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Purroske. Leber hereditary optic neuropathy (LHON) is a genetic form of vision loss that
occurs primarily owing to mutations in the nicotinamide adenine dinucleotide dehy-
drogenase (ND) subunits that make up complex I of the electron transport chain. LHON
mutations result in the apoptotic death of retinal ganglion cells. We tested the hypothesis
that gene therapy with the X-linked inhibitor of apoptosis (XIAP) would prevent retinal
ganglion cell apoptosis and reduce disease progression in a vector-induced mouse model
of LHON that carries the ND4 mutation.

MetHODS. Adeno-associated virus (AAV) encoding full length hemagglutinin-tagged XIAP
(AAV2.HA-XIAP) or green fluorescent protein (AAV2.GFP) was injected into the vitreous
of DBA/1J mice. Two weeks later, the LHON phenotype was induced by AAV delivery of
mutant ND4 (AAV2.mND4FLAG) to the vitreous. Retinal function was assessed by pattern
electroretinography. Optic nerves were harvested at 4 months, and the effects of XIAP
therapy on nerve fiber layer and optic nerve integrity were evaluated using immunohis-
tochemistry, transmission electron microscopy and magnetic resonance imaging.

Resurrs. During LHON disease progression, retinal ganglion cell axons are lost. Apop-
totic cell bodies are seen in the nuclei of astrocytes or oligodendrocytes in the optic
nerve, and there is thinning of the optic nerve and the nerve fiber layer of the retina. At
4 months after disease onset, XIAP gene therapy protects the nerve fiber layer and optic
nerve architecture by preserving axon health. XIAP also decreases nuclear fragmentation
in resident astrocytes or oligodendrocytes and decreases glial cell infiltration.

Concrusions. XIAP therapy improves optic nerve health and delays disease progression
in LHON.
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eber hereditary optic neuropathy (LHON) is a mater-
Lnally inherited optic neuropathy that is characterized
by central vision loss. More than 95% of cases of LHON
are caused by mutations within the mitochondrial ND4
(G11778A),ND1 (G3460A), and ND6 (T14484) genes.' These
three mutations pose a significant risk of developing vision
loss owing to retinal ganglion cell (RGC) death, optic disc
atrophy, optic nerve myelin pathology (including oligoden-
drocyte degeneration) and glial cell activation.?

Insights into the effects of LHON mutations have been
provided by cellular hybrid (cybrid) cell lines generated by
introducing LHON mutant mitochondrial DNA into mito-
chondrial DNA-depleted cells. Studies in these cells have
shown defects in mitochondrial function characterized by
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decreased adenosine triphosphate levels, decreases in mito-
chondrial inner membrane potential, and increased superox-
ide levels.> How these defects lead to RGC degeneration is
unknown; however, a number of studies have suggested that
they make RGCs more susceptible to apoptotic cell death.
For example, cybrids carrying the ND1 and ND4 mutations
are sensitized to Fas-induced apoptosis and can be rescued
by incubation with the synthetic caspase inhibitor, zVAD-
fmk.* LHON mutation-carrying cybrids also undergo apop-
totic cell death when grown in galactose rather than glucose
medium (which forces the cells to use mitochondrial respi-
ration to generate adenosine triphosphate). The cell death is
accompanied by an increase in mitochondrial cytochrome ¢
release into the cytosol.’> Studies in LHON patient peripheral
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blood lymphocytes show increased apoptosis in compari-
son with healthy controls upon treatment with an oxidizing
agent, and this result is attributed to the involvement of the
mitochondria in the activation of the apoptotic cascade.’

The X-linked Inhibitor of Apoptosis (XIAP) is the most
potent inhibitor of apoptosis within the Inhibitor of Apop-
tosis family of proteins. It binds to and inhibits caspases
3, 7, and 9 and further mediates caspase degradation via
the E3 ligase activity of its C-terminal RING domain.”-®
Furthermore, it has been shown that XIAP can enter the
mitochondria to compete with Bax/Bak-mediated mito-
chondrial outer membrane permeabilization to suppress
mitochondrial-mediated cell death.!%!! Thus, XIAP is able to
block both the mitochondrial (intrinsic) and death receptor-
mediated (extrinsic) apoptotic cascades. Moreover, XIAP has
additional functions that are unrelated to its role in caspase
inhibition. XIAP and related family members cIAP1 and
cIAP2 can inhibit the “ripoptosome,” which is involved in
necroptosis.'?"!4 In addition, XIAP has been shown to regu-
late the nuclear factor-« B and JNK pathways'>~17 to suppress
TNF-o— and TGF-B1-induced apoptosis.'® More recent stud-
ies point to a critical role for XIAP in reducing inflammation
and a role in innate immunity.'8:1°

