a possible therapeutic target,
although few studies have been conducted. Here, we show
that a recombinant adeno-associated virus-delivered mTOR-
inhibiting short hairpin RNA (rAAV-mTOR shRNA), which
blocks the activity of both mTOR complex 1 and 2, represents
a promising therapeutic approach for the treatment of CNV.
Eight-week-old male C57/B6 mice were treated with the short
hairpin RNA (shRNA) after generating CNV lesions in the
eyes via laser photocoagulation. The recombinant adeno-asso-
ciated virus (rAAV) delivery vehicle was able to effectively
transduce cells in the inner retina, and significantly fewer in-
flammatory cells and less extensive CNV were observed in the
animals treated with rAAV-mTOR shRNA when compared
with control- and rAAV-scrambled shRNA-treated groups.
Presumably related to the reduction of CNV, increased auto-
phagy was detected in CNV lesions treated with rAAV-
mTOR shRNA, whereas significantly fewer apoptotic cells
detected in the outer nuclear layer around the CNV indicate
that mTOR inhibition may also have neuroprotective effects.
Taken together, these results demonstrate the therapeutic
potential of mTOR inhibition, resulting from rAAV-mTOR
shRNA activity, in the treatment of AMD-related CNV.
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INTRODUCTION
Age-related macular degeneration (AMD) is a leading cause of
irreversible blindness among the elderly of industrialized countries,
affecting approximately 50 million people worldwide.1,2 AMD pre-
sents itself as two distinct subtypes, dry and wet AMD. Dry AMD
is characterized by geographic atrophy of the central retina, whereas
wet AMD is identified by the formation of choroidal neovasculariza-
tion (CNV).3 In wet AMD patients, development of CNV can lead to
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macular edema, which results in the destruction of retinal structures
and irreversible loss of vision. Currently, the main strategy for the
treatment of wet AMD is based on neutralizing vascular endothelial
growth factor (VEGF), either as a monotherapy or in conjunction
with photodynamic therapy.4,5 However, in addition to the economic
burden of these repeated monthly treatments posing an obstacle to
patient compliance,6 the more challenging issue of therapy resistance
means a need exists for the development of a new, long-lasting, dis-
ease-modifying therapy.

Mammalian target of rapamycin (mTOR) has been suggested as a
therapeutic target for various human diseases, including cancer,
type 2 diabetes, obesity, and neurologic disorders.7–9 mTOR is a
serine-threonine protein kinase that exists in nearly every eukaryotic
cell and is a master regulator of cellular metabolism and cell growth.
The mTOR pathway signals through two distinct complexes, mTOR
complex 1 (mTORC1) and mTORC2. mTORC1, which consists of
RAPTOR, PRAS40, and mLST8 proteins, is sensitive to rapamycin
and is responsible for cell growth and proliferation, angiogenesis, syn-
thesis of protein and lipid, and autophagy regulation.10,11 mTORC2
contains RICTOR, PROCTOR1/2, and mLST8 as companion pro-
teins and is closely related to the AKT pathway, because it phosphor-
ylates AKT.11 While mTORC1 signaling is relatively well understood,
the functions of mTORC2 have not been widely investigated, and
only recently has its critical roles in cytoskeletal organization, regu-
lation of cell survival, and promotion of neovascularization been
he Authors.
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Figure 1. Experiment Protocol Schematic and Fundus Fluorescent

Angiography Images Captured Pre- and Post-injection

All mice underwent laser photocoagulation (LP) at day 0. FFA images were captured

5 days post-LP immediately before intravitreal viral vector administration. (A) 13 days

post-LP, FFA was performed again and the animals were sacrificed 1 day later.

