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Mutations within over 250 known genes are associated with in-
herited retinal degeneration. Clinical success following gene-
replacement therapy for congenital blindness due to RPE65
mutations establishes a platform for the development of down-
stream treatments targeting other forms of inherited ocular
disease. Unfortunately, several challenges relevant to complex
disease pathology and limitations of current gene-transfer
technologies impede the development of related strategies for
each specific form of inherited retinal degeneration. Here, we
describe a gene-augmentation strategy that delays retinal
degeneration by stimulating features of anabolic metabolism
necessary for survival and structural maintenance of photore-
ceptors. We targeted two critical points of regulation in
the canonical insulin/AKT/mammalian target of rapamycin
(mTOR) pathway with AAV-mediated gene augmentation in
amousemodel of retinitis pigmentosa. AAV vectors expressing
the serine/threonine kinase, AKT3, promote dramatic preser-
vation of photoreceptor numbers, structure, and partial visual
function. This protective effect was associated with successful
reprogramming of photoreceptor metabolism toward path-
ways associated with cell growth and survival. Collectively,
these findings underscore the importance of AKT activity
and downstream pathways associated with anabolic meta-
bolism in photoreceptor survival and maintenance.
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INTRODUCTION
Retinitis pigmentosa (RP) is a collection of inherited retinal dystro-
phies affecting an estimated 1:3,000–7,000 individuals globally.1 Clin-
ical onset is characterized by impairments in scotopic (night) vision
coinciding with the malfunction and then death of rod photorecep-
tors. As this process expands, it destroys peripheral vision and culmi-
nates in total blindness due to degeneration of cone photoreceptors
in the central retina.2 In many cases, this phenotype results from a
null mutation within genes essential for rod photo-transduction,
structure, or homeostasis, thus providing a direct explanation for
the loss of this photoreceptor subtype. However, these mutations
typically do not account for the gradual deterioration of cones in
later-stage disease. These secondary degenerative events likely occur
through a combination of environmental insults introduced following
rod death, including increased oxidative damage, loss of rod-medi-
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ated trophic support, and microglial activation.2–5 A more recently
described mechanism of cone loss involves metabolic imbalance
due to insufficient or impaired nutrient uptake and accompanying
changes in cellular metabolism.2,6 Following rod death, cones display
features of prolonged nutrient starvation, such as increased markers
of autophagy and transcriptional downregulation in critical biosyn-
thetic pathways, particularly those controlled by mammalian target
of rapamycin (mTOR) signaling activity. Systemic administration
of insulin alleviates cone atrophy in a transient manner, suggesting
stimulation of cell growth pathways may contribute to cone protec-
tion.6 Furthermore, transgenic ablation of upstream suppressors in
the mTOR signaling cascade mediates enhanced cone and rod photo-
receptor survival in pre-clinical models of RP.7,8

In the present study, we questioned whether stimulation of the mTOR
signaling pathway using a gene-augmentation strategy could delay
photoreceptor death and preserve visual function in a pre-clinical
model of inherited vision loss. We focused on two critical points of
regulation in the mTOR pathway. AKT is a serine/threonine kinase
responsible for cell survival and biosynthetic responses via phosphor-
ylation of diverse protein targets including p53, FoxO/FH transcrip-
tion factors, and CREB.9 AKT stimulates mTOR activity via direct
inhibitory phosphorylation of tuberin (TSC2), which functions as a
potent suppressor of mTOR.10 Prior investigations highlight the neu-
roprotective potential of reprogramming cell metabolism in neurode-
generative disease models by direct stimulation of AKT activity via
pharmacological induction or gene augmentation.11–13 Further
downstream in the signaling cascade, mTORC1 is directly activated
by the Ras homolog enriched in brain (Rheb). This is a small GTPase
that cycles between active (GTP bound) and inactive (GDP bound)
states based on cellular nutrient and energy availability.14 TSC2
functions as a GTPase-activating protein (GAP) and regulates Rheb
activity via direct interaction.15 Inhibition of tuberous sclerosis
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Figure 1. Design and Characterization of AAV7m8 Vectors

(A) Outline of vector expression cassettes. Quantification of (B) Rheb mRNA and (C) AKT3 mRNA expression following transduction of 84-31 cells compared to untreated

controls. Data represented asmean ± SD (n = 3). ****p < 0.0001. (D) Representative fundus image of mouse retina following subretinal delivery of AAV7m8.eGFP (2� 109 vg).

(E) Retinal tropism of AAV7m8 following subretinal injection. PN45 Pde6brd10 retinal flatmounts stained with antibodies directed against AKT that were untreated (F) and

co-injected with AAV.AKT3 (1 � 109 vg) (G) and AAV.eGFP (1 � 109 vg) (H).