The LHON phenotype has been successfully replicated
in DBA/1J] mice by adeno-associated viral delivery of
mutant nicotinamide adenine dinucleotide dehydrogenase
4 (mND4) to the mitochondria of RGCs.2°-24 Studies in
these mice have confirmed that RGC loss is due to apop-
tosis.?> Because many visual disorders involve the ultimate
death of retinal cells by apoptosis, antiapoptotic therapy
holds tremendous promise as a general treatment for multi-
ple types of retinal disease. To date, adeno-associated virus
(AAV)-mediated XIAP gene therapy has been used to effec-
tively protect RGCs in rat models of retinal ischemia® and
glaucoma.?® XIAP has also been shown to protect photore-
ceptor structure and function in chemically induced retinal
degeneration?’>?® and in retinitis pigmentosa.?® In animal
models of retinal detachment, XIAP preserved photorecep-
tor structure for up to 2 months of continuous detachment?
and seemed to preserve photoreceptor function.>! XIAP also
increased the survival of transplanted retinal progenitor
cells*> and prolonged the treatment window in a mouse
model of retinal degeneration treated with gene replacement
therapy.®

Given the success of XIAP gene therapy in multiple forms
of retinal degeneration and the fact that RGC loss in LHON
is primarily apoptotic in nature, we evaluated the efficacy
of XIAP gene therapy in protecting RGCs in a mouse model
of LHON. We show that XIAP reduces glial cell infiltration,
decreases nuclear fragmentation of resident glial cells in the
optic nerve, and preserves RGC axon thickness. XIAP also
seems to preserve RGC function.

METHODS
Adeno-Associated Viral Vectors

AAV2/2 vectors were generated for these studies. All
constructs were under the control of the cytomegalovirus
immediate early gene enhancer and chicken beta-actin
promoter. The AAV2.HA-XIAP vector contained the human
XIAP open reading frame with an N-terminal hemagglutinin
(HA) tag. Gene expression was enhanced by the presence of
a woodchuck postregulatory element in the viral construct.
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AAV2.GFP virus was similarly generated for use as an injec-
tion and viral control. Details of vector construction are
found in Renwick et al.?> Construction of the mutant human
R340H ND4 (mND4) construct has been described else-
where.?? The mND4 construct (AAV2.mND4FLAG) contained
the ATPc mitochondrial targeting sequence to allow the allo-
topically expressed protein to be shuttled to the mitochon-
dria, and a C-terminal FLAG tag for immunodetection. Triple
Y-F AAV vectors were generated and titered as previously
described 3*3> Schematics of each of the viral vectors are
found in Supplementary Figure S1.

Animals and Injection Procedures

Adult male DBA1/J mice were purchased from The Jackson
Laboratory and kept under standard 12-hour light/12-hour
dark laboratory conditions. All procedures were approved
by the University of Ottawa Animal Care and Veterinary
Service and adhered to the ARVO statement for the Use
of Animals in Ophthalmic and Vision Research. Male mice
between the ages of 10 and 12 weeks were used for
these studies (N = 27). Animals were injected intravitre-
ally in the left eye with 1 pL of 10" VG/mL of AAV2.HA-
XIAP (i.e., 1 x 10° total viral particles) and an equal
dose of AVV2.GFP in the right eye. Two weeks after the
initial injection, one-third of the animals received 1 pL
of AAV2.mND4FLAG in the left XIAP-treated eye, one-
third received AAV2.mND4FLAG in the right GFP-treated
eye, and one-third received AAV2.mND4FLAG in both eyes.
AAV2.mND4FLAG was delivered at a dose of 2 x 10'> VG/mL
(i.e., 2 x 10° total viral particles). Eyes and optic nerves were
sampled at 3 or 4 months after mND4 injection.

