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LETTER TO EDITOR

AAV-mediated gene therapy improving mitochondrial
function provides benefit in age-related macular
degeneration models

Dear Editor,
With an estimated 196 million people suffering from
age-related macular degeneration (AMD) in 2020 and pre-
dicted to increase to 288 million by 2040,1 dry AMD,
representing 70%–90% of AMD cases, represents an enor-
mous clinical need with no current therapies. We have
demonstrated that NDI1 and an optimised version of NDI1
(ophNdi1), amitochondrial complex 1 equivalent from Sac-
charomyces cerevisiae, provide functional and histological
benefit in two murine models of dry AMD as well as bene-
fit in two cellular models of dry AMD. There are no drugs
on the market for dry AMD. However, there are currently
a small number of candidate gene therapies in clinical
trial (clinicaltrials.gov). To our knowledge, this is the first
demonstration that a gene therapy directly targeting mito-
chondrial dysfunction provides functional benefit in in
vivo models of dry AMD, making this a novel approach to
treating this devastating condition.
Dry AMD is characterised by the formation of drusen

between Bruch’s membrane (BM) and the basal lamina
of the retinal pigment epithelium (RPE) and atrophic
changes in the choriocapillaris followed by the death of
photoreceptors in themacula and geographic atrophy,with
a related loss of central vision. AMD is multifactorial with
genetic and environmental factors known to contribute to
the disease.2 Although underlying mechanisms involved
in AMD are not fully understood, mitochondrial dysfunc-
tion leading to increased oxidative stress in the RPE, DNA
damage and impaired mitophagy are known to contribute
to RPE and photoreceptor cell death.3 Both the RPE and
photoreceptors have been shown to display mitochondrial
complex 1 (of the electron transport chain) deficiency.4
The Cfh−/− mouse5 has been widely used as a dry

AMD model and aged Cfh−/− mice have been reported
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to display impaired visual function, thinning of the reti-
nal outer nuclear layer, changes in BM and basal lami-
nar deposits (BlamDs).5,6 In this study, we also observed
electroretinography (ERG) deficits in aged Cfh−/− mice
(Figure 1A–D, Table S1), but no changes in BM or BlamDs
were apparent. However, cone photoreceptors exhibited
disorganised outer segments, and substantial mitochon-
drial alterations compared to cones of control mice. Cone
mitochondria appeared shrunken and fragmented and the
cytoplasm of inner segments swollen and electron-lucent.
These changes in cone histology have not previously
been reported and indicate mitochondrial dysfunction
(Figure 1E–J).
We have investigated the utility of the nuclear-encoded

NDI17 gene as a candidate therapy for dry AMD. NDI1
provided benefit in models of Parkinson’s disease, Leber
hereditary optic neuropathy and multiple sclerosis.8 NDI1
has also been shown to reduce reactive oxygen species
(ROS) and oxidative stress in disease models.7,8We utilised
a codon-optimised version of NDI1, ophNdi1, which we
observed to express ∼3-fold higher than wild-type NDI1
in murine retina from recombinant adeno-associated viral
(AAV) vectors following subretinal delivery (Figure S1).
A range of AAV2/8 and AAV2/5 viral doses (1.0 × 107–