(B–D) Pre-injection FFA exhibited dye leakage at laser spots for all three groups (B,

control; C, scrambled; D, mTOR shRNA), indicating CNV progression. (E–G) Eight

days after vector administration, images from the control (E) and rAAV-scramble

shRNA-injected mice (F) retained fluorescence leakage around CNV lesions,

whereas the rAAV-mTOR shRNA-treated group exhibited CNV regression (G).
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revealed.12–14 Furthermore, deregulation of the mTOR signaling
pathway leads to the development of several human diseases, because
it is directly related to abnormalities in cell proliferation and survival
processes.7

A number of studies have attempted to elucidate the role of the
mTOR pathway in retinal cells. mTOR was shown to be a critical
factor in the angiogenesis processes of various retinal pathologic con-
ditions, including AMD, retinopathy of prematurity, and diabetic
retinopathy.15–17 Other recent studies demonstrated that autophagy
induced by mTOR inhibition promoted the survival of retinal
pigment epithelial (RPE) cells under toxic conditions,18–20 indicating
that the development of new therapeutic modalities for managing
AMD may crucially include mTOR signaling pathway regulation.

Recombinant adeno-associated viruses (rAAVs) have shown promise
as a vector for the in vivo delivery of gene-based drugs, and recent
clinical successes with AAV vectors in treating Leber congenital
amaurosis suggest that they may serve as a suitable platform for treat-
ing various ocular diseases.21–24 Using mouse models, we previously
demonstrated the enhanced transduction of intravitreally adminis-
tered AAVs to various retinal cells, including RPE cells, upon retinal
laser photocoagulation,25,26 showing that the transduction of AAV
vectors may be enhanced by the inflammatory or pathological state
of the retina. As such, the efficient transduction of AAV vectors
may be possible in diseased retinas, even for deep-lying RPE cells.

Recently, we designed a multispecies-compatible mTOR small inter-
fering RNA (siRNA) sequence using a self-developed program,
CAPSID (Convenient Application Program for siRNA Design),27

that directly interferes with the mTOR signaling pathway by blocking
both mTORC1 and mTORC2, and demonstrated in vivo that anti-
tumor effects can be achieved by this rAAV-delivered mTOR-inhib-
iting short hairpin RNA (shRNA) (rAAV-mTOR shRNA).28 Here,
rAAV-mTOR shRNA was used to investigate whether mTOR inhibi-
tion suppresses laser-induced CNV in mouse chorioretinal tissue,
and in addition to a substantial suppression of CNV, rAAV-mTOR
shRNA-treated retinas exhibited decreased local inflammation and
enhanced autophagic activity in CNV lesions.

RESULTS
Regression of CNV Leakage

Fundus fluorescein angiography (FFA) was performed 5 days after
laser photocoagulation to observe vascular leakage and the establish-
ment of new vessels. This was repeated at 13 days after laser photoco-
agulation to observe the therapeutic effects of rAAV-mTOR shRNA,
which was injected intravitreally 5 days after laser photocoagulation
(Figure 1A). FFA 5 days post-laser photocoagulation confirmed the
establishment of CNV lesions, seen as well-defined hyperfluorescent
leaking spots (Figures 1B–1D). These persisted in animals injected
with either 0.1% PBS or rAAV-scrambled shRNA (Figures 1E and
1F), whereas FFA images taken from those animals treated with
rAAV-mTOR shRNA showed a marked regression of leakage from
the CNV lesions (Figure 1G).

Transduction of Vector to Endothelial Cells in CNV

Intravitreally administered self-complementary adeno-associated
virus serotype 2 (scAAV2) vectors are known to transduce inner
retinal cells in wild-type mice, including retinal ganglion cells and
cells in the inner nuclear layer.25 This is confirmed here, and in
addition to the inner retinal cells, CD31-positive endothelial cells in
the laser-induced CNV lesions also exhibited the transduction of
rAAV-mTOR shRNA expressing GFP (Figure 2).
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Figure 2. Efficient Vector Transduction Exhibited in

Transverse Retinal Sections

(A–H) GFP expression was detectable throughout the

retinal layers (A–D) (original magnification �2 in E–H) from

retinal ganglion cells to CD31-positive endothelial cells

present in areas where choroidal neovascularization

(CNV) was induced via laser photocoagulation (arrows in

E and F), demonstrating the efficient transduction of

rAAV-mTOR shRNA into cells of the outermost retinal

layer. Scale bars, 100 mm. ONL, outer nuclear layer; RPE,

retinal pigment epithelium.
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mTOR Expression in Laser-Induced CNV

