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Abstract

The Graduate School of the University of Ulsan

Department of Medicine

Steven Hyun Seung Lee

Purpose:

The limitations of currently-employed treatments for wet age-related macular degeneration 

(AMD) include questions regarding long-term VEGF suppression and frequent injections 

negatively affecting patient compliance. Here, I explored the effects of a gene therapy 

designed to inhibit mTOR, a potential AMD therapeutic target, in a rat model of oxygen-

induced retinopathy (OIR).

Methods:

Sprague-Dawley pups were used to generate the OIR model, with a recombinant adeno-

associated virus expressing a shRNA (rAAV2-shmTOR-GFP) being administered via 

intravitreal injection upon returning the rats to normoxia, with appropriate controls. 

Immunohistochemistry and TUNEL assays, as well as fluorescein angiography, were 

performed on transverse retinal sections and flat mounts, respectively, to determine the in 

vivo effects of mTOR inhibition with regard to wet AMD.
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Results:

Compared to normal control rats, as well as OIR model animals that were either untreated 

(20.95±6.85), mock-treated (14.50±2.47), or injected with a control shRNA-containing virus 

vector (16.64±4.92), rAAV2-shmTOR-GFP (4.28±2.86, p=0.00103) treatment resulted in 

dramatically reduced neovascularization, the hallmark of wet AMD, as a percentage of total 

retinal area. These results mirrored quantifications of retinal avascular area and vessel 

tortuosity, with rAAV2-shmTOR-GFP exhibiting significantly greater therapeutic efficacy 

than the other treatments. The virus vector was additionally shown to reduce macrophage 

infiltration into retinal tissue and possess anti-apoptotic properties, both these processes 

being associated with wet AMD.

Conclusions:

Taken together, these results build upon the previous work to further demonstrate the strong 

promise of rAAV2-shmTOR-GFP as an effective and convenient gene therapy for wet AMD.

Keywords

Wet age-related macular degeneration, oxygen-induced retinopathy, recombinant adeno-

associated virus, mechanistic target of rapamycin, RNA interference
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Introduction

Among the leading causes of irreversible vision loss worldwide, AMD is projected to affect 

288 million patients by 2040.1 A progressive condition, AMD can be divided into two 

distinct subtypes: dry AMD, marked by geographic atrophy, and wet AMD, whose defining 

characteristic is neovascularization.2 As vascular endothelial growth factor (VEGF) is a 

driving force of neovascularization, therapeutic options for wet AMD commonly pursue an 

anti-VEGF strategy.3 Among these, ranibizumab, a Fab fragment, and aflibercept, a 

recombinant fusion protein, are FDA-approved, whereas bevacizumab, the monoclonal 

antibody from which ranibizumab was derived, is widely used off-label for economic 

reasons.3 These treatments are administered via intravitreal injection on dosing schedules 

ranging from four to eight weeks. Patient compliance is often negatively affected by the 

frequency of these injections,3 in turn threatening treatment outcomes.4 With safety questions 

having been raised5, 6 regarding the chronic suppression of VEGF, the development of a gene 

therapeutic focused on a non-VEGF target may prove to be beneficial in addressing this 

growing global health concern.

One such therapeutic target that has previously been set forth is mTOR,7, 5 so named because 

it is targeted by the broadly anti-proliferative rapamycin.8 A serine/threonine kinase, mTOR 

exists as a component member of three separate complexes, mTOR complex 1 (mTORC1), 

mTOR complex 2 (mTORC2),8 and the recently identified mTOR complex 3 (mTORC3).9

Acute rapamycin treatment has been shown to inhibit mTORC1 only, with mTORC210 and 

mTORC3 insensitive to its effects.9 Due to its integral role in various signaling pathways,8

mTOR dysfunction has been linked to a number of disease states, including ocular 

disorders.11 Previous studies have demonstrated the ability of rapamycin to reduce retinal 

neovascularization in vitro12 and in vivo13 by inhibiting mTORC1, which acts through 
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hypoxia inducible factor 1α (HIF-1α) to downregulate VEGF. However, as this VEGF 

downregulation is partial,14 developing a gene therapeutic for wet AMD that targets mTOR 

necessitates the inhibition of all three complexes.

