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FULL TITLE
The X-linked Inhibitor of Apoptosis (XIAP) gene therapy protects the optic nerve in a
mouse model of Leber’s hereditary optic neuropathy and the retina in a feline model of

retinal detachment.

ABSTRACT
In Canada alone, there were an estimated 800,000 visually impaired people in 2007,
costing the federal government an annual amount of $15.8 billion in services, treatments
and lost revenue. These costs are estimated to double by the year 2032, as the population
ages. The leading causes of visual impairment and blindness is retinal degeneration,
characterized by the progressive death of retinal cells. The research presented in this
PhD thesis aimed to prevent retinal degeneration by over-expressing the X-linked
Inhibitor of Apoptosis (XIAP) in retinal cells using plasmid and adeno-associated viral
vectors. The work is divided into four sequential chapters targeted at developing an anti-
apoptotic gene therapy strategy to prevent retinal cell death. The first chapter examines
XIAP gene therapy in the treatment of Leber’s Hereditary Optic Neuropathy (LHON). In
vitro studies using the 661 W cone-photoreceptor cell line showed that XIAP over-
expression significantly lowers cell death when 661 W cells are exposed to a number of
apoptotic stimuli. In a mouse model of Leber’s Hereditary Optic Neuropathy (LHON),
XIAP expression in retinal ganglion cells (RGCs) protected the ultrastructure of the RGC
axons within the optic nerve, in addition to providing evidence of functional protection.
The second and third chapters further examine the potential for XIAP gene therapy in the

treatment of retinal disease by developing an in vivo model of retinal detachment in cats,

vi



followed by evaluating the efficacy of XIAP gene therapy intervention. When XIAP was
over-expressed in the photoreceptor cells, there was significant structural protection and
trends in preservation of function in this model of degeneration. Finally, the fourth
chapter explores an alternate method to viral gene therapy by evaluating the efficacy and
toxicity of chitosan microparticles as a protein delivery system to the retina. Results show
that chitosan microparticles are mucosal-adhesive and are non-toxic at low concentrations
in vitro in 661W cells and in vivo in rats. This thesis work provides strong evidence that
XIAP gene therapy is an effective method for preventing retinal degeneration, and works
as a broad spectrum gene therapy strategy that can be applied to different forms of retinal

degeneration.
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CHAPTER 1: INTRODUCTION



The Retina

The vertebrate retina is composed of seven specialized cell types that are
segregated into three main layers: the retinal ganglion cell (RGC) layer, the inner nuclear
layer (INL) and the outer nuclear layer (ONL) (Dyer and Cepko, 2001) (Figure 1.1). The
ONL is composed of rod and cone photoreceptors, which convert light into electrical
energy that is propagated to the interneurons (bipolar, amacrine and horizontal cells)
within the INL (Crescitelli, 1972; Dyer and Cepko, 2001). This electrical signal is
subsequently transmitted to the brain by RGCs within the ganglion cell layer (Crescitelli,
1972; Levitan and Buchsbaum, 1993). Specifically, it is the nerve fiber layer (NFL)
composed of the axons from each RGC that ultimately forms the optic nerve to send the
information to the brain. Also within the neural retina are the support glia called Miiller
cells, which span all three layers (Livesey and Cepko, 2001). Miiller cells interact with
the retinal neurons to control the extracellular environment (Newman and Reichenbach,
1996). The “feet” or basement membrane of the Miiller cells make up the inner limiting
membrane (ILM) which creates the boundary between the retina and the vitreous cavity
(Semeraro et al., 2015).

Rod cells, comprising 95% of the photoreceptor cells, are responsible for
peripheral vision and vision in dim light whereas cone cells are responsible for central
vision, colour vision in bright light and detailed visual acuity (Marieb, 2007). Both the
cone and rod photoreceptor outer segments face the retinal pigmented epithelium (RPE)
layer. RPE cells form a monolayer between the neural retina and the outer vasculature
(Strauss, 2005). The RPE is essential for photoreceptor viability as it provides nutrition

and ion transport, protection against photo-oxidation, molecule recycling (essential for
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Figure 1.1. The mammalian retina.

Cross section (A) and fundus image (B) of the C57B6 mouse eye. Each of the four panels
in (A) are the same section, imaged with various filters to show the different cell types in
the retina. The light (yellow arrow) is converted into electrical energy by photoreceptors
(red arrow), specifically rods and cones located in the outer nuclear layer (ONL). The
impulse is then transmitted through the inner nuclear layer (INL), which is composed of
interneurons, such as bipolar cells, to the retinal ganglion cells (RGC), whose axons make
the nerve fiber layer (NFL). The NFL converges on the optic nerve (red circle in B) and
transports the signal to the brain. The support cells of the retina are the Miiller cells.



phototransduction), immune regulation and the blood retina barrier (Strauss, 2005). At
the anterior margin of the neural retina is a ring-shaped structure called the ciliary body
(CB). The CB controls the shape of the lens and produces aqueous humor to control
intraocular pressure (Zhao et al., 2002). The CB is divided into two parts: pars plana and
pars plicata. The pars plana is the portion closest to the neural retina whereas the pars
plicata is the folded region where the zonules fibers attach to control the lens shape

(Bhatia et al., 2010; Roll et al., 1975).

The Impact of Retinal Disease

Retinal degeneration, characterized by retinal cell death, affects more than 150
million people worldwide and this population is expected to double by the year 2020
(World Health Organization, 2010). Once a retinal cell undergoes cell death, the
signaling to the brain is compromised and vision loss ensues (Chang et al., 1993; Remé et
al., 2000).

Lost cells can be regenerated in certain species. In teleost fish, the support cells
called Miiller glia, and the stem cells within the ciliary marginal zone (the junction
between the neural retina and the ciliary epithelium), are able to re-populate lost retinal
cells (Raymond et al., 2006). In amphibians, this stem cell pool persists throughout life
(Lamba et al., 2008). In response to injury, local Miiller glia cells undergo
dedifferentiation to produce neuronal progenitors that proliferate, migrate and
differentiate into the respective retinal cell (Yurco and Cameron, 2005). Human retinal
cells have little regenerative potential and are rarely able to differentiate into specific

retinal cells (Nelson et al., 2013). The cells within the neural retina of the human eye are



permanently post-mitotic and do not regenerate to compensate for dead cells (Ezzeddine
et al., 1997). As a result, any form of cell death in the retina disrupts the visual sensory

pathway and ultimately leads to loss of vision.

Caspase Dependent Cell Death (Apoptosis)

The causes of many retinal diseases are unknown; what is known, however, is that
cell death by apoptosis is often the final common pathway (Chang et al., 1993; Doonan
and Cotter, 2004; Nickells and Zack, 1996; Travis, 1998). Apoptosis is a form of
regulated programmed cell death which results in DNA destruction, little contamination
of the surrounding environment, and speedy macrophage signaling for clean-up—while
mounting a very limited and almost non-existent immune response (Cullen et al., 2013;
Savill et al., 2002). It occurs when intrinsic or extrinsic stimuli activate the proteolytic
caspase cascade. Caspases are cysteine proteases that are also proenzymes. The
proenzyme (termed pro-caspase) requires proteolysis to be activated, at which point the
active enzyme triggers the caspase cascade and instigates cellular execution by cleaving
cellular and structural proteins, DNA repair enzymes and endonuclease inhibitors (Travis,
1998).

The intrinsic apoptotic pathway is stimulated by DNA damage, oxidative stress,
mitochondrial damage and organelle malfunction (Figure 1.2). When these factors occur,
the outer membrane of a mitochondrion forms pores (through a process called
mitochondrial outer membrane permeabilization (MOMP) that release cytochrome C.
Cytochrome C activates caspase 9 (via apoptosome formation with Apaf-1), which

subsequently activates caspase 3 (Schuler et al., 2000). The Bcl-2 family of proteins is
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Figure 1.2. The apoptotic pathway.

(a) The non-receptor or mitochondrial-mediated intrinsic apoptotic pathway results in
mitochondrial permeability, due to the translocation of BAX and BAK (pro-apoptotic
BCL-2 family member) into the mitochondrial membrane. Consequently, there is a
release of pro-apoptotic proteins into the cellular cytosol. These proteins include
cyctochrome ¢, SMAC/DIABLO and HtrA2/Omi. They further stimulate the caspase-
dependent pathway of apoptosis. As such, cyctochrome ¢ binds to protein apoptotic
protease-activating factor 1 (Apaf-1) to form the apoptosome. The apoptosome
subsequently cleaves and activates pro-caspase-9, which will in turn activate the effector
caspases 3 and 7 (from inactive pro-caspases). Meanwhile, Smac/DIABLO and
HtrA2/Omi inhibit the IAP family. Together, this leads to cell death as the caspases
fragment nuclear and cellular structural proteins, repair enzymes and endonuclease
inhibitors (Vucic et al., 2011).

(b) The extrinsic pathway for apoptosis is receptor mediated, such as Fas (CD95), TNF-a
or TRAIL ligands binding to their respective death receptor. This pathways works to
directly activate the effector caspases (bypassing the apoptotosme and capase-9) to
initiate cell death. Specifically, ligand-receptor binding initiates the formation of
receptor-associated death-inducing signaling complex (DISC). Once this occurs, FADD
(Fas associated death domain protein) and pro-caspase8 are recruited, this binding results
in dimerization and activation or caspase 8 which will cleave and activate caspase 3 and
7. Image taken with permission from (Tait et al., 2013).



involved in the intrinsic pathway. This family is composed of an anti-apoptotic
subgroup, a pro-apoptotic subgroup and a BH3 subgroup (Taylor et al., 2008). Within
these three subgroups, multiple members such as Bim, Bid, Bax, Bak and Bok exist. All
members of the pro-apoptotic group have the ability to directly or indirectly (through
inhibition of anti-apoptotic factors) cause the release of cytochrome C from mitochondria
leading to apoptosis (Adams and Cory, 2001; Zamzami and Kroemer, 2001).

The extrinsic pathway of apoptosis is stimulated by the binding of a ligand to a
death receptor on the surface of the cell (Figure 1.2). For example, the binding of a tumor
necrosis factor (TNF) family ligand to its appropriate receptor (eg. Fas with Apo-1,
TRAIL with TRAIL receptor) triggers the stimulation of death signal adaptor proteins
(eg. FADD; Cheung et al., 2006, 2008; Nufiez et al., 1998). The death signal adaptor
proteins form a death inducing signaling complex, which activate the caspase cascade
(Tran et al., 2001). It is important to note that the two pathways are not mutually
exclusive and that extrinsic factors can also promote mitochondrial disturbances and
apoptosis via cytochrome C (Nufiez et al., 1998).