To determine the effect of the mTOR shRNA on mTOR activity, we
first evaluated mTOR expression in all four groups of mice, including
the negative control. Compared with normal chorioretinal tissue
(Figures 3A–3C), mTOR expression was upregulated throughout
the entire neural retina and the subretinal CNV lesion induced via
laser photocoagulation (Figures 3D–3F). While this mTOR expres-
sion pattern did not change upon the intravitreal administration of
rAAV-scrambled shRNA (Figures 3G–3I), it was, however, substan-
tially reduced in the chorioretinal tissue of mice treated with
rAAV-mTOR shRNA (Figures 3J–3L).

qRT-PCR analyses showed that mTOR mRNA levels were substan-
tially higher in retinas wherein CNV occurred, as compared with
the control (Figures 3M and 3N), with significant reduction observed
14 days after rAAV-mTOR shRNA administration (p < 0.05; n = 5 for
each group).

Anti-angiogenic Effect of rAAV-mTOR shRNA

The anti-angiogenic effect of the rAAV-mTOR shRNA was evaluated
by immunostaining the areas where CNV occurred with phalloidin
and anti-CD31. We found that animals treated with rAAV-mTOR
shRNA exhibited markedly reduced areas of CNV activity when
compared with the control group and mice treated with rAAV-
scrambled shRNA (p = 0.028 and p = 0.026, respectively; n = 5 for
each group) (Figure 4). To more precisely analyze the therapeutic
effects of rAAV-mTOR shRNA treatment, we evaluated transverse-
sectioned chorioretinal samples of the laser-induced CNV lesions
for CD31-positive staining, which showed that, compared with the
two other experimental groups, CD31-positive signals were markedly
reduced in mice treated with rAAV-mTOR shRNA (Figure 5).

Anti-inflammatory Effect of rAAV-mTOR shRNA

Inflammatory cells, such as macrophages, monocytes, and microglia,
play major roles in the development of AMD, particularly when CNV
is implicated. As such, we evaluated whether mTOR inhibition via
rAAV-mTOR shRNA modulates the proliferation and/or infiltration
28 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
of inflammatory cells in the development and
maturation of laser-induced CNV using anti-
CD11b and -F4/80 antibodies on transverse sec-
tions of the retina 14 days after laser treatment.
Abundant CD11b- and F4/80-positive cells
were observed around CNV lesions in the subretinal and intraretinal
regions of the mice injected with 0.1% PBS and rAAV-scrambled
shRNA (Figures 6A–6F and 6J–6O). However, significantly less in-
flammatory cell infiltration was observed in retinas treated with
rAAV-mTOR shRNA when compared with the control group and
with mice treated with rAAV-scrambled shRNA (CD11b: p = 0.036
and p = 0.016, respectively; F4/80: p = 0.027 and p = 0.022, respec-
tively; n = 5 for each group; Figures 6G–6I and 6P–6R). Specifically,
the number of F4/80-positive cells was 42.4 ± 10.4 in rAAV-mTOR
shRNA-treated retinas, 82.8 ± 10.0 in rAAV-scrambled shRNA-
treated retinas, and 84.4 ± 17.0 in the untreated group; the number
of CD11b-positive cells was 90.0 ± 11.6, 127.6 ± 14.4, and 123.8 ±

13.0, respectively (Figures 6S and 6T).

Autophagy in Laser-Induced CNV

To evaluate whether the induction of autophagy via mTOR inhibi-
tion is involved in CNV regression, we immunostained chorioretinal
tissues for the autophagy markers LC3B and ATG7. Activation of
autophagy was detected via both LC3B and ATG7 immunostaining
14 days after laser photocoagulation in the CNV lesions of retinas
treated with rAAV-mTOR shRNA. In 0.1% PBS and rAAV-scram-
bled shRNA-treated mice, only background LC3B and weakly posi-
tive ATG7 signals were observed (Figure 7).