By employing ATP-competitive inhibitors of mTOR to block all downstream 

phosphorylation targets, several groups were able to successfully inhibit both mTORC1 and 

mTORC2.8 Unlike first-generation inhibitors, consisting of rapamycin and its structural 

analogues, called rapalogs, that only affect mTORC1,10 these second-generation inhibitors 

were found to effectively block mTORC3 activity as well.9 On the other hand, a program 

developed in-house called CAPSID (Convenient Application Program for siRNA Design)

was previously used to design a novel short hairpin RNA (shRNA) specifically targeting 

mTOR.15 By doing so, RNA interference is used to directly downregulate mTOR activity, 

rather than the inhibition being effected in a roundabout manner. To continue its 

development as a potential gene therapeutic, the mTOR-inhibiting shRNA was packaged 

alongside a GFP reporter in a recombinant adeno-associated virus (rAAV),16 which are 

capable of eliciting long-term transgene expression, are non-pathogenic in nature, and are 

able to transduce dividing and non-dividing cells.17 FDA approval of voretigene neparvovec-

rzyl (Luxturna) in late 2017, which delivers a human RPE65 cDNA via a rAAV2 to treat 

Leber’s congenital amaurosis resulting from a mutation of the RPE65 gene, confirmed the 

suitability of rAAVs for gene therapy applications involving ocular conditions.18

Previously, the therapeutic efficacy of the shRNA-containing virus vector was explored in a 

laser-induced mouse model of choroidal neovascularization (CNV), where it was shown to 

reduce the extent to which neovascularization occurred.19 However, as it is laser 

photocoagulation that results in neovascular activity, the mouse model is one induced by 

acute injury and does not reflect the pathogenesis of wet AMD.20 Here, a rat OIR model is 

injected with the virus vector, renamed rAAV2-shmTOR-GFP, to determine its effects in a 



３

model that reflects AMD progression in a manner distinct from the laser-induced mouse 

model. I show that the direct inhibition of mTOR in vivo results in reduced 

neovascularization, recapitulating the results of the earlier study. rAAV2-shmTOR-GFP was 

also found to reduce artery tortuosity in the hypoxic retina and possess anti-inflammatory 

and anti-apoptotic capabilities. All of these aspects are associated with wet AMD and 

continue to demonstrate the promise of rAAV2-shmTOR-GFP as a potential gene therapeutic 

for the treatment of the condition.
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Materials and Methods

Cell culture and transfections

ARPE-19 cells were obtained from the American Type Culture Collection (Manassas, VA), 

cultured in Dulbecco’s Modified Eagle Medium (Invitrogen; Carlsbad, CA) supplemented 

with 10% fetal bovine serum (Thermo Fisher Scientific; Waltham, MA), 2 mM GlutaMAX-1 

(Thermo Fisher Scientific), and penicillin (100 IU/mL)/streptomycin (50 μg/mL), and 

maintained at 37°C under a humidified 5% carbon dioxide atmosphere. The mTOR-

inhibiting shRNA (5’–GAAUGUUGACCAAUGCUAU–3’) was purchased from Genolution 

(Seoul, Korea) as a, “ready-to-use,” product. shCon (5’–AUUCUAUCACUAGCGUGAC–

3’), the negative control shRNA, was sourced from Dharmacon (Lafayette, CO). 

Transfections were conducted using Oligofectamine (Invitrogen), as per the manufacturer’s 

recommendations with regards to the no serum option.