In this thesis, TNF-a is used to stimulate cellular death in vitro (Figure 1.3). Upon
binding of TNF-a to its receptor, TNF receptor associated death domain (TRADD) and
receptor-interacting protein kinase 1(RIPK1) are recruited to form TRADD-RIPK1
dependent complex, which also attracts cellular inhibitor of apoptosis 1 and 2 (cIAP1/2;
more on the [APs to follow), and TNF receptor-associated factor 2 and 5 (TRAF2/5).
Consequently, cIAP1/2 ubiquitinate RIPK 1, which activates the Ikk complex. The
activated Ixk complex phosphorylates Inhibitor of KB (IxkB), and causes it to degrade

thereby allowing p50/RelA to move into the nucleus where it will work to activate target
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Figure 1.3. TNF-a mediated cell death.

If cIAPs are present and the canonical NF-kB pathway is activated (a), the long isoform
of FLIP (FLIPy) is expressed and along with pro-caspase 8 will form a heterodimeric
complex (TRADD-dependent complex IIa), that will inactivated RIPK 1, RIPK3 and
cylindromatosis (CYLD), thereby negating necroptotic cell death (b), and leading to
apoptosis upon the simultaneous activation of caspase 8. However, in the presense of
caspase or RIP inhibitors, a RIPK1 and RIPK3 scaffold-like complex is formed called the
“necrosome”, which mediates regulated necrosis (c). On the other hand, in the absence of
cIAPs and activation of the NF-kB pathway in a non-canonical fashion (d), a TRADD
independent complex is formed and similar to panel (b), FLIPL and pro-caspase 8 will
form a heterodimeric caspase (along with RIPK 1 and RIPK3, called the “ripoptosome”)
to carry out the apoptotic pathway. However, this can also lead to necroptosis in the
absence of caspase 8. Image taken with permission from (Berghe et al., 2014).



genes (pro- and anti-apoptotic genes, cytokines, chemokines and anti-microbial peptides)
(Liu et al., 2004; Silke et al., 2004; Sun, 2011). This is the canonical or classical NF-xkB
pathway. Alternatively, cIAP1/2 ubiquitinate NIK in the non-canonical pathway, which
represses its activity. However, the recruitment of cIAPs to several TNF family receptors
ultimately leads to its own degradation (or the presence of cIAP antagonists) and
consequently the liberation of NIK (Fulda and Vucic, 2012). NIK is required for
phosphorylation of p100, which becomes p52 and comprises the p52/RelB complex.
This complex travels to the nucleus and promotes transcriptional activation of NF-kB
target genes (Hunter et al., 2007; Varfolomeev et al., 2007). In summation, the E3 ligase
domain of either cIAP1/2 is required for ubiquitination of RIP1 in order for TNFa to
activate the NF-kB classical pathway. Furthermore, degradation of cIAP1/2 is needed for
activation of the alternative NF-xB pathway (Gentle et al., 2011; Vince et al., 2007,
Zarnegar et al., 2008).

Through the classical pathway, FLICE-like inhibitory protein long (FLIPy) is up-
regulated and along with pro-caspase-8 forms a heterodimer that cleaves and inactivates
RIPK1, RIPK3 and CYLD to inhibit necroptosis (Berghe et al., 2010; Bertrand and
Vandenabeele, 2011). However, through this inactivation, pro-caspases 8 is quickly
autoproteolysed and activated. Caspase 8 is now able to cleave the effector caspases 3
and 7 to initiate apoptosis. If caspase 8 is inhibited, it is thought that RIPK1 and RIPK3
will form the ‘necrosome’, ultimately leading to regulated necrosis (Berghe et al., 2014).

Finally, in the non-classical pathway and in the absence of cIAPs, a large
TRADD-independent cytosolic complex is formed between RIPK1, RIPK3, FADD and

FLIP;/caspase 8 heterodimer, which is called the ‘ripoptosome’. Similarly to what was



described above, caspase 8/FLIP. heterodimer inactivates RIPK1 and RIPK3, which in
turn activates caspase 8, thereby leading to apoptosis (Berghe et al., 2014), (Figure 1.3).
Taken together, depending on the context, TNF-a ligand and receptor binding can
mediate apoptosis and regulated necrosis. The X-linked inhibitor of Apoptosis (XIAP)
has been shown to directly inhibit the ripoptosome (Tenev et al., 2011), the necroptosome

(Yabal and Jost, 2015; Yabal et al., 2014) and apoptosis (Schile et al., 2008).

The X-linked Inhibitor of Apoptosis (XIAP)

In addition to the members of the Bcl-2 family, there are other genes that tightly
regulate the apoptotic pathway within the cell. XIAP is a member of the inhibitor of
apoptosis (IAP) family of proteins, which includes other members such as cellular IAP 1
(cIAP1) and cellular IAP 2 (cIAP2), as presented above. IAPs suppress programmed cell
death by interacting with and inhibiting the catalytic activity of caspases. These genes
contain Baculovirus IAP Repeat (BIR) domains, a Ubiquitin Binding Domain (UBA) and
ubiquitin E3 ligase activity on the Really Interesting New Gene (RING) domain (Cheung
et al., 2008). The BIR domains directly bind and inhibit caspase proteins. The UBA and
RING domains enable the IAPs to autoubiquitinate (when apoptosis must ensue),
ubiquitinate other proteins (such as caspases) and play a role in signal transduction
pathways (Galban and Duckett, 2010). XIAP is the most potent inhibitor of cell death. It
binds caspases-3, -7 and -9, thus impeding proteolytic activity and subsequent cell death

(Cheung et al., 20006) (Figure 1. 4).
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Figure 1.4. XIAP’s functional domains.

XIAP is a 497 amino acid protein with potent E3 ubiquitin protein ligase activity
imparted by its RING (really interesting new gene) domain. It is also composed of three
BIR (baculovirus TAP repeat) motifs and one UBA (ubiquitin-associated) domain, which
is characteristic to the IAP family. XIAP’s E3 ubiquitin ligase activity can mark various
proteins for proteasome degradation, such as its own inhibitor, Smac, caspase enzymes,
and apoptosis inducing factor (AIF). Together with XIAP-associated factor (XAF1),
XIAP mediates Survivin down-regulation by canonical ubiquitination. Furthermore,
XIAP physically interacts with TGF-f activated kinase 1 (TAK1) and also ubiquitinates
it to mediate formation of TAB/IkB kinase to activate p65/RelA and induce pro-survival
gene expression via NF-kB pathway. Furthermore, XIAP ubiquitinates MEK kinase 2
(MEKK?2) to evoke a second wave of NF-kB activation. Moreover, XIAP regulates
intracellular copper levels by ubiquitinating copper metabolism domain containing 1
(COMMDL1). XIAP in addition to the cIAPs controls inflammation and the RIP kinase
apoptosome by ubiquitination of RIPK1 and RIPK3 to propagate pro survival signals
through NF-«B signaling. XIAP can also use its own RING domain to autoubiquitinate,
or be ubiquitinated by other proteins due to its UBA domain.

Adapted from: (Galban and Duckett, 2010; Gyrd-Hansen et al., 2008; Holcik and
Korneluk, 2001; Lawlor et al., 2015; Lenhausen et al., 2016; Nielsen and LaCasse, 2016;
Plati et al., 2011, 2011; Rajalingam and Dikic, 2009; Wilkinson et al., 2008; Yabal et al.,
2014).
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Under conditions of irreparable damage, the cell must undergo apoptosis. In order
for this to happen, second-mitochondria derived activator of caspases (Smac), a cellular
IAP antagonist, is released from the mitochondria into the cytoplasm. It inhibits XIAP
ubiquitin ligase to allow the cell to undergo apoptosis (Creagh et al., 2004). However,
depending on the degree of damage to the cell, Smac can inhibit XIAP or XIAP can
inhibit Smac. Recent studies have shown that, in response to intrinsic apoptotic signaling
by BH3 proteins, XIAP can translocate to the mitochondria. Contradicting opinions of
XIAP’s role in the mitochondria have been presented. Owens ef al. (Owens et al., 2010)
suggest that XIAP may induce MOMP in an E3 ligase-dependent manner and
subsequently acts as a pro-apoptotic factor. However, Hamacher-Brady ef al. report that
while inside the mitochondria, XIAP acts in an anti-apoptotic manner to recruit
endolysosomes and degrade Smac, thereby reinforcing the potent effects XIAP can have
over controlling apoptosis in the cytoplasm (to inhibit the caspases) and within the
mitochondria (Hamacher-Brady et al., 2014). Furthermore, the most recent work by
Hamacher-Brady shows that XIAP translocates to the mitochondria when apoptosis is
induced by TNF or staurosporine (a broad kinase inhibitor), and that XIAP over-
expression slows the onset of mitochondrial permeabilization, and it works within the
mitochondria to degrade Smac, independent from cytochrome C release (Hamacher-
Brady and Brady, 2015). These studies show that XIAP tightly regulates cell death in
both the cell’s cytoplasm and within the mitochondrial organelle, ultimately reducing the
contribution of the mitochondria to apoptosis within the intrinsic pathway. In summation,
the mediation of MOMP by BH3-members of the Bcl-2 family of proteins is ultimately

suppressed by XIAP.
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In addition to Smac, there are other proteins that allow a cell to inhibit or degrade
XIAP in order to allow apoptosis. Many of these proteins (including Smac) possess a
tetrapeptide domain termed an IAP binding motif (IBM). Notable examples of IBM
containing proteins are Omi/HrtA2, CLPX, LRPPR, GdH and Nsp4. For example,
Omi/HrtA2 regulates levels and functions of IAPs by irreversibly binding to BIR2 and
BIR3 domains to inhibit anti-apoptotic function (van Loo et al., 2002; Yang et al., 2003).
Like Smac, Omi is present in the mitochondria and, upon apoptotic stress, translocates to
the cytoplasm with the aid of pro-apoptotic Bcl2-family members (Suzuki et al., 2001). In
contrast, AIF and ARTS are proposed to antagonize XIAP through IBM independent
means.

Proteasome inhibition experiments confirm XIAP and cIAP autoubiquitination by
the RING domain (Galban and Duckett, 2010). Under severe cellular stress, XIAP will
autoubiquitinate and target itself for degradation to allow the cell unhampered caspase
activation and destruction (Liston et al., 2003). Yang et a/ showed that proteasome
inhibitors stabilized RING-containing IAPs to rescue thymocytes treated with death
stimuli (Yang et al., 2000). The exact mechanism behind initiation and regulation of
XIAP autoubiquitination remains unanswered. For example, does XIAP autoubiquitinate
because the cell is dying or does the cell die because XIAP autoubiquitinates? There is
also controversy with regards to XIAP-interacting proteins and their ability to initiate
XIAP autoubiquitination (Galban and Duckett, 2010). It has been shown that under
specific conditions, this interaction can initiate the RING-dependent autoubiquitination of

XIAP (Bertrand et al., 2008; Silke et al., 2004). However, some studies suggest that the
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E3 ligase activity responsible for XIAP’s ubiquitination may be caused by another

protein’s RING E3 ligase activity, such as cIAP1 (Galban and Duckett, 2010).