Cell Apoptosis around Laser-Induced CNV

At 14 days after laser photocoagulation, the terminal deoxynucleo-
tidyl transferase-mediated biotinylated deoxyuridine triphosphate
(dUTP) nick end labeling (TUNEL) assay was used to determine
the number of apoptotic cells observed in the outer nuclear layer
(ONL) and around the CNV of all three experimental groups.
Significantly fewer TUNEL-positive cells were found in the ONL of
rAAV-mTOR shRNA-treated retinas when compared with mice in-
jected with 0.1% PBS and rAAV-scrambled shRNA (p = 0.038 and
p = 0.024, respectively; n = 5 for each group). Specifically, the number
of TUNEL-positive cells was 8.4 ± 3.0 for rAAV-mTOR shRNA-
treated retinas, 19.4 ± 4.0 for rAAV-scrambled shRNA-treated ret-
inas, and 17.8 ± 4.8 in untreated control retinas (Figure 8).



Figure 3. mTOR Expression Resulting from Laser-Induced CNV

(A–L) Compared with normal chorioretinal tissue, mTOR expression was upregu-

lated throughout the neural retina and subretinal CNV lesions for both 0.1% PBS-

injected control eyes (A–F) and rAAV-scrambled shRNA-injected eyes (G–I),

whereas mice treated with mTOR shRNA showed substantially reduced mTOR

expression throughout (J–L). (M and N) Quantitative analyses were conducted

using RT-PCR. mTOR mRNA levels were substantially increased upon the for-

mation of CNV and subsequently reduced significantly upon the intravitreal

administration of rAAV-mTOR shRNA. Data are presented asmean ± SEM. Asterisk

indicates statistically significant (*p < 0.05) differences versus the control. Cross

indicates statistically significant (yp < 0.05) differences versus the rAAV-mTOR

shRNA-treated group. Scale bar, 100 mm. ONL, outer nuclear layer; RPE, retinal

pigment epithelium.
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DISCUSSION
Building upon previous research targeting the mTOR signaling
pathway as a therapeutic for various diseases, a number of studies
have investigated the role of mTOR in the pathological conditions
of the retina.15–17,19,29,30 Using mTOR pathway inhibitors, recently
it has been shown that blockingmTOR signaling conferred protection
against the formation and progression of CNV.16,18,19,30 Most of
these studies, however, utilized rapamycin and/or temsirolimus, a
rapamycin analog, both of which inhibit mTORC1 while activating
mTORC2 via a negative feedback loop. These opposing effects hinder
the comprehensive investigation of the therapeutic potential of mTOR
inhibition. In comparison, we were here able to block both mTORC1
and mTORC2 simultaneously by utilizing siRNA to selectively target
mTOR itself. To the best of our knowledge, the use of these siRNAs,
incorporated into rAAV as an shRNA, represents the first study to
simultaneously affect both mTORC complexes to demonstrate the
therapeutic effects of mTOR inhibition on CNV development. We
found that intravitreally administered rAAV-mTOR shRNA suc-
cessfully transduced various cells in CNV lesions and suppressed the
progression of CNV. Significantly elevated autophagy levels were
detectable in rAAV-mTOR shRNA-treated mouse retinas when
compared with animals injected with an rAAV-scrambled shRNA or
0.1% PBS as a control. Furthermore, the retinas of rAAV-mTOR
shRNA-treated mice exhibited markedly reduced apoptosis activity.

Among the well-established roles of mTOR are the regulation of
cellular metabolism and cell growth during development or after
injury. Neuronal mTOR activity decreases over the course of develop-
ment in the murine CNS, and only limited activity is observable in the
adult CNS.31,32 mTOR expression is restricted to the ganglion cell
layer and inner nuclear layer (INL) of normal mouse retinas,33,34

and our results correspond with these earlier findings. Furthermore,
we confirm here that mTOR expression is significantly increased in
the CNV-induced retinas, particularly the inner plexiform retinal
layer and the CNV lesion itself. Because mTOR immunoreactivity
was shown to be downregulated in normal mouse retinas, we specu-
late that shRNA-mediated mTOR inhibition does not affect the
viability of normal retinal cells, and that it has inhibitory effects
only upon cells with upregulated mTOR expression.