In vitro characterization

Total RNA was extracted at 48 hours post-transfection using TRIzol reagent (Invitrogen), the 

RNA (2 mg) reverse transcribed into cDNA using Superscript III (Invitrogen), and mRNA 

levels ascertained using a SYBR Green kit (Invitrogen). The following mTOR-specific 

primers were used for amplification purposes: 5’–CACAGTGCCAGAATCTATTC–3’ (sense) 

and 5’–GAGAAGTCCCGACCAGTGAG–3’ (antisense). Proteins from whole-cell lysates 

were resolved on reducing sodium dodecyl sulfate (SDS)-polyacrylamide gels before being 

transferred onto polyvinylidene fluoride (PVDF) membranes. Primary antibodies specific to 

mTOR (2983S) and β-actin (A5441) were obtained from Cell Signaling Technology 

(Danvers, MA) and Sigma-Aldrich (St. Louis, MO), respectively, and protein bands detected 

using an enhanced chemiluminescence (ECL) system.
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Animal care

Sprague Dawley pups and dams (The Orient Bio; Sungnam, Korea) were used in this study, 

which was approved by the Internal Review Board for Animal Experiments at the Asan 

Institute for Life Sciences (University of Ulsan, College of Medicine). All animal care and 

experiments were conducted in accordance with the Association for Research in Vision and 

Ophthalmology Resolution on the Use of Animals in Ophthalmic and Vision Research. 

Rat model of oxygen-induced retinopathy

The well-established protocol for mice set forth by Smith et al.21 was generally followed to 

generate the rat OIR model. However, due to the lower levels of neovascularization observed 

in rats when compared to the mouse OIR model,20 Sprague Dawley rats in particular,22 pups 

were placed under hyperoxia at postnatal day 4 (P4) to take advantage of the less developed 

retinal vasculature and induce a more dramatic vaso-obliteration, as neovascularization 

depends on the extent to which vaso-obliteration occurs.23 At P9, the pups were returned to 

normoxia and either intravitreally injected with their respective virus vectors, mock-treated, 

or left untreated before sacrifice on P14.

Preparation of virus vectors and intravitreal injections

The experimental virus vectors, rAAV2-shmTOR-GFP (previously rAAV-mTOR shRNA-

EGFP) and rAAV2-shCon-GFP (previously rAAV-scrambled shRNA-EGFP), were prepared 

as previously described.19 All of the virus vectors used in this study were obtained from 

CdmoGen Co., Ltd. (Cheongju, Korea). Prior to intravitreal injection, the rats were 

anesthetized with an intraperitoneally administered 4:1 mixture of 40 mg/kg of Zoletil 

(zolazepam/tiletamine) obtained from Virbac (Carros Cedex, France) and 5 mg/kg of 

Rompun (xylazine) sourced from Bayer Healthcare (Leverkusen, Germany). Their pupils 
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were then dilated with Mydrin-P (0.5% tropicamide and 2.5% phenylephrine) supplied by 

Santen (Osaka, Japan) before being intravitreally injected with 1 μL of the virus vectors at a 

concentration of 5.0 x 1010 viral genomes (v.g.)/mL.

Tissue preparation

An intraperitoneal injection of a 4:1 mixture of Zoletil (80 mg/kg) and Rompun (10 mg/kg) 

was used to deeply anesthetize the rats, followed by an intracardial perfusion with 0.1 M 

PBS (7.4 pH) containing 150 U/mL heparin and infusion with 4% paraformaldehyde (PFA) 

in 0.1 M phosphate buffer (PB). The eyeballs were enucleated and fixed for 1 hour in 4% 

PFA in 0.1 M PB and the anterior sections were then removed, including the cornea and lens, 

to generate eyecups. Flat mounts were generated by removing the RPE-choroid tissue, 

making four equidistant cuts, and mounting the retinal tissue between a microscope slide and 

cover slip. For frozen sectioned samples, eyecups were transferred to 30% sucrose in PBS 

overnight then embedded in Tissue-Tek, an optimum cutting temperature compound (Miles 

Scientific; Napierville, IL), before 5 μm-thick transverse retinal sections were prepared.

Fluorescein angiography and analysis

Retinal vessels were visualized by staining flat mounts with Alexa Fluor 568-conjugated

isolectin GS-IB4 (I21412; Thermo Fisher Scientific) for one day at 4°C prior to confocal 

microscopy. ImageJ software (National Institutes of Health; Bethesda, MD) was used to 

determine the effects of rAAV2-shmTOR-GFP activity on the rat OIR model. 

Neovascularization was quantified by manually outlining the areas wherein neovascular tufts 

were formed and comparing their sum amount with the total area of the flat mount. 