Molecular Therapy
complex (TSC) members allows Rheb to function predominantly in
its active state, thereby providing potent and specific stimulation of
mTORC1.14 Previous studies observed therapeutic effects following
overexpression of a constitutively active Rheb mutant (caRheb) in
models of CNS injury and neurodegeneration.16–20

We investigated the effects of AKT3 or caRheb overexpression in the
Pde6brd10 (rd10) mouse model of RP. Disease in this model results
from a point mutation in the gene encoding the b-subunit of rod
phosphodiesterase (PDE), which renders the PDE complex non-func-
tional and generates a blockade in the rod photo-transduction
cascade.21 Furthermore, PDE plays a critical role in the recycling of
cyclic guanosine monophosphate (cGMP) to GMP, thereby facili-
tating the closure of voltage-gated ion channels. Loss of PDE complex
activity promotes the constitutive influx of Na+ and Ca2+ ions and
activation of cell death cascades.22 Pde6brd10 mice display progressive
thinning of the photoreceptor outer nuclear layer (ONL) beginning
near postnatal day 18 (PN18). By PN30, there is significant photore-
ceptor loss in central and peripheral regions of the retina and typically
one layer of aberrant cone cell bodies remains in the central retina
at PN45.23 In the present study, we assessed the neuroprotective
potential of AKT3 or Rheb delivery on visual function, structural
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morphology, and preservation of photoreceptors. We further investi-
gated potential mechanisms of any neuroprotective effect by exam-
ining the expression of markers indicative of mTOR activation. In
addition, we examined the long-term safety with respect to the
potential that AKT3 or Rheb overexpression might lead to the onco-
genic proliferation of retinal neurons.

RESULTS
Design and Characterization of AAV7m8 Vectors

Gene-transfer vectors derived from adeno-associated virus (AAV)
have emerged as the optimal gene-delivery platform for targeting
neuronal tissue. AAV7m8 is a variant of AAV2 generated through
in vivo selection and displays enhanced retinal and cellular transduc-
tion properties.24,25 We generated AAV7m8 vectors encoding a
hyperactive version of human AKT3 (AAV.AKT3), a constitutively
active Rheb mutant (AAV.caRheb), and an enhanced green fluores-
cent protein reporter (AAV.eGFP) as control (Figure 1A). The
AKT3 transgene contains an N-terminal myristoylation (MYR)
sequence, thereby enhancing membrane targeting and localization.26

The caRheb transgene contains the canonical S16H mutation, which
confers resistance to TSC-mediated GAP activity.27 84-31 cells trans-
duced with the AAV.caRheb or AAV.AKT3 vectors display robust



Figure 2. caRheb Augmentation Fails to Attenuate Photoreceptor Degeneration

(A) Pde6brd10 retinal cross-sections at PN45 after subretinal injection with AAV.eGFP or AAV.caRheb (plus AAV.eGFP) at PN13–14. (B) Quantification of total ONL thickness

of Pde6brd10 retina treated with AAV.eGFP, AAV.caRheb/AAV.eGFP, or untreated. (C) Quantification of GFP+ ONL cells per 200 mm from eyes treated with AAV.eGFP alone

(2 � 109 vg) or co-injection with AAV.eGFP (1 � 109 vg) and AAV.caRheb (1 � 109 vg). (D) Opto-kinetic reflex (OKR) right/left ratio to assess visual acuity. Electroretinogram

(ERG) measurements of the (E) mixed rod-cone A-wave amplitude, (F) mixed rod-cone B-wave amplitude, and (G) cone B-wave amplitude for the different treatments.

Data represent mean ± SEM. Index indicated as the numerical values within the data bars.
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expression of target gene mRNA compared to untreated controls
(Figures 1B and 1C). Subretinal delivery of AAV7m8 results in robust
labeling of photoreceptors, retinal pigment epithelium (RPE), and
Müller cells in the mouse retina (Figures 1D and 1E). Co-injection
of an experimental vector with a reporter vector results in localization
of transgene expression specifically to the area of subretinal delivery
(Figures 1G and 1H) allowing adequate identification of the treated
retinal region.

caRhebGeneTransfer Fails toAttenuateRetinal Degeneration in

the Pde6brd10 Mouse

We investigated the effect of caRheb gene augmentation in the
Pde6brd10 retina. Animals received unilateral subretinal injection of
AAVs carrying the experimental transgene along with AAV contain-
ing eGFP (so that the injected portion of the retina could be identi-
fied) at PN13–14, a time point prior to the onset of rod death.
Controls included injection of the eGFP containing AAV alone or
no injection of AAV. Following injection, visual function was
measured with electroretinogram (ERG) and optokinetic response
(OKR). Retinal histology was examined at PN45 to determine the
effects of AAV.caRheb on photoreceptor survival (Figures 2A–2C).
Quantification of total ONL thickness per retina showed no signifi-
cant difference in number of remaining photoreceptor cell bodies
in experimental versus control treatments (untreated or injected
with AAV.eGFP alone) (Figure 2B). In addition to total ONL thick-
ness, we measured the number of GFP+ ONL cells per 200-mm
sections of regions in retina transduced with AAV.eGFP alone or
co-transduced with AAV.caRheb. Once again, we did not observe
statistically significant changes in ONL cell numbers between these
groups (Figure 2C). Furthermore, AAV.caRheb did not preserve
Molecular Therapy Vol. 27 No 7 July 2019 1315
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Figure 3. AKT3 Gene Transfer Promotes Photoreceptor Survival and Structural Preservation

Whole retinal cross section from an untreated Rd10mouse (A) and 20�magnification of a peripheral region of the untreated retina (B) stained with antibodies directed against

rhodopsin (RHO; red). Whole retinal cross section from an Rd10 mouse treated with AAV vectors (C) and 20�magnification of a transduced region of the retina (D) stained

with antibodies against RHO. (E) Co-localization with eGFP (green). Representative whole retinal cross section from an untreated Rd10mouse (F) and 20�magnification of a

peripheral region of the untreated retina (G) stained with antibodies directed against cone arrestin (CAR; pink). Whole retinal cross section from an Rd10mouse treated with

AAV vectors (H) and 20�magnification of a transduced region of the retina (I) stained with antibodies against CAR. (J) Co-localization with eGFP (green). (K) Representative

image of the transitional region between untreated portion of the retina and subretinal bleb at PN45. (L) Quantification of ONL thickness between treatment groups at PN30

and PN45. Data represented as mean ± SEM. **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., non-significant.
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retinal or visual function compared to controls as measured with ERG
(Figures 2D–2F) and OKR (Figure 2G), respectively. Collectively,
these data suggest caRheb gene transfer does not promote photore-
ceptor neuroprotection in the Pde6brd10 mouse retina.