One of the major novel findings in this study is that intravitreally
administered rAAV-mTOR shRNA successfully transduced cells in
CNV lesions in mouse retinas induced via laser photocoagulation.
Although numerous studies have shown that the AAV-mediated deliv-
ery of therapeutic genes may inhibit CNV formation,35–37 none has
demonstrated the direct transduction of AAV into cells of CNV
lesions. Here, we report that rAAV-mTOR shRNA effectively trans-
duces endothelial cells, the main cellular components of CNV. Com-
bined with other results, we posit that the inhibition of the mTOR
pathway in endothelial and inflammatory cells may play a crucial role
in limitingCNVformation,with long-lasting therapeutic effects achiev-
able via a single intravitreal administration of rAAV-mTOR shRNA
capable of directly transducing cells in the CNV lesions themselves.

Several pathophysiological factors have previously been linked with
AMD, primarily inflammation and angiogenesis.38,39 A number of
previous studies have documented that both mTORC1 and mTORC2
are involved in angiogenesis and pro-inflammatory processes,
and that the inhibition of the mTOR pathway may have anti-inflam-
matory and anti-angiogenic effects.12,14,30,40–43 The rAAV-mTOR
shRNA used in this study inhibits both mTOR complexes, leading
to the profound suppression of inflammation and angiogenesis,
confirmed by immunohistology utilizing CD11b, F4/80, and CD31.
These revealed that rAAV-mTOR shRNA-treated mouse retinas
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 29
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Figure 4. Immunohistochemistry of Phalloidin and

CD31 for Endothelial Cells Resulting from Laser-

Induced CNV

The extensiveness of the CNV was measured via whole-

mount phalloidin (red) and CD31 (yellow) immunostains.

(A–I) Whereas the areas where CNV occurred were

widespread for the control and scrambled shRNA-treated

groups (A–F), CNV was substantially reduced for mice

treated with mTOR shRNA (G–I). Bar graph shows

CNV extent, as measured by pixels per lesion, using the

Kruskal-Wallis test with post hoc analysis (J, mean ±

SEM). Asterisk indicates statistically significant differ-

ences versus the control (*p < 0.05). Cross (y) indicates
statistically significant differences versus the scrambled

shRNA-treated group. Scale bars, 100 mm.
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exhibited a reduction in the extent of CNV lesions and significantly
less infiltration by monocytes and macrophages. Additionally, as
the secretion of various cytokines and chemokines, such as IL-1b
and TNF-a,44 further activates endothelial cells in the early stages
of inflammation, the anti-inflammatory effects of mTOR inhibition
may also be implicated in reducing angiogenesis.

To date, there is strong evidence to support that impaired autophagy
in the RPE leads to the accumulation of lipofuscin and a reduced abil-
30 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
ity to clear intracellular debris,45–48 and that the
activation of autophagy, modulated by the rapa-
mycin-induced inhibition of mTORC1, is able
to prevent this harmful AMD-related aging of
RPE cells.18–20 As seen in the expression of
LC3B and ATG7, selective markers for autopha-
gic activity, we demonstrate here that this spe-
cific mode of autophagy activation significantly
reduces CNV. LC3B expression was detected
mainly in the CNV lesions themselves, and
with the clearly observable transduction of
rAAV-mTOR shRNA into the lesions, it is
highly likely that this site-specific activation of
autophagy was due to the inhibitory effects of
mTOR shRNA on mTOR signaling. Moreover,
by increasing autophagy in the CNV lesions,
mTOR inhibition may not only limit CNV pro-
gression, but also reverse previous CNV activity.
Therefore, treatments resulting in enhanced
autophagy via mTOR inhibition may help over-
come the limitations of the anti-VEGF therapies
currently used, which work by decreasing
vascular permeability and inhibiting new vessel
formation, but have a limited effect on stable
mature vessels covered with pericytes.49–51

In addition to CNV formation, AMD is charac-
terized by RPE degeneration and the loss of
photoreceptors. It was previously reported that
mTOR inhibition by rapamycin prevents pathological changes in
RPE cells and protects photoreceptors from oxidative stress.52 Corre-
spondingly, the TUNEL assay showed that rAAV-mTOR shRNA
treatment, which unlike the variable activity of rapamycin with
respect to the two mTOR complexes, affects both mTORC1 and
mTORC2, and significantly reduced apoptosis activity in ONL cells
around the CNV when compared with controls. Although beyond
the scope of the current manuscript, if mTOR inhibition is directly
responsible for protecting photoreceptors and is not due to the effects