7.5 × 109 vg) were used to deliver ophNdi1 and NDI1
subretinally to Cfh−/− mice. Significant and robust func-
tional benefit was observed in 60 aged mice using ERG
readouts, as well as reduced ROS, increased nicotinamide
adenine dinucleotide (NADH) oxidation and increased
cone photoreceptor numbers in treated versus control
eyes (Figures 2A–O, S2, S3). Notably, with none of the
doses used were negative effects observed even up to
7–9 months post-injection. In acknowledgement that no
model recapitulates all aspects of dry AMD, a second
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F IGURE 1 Cfh−/− murine model.
(A–D) Electroretinography (ERG) analysis
on C57BL/6J and Cfh−/− at 6, 9, 12 and 18
months of age. At all ages, (A) 6 months, (B)
9 months, (C) 12 months and (D) 18 months,
Cfh−/− mice displayed significantly reduced
Rod b, Max b and single flash cone (SFC) b
responses compared to C57BL/6J mice.
*p < .05, **p < .001 and ***p < .0001;
2-sample t-test. (E–J) Transmission electron
microscopy (TEM) on 12 months C57BL/6J
and Cfh−/− mouse retinas. (E) The retinal
pigment epithelium (RPE) in Cfh−/− mice
appeared normal with intact basal infoldings
of the basolateral plasma membrane and no
evidence of electron-dense deposits. Bruch’s
membrane (BM) was of comparable
thickness to controls wild-type (WT)
C57BL/6J controls (I and J) and showed no
electron-dense deposits. The choriocapillaris
(CC) was intact, and the endothelium was
densely fenestrated at the RPE interface. The
cone cells in Cfh−/− mice (E–H) exhibited
the disorganization of the outer segment
(OS) membranes (yellow arrows in E–G).
Also, the mitochondria (M) in the cone inner
segments (CIS) of Cfh−/− retinas were
irregular in size and shape (red arrows) and
generally much smaller than those in
adjacent rod inner segments (RIS). Some
cone mitochondria appeared to be
undergoing fission (E-inset, red arrowhead).
The cytoplasm of the CIS was generally more
electron-lucent than that of rods (E–H) and
some appeared swollen (G and H). Cone cells
in WT control mice (I and J) showed normal
OSs (yellow arrows) and large mitochondria,
which in contrast to those in Cfh−/− mice
tended to have a greater diameter (red
arrows) than the mitochondria in adjacent
rods. CN, cone nucleus; RN rod nucleus
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F IGURE 2 Rescue of the Cfh−/− genetic and NaIO3-induced murine models. (A–C) Two-month Cfh−/− mice were subretinally injected
with 1.0 × 107-vg adeno-associated viral (AAV)2/8-ophNdi1 in one eye, whereas contralateral eyes were not uninjected (n = 12).
Electroretinographies (ERGs) of treated eyes compared to untreated contralateral eyes at 9 months showed significantly greater Rod b (A,
158.1 ± 26.22 vs. 93.24 ± 53.37 μV), Max b (B, 247.7 ± 49.71 vs. 159.7 ± 63.09 μV) and single flash cone (SFC) b (C, 31.43 ± 6.968 vs.
23.03 ± 9.006 μV) responses. *p < .05; **p < .01; paired t-test. (D–G) Two-month Cfh−/− mice were subretinally injected with 5.7 × 108-vg
AAV2/5-ophNdi1 in one eye, whereas the contralateral remained uninjected (n = 14). ERGs (D) of treated eyes compared to untreated
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murine model, the well-established sodium iodate-
induced (NaIO3) model,9 was also treated subretinally
with AAV2/8-ophNdi1 and AAV2/5-ophNdi1. NaIO3, a
strong oxidising agent, causes catastrophic damage to
the RPE leading to subsequent photoreceptor loss and
reduced photoreceptor cell function, including reduced
ERG amplitudes when delivered systemically.10 Similar to
our findings in the Cfh−/− mouse, subretinally delivered
AAV-ophNdi1 provided robust ERG benefit, as well as
improved optokinetic responses and increased cone
photoreceptor cell numbers in treated versus control eyes
(Figure 2K–O).
To interrogate themechanismbehind the observed func-

tional and histological benefit in the treatedmurine NaIO3
model, cellular models utilising NaIO3 were investigated;
primary porcine RPE (pRPE) cells and ARPE19 cells, a
well-established cell line with some characteristics of RPE.
pRPE cells were transduced with AAV2/8-ophNdi1 and
insulted with NaIO3. Immunocytochemistry for 8-OHdG
(oxidative stress marker), CPN60 (mitochondrial marker)
and phalloidin (selective for F-actin) showed high levels of
oxidative andmitochondrial stress and the absence of actin
filaments in NaIO3-insulted versus control cells, indicat-
ing severe stress and reduced viability. In contrast, insulted
cells transduced with AAV2/8-ophNdi1 appeared similar
to control cells (Figures 3A–O, S4). Similar rescue from
NaIO3 insult was also observed inARPE19 cells transduced
with AAV2/8-ophNdi1 (Figures 4A–O, S5). These data sug-
gest that AAV2/8-ophNdi1 treatment provides significant

protection against mitochondrial stress, oxidative damage
to DNA and cell death in the cellular NaIO3 models.
Additionally, mitochondrial stress tests were performed