AKT3GeneAugmentation Promotes Photoreceptor Survival and

Structural Preservation in the Pde6brd10 Retina

We examined the effect of AKT3 gene augmentation on photore-
ceptor survival and structural integrity in the Pde6brd10 retina.
Histological analysis of retinal architecture at PN30 and PN45 after
injection of AAV.AKT3 at PN13–14 revealed a potent neuroprotec-
1316 Molecular Therapy Vol. 27 No 7 July 2019
tive effect on photoreceptors (as reflected by immunostaining and
ONL measurements between treatment groups) specifically in retinal
regions co-labeled with eGFP (Figure 3). There was no evidence of
histologic rescue in AAV.GFP-injected eyes compared to untreated
eyes at any time point. Immunostaining in order to probe the specific
types of photoreceptors that weremaintained revealed preservation of
cone photoreceptors (as assessed by staining for cone arrestin) in
retinal regions transduced with the AAV.AKT3 vector (Figures
3F–3J). Similarly, immunostaining for rhodopsin revealed preserva-
tion of rod photoreceptors in AAV.AKT3-transduced regions (but
not unexposed regions of the retina or AAV.eGFP or untreated



Figure 4. Effect of AKT3Gene Transfer on Retinal and

Visual Function in the Pde6brd10 Retina

(A) Evaluation of mixed rod-cone a-wave amplitudes

between untreated, AAV.eGFP, and AAV.AKT3-treated

retina. (B) Assessment of mixed rod-cone b-wave ampli-

tudes between treatments. (C) Photopic (cone) b-wave

amplitudes between treatment groups. (D) Right/left eye

ratio of visual acuity examined by optokinetic response

(OKR). Right eyes were treated with AAV7m8.eGFP alone

(2 � 109 vg) or in combination with AAV.AKT3 while left

eyes were untreated. (E) Representative mixed rod-cone

ERG traces at PN30 and PN45 in a rd10 mouse treated

with AAV.AKT3 in one eye and its contralateral untreated

eye. Data represent mean ± SEM. *p < 0.05; ***p < 0.001.

Index indicated by numerical values within bars.
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control retinas). Remarkably, immunostaining for rhodopsin also
revealed enhanced preservation of rod outer segments at the PN30
harvest point compared to controls, suggesting the importance of
this pathway in mediating survival and maintenance of rod photore-
ceptor ultrastructure (Figures 3A–3E).

Effect of AKT3 Gene Transfer on Retinal and Visual Function in

the Pde6brd10 Retina

We assessed retinal and visual function at the PN30 and PN45 time
points with ERG and OKR measurements, respectively. Analyses of
mixed rod-cone responses from eyes treated with AAV.AKT3 re-
vealed improved a-wave amplitudes (Figure 4A) compared to both
untreated and AAV.eGFP-treated controls at PN30. In addition,
stimulation of eyes treated with AAV.AKT3 also elicited increased
mixed b-wave responses (Figure 4B) compared to the AAV.eGFP-
treated eyes but only a trend toward increased preservation compared
to untreated eyes at this time point. However, there were no signifi-
cant differences in these outcomemeasures between treatment groups
at PN45 (Figure 4B). We also measured the cone-specific b-wave
response but did not observe statistically significant differences be-
tween treatment groups at any of the time points tested (Figure 4C).
We examined visual acuity in response to gene transfer by measuring
the OKR. Data represent the right/left eye ratio of these recordings, in
which untreated left eyes served as within-animal controls while right
M

eyes were treated with AAV.eGFP alone or in
combination with AAV.AKT3. Treatment with
AAV.AKT3/AAV.eGFP did not preserve visual
acuity relative to the AAV.eGFP control at any
time point (Figure 4D). Collectively, these data
indicate that AKT3 gene transfer prolongs
cellular survival and some function during early-
to mid-stage disease but may be insufficient for
long-term maintenance.

AKT3 Gene Augmentation Stimulates

Biosynthetic and Cell-Survival Pathways

Prior investigations underscore the contribution
of mTOR in mediating photoreceptor neuropro-
tection in RP models.7,8,28 We hypothesized that the AKT3-induced
neuroprotective response activates pathways associated with anabo-
lism and cell survival. In order to evaluate this possibility, we immu-
nostained retinal sections with antibodies directed against canonical
downstream markers indicative of mTOR activation (Figure 5).
Regions of the retina transduced specifically with AAV.AKT3
demonstrate enhanced expression of phosphorylated ribosomal pro-
tein S6 (pS6) compared to unexposed or untreated retinas (Figures
5E–5H). This finding builds upon previous evidence suggesting the
importance of mTORC1 in maintaining photoreceptor homeostasis
in the degenerative retina.7,8 Interestingly, we also observed increased
expression of an mTORC2 marker (pAKTS473) within regions specif-
ically exposed to AAV.AKT3, suggesting stimulation of additional
functions associated with cell survival and stress resistance (Figures
5A–5D). Retinal sections obtained from untreated and AAV.GFP
control groups did not display enhanced expression of these markers,
implying that AKT3-induced neuroprotection is, at least, partially
driven by both the mTORC1 and the mTORC2 pathway (Figures
5D, H).