Non-Caspase Roles for XIAP

XIAP mediated neuroprotection is more robust than caspase inhibitors alone
because XIAP also plays multiple roles in caspase-independent pathways to inhibit cell
death. Studies have suggested that XIAP can regulate the NF-xB pathway, TRAIL-
mediated apoptosis and necroptosis. Each of these is briefly discussed below.

It is postulated that XIAP has a role in augmenting NF-kB activation during
innate immunity (Bauler et al., 2008). XIAP may do this by mediating synergy between
Toll-like and Nod-like receptors via activation of JNK and NF-«kB pathways (Zarnegar et
al., 2008). In addition, the BIR and RING domains of XIAP may have the ability to
interact with TGFB receptor and promote TAK-1 activation of the classical NF-xB
pathway and the JNK pathway, which ultimately activate transcription of NF-kB target
genes (Hunter et al., 2007). Furthermore, activation of NF-kB increases expression of
survival genes such as XIAP (Vince et al., 2007). Interestingly, retinal degeneration is
characterized by NF-«kB activation, which should therefore promote XIAP expression and
cell survival (Bauler et al., 2008). It is also intriguing that oxidative stress activates NF-
kB (anti-apoptotic agent) while it also causes cellular apoptosis (Chen et al., 2011;
Krishnamoorthy et al., 1999). Furthermore, NF-«xB activation results in the production of
proinflammatory molecules, which induce neurotoxicity in vivo. Zeng et al showed that
rd mice, a model of retinal degeneration, display significant NF-xB activation (Zeng et

al., 2008). Despite the fact that the literature states NF-kB promotes cell survival genes, it
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has been hypothesized that it may also be associated with photoreceptor cell death by
regulation of pro-inflammatory molecules (Zeng et al., 2008). This simply proves that
there must be a fine balance between NF-«kB activation and suppression to maintain
normal homeostasis. Surpassing the threshold can lead to cell death.

Among the TNF ligand members, TRAIL can mediate apoptosis in tumor cell
lines (Ng et al., 2002). XIAP mediates TRAIL/Apo2L resistance to apoptosis in cancer
cell lines. Consequently, XIAP down regulation by ActD allows release of cytochrome C
from the mitochondria and overturns TRAIL mediated apoptosis (Ng et al., 2002; Zhang
and Fang, 2004).

Necrosis is un-programmed cell death due to injuries or infection (noxious
stimuli). The leakage of cellular debris is the cause of subsequent inflammation, which is
amplified by the lack of signaling for macrophage clean-up. (Savill et al., 2002). The
release of harmful chemicals and enzymes (stored in lysosomes) digest the dying cell and
neighbouring cells thereby causing exponential damage. This is in contrast to the
regulated form of necrosis, known as necroptosis which is mediated by the Receptor
Interacting serine-threonine Protein (RIP) kinases 1 and 3, as described above (Berghe et
al., 2010). As previously explained, RIP kinase activity is required for the assembly of
the ripoptosome, which is composed of RIPK 1, FADD and caspase-8, and can stimulate
both apoptosis and caspase-independent necrosis (Silke and Meier, 2013; Vince et al.,
2012). XIAP and the cIAPs are negative regulators of ripoptosome-mediated caspase-8
apoptosis and necrosis (Bertrand and Vandenabeele, 2011; Bertrand et al., 2008;
Feoktistova et al., 2011; Tenev et al., 2011). It has been suggested that XIAP and the

cIAPs function as inhibitors of ripoptosome assembly by direct ubiquitination of the
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components of the ripoptosome (Imre et al., 2011). Necrostatin 1 (necl) is also a potent
inhibitor of RIP1 and consequently the necroptosis pathway (Feoktistova et al., 2011).

Autophagy is the highly conserved process of cellular recycling by lysosomes
(Towers and Thorburn, 2016). The self-degradation of proteins, organelles and pathogens
occurs under metabolic and physiological stress (He and Klionsky, 2009). Consequently,
autophagy prevents the accumulation of toxic elements to maintain homeostasis (Nair
and Klionsky, 2011). Specifically, the autophagosome, a double membrane vesicle, is
formed to ingest damaged cellular components and foreign bodies, which then fuses with
the membrane of a lysosome for degradation. This vesicle is termed the autolysosome,
and its contents are recycled back into the cytosol to provide the basic material for
cellular functions (Nair and Klionsky, 2011; Yorimitsu and Klionsky, 2005). This
process is mediated by autophagy-associated genes (atg) such as Beclinl (atg6) and atg5,
which are required for formation and extension of the phagophore membrane (Igci et al.,
2016). Changes in these proteins cause a dysregulation in autophagy. For example,
inhibition of atg5 quickly leads to apoptosis (Chinskey et al., 2014; Yorimitsu and
Klionsky, 2005).

Autophagy is essential for the physiological and metabolic activity of
photoreceptor cells, as it is involved in degradation of phototransduction proteins, which
ultimately prevents retinal degeneration (Yao et al., 2016). Dysregulation of autophagy
contributes to visual diseases such as Leber’s congenital amaurosis, retinitis pigmentosa,
age-related macular degeneration and retinal detachment (Bo et al., 2015). Autophagy, in
addition to necroptosis and apoptosis is initiated in a model of retinal detachment (Dong

et al., 2014). Autophagy acts as a protective measure in photoreceptor cells upon
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detachment, to delay apoptosis, thus increasing the window for cellular recovery
(Chinskey et al., 2014). Furthermore, XIAP and cIAP1 work to increase Beclinl levels
via NF-xB pathway (by use of E3 ubiquitin ligase) to stimulate autophagy (Lin et al.,
2015), and therefore reduce apoptosis.

Most retinal diseases have some element of apoptosis, necroptosis or autophagy in
their disease pathology. Consequently, gene therapy with XIAP should be effective in
halting or preventing vision loss in the diseased retina. This hypothesis will be tested in
this thesis using two different types of retinal degeneration: retinal detachment and

Leber’s hereditary optic neuropathy (LHON).

Retinal Detachment

Retinal cells undergo apoptosis after a retinal detachment (RD), which occurs
when there is trauma to the eye, accumulation of fluid in the subretinal space or tractional
pulling of vitreous bands, which induce a separation between the RPE and sensory neural
retina. The outermost layer of the retina, namely the photoreceptors, depend on the
underlying RPE and choroid vasculature for maintenance of homeostasis (Jalali, 2003).
Erickson et al showed histological evidence that retinal degeneration ensues as early as
one hour post retinal detachment in cats, due to loss of trophic support from the
underlying RPE and choroidal blood vessels (Erickson et al., 1983). Despite the fact that
retinal reattachment surgery is anatomically effective, visual acuity is often compromised
and depends on the nature and duration of the detachment. This loss of vision is
augmented if the macula (area of the central retina which provides acute resolution) is

involved in the detachment (Erickson et al., 1983).
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The cause for vision loss following retinal detachment is photoreceptor apoptosis
and necroptosis (Arroyo et al., 2005; Huckfeldt and Vavvas, 2013). In addition, there are
changes in photoreceptor characteristics, such as shortening of the outer segments,
retraction of rod terminals from the outer plexiform layer and protein redistribution.
Furthermore, there is remodeling of the synapses of second-order neurons and
proliferation of retinal glial cells (Fisher and Lewis, 2003).

Rodent models of retinal detachment show a peak of cell death between 1 and
three days post-detachment, depending on the method for creating the retinal detachment
(Cook et al., 1995; Matsumoto et al., 2013, 2014; Yang et al., 2004; Zacks et al., 2003).
The physical separation of the retina from the underlying RPE actives caspase-8 and
caspase-9, and leads to an increase in transcription of TNF-a, all leading to the cell death
of photoreceptors by apoptosis (Nakazawa et al., 2011; Zacks et al., 2004). However,
apoptosis is not the only contributor to photoreceptor death in RD. Despite the apoptotic
pathway being activated, it has been shown that the pan-caspase inhibitor, Z-VAD-FMK
(benzyloxycarbonyl-Val-Ala-DL-Asp-[Ome] fluoromethylketone) fails to prevent
photoreceptor cell death. Receptor Interacting Protein (RIP) kinase 1 and 3-mediated
necroptosis is a significant contributor to photoreceptor cell death. Consequently, when
caspases are inhibited, cell death results via necroptosis. As a result, when necroptotic
inhibitor, necrostatin-1 and Z-VAD-FMK are both present, cell death and oxidative stress
are reduced. This shows that simultaneous inhibition of RIP kinase and caspases is
necessary to prevent cell death in retinal detachment (Trichonas et al., 2010). Fortunately,
XIAP works to prevent both caspase and RIPK dependent cell death, and structural

evidence is shown by neuroprotection in a rodent model of RD which was rescued with
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AAV-XIAP (Zadro-Lamoureux et al., 2009). Furthermore, cell death due to retinal
detachment in the Bax knock out mice, was lowered compared to controls, indicating the
involvement of cellular apoptosis in retinal detachment-mediated photoreceptor cell death

(Yang et al., 2004).

Leber’s Hereditary Optic Neuropathy

Leber’s Hereditary Optic Neuropathy (LHON) is a maternally inherited
mitochondrial disease that preferentially affects young males and leads to degenerative
loss of the retinal ganglion cells (RGCs) and their axons (Farrar et al., 2013). The disease
is caused by a single mutation in mitochondrial DNA which encodes one subunit of the
NADH dehydrogenase (ND1, ND4, or ND6). A total of 7 ND subunits and
approximately 34 other polypeptides make up Complex 1 of the electron transport chain,
involved in oxidative phosphorylation (Kirches, 2011). LHON pathology is generally
limited to the eye, but in rare cases, additional symptoms can occur, including a multiple-
sclerosis-type syndrome associated with brain lesions (Kovacs et al., 2005). LHON
severity can be influenced by smoking and alcohol consumption (Kirkman et al., 2009).
Not all LHON patients will go blind; approximately half of male patients and 10% of
female patients will experience vision loss (Yu-Wai-Man et al., 2014). One hypothesis
for the striking male bias of the disease is hormonal; RGCs have high amounts of
estrogen beta-receptors and treatment of LHON cybrids (cellular hybrids containing
mutant LHON mitochondria) with estrogen compounds have reduced reactive oxygen
species (ROS) (Giordano et al., 2011). Alternatively, there may be an X-linked recessive

modifier gene acting in conjunction with mitochondrial DNA, which results in vision loss
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(Hudson et al., 2005; Shankar et al., 2008). Another hallmark of the disease is
spontaneous recovery in some patients after onset of vision loss. It has been suggested
that ETC dysfunction may cause optic nerve swelling which blocks RGC function, thus
causing a reduction in central vision. However, if a significant number of RGCs do not
undergo apoptotic cell death (atrophic phase), the vision loss in this acute phase is
reversible (cells are still alive but not functioning optimally) (Gueven, 2014; Howell,
1998).