on pRPE cells transduced with AAV2/2-ophNdi1 and
insulted with NaIO3. NaIO3 insult significantly reduced
basal oxygen consumption rates (OCRs), maximal OCRs
and ATP production in cells. However, treatment with
AAV2/2-ophNdi1 significantly increased each of these
parameters indicating a rescue of mitochondrial function
(OXPHOS, Figure 3P–R). Spare respiratory capacity, the
difference between maximal OCR and basal OCR, was
reduced with AAV2/2-ophNdi1 treatment as basal OCR
was increased bymore than themaximal OCR (Figure 3Q).
When pRPE cells were exposed to the complex 1 inhibitor
rotenone, OCRs were reduced to background levels in
control and NaIO3-insulted cells. However, the addition
of rotenone to AAV2/2-ophNdi1-treated cells – NDI1 is
insensitive to rotenone – had minimal effect on OCR
levels, which were substantially maintained (Figure 3S).
Notably, similar benefits in bioenergetic profiles were also
observed in NaIO3-insulted ARPE19 cells transduced with
AAV2/2-ophNdi1 (Figure 4P,Q, Table S2).
We tested NDI1 and ophNdi1, which target mitochon-

drial dysfunction, known to be a key factor in dry AMD.
Robust benefit was demonstrated with multiple AAV-
delivered NDI1/ophNdi1 vectors and doses in the Cfh−/−
andNaIO3-inducedmousemodels as well as two cell mod-
els. The study represents the first demonstration globally
of functional benefit in vivo in dry AMD models pro-