AKT3 Overexpression Does Not Breach Photoreceptor

Quiescence but Stimulates Müller Cell Activation

Dysregulated AKT signaling is a common hallmark of many human
cancers.29 We examined the effect of AKT3 gene transfer on retinal
olecular Therapy Vol. 27 No 7 July 2019 1317
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Figure 5. AKT3-Induced Neuroprotection Is Associated with mTOR Activation

(A) Representative image of Rd10 retina treated with AAV.AKT3/AAV.eGFP and stained with antibodies directed against the mTORC2 activation marker, phospho-AKTSer473

(pink). (B) Co-localization with eGFP marking the region of subretinal delivery. (C) Higher magnification of AAV.AKT3/AAV.eGFP transduced section stained with mTORC2

marker. (D) Pde6brd10 retina treated with AAV.eGFP alone and stained with the mTORC2 marker. (E) Representative image of a Pde6brd10 retina treated with AAV.AKT3/

AAV.eGFP and stained for the canonical mTORC1 activation marker, phospho-S6Ser240/244 (pink). (F) Co-localization with eGFP. (G) Higher magnification of AAV.AKT3/

AAV.eGFP transduced section stained with mTORC1 marker. (H) Pde6brd10 retina treated with AAV.eGFP alone and stained with the mTORC1 marker.
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quiescence by immunostaining with canonical markers of cellular
proliferation. Expression of Ki67 was restricted to cells occupying
the ganglion cell layer in untreated and AAV.eGFP-treated Pde6brd10

retinas. Co-staining with antibodies directed against GFAP identified
this Ki67+ cell population as Müller glia. Under homeostatic condi-
tions, these cells provide structural and metabolic support to other
retinal cell types through mediating neurotrophic factor release,
regulation of extracellular ion balance, and debris scavenging.30,31

Importantly, cells occupying the ONL did not display positive immu-
noreactivity for the Ki67 marker, suggesting the AKT3-induced pro-
tective response was not a byproduct of photoreceptor quiescent
escape (Figures 6H and 6I). Interestingly, Müller cells within regions
of the retina specifically transduced with AAV.AKT3 demonstrate
morphological changes representative of astrogliosis, such as upregu-
lation of GFAP expression and extension of neural processes
throughout different retinal layers (Figures 6G–6I). Similarly, we
examined the expression of these markers in wild-type animals in-
jected with our vector panel. Wild-type animals received subretinal
injections at PN13 and were followed up for histological analysis at
1318 Molecular Therapy Vol. 27 No 7 July 2019
PN125. We did not observe structural or cellular changes in animals
harboring long-term overexpression of the reporter vector alone (Fig-
ures S2A and S2B). Conversely, animals treated with the ubiquitous
AAV.AKT3 vector display extensive retinal disorganization and loss
of photoreceptor structural markers (Figures S2C and S2D). Further-
more, regions specifically transduced with the AAV.AKT3 vector also
display chronic activation of Müller cells compared to untreated and
AAV.eGFP treated retinas (Figure 7).

Photoreceptor-Restricted Expression of AKT3 Mediates

Neuroprotective Effects in the Pde6brd10 Retina

We examined the effects of AKT3-mediated neuroprotection specif-
ically within the photoreceptors by generating an AAV vector driven
by the previously described GRK1 promoter32 (Figure 8A). Applica-
tion of these vectors within the Pde6brd10 retina exerted similar effects
upon retinal function as previously described vectors driven by the
ubiquitous CAG promoter (Figures 8B–8D). Specifically, treatment
with AAV.GRK1.AKT3 preserved mixed a-wave and b-wave ampli-
tudes at the PN30, but not in advanced stage degeneration at PN45.



Figure 6. AKT3 Overexpression Does Not Breach Photoreceptor Quiescence but Activates Müller Cells

Representative micrograph of an untreated Pde6brd10 retinal cross-section stained with antibodies directed against GFAP (A), Ki67 (B), and co-localization of these markers

with the addition of DAPI to identify retinal cell layers (C). Representative image of an Rd10 mouse retina treated with AAV7m8.eGFP (2 � 109 vg) alone and stained with

antibodies directed against GFAP (D), Ki67 (E), and co-localization of these markers with the addition of DAPI to designate retinal cell layers and eGFP to identify transduced

cell types (F). Representative micrograph of an Rd10 retina co-injected with AAV7m8.eGFP (1 � 109 vg) and AAV7m8.AKT3 (1 � 109 vg) stained with antibodies directed

against GFAP (G), Ki67 (H), and co-localization of these markers with DAPI and eGFP (I).
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Similar to previous findings, these vectors did not mediate preserva-
tion of cone-specific b-wave amplitudes compared to control treat-
ments. At the level of histology, these vectors demonstrate specific
transgene expression within photoreceptors (Figure 8E). Further-
more, AAV.GRK1.AKT3 also improved photoreceptor survival
compared to the untreated and AAV.eGFP treated control eyes
(Figure 8F).