Figure 5. Transverse Retinal Sections

Immunolabeled with CD31 and GFP

(A–L) CD31 (red) expression was detectable throughout

the laser-induced CNV lesions in the retinas of the control-

(A–D) and rAAV-scrambled shRNA-treated groups (E–H),

while CD31 expression was markedly reduced in the

rAAV-mTOR shRNA-treated group (I–L). (F and J) Sub-

stantial GFP (green) expression exhibited in the rAAV-

scrambled shRNA- and rAAV-mTOR shRNA-treated

groups (F and J) indicated the effective transducing

qualities of the viral vector. Scale bar, 100 mm. ONL, outer

nuclear layer; RPE, retinal pigment epithelium.
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to rapamycin, this additional aspect of rAAV-mTOR shRNA treat-
ment may increase its efficacy as an AMD therapeutic.

In summation, we demonstrate here that mTOR inhibition mediated
by rAAV-mTOR shRNA in a mouse model for AMD resulted in
increased autophagic activity, reduced inflammatory activity, and
reduced angiogenesis in laser-induced CNV lesions, as well as an
overall reduction in the extent of CNV. In addition to being able to
effectively transduce CNV lesions because of its scAAV2 packaging
vector, the mTOR-targeting shRNA was designed to be multispecies
compatible. Therefore, rAAV-mTOR shRNA may serve as the foun-
dation for the development of therapeutics to replace or to be used in
conjunction with the anti-VEGF therapies currently used to treat
AMD. Further preclinical studies will be necessary to determine
the optimal concentration of the therapeutic vector to maximize effi-
cacy and to evaluate ocular and systemic toxicity with regard to dose
escalation.

MATERIALS AND METHODS
Animals

Eight-week-oldmale C57/BL6mice (TheOrient Bio) were used in this
study. All animal care and experiments were performed in accordance
with the guidelines in the Association for Research in Vision and
Ophthalmology Resolution on the Use of Animals in Ophthalmic
and Vision Research and overseen by the Institutional Animal Care
and Use Committee of Soonchunhyang University Hospital Bucheon.

Laser-Induced CNV

After anesthetizing the animals via the intraperitoneal (i.p.) injec-
tion of a mixture of 40 mg/kg zolazepam/tiletamine (Zoletil; Virbac)
and 5 mg/kg xylazine (Rompun; Bayer Healthcare), the pupils were
Molecular Ther
dilated with 0.5% tropicamide and 2.5% phenyl-
ephrine (Mydrin-P; Santen). Laser photoco-
agulation (200 mm spot size, 0.02 s duration,
100 mW) was performed using a PASCAL
diode ophthalmic laser system (neodymium-
doped yttrium aluminium garnet [Nd:YAG],
532 nm; Topcon Medical Laser Systems). Only
the right eye of each mouse was exposed to
laser photocoagulation to induce CNV. Five to
six laser spots were applied around the optic
nerve head of said eye. A gaseous bubble formed at each laser spot,
indicating the rupture of Bruch’s membrane.

Preparation of rAAV-mTOR shRNA-EGFP and Intravitreal

Injections

All recombinant AAV vectors were derived from scAAV2 vectors.
The mTOR siRNA (50-GAAUGUUGACCAAUGCUAU-30) was de-
signed from the completely conserved multi-species region found in
humans (NM_004958), monkeys (XR_014791), rats (NM_019906),
and mice (NM_020009) to establish rAAV-mTOR shRNA-EGFP. A
scrambled control siRNA (50-AUUCUAUCACUAGCGUGAC-30)
was prepared to make rAAV-scrambled control shRNA-EGFP
(rAAV-scrambled shRNA-EGFP). Both of the scAAV2 vectors use
the H1 promoter to express either mTOR siRNA or the scrambled
control siRNA, whereas EGFP expression is driven by the cytomega-
lovirus promoter. All rAAV vectors were supplied by CdmoGen. In-
travitreal injections of the vector were performed in the right eyes of
the mice, with pupil dilation, 5 days after laser photocoagulation un-
der anesthesia using 35G blunt needles with Nanofil syringes (World
Precision Instruments). One microliter of the viral vectors at a con-
centration of 5.0� 1010 viral genomes (vg)/mLwas used per injection.
Laser photocoagulation was used to induce CNV in three groups of
mice (n = 20 per each group) before being injected with the following:
0.1% PBS for the first group, rAAV-scrambled shRNA for the second,
and rAAV-mTOR shRNA for the third. As a negative control, 10 mice
were not treated with laser photocoagulation or intravitreal injections.
Five mice from each group were used for qRT-PCR.