This thesis will focus on the most common LHON mutation; G to A point
mutation within the mitochondrial DNA of the ND4 subunit, at nucleotide 11778. This
mutation substitutes the highly conserved arginine to a histidine at codon 340. Mutant
R340H (mND#4) is the most common point mutation in LHON patients, accounting for
approximately 70% of all cases. Specifically, mutations in the ND4 subunit have been
restricted to the ubiquinone binding site on Complex I (Degli Esposti et al., 1994).
Esponsti et al., suggest that the amino acid substitution produces resistance of Complex I
to its inhibitor rotenone, which should have the same binding site as ubiquinone
(coenzyme Q10). As a result, the mutation causes a change in the affinity of Complex I to
bind ubiquinone substrate (Degli Esposti et al., 1994). Consequently, there is a reduction
of redox energy developed by the reaction of ubiquinone with complex I, resulting in a
highly unstable form of ubiquinone (ubisemiquinone), which may contribute to the
radical formation and the mitochondrial damage presented in LHON patients (Degli
Esposti et al., 1994). Typically, ubisemiquinone anions are stabilized by positively
charged amino acids, such as arginine. However, in the mutant form, the arginine is

substituted to a less basic histidine which may reduce its stability. This causes a decrease
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in potential redox difference for bound ubisemiquinone and NADH (its electron donor),
which further reduces the energy available for proton pumping and ultimately ATP
synthesis. Although this is only affecting one small part of the ETC, the results may
become compounded with aging and in addition to factors such as smoking and alcohol
intake (which are known to trigger the disease). With this in mind, a potential therapy
would be to provide appropriate quinones since it is most likely the ND4 mutation alters
the interface between complex I and its substrate, ubiquinone. Consequently, in the midst
of a number of proposed treatments such as near-infrared light therapy, hyperbaric
oxygen therapy, brimonidine (lowers intraocular pressure), steroids and
immunosuppressants (Yu-Wai-Man et al., 2014), the only treatment that has resulted in
any gain in visual acuity for patients is idebenone, a synthetic analog of ubiquinone.
Results with idebenone therapy in humans are variable, with some patients benefiting
more than others, depending on their causative mutation, the degree of disease
progression and the difference in visual acuity between their two eyes. However, long
term studies do show trends of visual improvement in patients taking an idebenone
regime (Carelli et al., 2011; Klopstock et al., 2011; Sabet-Peyman et al., 2012; Sadun et
al., 2011).

As previously mentioned, when there are mutations in the NADH dehydrogenase,
the complex dysfunctions and therefore perturbs its energy preserving function (Kirches,
2011). It is predicted that reactive oxygen species (ROS) and altered ATP production
sensitize the retinal ganglion cells (RGCs) to apoptotic cell death, thereby causing vision
loss in LHON (Baracca et al., 2005; Wong and Cortopassi, 1997; Wong et al., 2002). A

recent report by Cruz-Bermudez and colleagues (2015) clearly showed LHON ‘cybrids’
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(fusion of platelets from LHON donors with immortalized 143B cell line depleted of
mtDNA) have a defective oxidative phosphorylation system (Complex I function) with
increased ROS and reduced enzymatic function. It is important to note that calcium
homeostasis (measure of mitochondrial membrane potential and function) and assembly
was not altered compared to control cybrids (healthy donor platelets) (Cruz-Bermudez et
al., 2016). It appears that Complex I assembly is only altered when there is a complete
loss of a subunit, such as ND4, resulting in loss of NADH-quinone oxidoreductase
activity (Torres-Bacete et al., 2011).

The explicit reason for why specifically RGCs are targeted when this mutation is
present throughout the body (especially when photoreceptors require more energy), is
still unknown. What is known is that the central nervous system utilizes a great amount of
energy and the retina is the highest consumer. One hypothesis is the nature in which
RGCs are myelinated. The RGC cell body resides within the inner retina and its axon
spans from the retina through a porous membrane made of collagen plates called the
lamina cribrosa (LC) to join with the other RGC axons and form the optic nerve. The
axons are not myelinated until they pass through the LC. As a result, there is a higher
concentration of mitochondria around the cell body because excessive amounts of energy
are required to propagate the action potential to the LC (Abu-Amero, 2011; Carelli et al.,
2004a, 2004b; Gueven, 2014).

Pre-clinical work in LHON was limited by the challenges in generating an animal
model due to the difficulty of targeting mitochondrial DNA. However, work by John
Guy and colleagues (Miami, USA) showed that allotopic transcription of the ND4

subunit in the nucleus results in a protein that is efficiently targeted to the mitochondria
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using an N-terminal targeting sequence (MTS) for mitochondrial import (Guy et al.,
2009). They used this system to express mutant ND4 (AAV-mND4-MTS) in retinal
ganglion cells (RGCs) using an intravitreal injection of AAV serotype 2 (which
efficiently targets nerve fiber layer and RGCs). The AAV-mND4-MTS induces an
LHON phenotype, characterized by optic nerve head swelling, followed by a progressive
loss of RGCs and their axons which make up the optic nerve (Qi et al., 2007). LHON
mice also had visual dysfunction according to pattern electroretinography (which
provides a function assessment of RGCs). Moreover, the mice had disturbed
mitochondrial architecture and increased reactive oxygen species (Qi et al., 2007).
Subsequently, the Guy group showed that a mitochondrial targeting sequence (MTS) can
be added directly to the VP2 capsid protein within AAV, leading to import (and
transcription) of the AAV payload in the mitochondria. For these latter studies, a 23
amino acid cytochrome oxidase subunit 8§ (COX8) was fused to the N-terminus of GFP
and was inserted in-frame into the VP2 gene (Yu et al., 2012a). They then used this
MTS-AAYV carrying a wild type ND4 transgene to rescue the visual dysfunction found in

their LHON model.

Tools Available for Retinal Degeneration Studies
Mouse Retinal Cell Lines

With the current advances in gene therapies used to prevent photoreceptor
degeneration (Dalkara and Sahel, 2014), there is a growing importance placed on

preliminary in vitro work which ultimately predict viable therapies to advance in vivo.
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Unfortunately, when working with retinal cells, there are limited options for cell or tissue
culture experiments.

With this in mind, primary cultures remain most representative of the native
retina. Although the neonatal mouse retina explant survives in culture for more than a
month (Caffé et al., 2001), this is not always representative of the adult retina. Adult
explants and primary cultures can be cultured up to 7 days, which is not suitable for long
term studies (Bull et al., 2011; Grozdanov et al., 2010). For this reason, cell lines are
desirable because they have an unlimited lifespan, can be grown in large quantities,
survive long-term storage and are affordable. They are quick and easy to use to perform
simple cell death and growth assays. However, immortalization influences gene
expression and morphology. The level of heterogeneity is unknown and may depend on
culture conditions. Although, it may also closely simulate the retina which contains
different cells types with different precursors, homogeneous cell lines are desired to
reduce confounding factors due to varied response to stimuli.

The cone-derived photoreceptor cell line, 661 W, was originally derived from
retinal tumors of post-natal day 8 mouse, transformed by use of SV40 large T-antigen
(Goémez-Vicente et al., 2005; Tan et al., 2004a). This expression is under the control of
the human interphotoreceptor retinol binding protein promoter, for photoreceptor
specificity (Tan et al., 2004a; Yokoyama et al., 1992). Interestingly, when comparing
total mouse retina extracts on a 2D gel to 661 W cells, there were 17 proteins identified
that were unique to the cell line and not present in the whole retina lysate (Al-Ubaidi et
al., 2008; Fitzgerald et al., 2008). This goes to show that despite the cone photoreceptor

origin, cultured cell lines are not perfect representatives of the in vivo retina. However,
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these cells do express cone markers such as opsins (blue and green), transducin and cone-
arrestin (Tan et al., 2004a).

Tuohy et al., in 2002 (even before the first characterization of the cell line in 2002
by Tan et al.,) showed that 661 W cells treated with natural (p53 over-expression) or
synthetic (Z-VAD-FMK) inhibitors of apoptosis can undego neuroprotection in response
to caspase dependent apoptotic cell death. This established 661 W as a good tool for in
vivo testing of photoreceptor therapeutic agents (Tuohy et al., 2002).

In addition to 661W cells, RGC-5 cells have been used extensively in vision
research (Krishnamoorthy et al., 2001). This cell line was believed to be a rat-derived
immortalized retinal ganglion cell line, but recent work suggests that RGC-5 cells may
actually be 661 W cells (Krishnamoorthy et al., 2013) since they express photoreceptor
markers similar to 661 W cells. It is thought that RGC-5 cells were contaminated with
661W cells early in the culture process. Even though RGC-5 cells have slightly different
responses to light and expression of tyrosine sulfate receptors when compared to 661 W
cells (Al-Ubaidi, 2014; Krishnamoorthy et al., 2013), the controversy surrounding these

cells has resulting in their dis-use in the vision research community.

In vivo Retinal Electrophysiology

Retinal electroretinography, or ERG, is a powerful non-invasive technique used to
measure the function of the retina in vivo. This system has been adapted from human
patients to a number of animal models, such as rat, mouse and feline. Distinct ERG

protocols can be used to assess function in different parts of the retina. The experiments
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described in his thesis employed two different types of ERG; full-field flash ERG and
pattern ERG (PERG) (Figure 1.5).

The full-field ERG provides information about the retina as a whole. This is in
contrast to a multifocal ERG which uses topographical mapping of the retina to identify
specific areas of retinal function (Yap et al., 2015). Both the flash and multifocal ERGs
utilize the same principals; stimulating the retina with a Ganzfeld stimulator which
projects different intensities of light onto the eye (Vincent et al., 2013). Electrodes are
placed on the cornea, with a grounding and reference electrode in the tail and head,
respectively. The information from the electrodes is translated into a waveform. The
characteristics of the waveform are indicative of the health of different cells within the
retina. The negative a-wave is generated by the hyperpolarization of the photoreceptors,
whereas the positive b-wave arises from the depolarization of ON-bipolar cells (mostly
from rods), thereby acting as both a rod and bipolar cell functional modality (Stockton
and Slaughter, 1989; Vincent et al., 2013). The small waves seen on the ascending b-
wave are indicative of amacrine cell health, and are termed oscillatory potentials. The
parameters of the flash ERG can be manipulated to isolate a specific cell type. For
example, using 30 Hz flickering light (flicker ERG) under light adaptation, provides
information about cone-specific function and can be an early indicator of retinal disease
(Larsson et al., 2000). The 30Hz flicker ERG is generated primarily by cone OFF-
bipolar cells and is the most sensitive read-out of cone photoreceptor health (Vincent et
al., 2013). It was traditionally thought that the ERG could only predict bipolar,

photoreceptor and amacrine cell health and did not provide any information about RGCs.
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b-wave

Figure 1.5. Electroretinography.