Calculating the percentage of avascular areas was carried out in a similar manner. Vessel 

tortuosity was determined by drawing a straight line from the terminus of a retinal artery to 

where it begins towards the center of the retina. Then, after manually drawing a line that 
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follows the path of said artery, the two values were compared to yield a vessel tortuosity 

ratio.

Immunohistochemistry and TUNEL assay

Frozen sections were stained for macrophage infiltration using anti-F4/80 (MCA497GA; 

Serotec; Oxford, UK), or for effective retinal transduction using anti-GFP (ab6556; Abcam; 

San Francisco, CA) or anti-mTOR (AF15371; R&D Systems; Minneapolis, MN) by 

incubating the samples overnight at 4°C with the diluted primary antibodies. They were then 

washed 3 times in PBST for 10 minutes apiece, incubated for 2 hours at room temperature 

with the secondary antibodies Alexa Fluor 568 or 488 (Thermo Fisher Scientific), and 

stained with DAPI (D9542; Sigma-Aldrich) to visualize the cell nuclei. TUNEL assay was 

performed according to the manufacturer’s protocol (12156792910; Roche Diagnostics; 

Indianapolis, IN), the retinal sections were then washed 3 times in PBST for 10 minutes 

apiece, and stained with DAPI. The samples were then examined using a LSM 700 

fluorescence confocal microscope (Carl Zeiss Microscopy; Jena, Germany) and the images 

captures using ImageJ.

Statistical analysis

One-way ANOVA testing was used for statistical analysis, with significant difference 

determined at p<0.01 or p<0.001. The data is generally presented as dot plots with mean 

standard error of mean values also visualized.
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Figure 1. Experimental schematic and design.
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Figure 1. Experimental schematic and design.

The oxygen-induced retinopathy model takes advantage of the underdeveloped retinal 

vascular system of rats at birth. Exposure to hyperoxic conditions at this point results in 

vaso-obliteration, which leads to vasoproliferation upon return to normoxia (A). These 

occurred at four and nine days after the pups are born, respectively. Intravitreal injection 

occurs upon the returning to normoxia and the rats are sacrificed five days thereafter (B). 

rAAVs are administered intravitreally, which is a more convenient delivery method than 

subretinal injections, which are more invasive (C).
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Results

In vitro characterization of the mTOR-inhibiting shRNA

To determine the efficacy of mTOR inhibition in vitro, ARPE-19 cells were mock-

transfected or transfected with 100 nM of either the control shRNA or the mTOR-inhibiting 

shRNA. Relative to mock-transfection, subsequent RT-qPCR analysis revealed that the latter 

markedly reduced mTOR mRNA levels (Fig. 2B), whereas shCon treatment had little effect. 

These results were confirmed via western blot (Fig. 2C), which showed that shmTOR 

transfection significantly downregulated mTOR protein expression in the retinal pigment 

epithelium (RPE) cell line.
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Figure 2. Characterization of rAAV2-shmTOR-GFP and retinal transduction of the rat

OIR model.
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Figure 2. Characterization of rAAV2-shmTOR-GFP and retinal transduction of the rat

OIR model.

Schematic representation of rAAV2-shmTOR-GFP and rAAV2-shCon-GFP (A). ARPE-19 

cells were either mock-treated or transfected with one of the experimental virus vectors. 

After 48h, total RNA was isolated for RT-qPCR analysis (B) or whole-cell lysates prepared 

for immunoblotting (C), which showed that rAAV2-shmTOR-GFP treatment significantly 

reduced mTOR mRNA and protein expression levels, respectively, in vitro. β-actin was used 

in the latter as a protein loading control. Compared to the untreated normal control group (D-

G), which did not undergo hyperoxic treatment, OIR model animals that were either mock-

treated (H-K) or injected with rAAV2-shCon-GFP (L-O) exhibited elevated mTOR protein 

levels (I, M). This was almost completely abrogated (Q) in rats receiving rAAV2-shmTOR-

GFP (P-S). GFP expression (L, P) revealed that the experimental virus vectors successfully 

transduced the retinas of the rat OIR model.
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In vivo efficacy of rAAV2-shmTOR-GFP in a rat OIR model