Immunohistochemistry

Enucleated eyes were processed for cryosectioning or flat
mounts. Tissue sampling for cryosections was conducted as
previously described.”> For flat mounts, retinas were care-
fully dissected and flattened onto nitrocellulose membranes
with the RGC layer facing upwards. Retinas were fixed for
30 minutes with 4% paraformaldehyde at room temperature
and then transferred to PBS at 4°C (for up to 3 days). The
retinas were then carefully teased off the membranes and
treated with ascending concentrations of sucrose (10%, 20%,
and 30%) each for 10 minutes, followed by 3 freeze/thaw
cycles on dry ice and room temperature, respectively. The
retina flat mounts were mounted onto Superfrost slides
(Fisher Scientific, Waltham, MA) in 30% sucrose and placed
at —-80°C until staining. Hematoxylin and eosin staining was
performed according to standard protocols. Immunostain-
ing was performed with anti-FLAG M2-cy3 (1:100, Sigma, St.
Louis, MO), anti-HA high affinity (1:100, Sigma), anti-RNA
binding protein with multiple splicing (RBPMS; 1:100, Phos-
phosolutions, Aurora, CO) and anti-GFP (1:200, Invitrogen,
Carlsbad, CA). All primary antibodies were incubated for 2
days. Secondary antibodies conjugated to Alexa 488 (Invit-
rogen) and Cy3 (Jackson ImmunoResearch, West Grove, PA)
fluorophores were used at 1:500 and incubated at room
temperature for 1 hour.

Western Blot

Twenty micrograms of protein was separated by elec-
trophoresis on 12% polyacrylamide gels, and transferred
onto PVDF membranes. Membranes were blocked for 1
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hour at 4°C in 5% powdered milk, and incubated overnight
at 4°C with primary rabbit anti-GST-XIAP (1:5000 in
blocking buffer; courtesy of Dr. Robert Korneluk, Univer-
sity of Ottawa) or rabbit anti-Bim (1:1000, Cell Signaling
Technology, Danvers, MA). Membranes were washed and
incubated for one hour at room temperature in anti-rabbit
horseradish peroxidase or anti-rabbit IRDye 800 (Li-Cor,
Lincoln, NE). Proteins were visualized using Pierce Chemi-
luminescence substrates (ThermoFisher Scientific, Waltham,
MA) and film, or the Licor imaging system.

Preparation of Optic Nerves for Transmission
Electron Microscopy

DBA/1] mice were anesthetized by intraperitoneal injection
of tribromoethanol (Avertin). Perfusions and tissue process-
ing, embedding and sectioning were conducted as previ-
ously described.?® Ultrathin sections (80 nm) were observed
under a transmission electron microscope (Hitachi 7100)
at 2000x, 4000x, 10,000x, and 20,000x magnifications.
Ultrastructural analysis was conducted on approximately
300 electron micrographs of left and right optic nerves at
the central region of the optic nerve.

Toluidine Blue Staining for Electron Microscopy
Semithin Sections

Semithin cross-sections of 0.5 pm from resin embed-
ded central segment of optic nerves were mounted on
glass slides and stained with 1% toluidine blue and 2%
borate in distilled water. Sections were scanned with a
MIRAX MIDI (Zeiss, Jena, Germany) and observed at 60x
and 400x magnifications using a Zeiss MIRAX Viewer
software. Stained sections were also examined by light
microscopy using a Zeiss Axioplan microscope equipped
with a digital camera for a quantitative analysis of myelinated
axons.

Axon Counts

Toluidine blue images containing scale bars were imported
into ImageJ and processed using the Enhance Local Contrast
Plugin. After the scale bar was set, two grids of 1300 pm?
were overlaid on the image and axons were counted using
the Cell Counter Plugin at 150% zoom. An average of five
images (10 grids) was counted for each optic nerve and the
numbers averaged to get a mean count per grid for each
optic nerve. The grids were placed in the center, top, bottom,
left, and right quadrants of every nerve so that there was no
bias in selecting the areas to be counted.