AKT3 Vectors Regulated by a Photoreceptor-Specific Promoter

Do Not Stimulate Reactive Gliosis in the Pde6brd10 Retina

We hypothesized that restricting AKT3 transgene expression to
the photoreceptor layer with GRK1-driven vectors would abate
chronic Müller cell activation observed previously with AKT3 vec-
tors regulated by the ubiquitous CAG promoter. Once again, we
immunostained retinal sections derived from PN45 Pde6brd10

mice co-injected with AAV.GRK1.AKT3 and the tracer vector
with antibodies directed against GFAP and Ki67 (Figure 9). Treat-
ment with AAV.GRK1.AKT3 did not reveal aberrant activation
and migration of Müller cells in the Pde6brd10 compared to un-
treated samples (Figures 9A–9F). Furthermore, transitional regions
between untreated retinal regions and the subretinal injection site
reveal similar histological findings, further suggesting that photore-
ceptor-restricted AKT3 gene transfer mitigates the chronic activa-
tion of Müller cells observed previously with the ubiquitous vector
system (Figures 9G and 9H). These results highlight importance
of cell- and tissue-specific promoters to bypass potentially detri-
mental off-target effects associated with neuroprotective gene-
transfer strategies.

DISCUSSION
The present study examined the therapeutic potential of reprogram-
ming cell metabolism in an animal model of RP following stimulation
of the mTOR pathway with AAV-mediated gene transfer. The exact
role of mTOR signaling in the context of neurodegenerative disease
remains a topic of debate. Downregulation of mTOR activity via
treatment with the canonical mTOR inhibitor rapamycin can
Molecular Therapy Vol. 27 No 7 July 2019 1319
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Figure 7. Long-Term AKT3 Gene Transfer Stimulates Chronic Müller Cell Gliosis in the Wild-Type Retina

Representative micrographs of an untreated wild-type retinal cross sections stained with antibodies directed against Ki67 (A), GFAP (B), and co-localization with DAPI (C).

Micrographs of a wild-type retina treated with AAV7m8.eGFP alone (2 � 109 vg) and stained with antibodies against Ki67 (D), GFAP (E), and co-localization with DAPI

and eGFP to designate transduced cell types (F). Micrographs acquired fromwild-type retina co-injected with AAV7m8.AKT3 and AAV7m8.eGFP (1� 109 vg per vector) and

immunostained for expression of Ki67 (G), GFAP (H), and co-localization with DAPI and eGFP to mark transduced cell types (I). (J) Transitional zone between untreated and

AAV.eGFP treated retinal section. (K) Transitional zone between untreated and AAV.AKT3/AAV.eGFP treated region. All AAV injections were performed at PN13 and data was

acquired from retinal tissue harvested at PN125.”
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attenuate pathological mechanisms in several models of neurodegen-
eration, including Parkinson’s disease, Huntington’s disease, and
Alzheimer’s disease.33–36 Conversely, other investigations suggest
1320 Molecular Therapy Vol. 27 No 7 July 2019
stimulation of the insulin/AKT/mTOR axis can mediate beneficial
outcomes in related neurodegenerative disease models.13,16,17 In the
present study, targeting the mTOR pathway at two separate points



Figure 8. Photoreceptor-Specific Expression of AKT3 Mediates Neuroprotection in the Pde6brd10 Retina

(A) Outline of vector expression cassettes. The AKT3 transgene is regulated by the photoreceptor-specificGRK1 promoter. Quantification of ERG responses for the (B) mixed

a-wave, (C) mixed b-wave, and (D) cone b-wave between treatment groups. (E) Representative cross-section of a PN45 Pde6brd10 treated with AAV7m8.GRK1.AKT3

(1 � 109 vg). Photoreceptor-specific expression of AKT3 labeled with AKT antibodies (red). (F) Quantification of ONL thickness at PN45 between treatment groups. Data

represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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of regulation led to divergent effects on photoreceptor survival, struc-
tural integrity, and retinal function.

Several studies highlight the protective potential of targeting Rheb
activation to improve therapeutic outcomes in the context of neurode-
generative disease models.16–20 Stimulating themTOR pathway at this
downstream point of regulation with caRheb gene transfer did not
mediate a protective effect in the Pde6brd10 retina. Interestingly,
AAV.caRheb vectors demonstrated potent stimulation of mTORC1
activity in vitro, showing enhanced expression of the canonical
mTORC1 activationmarker, pS6. However, this activity did not trans-
late in vivo, as shown by negative immunostaining for the pS6 in
retinal sections overexpressing the caRheb transgene. This suggests
the presence of intrinsic mechanisms to inhibit caRheb’s capacity to
stimulate mTORC1 within photoreceptors (Figure S1). These obser-
vations diverge from those reported in previous studies in which
caRheb gene transfer stimulated mTORC1 activity within various
neuronal populations and conferred stress resistance inmodels of Par-
kinson’s disease, Huntington’s disease, and optic nerve trauma.16–18

Other lines of evidence suggest Rheb may play a competing role in
promoting cell-death signaling programs in response to different
forms of cellular stress.14 Ultraviolet (UV) or tumor necrosis factor
alpha (TNFa)-induced cellular stress combined with Rheb overex-
pression enhanced apoptotic signaling in vitro, whereas Rheb knock-
down or treatment with rapamycin provided partial protection from
these cytotoxic agents.37 In the context of retinal degeneration,
light-induced damage of retinal ganglion cells (RGCs) led to upregu-
lation in Rheb expression that associated with an increase in markers
of apoptosis prior to degeneration.38 Taken together, the protective or
pro-apoptotic functions of Rheb are likely determined bymechanisms
elicited through the specific pathology in question. Moreover, ampli-
fying Rheb activity with gene transfer likely modulates divergent
effects upon cell biology depending on the particular disease context.