Immunohistochemistry performed on frozen sections using an antibody for GFP revealed 

that rAAVs delivered via intravitreal injections are able to effectively transduce rat retinas, as 

GFP was expressed in animals treated with the experimental virus vectors (Fig. 2L, 2P) and 

absent in the normal control (Fig. 2D) and mock-treated (Fig. 2H) groups. Immunostaining 

with anti-mTOR showed that the rat OIR model was successfully generated, with mock-

treated (Fig. 2I–2K) and rAAV2-shCon-GFP-injected (Fig. 2M–2O) control groups 

exhibiting elevated mTOR protein levels compared to rats that were not exposed to 

hyperoxia (Fig. 2E–2G). Additionally, the almost complete downregulation of mTOR 

expression (Fig. 2Q–2S) confirmed the in vivo activity of rAAV2-shmTOR-GFP.

The implications of this mTOR-inhibiting activity, as they relate to AMD, were examined via 

fluorescein angiography (Fig. 3A–3E). In rat OIR models, returning the pups to normoxia 

after vaso-obliteration has occurred during the hyperoxic phase should result in the sprouting 

of new capillaries. However, abnormal vessels may arise and this neovascular tufting, called 

pathological angiogenesis, is the hallmark of wet AMD.24 As can be seen (Fig. 3F), 

neovascularization was least extensive in rats treated with rAAV2-shmTOR-GFP (4.28±2.86, 

p=0.00103; n=5), whereas untreated, mock-treated, and rAAV2-shCon-GFP-injected animals 

had neovascularization present in 20.95±6.85, 14.50±2.47, and 16.64±4.92 percent of their 

total retinal areas (n=5), respectively. During vaso-obliteration in the first part of OIR model 

generation, the creation of a capillary-free region in the rat retina results in an increased 

amount of avascular areas,25 and as vessels are regenerated in the second phase, an inverse 

relationship is found to exist between neovascular tufting and healthy vascular 

regeneration.24 As such, a reduction of neovascularization correlates to increased normal 

revascularization, resulting in decreased avascularity. This was observed in the rat OIR 

model (Fig. 3G), where untreated (26.31±7.06; n=5), mock-treated (26.15±4.30; n=5), and 
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rAAV2-shCon-GFP-treated (27.96±3.04; n=5) rats had greater percentages of avascular areas 

in their retinas compared to those injected with rAAV2-shmTOR-GFP (12.29±2.57, 

p=0.00310; n=5). Hyperoxia only affects retinal capillaries, leaving larger arteries and veins 

intact. Whereas vascular sprouting from the latter and any unaffected capillaries are 

responsible for regenerating the capillary network, with neovascular tufting being a 

dysfunction of this process, retinal arties become tortuous, which is found in a number of 

retinopathic conditions.24 Vessel tortuosity was least severe in rats treated with rAAV2-

shmTOR-GFP (0.098±0.022, p=0.00040; n=5), whereas ratios of 0.181±0.040, 0.204±0.074, 

and 0.201±0.043 were observed in untreated, mock-treated, and rAAV2-shCon-GFP-treated 

animals (n=5), respectively (Fig. 3H).
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Figure 3. In vivo effects relating to wet AMD visualized via fluorescein angiography.

Isolectin was used to visualize the extensiveness of the retinal vascular networks of normal 

control rats (A) and the OIR model groups, which include untreated (B), mock-treated (C), 

and rats intravitreally injected with either rAAV2-shCon-GFP (D) or rAAV2-shmTOR-GFP 

(E). Post-sacrifice, ImageJ was used to determine the extent to which neovascularization 

occurred (F) upon returning the animal models to normoxia, as well as to measure the 

avascular area of the retinas (G). rAAV2-shmTOR-GFP treatment most limited 

neovascularization, while also resulting in the lowest ratio of vessel tortuosity (H) and 

amount of avascular area (n=5).
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Figure 4. Immunostaining with F4/80 to demonstrate extensiveness of macrophage 

infiltration.
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Figure 4. Immunostaining with F4/80 to demonstrate extensiveness of macrophage 

infiltration.