To determine cross-sectional areas of axons, images
imported into ImageJ were scaled and processed using the
contrast limited adaptive histogram equalization (CLAHE)
plugin. Using the Threshold Colour Plugin, “threshold” and
“invert” were selected, and the brightness was adjusted to
allow visualization of the axons. The image was converted
to 8-bit and the threshold color was adjusted to red.
Axonal cross-sectional areas were determined using the
Analyze Particles Plugin with size set to “O-infinity” and
circularity set to “0.3-1.0”. The number and proportion of
axons with a cross-sectional area of less than 1 uym? was
recorded.
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Pattern ERG (PERG)

PERGs were recorded on the Espion E? system (Diagnosys,
Inc., Lowell, MA). The mice were anesthetized with ketamine
(50 mg/kg) and medetomidine (1 mg/kg) and placed on
an elevated heated (37°C) platform 20 cm from a computer
monitor. The monitor displayed 200 mm interspaced black
and white bars at 50 cd/m?, 0.05 cycles/deg, 100% contrast,
and 2 Hz temporal frequency. A 2-mm diameter gold loop
electrode was placed on the undilated pupil facing the
screen. A total of 1800 traces were recorded (two consec-
utive sequences of 900 traces, sample frequency 1000 Hz,
sweep duration of 10 ms before stimulus to 400 ms after
stimulus). Retinal signals were amplified (10,000 fold) and a
band-pass filter of 0.3 to 300.0 Hz was used. The reference
stainless steel needle electrode was placed in the scalp and
the ground electrode was placed in the tail. Final waveforms
were scored by removing all outlier traces above +30 pV and
below -30 pV.

Magnetic Resonance Imaging

A 7T GE/Agilent MR 901 magnetic resonance imaging
machine was used to generate cross-sectional images of
eight orbits (three mice with right eye injected with
AAV2 HAXIAP and AAV2.mND4FLAG, and left eye injected
with AAV2.GFP and AAV2.mND4FLAG, and seven uninjected
controls). Animals were anesthetized for the magnetic reso-
nance imaging procedure with isoflurane. Each orbit was
imaged with a fast spin echo pulse sequence, with an echo
time of 25 ms, repetition time of 1075 ms, slice thick-
ness of 350 um, and in-plane spatial resolution of 78 yum.
The slices were oriented in an oblique fashion so that the
entire length of the optic nerve would lie completely within
the plane of one of the slices. Images were imported into
ImageJ®’ and optic nerve diameters were measured at the
same distance from the optic disc in each image. Measure-
ments were taken by three independent observers who were
blind to the experimental groups. All observers obtained
similar results. The values generated by one independent
observer are reported.

Viability Assays

The transformed cone photoreceptor cell line, 661W, was
kindly provided by Dr. M. Al-Ubaiddi.*®® The 661W cells
were transfected with the full-length coding sequence of
human XIAP, which was generated from pCM-SPORT6-XIAP
(Origene, Rockville, MD) digested with Sall and Notl to
isolate the XIAP coding sequence, ligated into the pCI-
neo vector (Promega, Madison, WI). Transfections were
conducted using Lipofectamine 2000 (ThermoFisher Scien-
tific), according to the manufacturer’s instructions. Control
cell lines were transfected in a similar manner with the pCI-
neo empty vector. Stably expressing cells were grown under
G418 selection. All cells were used below passage 15, and
XIAP expression was monitored in each assay by Western
blot or quantitative RT-PCR.

For the death assays, cells were plated onto 96-well plates
at 60% confluency and incubated with 1 mM hydrogen
peroxide (Sigma Aldrich) for 32 hours or 15 uyM menadione
(Sigma Aldrich) for 4 hours. Cell viability was measured
using the AlamarBlue Cell Viability Reagent (Invitrogen) and
a Synergy BioTek plate reader (BioTek Instruments, Inc.)
as per manufacturer’s directions. Read-out measurements of
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Ficure 1. mND4 and GFP expression in the retina after AAV2 intravitreal injection. (A) Immunofluorescent images of a retinal flat mount
of an eye injected with AAV2.mND4FLAG and stained with the nuclear marker DAPI (blue), anti-RNA binding protein with multiple splicing
(RBPMS) antibody to identify RGCs (green) and an antibody to the FLAG tag to show the localization of the mND4 protein. There is robust
perinuclear mND4 expression. (B) Perinuclear staining for mND4 is confirmed in a second retinal flat mount. Z-stack confocal microscopy
shows that the mND4 (FLAG-tag) is present in the RGC layer of the retina. (C) Immunofluorescent images of a retinal flat mount of an
AAV2.GFP-injected retina show co-localization of GFP (green) and RGC marker RBPMS (red).

treated cells were divided by vehicle control-treated cells to
determine final viability. Three individual plates with five
replicates each were averaged.