An image of a mouse pattern ERG set-up (A). Representative mouse waveforms (to
scale) of a photopic response (green) and pattern ERG response (red) (B). Pattern ERG
values to generate figure adopted from (Mohan et al., 2012) (n=37 healthy male adult
C57BL/6).
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However, in the early 1980’s, it was discovered that recording a flash ERG while having
a cat look at a screen with contrast reversing patterns (black/white rectangles), resulted in
output waves which were abolished upon optic nerve and RGC axon cell death (Mafei
and Fiorentini, 1981). After a great deal of optimization, the pattern ERG was born—
perhaps the most sensitive measure of RGC function to date (Porciatti, 2015). The basis
for this technique is that the neurons within the inner retina (mainly RGCs) are organized
into receptive fields with antagonistic regions which respond to the contrast pattern
(Porciatti, 2015). The ultimate output from this test is a waveform with a weak negative
trough (N35), followed by a positive peak (P50) and another negative trough (N95)
(Miura et al., 2009; Mohan et al., 2012). The peak to peak amplitude of P50 (N35-P50)
and N95 (P50-N95) infer RGC function; however P50 may also denote other cell types
which are not yet fully elucidated (Holder, 2001; Uva et al., 2013). It is important to note
the low amplitude readings from mice generated by pattern ERG (Mohan et al., 2012).
This may cause problems for researchers if their system is sensitive to surrounding noise
interference (Figure 1.5).

Since the electroretinogram in general is such a highly sensitive read-out of retinal
health in mammals, it has been extensively used, both in the clinic and in research
(especially the full field ERG in mice), to distinguish between normal retinal health and
retinopathy or optic neuropathy (Yap et al., 2015). Consequently, this robust tool has
been used throughout the thesis to assess the state of retinal health and the efficacy of our

interventional therapy.
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Gene Therapy and Clinical Trials

The easily accessible, fairly immune privileged and post-mitotic nature of the
retina makes it an ideally suited target for gene therapy. The anatomical structure of the
eye (and in particular the clear cornea) allows controlled localized delivery of the vector
to the retina. The existence of a blood-retina barrier creates a somewhat immune
privileged site for gene delivery, reducing the immune response to the vectors.
Furthermore, the cells of the retina are post-mitotic (non-dividing), preventing the
therapy from interfering with growth and functional development of the retina. In
addition, extensive non-invasive imaging and functional tools are available to allow
testing of the adverse effects or efficacy of the therapy. Finally, the multitude of inherited
retinal diseases, many of which are monogenic in nature, allows the eye to be a prime
candidate for retinal gene therapy (Buch et al., 2008; Carvalho and Vandenberghe, 2015).

There have been numerous animal studies, and now clinical trials, involving AAV
therapy to target retinal diseases (Boye et al., 2013; Carvalho and Vandenberghe, 2015).
The first pre-clinical studies that paved the way for clinical trials utilized AAV2 carrying
wild-type RPE65 to restore vision in a canine model of Leber’s congenital amaurosis
(LCA), a form of childhood blindness (Acland et al., 2001, 2005). Based on the success
of these animal studies, in 2008, three independent groups initiated gene therapy clinical
trials for LCA patients with the RPE65 mutation (Bainbridge et al., 2008a; Hauswirth et
al., 2008a; Maguire et al., 2008). After eight years, there have been many lessons and
limitations elucidated from these human intervention studies. To broadly state the results
from all trials is very difficult due to the differences in vector design (promoters), area of

injection in the retina (foveal or extra-foveal), dosage and volume injected, vector

29



purification, and even outcome measure. However, overall, gene therapy intervention
improves retinal sensitivity and navigation through mobility mazes in low light (Bennett
et al., 2016; Maguire et al., 2009). Importantly, these studies also showed that AAVs are
well tolerated with low evidence of complications or deleterious effects (Bainbridge et
al., 2008b; Cideciyan et al., 2008, 2009a).

One group recently reported long-term results (up to 6 years) for 3 out of 15
patients treated with AAV?2 gene therapy (Jacobson et al., 2015). They reported
improvements in visual sensitivity at 6 months post intervention, which was proceeded
by a slow increase in the area of functional retina (likely due to the spread of the gene
therapy vector from the initial injection site). This was followed by a contraction in the
area of improved retinal sensitivity (Jacobson et al., 2015). A second group also reported
a decline in vision after 3 years in 6 out of 12 patients (Bainbridge et al., 2015). Even
though visual sensitivity was increased, the steady underlying natural degeneration of the
photoreceptor cells continued to occur. It was furthermore suggested by Cideciyan et al.,
2013 that this degeneration may have caused a toxic environment for the photoreceptor
cells, resulting in a reduction in trophic support and continued vision loss (Cideciyan et
al., 2013a). With this in mind, Testa et al., showed a sustained improvement at 3 years
post intervention (Testa et al., 2013).

In order to better understand the results obtained in patients, Cideciyan et al.
(2013a) reexamined the results obtained in the canine model. In the dog model of LCA,
there are distinct stages of disease. For the first 4-5 years of life, RPE65 mutant dogs
have retinal dysfunction (the retinal cells do not function and the animals are essentially

blind), but there is no evidence of retinal degeneration. Degeneration begins after this
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time. Initially, most of the LCA pre-clinical studies were performed on the RPE65-
mutant canine during the dysfunctional stage of the disease. This resulted in long-term
robust protection of the ONL (photoreceptor layer) and restoration of sight (Acland et al.,
2001; Bennicelli et al., 2008). However, when the dogs were treated during the
degenerative phase, there was restoration of functional vision, but the ONL thickness
continued to decline, similar to the human clinical trials. Cideciyan et al., (2013) showed
that the transition from dysfunction to degeneration occurs much later in dogs and mice
than in humans; in fact, they could not identify a dysfunction-only stage with the human
form of the disease (Cideciyan et al., 2013b). Even younger patients that were treated
with the RPE65 gene therapy (patients as young as 6-11 years old) were already in the
degenerative stage of the disease, and thus continued to undergo degeneration of their
retina. Consequently, in diseases such as LCA that may not have a dysfunction stage,
multiple strategies may be required to prevent the inevitable degeneration of the
photoreceptors. These diseases may require combination therapies involving both gene
replacement and a neuroprotective or anti-apoptotic agent (such as XIAP) to protect the
structure of the cells.

Despite the underlying retinal degeneration, it is important to note that patients
had improved visual fields 6 months after the injection and despite the decline, it did not
fall below baseline after 5-6 years (Bennett et al., 2016; Jacobson et al., 2015).
Furthermore, some studies have shown a correlation between age and visual
improvement (Maguire et al., 2009; Weleber et al., 2016). Treatment of the younger,
more robust retina (perhaps at the beginning of the degenerative phase) even showed

improvement in the electroretinogram, which is typically not sensitive enough to show
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differences, further emphasizing the need to intervene as early as possible to delay the
degeneration (Maguire et al., 2009; Weleber et al., 2016). It is important to note that
Bainbridge et al., (2015) and Jacobson ef al., (2012) did not see a correlation between age
and visual improvement (Bainbridge et al., 2015; Jacobson et al., 2012). Differences in
these studies may be accounted for by different sources of vector, different promoters,
different injection sites and a variable patient cohort.

Despite the variability in the results obtained, the overall success of the clinical
trials in improving visual sensitivity has led to expanded trials in patients. In July 2016,
Dr. Jean Bennett published the first results from the University of Pennsylvania clinical
trials that injected their highest dose (1.5x10"" viral genomes/patient) into the
contralateral eye of patients already treated with gene therapy in the weaker eye. They
showed prolonged improvement in the originally injected eye, (Bennett et al., 2016) as
well as a significant difference in full field light sensitivity and mobility testing in the
second injected eye up to three years. These results lead the way for subretinally injected

gene therapy approaches and open the door for Phase III clinical trials.

In terms of the intravitreally injected gene therapy, the Guy group (University of Miami,
Florida) has shown promising results in non-human primates (Koilkonda et al., 2014;
Koilkonda RD et al., 2014), and based on this work has initiated clinical trials in human
patients with LHON. The clinical trial administered AAV2-wild type ND4 into the
vitreous of patients with the G11778A mutation in order to compensate for their mutant
dysfunctional ND4. Results in 5 legally blind LHON patients who received the gene
therapy revealed no serious safety concerns with the treatment, although patients did

experience increased intraocular pressure, keratitis, subconjunctival hemorrhage, a sore
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throat and an increase in neutralizing antibodies to AAV2 (Feuer et al., 2015). Two of the
patients had an improvement in visual acuity equivalent to three lines, whereas the other
three patients did not show any difference from baseline (Feuer et al., 2015). However, it
is important to note that the amelioration is not significant beyond the “spontaneous
improvement range” (Lam et al., 2014). Secondly, the doses used are low (5x10° and
2.46x10'? viral genomes/patient), thereby bringing efficacy into question. Finally, the
baseline neutralizing AAV antibody titers of one patient were extremely high and
typically out of range of an ideal candidate for gene therapy intervention (based on the
RPEG65 clinical trial for Leber’s congenital amaurosis; clinicaltrials.gov, NCT00481546).
These observations together cast doubt on the efficacy of the initial findings. However,
since the main focus of a phase I clinical trial is safety, it is promising for the gene
therapy field that one of the first intravitreal injections of AAV is handled relatively well
in the eye. A second LHON gene therapy clinical trial is currently underway in France by
Gensight (clinicaltrials.gov, NCT02064569). This trial, led by Dr. Catherine Vignal, is
utilizing higher doses of AAV2-ND4. To date, no results have been released from this
trial.

Taken together, the future for gene therapy is extremely positive and the
possibilities are endless. The specific parameters to ensure sustained and prolonged
improvements are still being delineated, however, for these patients that are going
completely blind, the ability to navigate through mazes and go about daily activities is
life-changing. Future trials that combine gene augmentation therapy with neuroprotective

agents will likely be the most effective route for vision preservation.

33



RATIONALE

Retinal degeneration is a significant clinical problem that is the result of over two
hundred different genetic mutations (not all genes have been identified) (Veleri et al.,
2015). As aresult, a general neuroprotective agent, such as XIAP, employed in the
context of gene therapy to the retina is an effective strategy to target the final common

pathway of all retinal diseases.