AKT3 was selected based on a previous report demonstrating its
increased capacity to stimulate mTORC1 activity compared to other
AKT variants within retinal cell types.12 In addition, targeted ablation
of AKT3, but not AKT1 or AKT2, leads to severe neurodevelopmental
defects, including reduced brain and neuron size. This suggests a
unique role for this variant in neuronal homeostasis.39 AAV-medi-
ated AKT3 gene transfer stimulated a potent neuroprotective effect
upon photoreceptor survival and morphological preservation. This
Molecular Therapy Vol. 27 No 7 July 2019 1321
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Figure 9. AAV.GRK1.AKT3 Does Not Stimulate

Reactive Gliosis in the Pde6brd10 Retina

Representative images of an untreated Rd10 mouse retina

stained with antibodies directed against GFAP (A), Ki67 (B),

and co-localization with DAPI (C). Representative micro-

graphs of an Rd10 mouse retina co-injected with

AAV7m8.GRK1.AKT3 and AAV7m8.eGFP (1 � 109 vg per

vector) and immunostained for expression of GFAP (D),

Ki67 (E), and co-localization with DAPI and eGFP to identify

transduced cell types (F). (G) Transitional region between

untreated and injected portions of the Pde6brd10 retina and

(H) co-localized with the eGFP tracer. All AAV injections

were performed at PN13 and data was acquired from

retinal tissue harvested at PN45.
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protective effect was associated with stimulation of mTORC1 and
mTORC2 in regions of the retina specifically transduced with the
AAV.AKT3 vector. While the role of mTORC1 has been extensively
evaluated in RP disease models,7,8 our findings are the first to report
upregulation in mTORC2 signaling activity associated with photore-
ceptor neuroprotection. This data deviates from previous observa-
tions by Venkatesh et al. 7 in which mTORC2 activity was decreased
following transgenic ablation of Pten and enhanced cone survival in
the Pde6brd1mouse retina. Downstream investigations to characterize
the specific contributions of mTORC1 and mTORC2 in mediating
photoreceptor survival in additional animal models of inherited
retinal degeneration (such as large animal models with an overall
slower course of cell loss) will be crucial for clinical translation.

Despite the dramatic cellular preservation mediated by AKT3 gene
transfer, we observed differential effects upon functional preservation
1322 Molecular Therapy Vol. 27 No 7 July 2019
following evaluation with ERG and OKR. We
observed statistically significant preservation of
the mixed rod-cone a-wave and, in some cases,
b-wave responses in eyes treated with CAG or
GRK1 promoter-driven AKT3 vectors at the
PN30 measurement, but not during later-stage
degeneration. Despite the morphological preser-
vation of cone structure with AKT3 transgene
expression, we did not observe an improvement
in cone-specific light responses compared to con-
trols at any of the time points tested. This finding
deviates from prior investigations that examined
strategies of cone photoreceptor neuroprotection
in similar disease models.40 These differences
may be explained by variations in study design
with respect not only to the transgene cassette
but vector dose, injection route, kinetics of degen-
eration associated with the model system, and
timing of vector delivery. In the present study,
vectors were injected at a time point just prior
to the onset of photoreceptor death, whereas
previous investigations administered the experi-
mental intervention immediately after birth and
prior to retinal maturation and onset of disease mechanisms.40 These
differences in experimental design likely have important downstream
implications relevant to retinal coverage, kinetics of vector recruit-
ment, and expression in relation to onset of neurodegenerative mech-
anisms and ultimately therapeutic outcome measures.

Advancement of gene therapies based on strategies to reprogram cell
metabolism must be met with highly stringent safety criteria prior to
clinical translation. While we did not observe evidence of tumor for-
mation, long-term overexpression of AKT3 regulated by a ubiquitous
promoter in wild-type animals led to extensive retinal disorganization
and ultimately loss of photoreceptors. This phenotype corresponded
with the chronic activation ofMüller cells in retinal regions specifically
transduced with the ubiquitous vector observed in wild-type and
Pde6brd10 animals. Reactive gliosis is a response typically associated
with tissue injury where these cells become activated and proliferate
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to mediate various functions, including tissue remodeling, neurotro-
phic factor release, and scavenging of cellular debris.30,31,41 While
this response is intended to suppress further retinal damage, chronic
activation may be detrimental to neighboring cells and disrupt retinal
homeostasis. For example, activated Müller cells have been observed
to upregulate expression and secretion of various pro-inflammatory
molecules, including TNF and monocyte chemoattractant protein
(MCP-1). Furthermore, they are known to secrete excess amounts
of nitric oxide (NO), which generates free radicals that may be
damaging to neighboring cells.41 This finding was unsurprising, as
cells require a delicate balance in these metabolic components for
proper function, and excessive stimulation of these pathways will
likely present detrimental effects upon cell viability. Determining
and achieving this balance with gene-augmentation or -silencing stra-
tegies will be an enormous challenge in translating these approaches to
the clinic. Additional regulatory elements, such as cell-specific pro-
moters (as we showed here), stress-responsive promoters or inducible
systems, will likely play critical roles in the clinical development of
neuroprotective gene-transfer strategies that stimulate potent meta-
bolic pathways. For example, Fujita et al.42 developed an AAV vector
that combined NRF2 gene augmentation with the stress-inducible
Mcp-1 promoter to provide spatial and temporal regulation of trans-
gene expression. Other inducible systems built upon features of the
Lac or Tet operon have been incorporated within AAV expression
cassettes for regulation of vector expression via small-molecule induc-
tion.43–45 Coupling such elements with AKT gene expression may
allow “fine tuning” of downstream metabolic pathways and, impor-
tantly, provide a molecular safety switch in the event of genotoxicity
or oncogenic transformation. It would also be important to evaluate
dose-response effects as, here, we evaluated the effects using only
one dose of the experimental reagent.