RESULTS

XIAP Overexpression Protects Against Oxidative
Stress-Induced Photoreceptor Cell Death In Vitro

Oxidative stress is a major factor in the ultimate death of
RGCs in LHON. The ability of XIAP to protect against oxida-
tive stress-induced apoptosis in retinal cells in vitro was
shown in a previous study from our lab®' and confirmed with
additional XIAP over-expressing cell lines for the current
study (Supplementary Fig. S2). XIAP was able to signifi-
cantly protect 661W photoreceptor cells from menadione-
and hydrogen peroxide-induced cell death (Supplementary
Fig. S2B-C). One potential mechanism through which XIAP
may be mediating cellular protection is by the downreg-
ulation of the proapoptotic protein Bim (Supplementary
Fig. S3).

Mutant ND4 Induces RGC Axon Thinning

A preliminary 3-month experiment was conducted to exam-
ine the disease timeline and to inform the subsequent
gene therapy studies. For these studies, AAV2/2 vectors
expressing mND4 with an N-terminal mitochondrial target-
ing sequence and a C-terminal FLAG tag (AAV2.mND4FLAG)
were delivered into the vitreous of the mouse eye. AAV2.GFP
was injected in the contralateral eye as a control. Because
ND4 is a mitochondrial gene, the mitochondrial targeting
sequence ensured that the allotopically expressed protein
product would be directed to the mitochondria. Three
months after the injection, retinal flat mounts (n = 10)
were used to assess the presence of the virally expressed
proteins in RGCs (Fig. 1). There was strong mND4 expres-
sion throughout the inner retina that was mostly restricted to
the RGC layer and showed a widespread perinuclear pattern
within RGCs (that were co-labeled with the RGC marker
RNA binding protein with multiple splicing) (Figs. 1A-B).

Contralateral GFP-injected retinas showed infection of most
cells in the RGC layer, although the level of expression of
GFP was variable between cells (Fig. 1C).

An analysis of sampled tissues showed degenerative
changes in the mND4-injected optic nerves (Supplementary
Fig. S4), decreased axon counts (Supplementary Fig. S5),
and nerve fiber layer thinning (Supplementary Fig. S6),
confirming that the mND4 construct was able to replicate
characteristics of human LHON pathology. However, the
disease characteristics seen at three months after mND4
delivery to the retina were variable, with some animals
clearly showing significant signs of axon loss, and others
showing few changes (Supplementary Fig. S5). This find-
ing indicates that the 3-month timepoint represents an
early stage of the disease when pathological changes
are emerging but not fully established in all animals;
consequently, we conducted a more extended (4-month)
disease time course for the subsequent study, which exam-
ined the ability of XIAP to protect RGCs from LHON
disease progression.

XIAP Gene Therapy in the Mouse Model of LHON

For the gene therapy studies, animals received an intravit-
real injection of the N-terminus HA-tagged XIAP (AAV2.HA-
XIAP) in one eye and AAV2.GFP in the contralateral eye.
Two weeks later, the animals received AAV2.mND4FLAG
in the XIAP-treated eye, in the GFP-treated eye or in both
eyes. The dose of the mND4 virus was increased from
1 x 108 total viral particles/eye (in the initial study described
above) to 2 x 10° total viral particles per eye to acceler-
ate disease progression. In vivo fundus imaging 2 weeks
after the second set of injections showed GFP fluores-
cence (Fig. 2A), which was confirmed by immunolabel-
ing in AAV2.GFP/ AAV2.mND4FLAG double-injected reti-
nas. Immunolabeling with HA and FLAG antibodies (repre-
senting XIAP and mND4, respectively) confirmed that all
viral constructs were functional, and showed the continued
presence of the proteins in the RGC layer 4 months after
AAV2.mND4FLAG injection (Figs. 2B, C and Supplementary
Fig. S7).
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Imaging in double-injected retinas confirms expression. (A) Fluorescent fundus image of an eye that received both AAV2.GFP and

AAV2.mND4FLAG shows GFP expression at two weeks following the second injection, indicating good coverage of the superior retina from
the viral injection. (B) Immunofluorescent image of a retinal section through an eye that received AAV2.HA-XIAP and AAV2.mND4FLAG. The
HA tag shows XIAP expression in the RGC layer. (C) Retinal flat mount of an eye that received AAV2.HA-XIAP and then AAV2.mND4FLAG

two weeks later shows pockets of mND4 expression in the RGC layer.