contralateral eyes at 9 months showed significantly greater Rod-b (E, 76.0 ± 38.7 vs. 133.4 ± 66.2 μV), Max b (F, 143.8 ± 58.8 vs. 207.1 ± 86.9 μV)
and SFC b (G, 22.3 ± 8.27 vs. 37.54 ± 11.44 μV) responses. *p < .05; **p < .01; ***p < .001; paired t-test. (H) A CellRox (ROS) assay was
performed on retinal cells from Cfh−/− untreated mouse retinas (n = 17) or mouse retinas treated with AAV2/8-Ndi1 (n = 10). Mice were
subretinally injected with 2.4 × 109-vg AAV2/8-Ndi1 at 2 months of age. CellRox was measured in dissociated retinal cells 3 months
post-injection. Levels in untreated cells were taken to be 100%. CellRox levels in untreated versus treated cells were 100% ± 72.5% and
55.9% ± 26.6%, demonstrating a significant reduction in ROS in AAV2/8-Ndi1-treated retinas of 44.1% (2-sample t-test). (I) NADH oxidation
activities in retinas of 14-month Cfh−/− mice subretinally injected in one eye with 7.5 × 107-vg AAV2/8-ophNdi1 and in the contralateral eye
with 7.5 × 107 empty capsids were compared (n = 4 retinas per group); levels in untreated retinal samples were taken to be 100%. NADH
oxidation activity was 31.0% higher in eyes that received AAV2/8-ophNdi1 compared to control eyes (paired t-test). (J) Sections of retinas from
1-year old Cfh−/− mice that received 1.0 × 107-vg AAV2/8-ophNdi1 in one eye and 1.0 × 107 empty vector in the fellow eye were cryosectioned
and cones stained with Arr3 immunohistochemistry. Cone numbers in untreated retinas were considered to be 100%. (K and L) Adult 129
S2/SvHsd mice (n = 8) were subretinally injected with 7.5 × 107-vg AAV2/8-ophNdi1 and 1.0 × 108-vg AAV2/2-CAG-EGFP in one eye. Fellow
eyes received an equal volume of PBS containing 1.0 × 108-vg AAV2/2-CAG-EGFP. Three months post-injection 22-mg/kg NaIO3 in .9% NaCl2
was administered via tail vein. (K) One-week post-insult, ERG analysis was undertaken; AAV2/8-ophNdi1-treated eyes had significantly
greater Max b responses than untreated eyes, 150.8 ± 42.6 versus 111.9 ± 41.2 μV. (L) Optokinetic (OKR) analysis 4-week post-insult showed
better responses in treated versus untreated eyes, .354 ± .0652 cyc/deg versus .273 ± .0667 cyc/deg, respectively. (M) Adult 129 S2/SvHsd mice
(n = 6) were subretinally injected with 5.7 × 108-vg AAV2/5-ophNdi1 and 1.0 × 108-vg AAV2/2-CAG-EGFP in one eye. Control eyes received
equivalent volumes of PBS containing 1.0 × 108-vg AAV2/2-CAG-EGFP. Three months post-injection 50-mg/kg NaIO3 in .9% NaCl2 was
administered via tail vein. Seven-day post-insult mice were sacrificed, eyes fixed, retinas cryosectioned and stained with Arr3 (cone antibody,
magenta) and dapi (nuclear stain, dark blue). Sections from untreated (N) and treated (O) eyes had cone numbers of 54.84 ± 6.794 versus
79.26 ± 11.49 cones/mm, representing a 44.5% increase with treatment. *p < .05; **p < .01; ***p < .001; paired t-test. Scale bar (O): 100 μm
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F IGURE 3 Rescues of primary porcine retinal pigment epithelium (pRPE) cells insulted with NaIO3. 7.5 × 104 pRPE cells (from n = 3
pigs) were transduced with AAV2/8-ophNdi1 5-h post-seeding (MOI = 5.4 × 105; K–O). Twenty-eight-hour post-transduction cells were
insulted with 5-mM NaIO3 (F–O) and 24-h post-insult cells were fixed and stained with Phalloidin-iFluor 647 (F-actin, light blue), and CPN60
(mitochondrial marker, magenta) and 8-OHdG-Alexa Fluor 488 (oxidative stress marker, green) immunocytochemistries; nuclei were
counterstained with Hoechst (nuclear stain, dark blue). AAV2/8-ophNdi-treated and NaIO3-insulted cells (K–O) were compared to untreated
(A–E) and untreated and NaIO3-insulted cells (F–J). Expression of ophNdi1 provides clear rescue and insulted cells treated with the virus
have a similar phenotype to untreated control cells. Scale bar (O): 25 μm. (P–S) 5.0 × 104 primary pRPE cells (n = 3 pigs; pRPE1–3) were
seeded into XFe96 Seahorse plates. The following day a minimum of five wells were transduced with AAV2/2-ophNdi1 (MOI = 3.4 × 105).
Twenty-eight-hour post-transduction transduced cells and untransduced control cells (n > 15 wells) were insulted with 6-mM NaIO3 and 12-h
post-insult cells underwent a mitochondrial stress test. (P) Basal and (Q) maximal oxygen consumption rates (OCRs), (Q) spare respiratory
capacity (SRC) and (R) ATP production are indicated. (S) OCR rescue by AAV2/2-ophNdi1, post-rotenone treatment. OCR was normalised to
protein. Mitochondrial stress tests on pRPE1–3 were performed on separate occasions *p < .05; **p < .01; ***p < .001; paired t-test
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F IGURE 4 Rescue of ARPE19 cells insulted with NaIO3. 5.0 × 104 ARPE19 cells were transduced with AAV2/8-ophNdi1 5-h
post-seeding; MOI = 5.4 × 105 (K–O). Twenty-eight-hour post-transduction cells were insulted with 5-mM NaIO3 (F–O) and 24-h post-insult
cells were fixed and stained with Phalloidin-iFluor 647 (F-actin, light blue), and CPN60 (mitochondrial marker, magenta) and 8-OHdG-Alexa
Fluor 488 (oxidative stress marker, green) immunocytochemistries; nuclei were counterstained with Hoechst (nuclear stain, dark blue).
AAV2/8-ophNdi-treated and NaIO3-insulted cells (K–O) were compared to untreated (A–E) and untreated and NaIO3-insulted cells (F–J).
Expression of ophNdi1 provides clear rescue as the insulted cells treated with the virus have a similar phenotype to untreated control cells.
Scale bar (O): 25 μm. (P and Q) 5.0 × 104 ARPE19 cells were seeded into XFe96 Seahorse plates (n = 3). The following day a minimum of five
wells were transduced with AAV2/2-ophNdi1 (MOI = 3.4 × 105). Twenty-eight-hour post-transduction transduced cells and a minimum of 16
wells of untransduced cells were insulted with 5-mM NaIO3 and 12 h post-insult cells underwent a mitochondrial stress test using an XFe96
Seahorse. (P) Basal and maximal oxygen consumption rates (OCRs), spare respiratory capacity (SRC) and ATP production are indicated. (Q)
Rescue of OCR by AAV2/2-ophNdi1 post-rotenone treatment is also indicated. OCRs are normalised to protein. NaIO3 insult reduced basal
OCRs, maximal OCRs, SRC and ATP production significantly compared to cells that received no insult (by 66.0%, p < .05; 69.8%, p < .01;
74.4%, p < .001 and 62.1%, p < .05, respectively). Notably, SRC (the difference in maximal and basal OCR) is further reduced by
AAV2/2-ophNdi1 as the increase in basal OCR caused by the ophNdi1 expression is greater than the increase in maximal OCR. OCR was
normalised to protein. *p < .05; **p < .01; ***p < .001; 2-sample t-test
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vided by a gene therapy directly targeting mitochondrial
function.
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