FFA

FFA was performed using a scanning laser ophthalmoscope (Heidel-
berg Retina Angiograph 2; Heidelberg Engineering) as previously
apy: Nucleic Acids Vol. 8 September 2017 31
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Figure 6. Representative Confocal Images of CD11b

and F4/80 Immunostaining and Quantitative

Analyses of Inflammatory Cell Infiltration

(A–F and J–O) Immunohistochemistry with CD11b and

F4/80 revealed the extensive presence of inflammatory

cells in the retinas of mice injected with 0.1% PBS and

rAAV-scrambled shRNA. (G–I and P–R) In contrast,

significantly fewer CD11b- and F4/80-positive inflamma-

tory cells were found in the animals treated with rAAV-

mTOR shRNA. (S and T) Significantly fewer CD11b- (S)

and F4/80-positive cells (T) were seen in the rAAV-mTOR

shRNA-treated group when compared with the control

and rAAV-scrambled shRNA-treated groups (CD11b: p =

0.036 and p = 0.016, respectively; F4/80: p = 0.027 and

p = 0.022, respectively). Data are presented as mean ±

SEM. Asterisk indicates statistically significant differences

versus the control (*p < 0.05). Cross (y) indicates statisti-

cally significant differences versus the rAAV-scrambled

shRNA-treated group. Scale bars, 100 mm. ONL, outer

nuclear layer; RPE, retinal pigment epithelium.
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described.53 In brief, the animal was anesthetized and the pupil dilated
to observe the retina. FFA images were captured 3–5 min after an i.p.
injection with 0.1 mL of 2% fluorescein sodium (Fluorescite; Akorn).
FFA was performed at 5 and 13 days post-laser photocoagulation.

Tissue Preparation

The mice were deeply anesthetized via an intraperitoneal injection
of a 4:1 mixture of zolazepam/tiletamine (80 mg/kg) and xylazine
(10 mg/kg), then intracardially perfused with 0.1 M PBS containing
150 U/mL heparin, followed by an infusion of 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (PB). After ocular enucleation, the
anterior segment, including the cornea and lens, was removed to
generate eyecups. For RPE whole mounts, the neural retina was
removed as well. The RPE-choroid complex was fixed with 4% PFA
in 0.1 M PB (pH 7.4) for 2 hr and prepared with four equidistant
cuts. To prepare frozen sectioned samples, we fixed eyecups with
attached neural retinas with 4% PFA in 0.1 M PB (pH 7.4) for 2 hr.
The eyecups were then transferred to 30% sucrose in PBS, incubated
32 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
overnight, and embedded in optimal cutting
temperature (OCT) compound (Sakura Fine-
tek). Using the embedded eyecups, serial sagittal
sections 10 mm thick were prepared and the sec-
tions mounted on adhesive microscope slides
(HistoBond; Marienfeld-Superior). Transverse
sections with CNV lesions were selected among
the samples by visually scanning all serial
sections.

Immunohistochemistry

Immunohistochemistry was performed for
both whole mounts and transverse sections of
the retina. To immunostain whole mounts,
we incubated RPE-choroid tissues overnight at
4�C with anti-CD31 (550274, 1:200; BD Phar-
mingen) diluted in PBS containing 1% Triton X-100 (PBST; Sigma-
Aldrich). The tissues were washed three times for 10 min apiece
with PBST and incubated for 2 hr at room temperature with Alexa
Fluor 532-conjugated goat anti-mouse (A11002; Thermo Fisher
Scientific) and rhodamine-conjugated phalloidin (A22287; Thermo
Fisher Scientific). For transverse sections, slides were incubated
overnight at 4�C with primary antibodies for either anti-CD11b
(MCA711G, 1:200; Serotec), anti-F4/80 (MCA497GA, 1:200; Sero-
tec), or anti-CD31 (550274, 1:200; BD Pharmingen) to detect mono-
cyte, macrophage, and endothelial cells, respectively. To visualize
EGFP expression and verify transduction by the AAVs, we used an
anti-GFP antibody (ab6556, 1:200; Abcam). mTOR or autophagy
activity was observed using anti-mTOR (AF15371, 1:200; R&D
Systems) and anti-LC3B IgG (NB110-2220, 1:200; Novus Biologi-
cals), respectively. For the TUNEL assay, the tissue was stained in
accordance with the protocol provided by the manufacturer
(12156792910, In Situ Cell Death Detection Kit, TMR red; Roche
Diagnostics). After washing three times with PBST, the samples