XIAP Overexpression Protects Axon Structure
and Function in Early-Onset LHON Disease

The effects of XIAP gene therapy on RGC axon health were
analyzed using several parameters. Transmission electron
microscopy was conducted in two randomly selected mice
that were injected with GFP/mND4 in the right eye and
XIAP/mND4 in the left eye. In both animals, the XIAP-treated
mND4 eyes showed decreased pathology compared with the
GFP-treated mND4 eyes (Fig. 3 and Supplementary Fig. S8),
with the differences more pronounced in one animal than
the other.

In vivo magnetic resonance imagining was conducted
to assess changes in the appearance or thickness of the
optic nerve. Optic nerve diameter measurements showed
that XIAP-treated optic nerves were significantly thicker
(by 14.9%; P < 0.05) than their GFP-treated counterparts
and were not significantly different from un-injected optic
nerves, whereas GFP/mND4 optic nerves were significantly
thinner than uninjected controls (Figs. 4A-C).

Axon counts were conducted on cross-sectioned, tolu-
idine blue-stained optic nerves. GFP/mND4-treated eyes
showed a 28.5% decrease in axon numbers in compari-
son with the XIAP/mND4 group (Fig. 4D), but this did not
reach significance (P = 0.06) based on the high degree
of variability between animals. However, cross-sections of
optic nerves clearly demonstrated that the mND4 mutation
caused axon thinning, indicating that axons were in the
process of dying. Measurements of axonal cross-sectional
areas revealed that GFP/mND4 animals had significantly
higher numbers of thinner axons (51.9% more) in compar-
ison with the XIAP/mND4 animals (P = 0.05; Fig. 4E and
Supplementary Figs. SOA-B). In support of these data, hema-
toxylin and eosin staining of retinal cross-sections showed
thinning of the nerve fiber layer in GFP/mND4 animals and
the preservation of the nerve fiber layer in the majority of
XIAP/mND4 animals (Supplementary Fig. S9).

PERGs, which measure RGC function, were recorded to
determine whether XIAP gene therapy could preserve RGC
function. Although there was variability between animals,
PERG analysis at the 3-month timepoint showed that
XIAP/mND4 animals had more typical PERG waveforms and
stronger N2 amplitudes compared with GFP/mND4 animals
(Fig. 5; Supplementary Fig. S10: P = 0.037 with one-tailed
t-test, P = 0.07 with 2-tailed #test; n = 5).

Overall, in both the initial characterization of the disease
and in the subsequent gene therapy studies, mND4 led
to optic nerve axon changes, glial cell infiltration, nuclear

fragmentation in resident astrocytes or oligodendrocytes,
nerve fiber layer thinning, and RGC functional deficits.
These degenerative changes were present in the early
stages of LHON disease in most of the animals and had
not yet resulted in significant losses in axon numbers.
XIAP gene therapy significantly decreased axon thinning,
preserved optic nerve diameter, decreased retinal nerve
fiber layer thinning in the retina, and had a positive impact
on retinal function.

DiscussIoN

LHON symptoms typically present in patients during early
adulthood, although the age of onset can vary from child-
hood to late adulthood.?® LHON manifests as a bilateral loss
of central vision, but often vision loss occurs initially in
one eye followed within weeks to months by the contralat-
eral eye.” In some cases, the central vision loss may spon-
taneously improve,”® but most patients experience grad-
ual deterioration, leading to permanent vision loss. Over-
all, the human form of the disease presents as a spectrum
with differences even between affected individuals carry-
ing the same mutation. We also saw variation in disease
progression in the mND4 mouse model of LHON. Some
animals presented with severe degeneration of the optic
nerve, characterized by severe axon loss, glial cell infiltra-
tion, the absence of myelin and large sections of empty
spaces in the optic nerve, which was detected as early as
3 months after injection. Conversely, other animals showed
modest axon loss and myelin thinning at the later time
point of 4 months. A more extended timeline for our studies
would likely decrease the variability seen between exper-
imental animals. Other studies using this animal model
have examined disease progression at 6 months and 1 year,
clearly showing the progressive nature of the disease and the
reduced variability in symptoms with an advanced disease
timeline.?!2224