Immunohistochemistry using anti-F4/80, which indicates the presence of macrophages, 

revealed significant inflammatory cell infiltration in the retinas of untreated (D-F), mock-

treated (G-I), and rAAV2-shCon-GFP-treated (J-L) OIR model groups. Macrophage 

detection was absent in normal control rats (A-C) and markedly reduced in those 

intravitreally injected with rAAV2-shmTOR-GFP (M-O). Quantitative analysis of the data is 

visualized as well (P; n=5).
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Anti-inflammatory activity of rAAV2-shmTOR-GFP

Owing to the known association of inflammatory processes with the initiation and 

progression of wet AMD,2 macrophage infiltration was determined in the transverse retinal 

sections via anti-F4/80 immunostaining (Fig. 4). While macrophages were not readily 

detectable in normal control rats, they were found to have infiltrated the ganglion cell layers 

of the various OIR model control groups, with untreated (23.4±7.3; n=5), mock-treated 

(26.8±8.9; n=5), and rAAV2-siCon-GFP-injected (23.4±6.1; n=5) rats all containing F4/80-

positive cells in a given 100 μm x 100 μm area of the retina. On the other hand, significantly 

fewer inflammatory cells (10.4±2.7, p=0.00236; n=5) were found in rats treated with the 

mTOR-inhibiting shRNA (Fig. 4P). 
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Figure 5. Anti-apoptotic effect of rAAV2-shmTOR-GFP, as determined by TUNEL 

assay.
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Figure 5. Anti-apoptotic effect of rAAV2-shmTOR-GFP, as determined by TUNEL 

assay.

TUNEL-positive cells could not be found in the normal control group (A-C), which was not 

exposed to hyperoxic conditions, but were detected in transverse retinal sections taken from 

rats that were untreated (D-F), mock-treated (G-I), or injected with rAAV2-shCon-GFP (J-L). 

Significantly fewer apoptotic cells were found in the OIR model group treated with rAAV2-

shmTOR-GFP (M-O), which was quantified (P; n=5), indicating that mTOR inhibition by 

RNA interference has anti-apoptotic activity.
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Anti-apoptotic activity of rAAV2-shmTOR-GFP

Although the links between cell death and wet AMD have yet to be fully elucidated, 

including the exact mechanism(s) involved, it is speculated that blocking the apoptotic 

pathway is necessary2 to the development of a fully effective therapeutic. TUNEL-positive 

cells were observed in the inner and outer nuclear layers (Fig. 5D–5L) of the untreated 

(16.6±4.2; n=5), mock-treated (17.4±5.6; n=5), and control shRNA-treated (17.6±3.6; n=5) 

groups of the rat OIR model. rAAV2-shmTOR-GFP administration resulted in a marked 

reduction of (5.8±2.6, p=0.00036; n=5) apoptotic cells detected in the retina (Fig. 5M–5O), 

suggesting that it has anti-apoptotic properties (Fig. 5P).
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Discussion

Here, I examined the effects of direct mTOR inhibition in a rat model of oxygen-induced 

retinopathy with regards to aspects of wet AMD. After confirming via RT-qPCR and western 

blotting from ARPE-19 cells that the shRNA construct elicited the desired effects in vitro, it 

was packaged into a recombinant adeno-associated virus delivery vehicle. The resulting virus 

vector, rAAV2-shmTOR-GFP, was then compared to untreated, mock-treated, and control 

shRNA-treated OIR model animals, as well as normal control rats. Among the 

therapeutically relevant results, rAAV2-shmTOR-GFP exhibited significantly reduced 

neovascularization and contained retinal arteries that had much lower ratios of vessel 

tortuosity, which directly relate to angiogenic ocular pathologies. rAAV2-shmTOR-GFP was 

additionally shown to possess anti-inflammatory and anti-apoptotic properties.