HYPOTHESIS

XIAP can protect retinal cell structure and function in various models of retinal
degeneration. XIAP will be effective in multiple types of retinal degeneration paradigms
because it targets the final common pathway shared by all of these diseases, namely the

death of the retinal cells by apoptosis.

OBJECTIVES

Objective 1: Test the hypothesis in a model of Leber’s Hereditary Optic Neuropathy.
Objective 2: Test the hypothesis in a large animal model of retinal detachment.
Objective 3: Explore alternatives to gene therapy since the transgene onset of expression

is not fast enough to treat acute diseases, such as retinal detachment.
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CHAPTER 2: XIAP PROTECTS OPTIC NERVE STRUCTURE IN THE

MUTANT ND4 MOUSE MODEL OF LEBER’S HEREDITARY OPTIC

NEUROPATHY
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Abstract

Purpose. Leber's Hereditary Optic Neuropathy (LHON) is a genetic form of vision loss
that occurs primarily due to mutations in the NADH dehydrogenase (ND) subunits that
make up Complex I of the electron transport chain (ETC). LHON mutations result in the
apoptotic death of retinal ganglion cells (RGCs). We tested the hypothesis that gene
therapy with the X-linked Inhibitor of Apoptosis (XIAP) would prevent RGC apoptosis
and reduce disease progression in a 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 ND subunit 4 (AAV2.mND4FLAG) to the vitreous. Retinas and optic
nerves were harvested at 4 months, and the effects of XIAP therapy on nerve fiber layer

(NFL) and optic nerve integrity were evaluated.

Results. During LHON disease progression, RGC axons become demyelinated.
Apoptotic bodies are seen in the nuclei of astrocytes or oligodendrocytes in the optic
nerve, and there is thinning of the optic nerve and the NFL of the retina. XIAP gene
therapy protects the RGC nerve fiber layer and optic nerve architecture by preserving

axon cross-sectional area and reducing demyelination. XIAP also reduces nuclear
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fragmentation in resident astrocytes or oligodendrocytes, decreases glial cell infiltration

and provides evidence of functional protection.

Conclusions. XIAP therapy appears to improve optic nerve health and delay disease

progression in Leber’s Hereditary Optic Neuropathy, when applied before the insult.

39



Introduction

Greater than 95% of cases of LHON are caused by mutations within the
mitochondrial ND4 (G11778A), ND1 (G3460A) and ND6 (T14484) genes which affect
approximately 1: 45,000 people in Europe (Al-Enezi et al., 2008; Man et al., 2003;
Mascialino et al., 2011). These three mutations pose a significant risk of developing
vision loss due to retinal ganglion cell (RGC) death, optic disc atrophy, RGC axon
demyelination (oligodendrocyte degeneration) and glial cell activation (Carelli et al.,
2002).

Insights into the effects of LHON mutations have been provided by studies with
cellular hybrid (cybrid) cell lines that were generated by introducing LHON mutant
mitochondrial DNA (mtDNA) into mtDNA-depleted cells. Studies in these cells have
shown defects in mitochondrial function, characterized by decreases in ATP levels,
decreases in mitochondrial inner membrane potential (MIMP) and increases in
superoxide levels (Cruz-Bermudez et al, 2016). How these defects lead to RGC
degeneration is unknown; however, a number of studies have suggested that LHON
mutations induce oxidative stress, which 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 (Danielson 2002). LHON mutation-carrying cybrids also undergo apoptotic
cell death when grown in galactose rather than glucose medium (which forces the cells to
use mitochondrial respiration to generate ATP). The cell death is accompanied by an

increase in mitochondrial cytochrome c release into the cytosol (Ghelli et al 2003).
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Studies in LHON patient peripheral blood lymphocytes (PBLs) show increased apoptosis
in comparison to 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 (Battisti et al., 2004).

The X-linked Inhibitor of Apoptosis (XIAP) is the most potent inhibitor of
apoptosis within the Inhibitor of Apoptosis (IAP) 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 (Berthelet and Dubrez, 2013; Silke and Vucic,
2014; Takahashi et al., 1998). Furthermore, it has been shown that XIAP can enter the
mitochondria to compete with Bax/Bak-mediated mitochondrial outer membrane
permeabilization to suppress mitochondrial-mediated cell death (Chaudhary et al., 2015;
Hamacher-Brady and Brady, 2015). 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 (Vince et al., 2012; Yabal and Jost, 2015; Yabal et al., 2014). In
addition, XIAP has been shown to regulate the NF-kB and JNK pathways (Hofer-
Warbinek et al., 2000; Kaur et al., 2005; Lu et al., 2007) to suppress TNF-alpha and
TGF-pB1-induced apoptosis (Kaur et al., 2005). More recent studies point to a critical role
for XIAP in reducing inflammation and a role in innate immunity (Lawlor et al., 2015).

Recently, the LHON phenotype has been successfully replicated in DBA/1J mice
by adeno-associated viral delivery of mutant ND4 (mND4) to the mitochondria of RGCs

(Guy et al., 2009; Koilkonda et al., 2014; Qi et al., 2007; Yu et al., 2012a, 2012b, 2012c¢).
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Studies in these mice have confirmed that RGC loss is due to apoptosis (Qi et al, 2007).
Since many visual disorders involve the ultimate death of retinal cells by apoptosis, anti-
apoptotic therapy holds tremendous promise as a general treatment for multiple types of
retinal disease. To date, adeno-associated virus (AAV)-mediated XIAP gene therapy has
been used to effectively protect retinal ganglion cells (RGCs) in rat models of retinal
ischemia (Renwick et al., 2005), and glaucoma (McKinnon et al., 2002). XIAP has also
been shown to protect photoreceptor structure and function in chemically-induced retinal
degeneration (Petrin et al., 2003) and in retinitis pigmentosa (Leonard et al., 2007). In a
model of retinal detachment, XIAP preserved photoreceptor structure for up to 2 months
of continuous detachment (Zadro-Lamoureux et al., 2009). XIAP also increased the
survival of transplanted retinal progenitor cells (Yao et al., 2011), and prolonged the
treatment window in a mouse model of retinal degeneration treated with gene
replacement therapy (Yao et al., 2012).

Given the success of XIAP gene therapy in multiple forms of retinal degeneration
and the fact that RGC loss in LHON is apoptotic in nature, we evaluated the efficacy of
XIAP gene therapy in protecting RGCs in the mouse model of LHON. We show that
XIAP reduces glial cell infiltration, nuclear fragmentation and demyelination in the optic

nerve and preserves RGC axon thickness.
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Materials and Methods

Adeno-Associated Viral Vectors

AAV?2/2 (referred to as AAV?2) vectors were generated for these studies. All constructs
were under the control of the cytomegalovirus (CMV) enhancer and chicken beta-actin
(CBA) 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 (WPRE) in the viral construct.
AAV2.GFP virus was similarly generated for use as an injection and viral control.
Details of vector construction are found in Renwick et al. (2006). Construction of the
mutant human R340H ND4 (mND4) construct has been described elsewhere (Qi et al.,
2007). The mND4 construct contained the ATP1 mitochondrial targeting sequence
(MTS) to allow the allotopically-expressed protein to be shuttled to the mitochondria, and
a C-terminal FLAG tag for immuno-detection. Furthermore, the capsid harboured three
tyrosine to phenylalanine mutations for increased expression (Y444,500,730F). Gene
expression was enhanced by the presence of a WPRE in the construct. AAV vectors
were generated and titered as previously described (Hauswirth et al., 2000; Zolotukhin et

al., 2002).

Animals and Injection Procedures
Adult male DBA1/J mice were purchased from The Jackson Laboratory and kept under
standard 12h light/12h dark laboratory conditions. All procedures were approved by the

University of Ottawa Animal Care and Veterinary Service, and adhered to the ARVO
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statement for the Use of Animals in Ophthalmic and Vision Research. Two cohorts of
male mice, between the ages of 10-12 weeks of age, were used for these studies. The
first cohort of 27 animals were used to monitor disease progression and to determine the
injection parameters for the subsequent cohort. This first set of animals was injected
intravitreally in the left eye with 1 ul of 1x10'' VG/mL of AAV2.mND4FLAG and an
equal dose of AAV2.GFP in the right eye. Eyes and optic nerves were sampled between
2 weeks and 3 months post-injection to monitor progression of the disease. The second
cohort of 27 animals were injected with AAV2.GFP in the right eye and AAV2.HA-
XIAP in the left, both eyes receiving a dose of 1pl at 1x10"' VG/mL. Two weeks after
the initial injection (to allow the onset of gene expression), one third of the animals
received 1pl of AAV2.mND4FLAG in the left, XIAP-treated eye, one third received
AAV2.mNDAFLAG in the right, GFP-treated eye, and one third received
AAV2.mNDA4FLAG in both eyes. AAV2.mND4FLAG was delivered at a dose of 2x10'?
VG/mL. Eyes and optic nerves from this second cohort of animals were sampled at 4

months.

Immunohistochemistry

Enucleated eyes were processed for sectioning or flatmounts. Tissue sampling for
cryosections were conducted as previously described (Renwick et al, 2006). For
flatmounts, retinas were carefully dissected and flattened onto nitrocellulose membranes
with the RGC layer facing upwards. Retinas were fixed for 30 min with 4%
paraformaldehyde at RT 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
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concentrations of sucrose (10, 20, 30%) each for 10 minutes, followed by 3 freeze/thaw
cycles on dry ice and room temperature, respectively. The retina flatmounts were
mounted onto Fisherfrost ™ Superfrost ™ slides (Fisher Scientific) in 30% sucrose, and
placed at -80°C until staining. Hematoxylin and eosin staining was performed according
to standard protocols. Immunostaining was performed with anti-FLAG M2-cy3 (1:100,
Sigma), anti-HA high affinity (1:100, Sigma), RBPMS (1:100, Phosphosolutions) and
anti-GFP (1:200, Invitrogen). All primary antibodies were incubated for 2 days.
Secondary antibodies Alexa 488 (Invitrogen) and Cy3 (Jackson ImmunoResearch) were

used at 1:500 and incubated at room temperature for 1 hour.