The variation in human and mouse disease cannot be
attributed to similar mechanisms. Whereas the human
disease has potential genetic modifiers?'~** and clear
environmental agonists (such as alcohol and tobacco),*
the same cannot be said of an inbred, environmentally
controlled mouse colony. In the mouse model, the likely
sources of variation between animals were the variability
of the injection procedure (which may target different
numbers of RGCs every time) and the difficulty in targeting
the potentially hundreds or thousands of mitochondria
within a cell with a mND4 protein that is allotopically
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XIAP/mND4

GFP/mND4

FIGURE shows
improved optic nerve morphology in XIAP-treated retinas.
GFP/mNDA4 treated eyes (A, C, E) show axonal compaction and thin-
ner cross-sectional areas as well as increased glial cell infiltration
and increased nuclear fragmentation of resident glial cells (white
arrowbead in A). By comparison, XIAP/mND4 injected retinas
(B, D, F) have thicker axons, less glial cell infiltration and healthier
nuclei. Each successive image shows increased magnification of the
same optic nerve. Scale bars: A, B = 10 pym; C-E = 2 pm.

3. Transmission Electron Microscopy (TEM)

generated and imported into the mitochondria. In addition,
we cannot discount the potential contribution of AAV vector-
neutralizing antibodies. Experimental animals received two
intravitreal AAV injections: AAV-XIAP or AAV-GFP, followed
by AAV-mND4 2 weeks later. The generation of neutralizing
antibodies to the AAV vector after the first injection likely
decreased the efficacy of the subsequent AAV-mND4 injec-
tion.*> To partly mitigate this effect, we increased the viral
dose for the second intravitreal injection from 1 x 10 to
2 x 10° total viral particles. Even so, we cannot discount
the presence of neutralizing antibodies that added to the
variability and modest degeneration in the model. However,
we do not believe that the presence of neutralizing antibod-
ies negates the efficacy of the second injection. Yao et al.*
similarly used intravitreal AAV injections that were 2 weeks
apart and showed that both injections led to expression
of the transgenes. In our study, we saw a decrease in the
expression of the FLAG-tagged ND4 in the double-injected
animals in comparison with ones that had received a single
AAV injection in the preliminary experiment. Nevertheless,
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if neutralizing antibodies affected disease variability or
progression, the effect would have impacted both GFP-
and XIAP-treated eyes equally and, thus, does not alter
the significance of the outcomes observed. Interestingly,
Li et al.¥’ found that the presence of neutralizing anti-
bodies peaks at 2 months after an intravitreal injection.
Even though our injections were only two weeks apart
(suggesting that the animals did not have maximal levels
of circulating AAV2 antibodies), future experiments should
deliver dual AAV injections that are less than 3 days apart
to eliminate the problem of neutralizing antibodies entirely.
In addition, transgenic models of LHON, which have been
developed®®* and do not require AAV-mediated mND4, may
help to decrease some of this variability in future studies.

XIAP efficacy in delaying or preventing retinal cell death
was examined both in vitro and in vivo. Owing to a lack of
an available RGC cell line, 661W photoreceptor cells were
used as a surrogate retinal cell line. Although not predic-
tive of how XIAP would protect RGCs, the 661W studies
provided proof of principle for XIAP’s efficacy in protect-
ing against oxidative stress and suggested that XIAP may
be acting through the downregulation of the proapoptotic
protein Bim. Interestingly, studies from the cancer litera-
ture suggest that XIAP overexpression can also suppress
ROS accumulation in a caspase-independent manner by
increasing the expression of antioxidant enzymes SOD1 and
SOD2 and that this is dependent on nuclear factor-« B activa-
tion.>® Thus, by impacting both caspase-dependent and inde-
pendent survival pathways, XIAP may be promoting RGC
survival through various mechanisms.