Figure 7. Immunolabeling for Autophagy Using Autophagy Markers LC3B

and ATG7

(G–I and P–R) Immunostaining against LC3B and ATG7 was used to detect auto-

phagy, which was mainly found in the rAAV-mTOR shRNA-treated group. (A–F and

J–O) On the other hand, only background LC3B and weak, lesion-confined ATG7

expression were detected in the control (A–C and J–L) and rAAV-mTOR scrambled-

treated groups (D–F and M–O). Scale bars, 100 mm. ONL, outer nuclear layer; RPE,

retinal pigment epithelium.

Figure 8. Analyses of Apoptotic Cells via TUNEL Assay

(A–I) TUNEL-positive cells were found in the outer nuclear layer (ONL) and around

the CNV lesions of the control (A–C), rAAV-scrambled shRNA-treated (D–F), and

rAAV-mTOR shRNA-treated groups (G–I), with the latter containing noticeably fewer

apoptotic cells. (J) As seen in the summarized data, significantly fewer TUNEL-

positive cells were detected in the ONL of rAAV-mTOR shRNA-treated retinas

when compared with the control and rAAV-scrambled shRNA-treated groups (p =

0.038 and p = 0.024, respectively). Data are presented as mean ± SEM. Asterisk

indicates statistically significant differences versus the control (*p < 0.05). Cross (y)
indicates statistically significant differences versus the rAAV-scrambled shRNA-

treated group. Scale bars, 100 mm. ONL, outer nuclear layer; RPE, retinal pigment

epithelium.
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were incubated with Alexa Fluor 488-, 546-, and 647-conjugated
(Thermo Fisher Scientific) secondary antibodies and stained
with DAPI (D9542; Sigma-Aldrich) to visualize the cell nuclei.
Both the whole mounts and transverse sections were examined
via fluorescence confocal microscopy (LSM 700; Carl Zeiss Micro-
scopy), with images captured using image-capture software (LSM
Image Browser; Carl Zeiss Microscopy) at �100 and �200
magnification.
RT-PCR

The eyeball was enucleated from deeply anesthetized mice, and the
cornea, lens, and RPE-choroid complex were removed. Total RNA
was prepared from the neural retina without the RPE-choroid com-
plex using TRIzol reagent (Invitrogen). RNA (2 mg) was reverse tran-
scribed into cDNA using Superscript III (Invitrogen). Samples were
analyzed for mRNA levels using SYBR Green kits (Invitrogen), and
fold changes in mRNA expression were determined using the 2�DDCt

method, normalizing the results to the expression of the control
GAPDH. PCR was carried out in triplicate, with amplification
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performed utilizing a pair of primers specific for mTOR (forward:
50-CCACTGTGCCAGAATCCATC-30, reverse: 50-GAGAAATCCC
GACCAGTGAG-30).

Image Analysis and Statistical Analysis

Data collection for quantitative comparisons of the extent of CNV
and cell counts for monocyte, macrophage, and TUNEL-positive cells
was conducted using ImageJ software (NIH). For counting cells,
five transverse sections from each CNV lesion were selected and
immunostaining-positive cells counted at �100 magnification. Five
laser-induced CNV lesions from each group were included for each
analysis, with statistical analyses performed using SPSS software
(version 20.0 for Windows; SPSS). The Kruskal-Wallis test with a
post hoc analysis (Bonferroni’s method) was used for the comparison,
and significant difference was determined at p < 0.05.
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