Preparation of Optic Nerves for Transmission Electron Microscopy (TEM)

DBA/1J mice were anesthesized by intraperitoneal injection of tribromoethanol (Avertin)
and perfused transcardially with 5 ml of phosphate-buffered saline (PBS) followed by
10mL of Karnovsky’s fixative (4% paraformaldehyde, 2% glutaraldehyde and 0.1 M
sodium cacodylate in phosphate-buffered saline, pH 7.4). Left and right optic nerves
were carefully extracted and fixed individually overnight (or until processed) at 4°C in
the same fixative. Under a stereomicroscope, each nerve was cut with a surgical blade in
the central region of the cranial portion of the nerve into a straight segment of 1 mm of
length. All central segments were subsequently washed twice in 0.1M sodium cacodylate
buffer for 1 hour and once for overnight. Segments were post-fixed with 1% osmium
tetroxide in 0.1 M sodium cacodylate buffer for 1 hour and were washed in distilled water
two times for 5 min. Specimens were dehydrated in an ascending concentration of

alcohol and infiltrated in 30 % spurr resin/acetone for 20 min and for 15 hours, then
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transferred into 50% spurr resin/acetone for 6 hours and into fresh 100% spurr resin for
overnight. Spurr resin was changed twice a day for three days and all infiltration steps
were performed on a rotor at low speed. Segments were embedded in fresh liquid spurr
resin and oriented inside the molds and then polymerized overnight at 70°C. Ultrathin
sections (80 nm) from the central segment of the left and right optic nerves were
collected onto 200-mesh copper grids and stained with 2% aqueous uranyl acetate and
with Reynold’s lead citrate. Stained sections on grids were observed under a transmission
electron microscope (Hitachi 7100) at 2,000x, 4,000x, 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 and Microscopy of Semi-thin Sections

Semi-thin cross sections of 0.5 pm from resin embedded 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) and observed at 60x
and 400x magnifications on a computer screen using 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.

Axons counts
Toluidine blue images containing scale bars were imported into ImageJ, and processed

using the Enhance Local Contrast (CLAHE) Plugin. After the scale bar was set, two

46



grids of 1300 um® were overlaid on the image and axons were counted using the Cell
Counter Plugin at 150% zoom. An average of 5 images (10 grids) was counted for each
optic nerve and the numbers averaged to get a mean count per grid for each optic nerve.
In order to determine cross-sectional areas of axons, images imported into ImageJ were
scaled and processed using CLAHE. 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 colour was adjusted to red. Axonal
cross-sectional areas were determined using the Analyze Particles Plugin with size set to
“0-infinity” and circularity set to “0.3-1”. The number and proportion of axons less than

2
1 um” were recorded.

Pattern ERG

Pattern ERGs were recorded on the Espion E* system (Diagnosys, Inc.). The mice were
anesthetized with ketamine (50mg/kg) and medetomidine (1mg/kg), and placed on an
elevated heating (37°C) platform 20 cm from a computer monitor. The monitor displayed
200 mm inter-spaced black and white bars at 50cd/m?, 0.05 cycles/deg, 100% contrast
and 2 Hz temporal frequency. A 2mm diameter gold loop electrode was placed on the
undilated pupil facing the screen. A total of 1800 traces were generated (two consecutive
sequences of 900 traces, sample frequency 1000 Hz, 10ms sweeps pre-trigger and 400ms
sweeps post-trigger). Retinal signals were amplified (10,000 fold) and a band-pass filter
of 0.3-300 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

deleting all traces above +30uV and below -30uV.
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MRI

A 7T GE/Agilent MR 901 Magnetic Resonance Imaging (MRI) machine was used to
generate cross-sectional images of 8 orbits (3 mice with right eye injected with
AAV2.HAXIAP and AAV2.mND4FLAG, and left eye injected with AAV2.GFP and
AAV2.mND4FLAG). Animals were anesthetized for the MRI procedure with isoflurane.
Each orbit was imaged with a fast spin echo pulse sequence, with echo time 25 ms,
repetition time 1075 ms, slice thickness 350 pm, and in-plane spatial resolution 78 um.
The slices were prescribed 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 (Schneider et al., 2012) and optic nerve diameters were measured at the same
distance from the optic disc in each image. Measurements were taken by 3 independent

observers who were blind to the experimental groups.

Viability Assays

The transformed cone photoreceptor cell line, 661 W was kindly provided by Dr. M. Al-
Ubaiddi (Tan et al., 2004). 661 W cells were transfected with pCI-neo containing the full-
length coding sequence of human XIAP which was generated from pCM-SPORT6-XIAP
(Origene, Rockville, MD), digested with Sall and NotI to isolate XIAP coding sequence,
and ligated into the pCI-neo vector (Promega). Transfections were conducted using
Lipofectamine 2000 (ThermoFisher Scientific), according to the manufacturer’s
instructions. Control cell lines were transfected in a similar manner with the pCI-neo

empty vector (EV). Stably-expressing cells were grown under G418 selection. All cells
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were used below passage 15, and XIAP expression was monitored in each assay by
western blot or RT-qPCR.

For the death assays, cells were plated onto 96-well plates at 60% confluency and
incubated with ImM hydrogen peroxide (Sigma Aldrich) for 32 hours or 15uM
menadione (Sigma Aldrich) for four hours. Cell viability was measured using
AlamarBlue ® Cell Viablity Reagent (Invitrogen) and Synergy BioTek plate reader
(BioTek Instruments, Inc.) as per manufacturer’s directions. Read-out measurements of
treated cells were divided by vehicle control treated cells to determine final viability.
Three individual plates with five replicates each were averaged for final viability

analysis.

Results

XTAP Over-expression protects against oxidative stress-induced photoreceptor cell
death in vitro

Oxidative stress is a major factor in the ultimate death of retinal ganglion cells in
LHON. The ability of XIAP to protect against oxidative stress-induced apoptosis in
retinal cells was tested in vitro prior to testing XIAP therapy in an animal model of
LHON. Full-length human XIAP was cloned into the pCI vector and the construct was
transfected into the 661 W cone photoreceptor cell line (the empty pCI vector was
transfected as a control). Pooled G418-resistant cell lines were established. XIAP over-
expression significantly protected the cells from hydrogen peroxide and menadione, two

potent inducers of oxidative stress and apoptosis (See Supplementary Fig. 2.1).
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Supplemental Figure 2.1. XIAP protects 661W cells from oxidative stress.
pCLXIAP or pCI (empty vector; EV) backbone were transfected into 661W cone
photoreceptors. Cells were incubated with 1mM hydrogen peroxide for 32 hours (A) or
15uM menadione for 4 hours (B). Using the AlamarBlue cell viability assay, the
percentage viability was calculated by comparing hydrogen peroxide or menadione-
treated cells with vehicle treated control cells (equal volume of either PBS or ethanol). C)
Western blot shows XIAP expression levels, along with -actin loading control in
pCLXIAP transfected and control cells at an early and late passage.** p<0.005, *P=0.05,
using a Student’s t-test.
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Allotopically expressed mND4 induces RGC axon thinning, indicative of retinal
degeneration onset

The first series of in vivo studies examined the ability of mutant ND4 to initiate
disease and assessed the timeline for disease onset. These studies informed the gene
therapy studies that followed. AAV?2 vectors carrying mutant ND4 (mND4) with an N-
terminal mitochondrial targeting 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. Since ND4 is a gene that is normally
transcribed in the mitochondria, 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 (Figure 2.1). These studies showed strong mND4
expression throughout the inner retina. This staining was mostly restricted to the retinal
ganglion cell layer and showed a widespread perinuclear pattern within RGCs (that were
co-labelled with the RGC marker RNA Binding Protein With Multiple Splicing, RBPMS)
(Figure 2.1A-B). Contralateral GFP-injected retinas showed good coverage by the viral
injection (Figure 2.1C).

Three months after the mND4 injection, eyes and optic nerves were analyzed
using transmission electron microscopy (TEM, n=2), optic nerve axon counts (n=3) and
hematoxylin and eosin staining (n=7). TEM analysis of optic nerves showed extensive
demyelination, axon swelling, axon loss, and glial cell infiltration (Figure 2.2,
Supplemental Figure 2.2). These degenerative changes were further confirmed in

toluidine blue (TB) stained optic nerves (Figure 2.3), which also showed glial cell
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Figure 2.1. mND4 and GFP expression in the retina after intravitreal injection.

A) Immunofluorescent images of a retinal flatmount of an eye injected with
AAV2.mND4FLAG and stained with the nuclear marker DAPI (blue), anti-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 flatmount. Z-stack
confocal microscopy shows that the mND4 (FLAG-tag) is present in the RGC layer of
the retina. Small insert on bottom right shows negative control (uninjected eye) treated
with Cy3 conjugated FLAG antibody in the same manner, using the highest gain
parameters. C) Immunofluorescent images of an AAV2.GFP-injected retina shows co-
localization of GFP (green) and RGC marker RBPMS (red). Scale bar represents 20pum.
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Figure 2.2. mND4 over-expression induces optic nerve degeneration.

A) Transmission Electron Microscopy (TEM) comparing an mND4 injected optic nerve
with a GFP-injected optic nerve at 3 months post-injection. (A-C) Increasing
magnification images of an mND4-injected retina show axon swelling (arrows), empty
spaces resulting from degenerated axons (arrow head) and evidence of autophagy
(asterisk). (D-F) The GFP-injected (control) eye has a normal optic nerve with healthy
glial cells and robust myelination of axons. Scale bars represent 10um (A,D) and 2um
(C-F).
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Animal #1

Animal #6

Supplemental Figure 2.2. mND4 induces optic nerve degeneration. TEM images of
mND4 or GFP-injected retinas show that mND4 induces demyelination and axon
degeneration in the optic nerve. The GFP-injected eye shows normal myelination of the
axons, and closely packed axons with very few spaces between them. Scale bar
represents 500nm.
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Figure 2.3. mND4 induces degeneration and axon loss.

Toluidine blue staining of optic nerve cross-sections show enlarged optic nerve, axon
swelling (asterisks), glial cell infiltration and apoptotic bodies which have taken up the
TB stain (red arrows) in mND4-injected animals (A), whereas the control optic nerves are
normal, with healthy glia (red arrow) (B). C) Axon counts in 3 animals show variability
in disease progression with 2 of the 3 showing significant reductions in axon counts. **
p<0.00005, *P=0.007, using a Student’s t-test. D) The animals with reduced axon
numbers show increased optic nerve cross-sectional areas, possibly due to axon swelling
and glial cell infiltration in the early stages of the disease. Scale bars represent S0pm
(low magnification) and 10pum (high magnification).
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infiltration, glial cell apoptosis and axon swelling, although not to the extent of the optic
nerves analyzed by TEM. Detailed analysis of the toluidine blue-stained optic nerves
showed a range of effects in AAV2.mND4FLAG-injected animals with some optic
nerves affected more than others. For example, axon counts revealed significant
reductions in 2 of the 3 AAV2. mND4FLAG-injected eyes (34.5% and 57.8% reductions)
in comparison to the contralateral control eye, whereas one animal did not appear to be
affected (4.4% axon loss) (Figure 2.3C). Interestingly, when cross-sectional areas of the
optic nerves were measured, the optic nerves with axon losses actually had larger areas,
potentially due to axon swelling and glial infiltration, which is a hallmark of early stages
of the LHON disease (Figure 2.3D). Haematoxylin and eosin stained cross-sections of
the retinas of mND4-injected animals showed nerve fibre layer (NFL) thinning and
destruction (Figure 2.4), also supporting the LHON phenotype of RGC degeneration.
Overall, the disease characteristics seen at three months after mND4 delivery to
the retina were highly variable, with some animals clearly showing significant signs of
axon demyelination and axon loss, and others showing few changes. This 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.