These results directly recapitulate the findings of the previous study that used rAAV2-

shmTOR-GFP in a laser-induced mouse model of CNV.19 An acute injury model, its 

reproduction of abnormal vessel growth from the choriocapillaris to the sub-RPE and/or 

subretinal spaces through Bruch’s membrane20 is more closely associated with early to 

intermediate AMD, for which therapeutic options are limited.2 With the laser-induced mouse 

model focusing on neovascularization occurring from the choroid and the rat OIR model 

examining retinal neovascularization, the two worked in concert to depict the in vivo effects 

of the mTOR-inhibiting shRNA.

mTOR has long been proposed as a therapeutic target for AMD,26 and it has previously been 

shown that its expression is significantly elevated in retinas undergoing CNV.19 Aside from 

its progressive quality, the preeminent aspect of AMD is its multifactorial nature,2 which the 

inhibition of mTOR, an essential part of a number of cellular processes,8 is well-suited to 
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address. Although many biological pathways are involved in the pathophysiology of AMD,2

they can generally be traced back to the effects of constant oxidative stress.27 The RPE, from 

whence AMD pathology develops,2 is particularly prone to oxidative stress given its high 

metabolic activity and the oxygen consumption this necessitates.28 Protein aggregation and 

misfolding occurs as a result, both having been associated with the development of AMD.27

Furthermore, RPE cells can undergo oxidative stress-induced senescence.29 In the aging 

retina, reactive oxygen species (ROS) act as a trigger for parainflammation.30 This chronic 

condition can be directly linked to AMD initiation and/or progression,30 as sustained 

inflammation contributes to numerous age-related diseases, whereas sporadic inflammation 

serves as a crucial survival mechanism.28 As an age-related condition, cellular senescence is 

one of the biggest causative links to AMD, although this has yet to be extensively studied.2

In all studies featuring non-human animal species, mTOR inhibition has thus far been shown 

to extend life spans, while also delaying age-related diseases in mice.31

In aged cells affected by degeneration, post-mitotic RPE cells in particular, autophagy 

capability is reduced27 and this reduction has been linked to AMD pathogenesis.29 As a 

critical component of the autophagy pathway,10 mTOR inhibition may be therapeutically 

beneficial. In RPE collected from AMD patients, impaired overall autophagy was observed 

when compared to RPE taken from unafflicted donors, as well as reduced autophagic flux 

and reduced mitochondrial activity.32 However, shRNA-mediated mTOR inhibition resulted 

in increased autophagy levels in mouse retinas and specifically the RPE.19

Much like autophagy dysfunction, inflammation is implicated in all stages of AMD,2 as 

inflammation-related proteins may be found in drusen,28 one of the defining characteristics 

of early- and intermediate-stage AMD.2 Inflammation was also shown in mouse OIR models 

to play a part in neovascular tufting, as the extent to which it occurred was reduced via anti-



２４

inflammatory treatments.24 Through the NLRP3 inflammasome, ROS produce the pro-

inflammatory cytokine IL-1β, one of the three major cytokines responsible for the 

inflammatory activity of macrophages, yet conflicting results have been obtained regarding 

its effects on AMD. Inflammasome activation was found to lead to RPE degeneration 

through IL-18 and IL-1β activity,2 and though IL-18 reportedly protects against CNV 

development, it is unsure if IL-18 is anti-angiogenic and also if it is possibly involved in 

RPE atrophy.33 The reason for this uncertainty is that NLRP3-mediated cytokine release can 

result in either IL-1β, which promotes VEGF production, or IL-18, which is inversely 

correlated with VEGF secretion levels.28 Furthermore, macrophages preferentially produce 

IL-1β over IL-18, whereas RPE cells do the opposite.28 As such, if it is not possible to 

directly block NLRP3 activity, speculated by some to be ineffective for treating AMD,2

preventing the infiltration of inflammatory cells, macrophages in particular, may be 

desirable. Fortunately, rAAV2-shmTOR-GFP was found to possess this capability, as shown 

by F4/80 immunostaining. 