Collectively, this investigation demonstrates a broadly protective
effect upon photoreceptor viability and structure following gene
augmentation in a model of inherited retinal degeneration. These
findings underscore the importance of AKT activity and downstream
pathways associated with anabolic metabolism in photoreceptor
survival and maintenance. Furthermore, the results emphasize the
complex and delicate nature of reprogramming cell metabolism and
important safety concerns in arresting neurodegenerative disease
with “generic” gene therapy strategies.

MATERIALS AND METHODS
Animals

C57BL/6 and Pde6brd10mice were obtained from the Jackson Labora-
tory and raised in a 12-h light/dark cycle. Animals were housed at
the University of Pennsylvania in compliance with Association for
Research in Vision and Ophthalmology (ARVO) guidelines on the
care and use of laboratory animals as well as with institutional and
federal regulations.

AAV Vectors

A plasmid encoding the human AKT3 cDNA sequence containing
N-terminal MYR and HA tags was kindly provided by William
Sellers (plasmid #9017, Addgene, Cambridge, MA). The MYR-
HA-hAKT3 sequence was amplified and cloned into an AAV
proviral expression plasmid using the In-Fusion HD cloning
system (Clontech, Mountain View, CA, USA). The human Rheb
cDNA clone was obtained from Origene (Rockville, MD, USA).
Inverse PCR mutagenesis was employed to create the S16H
mutation with the following primer sequences: 50 [phospho]-
CACGTGGGGAAATCCTCATTGAC-30 (S16H forward) and
50-CCGGTAGCCCAGGAT-30. The human Rheb cDNA contain-
ing the S16H mutation was then cloned into an AAV proviral
expression plasmid using the In-Fusion HD cloning system. For
production of viral vectors, the helper plasmid expressing
AAV7m8 Cap was kindly provided by John Flannery and David
Schaffer (plasmid #64839, Addgene). AAV7m8 vectors were
generated using previously described methods46 and purified
with CsCl gradient ultracentrifugation by the Center for Advanced
Retinal and Ocular Therapeutics (CAROT) research vector core
(University of Pennsylvania, PA, USA).
Cell Culture and AAV Transduction

84-31 cells were kindly provided by Dr. James Wilson (University
of Pennsylvania) and were cultured in DMEM-GlutaMax
(Gibco, Gaithersburg, MD, USA) supplemented with 10% FBS
and 1% penicillin-streptomycin (Gibco). For AAV transductions,
84-31 cells were plated at a density of 2.5 � 105 cells/well in a
6-well dish. Afterward, cells were immediately transduced with
AAV7m8 vectors at 1 � 106 MOI. Cells were maintained at
37�C with 5% CO2.
RNA Isolation and Gene Expression Analysis

RNA was isolated using the Nucleospin RNA kit (Macherey-Nagel,
Bethlehem, PA, USA). First-strand cDNA synthesis was performed
using 500 ng of total RNAwith the SuperScript III first-strand synthe-
sis system (Thermo Fisher, Waltham, MA, USA) according to manu-
facturer’s protocol. Real-time PCR was performed with the Applied
Biosystems 7500 fast system using the power SYBR green PCRmaster
mix (Invitrogen, Carlsbad, CA, USA). The following primer sequences
were used: 50-CCACTCCTCCACCTTTGAC-30 (humanGAPDH for-
ward), 50-ACCCTGTTGCTGTAGCCA-30 (human GAPDH reverse),
50-ACTCCTACGATCCAACCATAGA-30 (human Rheb forward), 50-
TGGAGTATGTCTGAGGAAAGATAGA-30 (human Rheb reverse),
50-AGGATGGTATGGACTGCATGG-30 (human AKT3 forward),
and 50-GTCCACTTGCAGAGTAGGAAAA-30 (human AKT3
reverse). Relative gene expression was quantified with the DDCT

method and normalized to GAPDH.
Subretinal Injections

Subretinal injections were performed as previously described.47 Each
retina received 1 mL of vector preparation. Eyes that received the
AAV.eGFP vector alone were dosed with 2 � 109 vector genomes.
Eyes that received the combination of AAV.eGFP plus AAV.AKT3
or AAV.caRheb were dosed with 1 � 109 vector genomes per vector
(2 � 109 total vector genomes).
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ERG

Mice were anesthetized with ketamine and xylazine. Pupils were
dilated with 1% tropicamide (Alcon Laboratories, Fort Worth, TX,
USA). Clear plastic contact lenses with embedded platinum wires
were used to record light responses, and a platinum wire loop was
placed into the animal’s mouth to serve as a reference electrode.
ERGs were recorded with the Espion E2 system (Diagnosys, Lowell,
MA, USA). Three ERG responses were recorded with the following
parameters: scotopic response (dark adaption, 0.01 scot cd s m�2

stimulus), maximum mixed rod-cone response (dark adaptation, 500
scot cd s m�2 stimulus), maximum cone response (30 scot cd m�2

adapting steady background light, 500 scot cd s m�2 stimulus).

OKR

Visual acuity was assessed by measuring the OKR using the
OptoMotry software and apparatus (Cerebral Mechanics, Medicine
Hat, AB, Canada) as previously described.48 Recordings were per-
formed by an investigator masked to the experimental treatments.