The in vivo studies in the LHON model confirmed that
XIAP had a significant effect on optic nerve diameter and
it significantly reduced the number of thinned axons, main-
taining axonal cross-sections at control values. XIAP-treated
retinas also had a preserved nerve fiber layer, and optic
nerves showed decreased glial cell infiltration and normal
myelination. PERGs suggested that XIAP was also able
to preserve RGC function. We believe that these XIAP-
associated decreases in disease severity during the early
stages of the disease examined here would translate into
significant protection of RGCs and their axons in later stages
of the disease, during which there is significant death of
these cells.?* Notably, we delivered XIAP before inducing
LHON to ensure that there would be adequate levels of XIAP
expressed in the retina before LHON-associated damage had
begun. It would be interesting to evaluate XIAP neuroprotec-
tion at later, and therefore, more severe stages of the disease
(6 months to 1 year), and to determine if XIAP can protect
RGCs from dying after the onset of disease has begun. These
studies should, ideally, be conducted in LHON constitutively
transgenic animals so that only a single therapeutic injection
of AAV2 would be required, thus eliminating the complica-
tion of neutralizing antibodies.

The current studies provide proof of principle for XIAP
efficacy in the prevention of RGC damage, but treatment
before the onset of disease symptoms might not be advisable
in human patients. However, given that the disease often
manifests in one eye weeks or months before beginning in
the second eye, XIAP delivery to the second eye before the
advent of symptoms is possible and may prevent severe bilat-
eral disease.

Recently, studies have shown significant rescue and a
good safety profile in mouse and nonhuman primate models
of LHON treated with AAV2 carrying wildtype ND4.2!:5!
The success of these studies has resulted in human clinical
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Ficure 4. Optic nerve measurements show efficacy of XIAP therapy in preserving axonal integrity. (A, B) Magnetic resonance
imaging of the orbit allows measurements of the diameter (white bar) of the optic nerve. Measurements were taken at the same
distance from the optic cup in all the animals. (C) Optic nerve diameters of GFP/mND4-treated retinas are significantly smaller
than XIAP/mND4-treated retinas (P < 0.05). XIAP-treated optic nerve diameters are similar to un-injected controls. n = 3 for
XIAP and GFP, n = 14 for uninjected controls. (D) GFP/mND4-treated eyes show a 28.5% reduction in axon numbers in compar-
ison with the XIAP/mND4 group, but this number does not reach significance (P = 0.06) based on the high degree of variabil-
ity between animals. XIAP n = 5, GFP n = 7. (E) Although there are no significant losses in the number of axons, cross-sections
of optic nerves show that the mND4 mutation causes significant axon thinning. There is a significant increase in the number of
axons with a cross-sectional area of less than 1 pm? in GFP/mND4-treated retinas in comparison with XIAP/mND4-treated retinas
(P < 0.05). XIAP n =5, GFP n = 6.

159 ing retinal degeneration.”” Based on the promising results
obtained in this study, XIAP therapy presents an additional
strategy for the treatment of LHON. Moreover, if degenera-
tion continues in the LHON patients in the ongoing clinical
trials despite gene replacement, or the results obtained are
] not optimal, then combination therapy with wild-type ND4

5 _es n and XIAP may provide a better outcome than either ther-
apy alone. This is supported by a study that used XIAP as

% an adjunct to AAV-mediated PDEfS gene replacement ther-
r apy in the rd10 mouse and showed that it decreased rates
XIAP/mND4 GFP/mND4 of retinal degeneration compared with AAV-PDES alone.®

Whether XIAP is delivered alone or as part of a combination

Ficure 5. PERGs show higher average amplitudes in XIAP/mND4-  therapy, its ability to prevent cell death by targeting apop-
treated retinas compared with GFP/mND4-treated retinas. Owing tosis, reactive oxygen species suppression, necroptosis, and
to the variability in the disease phenotype caused by insufficient  jnflammation means that XIAP therapy should be effective in

progression of the disease and the small numl?er of animals t.estffd the treatment of a variety of optic neuropathies, irrespective
(n =5), the PERG results show a trend towards improved function in . . .
of the type of disease-causing trigger.

XIAP-treated retinas but the results did not reach significance using
a two-tailed Student #-test (P = 0.07); however, given our previous
results with XIAP gene therapy and our expectation that XIAP treat-
ment will lead to improved outcomes, a one-tailed Student #-test is Acknowledgments
justifiable, and this leads to a significant result (P = 0.037).
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