Cytokines including IL-1β and TNF-α were also implicated in endothelial cell activation 

during the early stages of inflammation, indicating that mTOR inhibition may include an 

anti-angiogenic component as well.19 Although neovascularization may be the defining 

characteristic of wet AMD, the anti-VEGF therapies developed thus far seem limited to 

merely addressing the most obvious presentation of the condition rather than wet AMD as a 

whole. In addition to those described above, immunologic30 and fibrotic34 processes are also 

known to be involved in wet AMD. Considering that combination therapy may prove to be 

the most efficacious method to treat this multifactorial condition,2 the involvement of mTOR 

in many of these processes mean that its inhibition could be the foundation upon which to 

develop an effective wet AMD gene therapeutic.
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Until recently, studies involving mTOR inhibition to treat wet AMD have generally 

employed rapalogs,35 which only affect mTORC1. Canonically, mTORC1 activity is 

regulated by TSC2 (tumor sclerosis complex) and leads to the accumulation of HIF-1α. This 

results in the increased expression of VEGF,14 one of the drivers of neovascular tufting.24

VEGF is also a target gene of HIF-2α, whose expression is enhanced via the stabilization and 

activation of mTORC2,36 meaning it is unaffected by rapamycin or its analogues. However, 

activation of the HIF-2α pathway is also able to upregulate the expression of SLC7A5, an 

activator of mTORC1, thereby directly increasing mTORC1, HIF-1α, and VEGF activity.37

Treatment with pp242, a second-generation mTOR inhibitor, significantly reduces both HIF-

2α mRNA levels as well as VEGF expression,36 showing that mTORC1 inhibition alone is 

limited in anti-angiogenic abilities.

Another mechanism by which mTOR circumvents the inhibition of mTORC1 is through Akt, 

the major phosphorylation target of mTORC2.10 Rapamycin and its analogues temsirolimus38

and everolimus39 successfully inhibited mTORC1 both in vivo and in vitro, but this also led 

to the activation of Akt, a constituent part of the insulin/PI3K pathway responsible for 

mTORC1 activation.40 While second-generation mTOR inhibitors have shown their

effectiveness in downregulating mTORC1, mTORC2, and even mTORC3 activity,9 long-

term treatment is not able to nullify the eventual reactivation of Akt via the insulin/PI3K 

pathway.10

After the recent discovery of mTORC3, it is uncertain if any heretofore uncharacterized

cellular processes involving mTOR exist, as well as the effect this complex has upon 

previously well-established mechanisms. As such, direct targeting via RNA interference is 

the most certain method to ensure the comprehensive inhibition of mTOR, a promising 

therapeutic target for wet AMD. This ability was demonstrated in vitro and in two rodent 

models by rAAV2-shmTOR-GFP, which was also able to exert additional therapeutically 
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relevant effects with regards to wet AMD. To further pursue rAAV2-shmTOR-GFP as a 

human gene therapeutic, additional studies will include replacing the xenogeneic GFP 

expression cassette with a genetically inert stuffer DNA, as well as the use of animal models 

that more accurately portray the pathophysiology of wet AMD, all of which have already 

begun.
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국문 요약

최근 mTOR는 선진국 내 실명의 주요 원인으로 꼽히는 노인성 황반병성의 치료를

위한 타깃으로서의 가능성이 검증되었다. 우리는 mTOR에 대한 shRNA를 포함하는

재조합 아데노부속바이러스 (rAAV2-shmTOR-GFP)가 산소유발 망막병증 모델에 미

치는 영향을 조사했다. 4일 된 Sprague-Dawley 쥐를 5일간 80%의 고농도 산소에

노출시킨 후 정상 농도의 산소에서 노출하면서 대조용 바이러스 벡터와 실험용

바이러스 벡터를 유리체강 내 주사로 투여했다. rAAV2-shmTOR-GFP를 처리한 실

험군과 대조군을 fluorescein 혈관 조영술을 통해 비교 관찰했을 때, 노인성 황

반병성의 주요 증상인 망막의 무혈관성 및 신생혈관성이 rAAV2-shmTOR-GFP 그룹

에서 현저히 낮았고 혈관 경도가 감소한 것을 확인했다. 또한, rAAV2-shmTOR-

GFP에 의한 항 염증 및 항암 효과를 각각 F4/80 및 TUNEL 분석을 통해 검증했다. 

이러한 결과들은 rAAV2-shmTOR-GFP가 노인성 황반병성에 대한 잠재적 유전자 치

료제로서 큰 가능성이 있음을 시사한다.
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