Immunohistochemistry

Eyes were enucleated, harvested, and prepared as frozen sections as
previously described.47 Sections were incubated in blocking buffer
containing PBS, 10% normal goat serum (Cell Signaling Technol-
ogy, Danvers, MA, USA), and 2% Triton X-100 (Sigma-Aldrich,
St. Louis, MO, USA) for 1 h at room temperature. Afterward, sec-
tions were incubated in primary antibody solution overnight in a
humidified chamber containing the previously described compo-
nents and combinations of the following antibodies: rabbit anti-
cone arrestin (1:400; ab15282, Millipore, Burlington, MA, USA),
rabbit anti-phospho-S6-Ser240/244 (1:100; 5364, Cell Signaling
Technology), rabbit anti-phospho-AKT-Ser273 (1:100; 4060, Cell
Signaling Technology), mouse anti-rhodopsin (1:400; ab5417,
Abcam, Cambridge, UK), rabbit anti-HA (1:100; 3724, Cell
Signaling Technology), rabbit anti-Ki67 (1:400; ab15580, Abcam),
mouse anti-PCNA (1:400; ab29, Abcam), chicken anti-GFAP
(1:400; ab4674, Abcam), and rabbit anti-AKT (1:100; 4691, Cell
Signaling Technology). Following primary antibody incubation,
sections were washed three times with PBS and incubated in
secondary antibody solution for 2 h at room temperature in a
humidified chamber containing PBS, 10% normal goat serum, 2%
Triton X-100, and a combination of the following secondary anti-
bodies: Alexa Fluor 594 goat anti-chicken (1:500; ab150176,
Abcam), Alexa Fluor 594 goat anti-mouse (1:500; ab150116,
Abcam), Alexa Fluor 594 goat anti-rabbit (1:500; ab150080,
Abcam), Cy5-conjugated goat anti-rabbit (1:500; 072-02-15-16,
Seracare, Milford, MA, USA). Sections were removed from second-
ary antibody incubation and washed three times with PBS. Sections
stained for the presence of phosphorylated antigens were incubated
and washed in solutions containing Tris-buffered saline (TBS)
instead of PBS.

ONL Measurements

Whole retinal sections were tiled using a 40� objective with the
EVOS FL auto 2 cell imaging system. In each image, ONL
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thickness was measured at three equidistant points spaced
75–100 mm apart. These measurements were averaged between
all images to represent the average ONL thickness of the section.
Three retinal sections were averaged per sample. ONL numbers
from specific regions of the retina transduced with vector were
quantified by counting the number of GFP+ ONL cells per a
200-mm area. Once again, three retinal sections were averaged
per sample to acquire these measurements.
Western Blotting

Protein samples were separated with the NuPage electrophoresis
system (Thermo Fisher). Samples were heated at 70�C and loaded
onto 4%–12% Bis-Tris protein gels (Thermo Fisher). Separated pro-
teins were then transferred to a polyvinylidene fluoride (PVDF)
membrane with the XCell II blot module (Thermo Fisher) at 35 V
for 1.5 h. Following protein transfer, membranes were incubated
in TBS containing 0.1% (v/v) Tween 20 (Bio-Rad, Hercules, CA,
USA) (TBST) and 5% (w/v) BSA (Sigma-Aldrich) for 1 h at room
temperature. Afterward, blots were incubated in the previously
described solution containing the following primary antibodies: rab-
bit anti-phospho-S6-Ser240/244 (1:1,000; 5364, Cell Signaling
Technology), rabbit anti-S6 (1:1,000; 2217, Cell Signaling Technol-
ogy), and rabbit anti-GAPDH (1:1,000; 5174, Cell Signaling Tech-
nology). Primary antibody incubation occurred overnight at 4�C.
Blots were removed from primary antibody solution and washed
three times in TBST for 5 min each. Afterward, they were placed
in secondary antibody solution composed of TBST, 5% BSA, and
horseradish peroxidase (HRP)-conjugated anti-rabbit enhanced
chemiluminescence (ECL) (1:10,000; GE Healthcare, Chicago, IL)
for 1 h at room temperature. Membranes were washed three times
in TBST followed by incubation with ECL2 (Thermo Fisher) accord-
ing to manufacturer’s instructions for 5 min. Finally, membranes
were imaged using the Amersham Imager 600 (GE Healthcare)
with chemiluminescence settings.
Statistics

All data are represented as means ± SEM unless otherwise indi-
cated. Differences between two treatment groups were compared
using an unpaired Student’s t test. Differences between three or
more experimental groups were compared using a one-way
ANOVA followed by Turkey’s honest significant difference test.
Calculations for statistical significance were determined using
GraphPad Prism 7.0. Differences were considered statistically sig-
nificant at p < 0.05.
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Figure S1. AAV.caRheb stimulates mTORC1 activity in vitro but not in photoreceptors. (A) Western blot 

evaluating expression of pS6Ser240/244, S6, and GAPDH (loading control) from untreated 84-31 cells or treated with 

AAV.eGFP or AAV.caRheb. Numerical values indicate biological replicates for each treatment condition. (B) 

Representative micrographs of retinal sections injected with AAV.eGFP alone (top panels) or with 

AAV.caRheb/AAV.eGFP (bottom panels) and stained with antibodies directed against pS6Ser240/244. 
 

 
  



Figure S2. Long-term AKT3 gene transfer leads to retinal disorganization in wild-type animals. C57Bl/6 (wild-

type) mice received subretinal injection at PN13. (A-B) Retinal histology at PN125 reveals normal photoreceptor 

structure in animals treated with AAV.eGFP alone. (C-D) Animals treated with AAV.eGFP in combination with 

AAV.AKT3 display extensive disorganization of retinal layers and loss of photoreceptor numbers and structure.   
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