XTIAP gene therapy in the mouse model of LHON

The above studies clearly showed that disease was initiated in some animals at 3
months after mND4 injection. However, since the pathological changes were extremely
variable between animals, we conducted a more extended (4-month) disease time course

for the subsequent study, which examined the ability of XIAP to protect RGCs from
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1 Month 3 Months

Figure 2.4. H&E sections show reduced nerve fiber layer (NFL) thickness in mND4-
injected eyes. The NFL (arrow) is very thin in the mND4-injected mouse 1 and 3
months after the injection. A) High and B) low magnification of two different mND4-
injected retinas. C) High and D) low magnification of two different GFP-injected
contralateral retinas showing a thick NFL covering the RGC layer. Scale bar represents
50um (high magnification) and 200um (low magnification).
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LHON disease progression. For these studies, animals received an intravitreal injection of
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. In vivo fundus imaging 2 weeks after the injection showed GFP
fluorescence in an AAV2.GFP/ AAV2.mND4FLAG double-injected retina, confirming
that the viral transgene was expressed soon after viral delivery (Figure 2.5A).
Immunolabelling with HA and FLAG antibodies (representing XIAP and mND4,
respectively) showed the continued presence of the proteins in the retinal ganglion cell

layer 4 months after AAV2.mND4FLAG injection (Figure 2.5B,C).

XTAP over-expression protects axon structure in early onset LHON disease

The effects of XIAP gene therapy on RGC axon health were analyzed using
several parameters. Transmission electron microscopy (TEM) 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
reduced pathology compared to the GFP-treated mND4 eyes. In one of these animals, the
GFP-treated eye showed demyelination, axon swelling, advanced nuclear fragmentation
in resident astrocytes or oligodendrocytes, areas of axon loss and axon compaction. In
contrast, the contralateral XIAP/mND4 treated optic nerves showed thick myelinated
axons, no swelling, less advance nuclear fragmentation and less axon loss (Figure 2.6).
Although the second animal also showed improved optic nerve integrity in the XIAP-
treated eye, the differences between XIAP and GFP-treatment in this animal were not as

pronounced. In this animal, there was evidence of optic nerve damage in both eyes
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Figure 2.5. Imaging in double-injected retinas confirms expression from all viruses
injected.

A) Fluorescent fundus image of an eye that received both AAV2.GFP and AAV2.mND4-
FLAG shows robust GFP expression at two weeks following the second injection,
indicating good coverage from the viral injection. B) Immunofluorescent image of a
retinal section through an eye that received AAV2.HA-XIAP and AAV2.mND4-FLAG.
The HA tag shows robust XIAP expression in the RGC layer. C) Retinal flat mount of an
eye that received AAV2.HA-XIAP and AAV2.mND4-FLAG shows mND4 expression in
the RGC layer.
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Figure 2.6. TEM analysis shows improved optic nerve morphology in XIAP-treated
retinas.

GFP/mND4 treated eyes (D-F) show axonal compaction and thinner cross-sectional areas
(D) as well as increased nuclear fragmentation of resident glial cells (red arrows, E) and
reduction in myelin (black arrow, F). By comparison, XIAP/mND4 injected retinas have
thicker axons, less glial cell infiltration and healthier nuclei. Scale bars represent 10um
(A,D) and 2pm (B-F).
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(Supplemental Figure 2.3), but the XIAP-treated eye showed reduced damage. Axon
counts from toluidine blue stained sections of the optic nerves in these two animals
revealed a two-fold higher number of axons in the XIAP-treated optic nerve in the first
animal and a 1.4-fold higher number of axons in the second animal in comparison to the
GFP-treated eye (see Supplemental Figure 2.4).

In vivo magnetic resonance imagining (MRI) showed a significant difference in
optic nerve diameter between XIAP-treated and GFP-treated mND4 eyes. Optic nerve
diameter measurements showed XIAP optic nerves were 12.5% thicker than their GFP-
treated counterparts (Figure 2.7A, B). Axon counts were conducted on cross-sectioned,
toluidine blue-stained optic nerves. Despite the increased timeline (4 months of disease
projection rather than the 3 months of the first cohort of animals), there was still
considerable inter-animal variation in axon counts, with some animals showing
considerable axon losses, while others did not show any reductions in axon counts. Even
though GFP/mND4-treated eyes showed a 28.5% trend towards a reduction in axon
numbers in comparison to the XIAP/mND4 group (Figure 2.7C), this number did not
reach significance (p=0.06) based on the high degree of variability between animals.
Although there were no significant losses in the number of axons, cross-sections of optic
nerves clearly demonstrated that the mND4 mutation caused significant axon thinning,
indicating that axons are 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 comparison to the XIAP/mND4 animals (p=0.05) (Figure 2.7D,
and Supplemental Figure 2.5). In support of this data, hematoxylin and eosin staining of

retinal cross-sections showed thinning of the nerve fibre layer (NFL) in GFP/mND4
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Un-injected control

Supplemental Figure 2.3. XIAP-treated mND4 eye has reduced optic nerve
pathology. The variability in the efficacy of XIAP therapy is seen in this animal which
shows pathology in both eyes (nuclear fragmentation), showing that XIAP is not always
entirely effective in protecting the optic nerve. However, the damage in the
XIAP/mND4-treated eye is not as severe as in the contralateral GFP/mND4-treated eye.
Axon counts showed that the XIAP/mND4 optic nerve had 1.4X the number of axons
found in the contralateral GFP/mND4-treated eye. Two uninjected control optic nerves
are shown for comparison. Even in these eyes, there are pyknotic vessels, and evidence

of autophagy indicating that some degree of axon loss is associated with normal aging.
Scale bar represents 2um, unless indicated.
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Supplemental Figure 2.4. Variation in axon number between animals.

Axon counts in 5 animals that received GFP/mND4 in one eye and XIAP/mND4 in the
contralateral eye. The axon counts were conducted at 4 months after the double injection.
In three of the 5 animals, there was no significant loss in axon numbers, indicating that
the disease had not progressed to the point where axon loss was evident. Animals 1 and 2
were used for TEM analysis.
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Figure 2.7. Optic nerve measurements show efficacy of XIAP therapy in preserving
axonal integrity. A) Magnetic resonance imaging of the orbit allows measurements of
the diameter (white dots) of the optic nerve. Measurements were taken at the same
distance from the optic cup in all the animals. B) Optic nerve diameters of GFP/mND4-
treated retinas are significantly smaller than XIAP/mND4-treated retinas. P<0.05, n=3
eyes. C) GFP/mND4-treated eyes show a 28.5% trend towards reduction in axon
numbers in comparison to the XIAP/mND4 group, but this number does not reach
significance (p=0.06) based on the high degree of variability between animals. D)
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 (p=0.05) in
comparison to the XIAP/mND4 animals. For (C) and (D), n=5 XIAP and n=7 GFP
treated mND4 eyes.
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animals and the preservation of the NFL in the majority of XIAP/mND4 animals
(Supplemental Figure 2.5).

Pattern ERG (PERG) analysis was conducted to assess the effect of XIAP gene
therapy on retinal function. It is important to note that the PERG traces did not show
typical patterns as they were affected by background noise, although, more XIAP animals
had typical waveforms. Preliminary analysis after three months showed that XIAP/mND4
animals had stronger ganglion cell response, compared to GFP/mND4 animals. This
suggests that the pathology seen in the GFP/mND4 animals do impact ganglion cell
function. Further studies are required to determine the veracity of these results
(Supplemental Figure 2.6).

Overall, in both the initial characterization of the disease and in the subsequent
gene therapy studies, mND4 led to axon thinning, glial cell infiltration, axon swelling,
demyelination and nuclear fragmentation in resident astrocytes or oligodendrocytes.
These degenerative changes only represented the early stages of LHON disease in most
of the animals and did not result in significant losses in axon numbers, however, there
was significant loss in function. Importantly, however, XIAP gene therapy reduced axon
thinning, preserved axon diameters in the optic nerve, reduced NFL thinning in the retina

and may have preserved function (further analysis is required).
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Supplemental Figure 2.5. Axon and NFL thinning in GFP/mND4-treated retinas.
H&E sections (A) and Toluidine blue (B,E) confirm that the XIAP/mND4-treated retinas
have thicker NFL layer and thicker axons, when compared to GFP/mND4-treated retinas
(B,D,F). Scale bar represents 100pm (A,B) and 10pum (C-F).
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Supplemental Figure 2.6. Evidence of functional protection with XIAP gene

therapy.
At three months post injection, PERG traces were confounded by background noise and

variability. However, XIAP/mND4 eyes had stronger N95 values than GFP/mND4
treated animals (n=5 eyes/group). It is important to note that further analysis with more

controls must be performed.
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Discussion

LHON symptoms typically present in patients during early adulthood, although
the age of onset can vary from childhood 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 contralateral eye. In some cases, the central vision loss
may spontaneously improve, but most patients experience gradual deterioration, leading
to permanent vision loss. Overall, the human form of the disease presents as a spectrum
with differences even between affected individuals carrying the same mutation. We, too,
saw variation in disease progression in the mutant ND4 mouse model of LHON. Some
animals presented with severe degeneration of the optic nerve, characterized by nearly
complete axon loss, glial cell infiltration, the absence of myelin and large sections of
empty spaces in the optic nerve, which was detected as early as three months post-
injection. Conversely, other animals showed modest axon loss and myelin thinning at the
later time point of 4 months, when AAV-mND4 was administered after a first AAV
injection. 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 (Koilkonda et al., 2014; Qi et
al., 2007; Yu et al., 2012b).

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
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of variation between animals were the variability of the injection procedure (which may
target different numbers of retinal ganglion cells every time) and the difficulty in
targeting the potentially hundreds or thousands of mitochondria within a cell with the
mutant ND4 protein. In addition, we cannot discount the possibility that circulating
neutralizing antibodies following the first AAV-XIAP or AAV-GFP injection may have
reduced the efficacy of the AAV-mND4 injection delivered two weeks later, also adding
to the variability in the model and reduced phenotype as compared to the first study with
one injection. Transgenic models of LHON, which are currently under development (Yu
et al., 2015), may help to reduce some of this variability in future studies.

In this study, XIAP efficacy in preventing retinal cell death was examined both in
vitro and in vivo. In the in vitro studies in 661W cells, XIAP over-expression prevented
oxidative stress-induced apoptotic cell death. In vivo, XIAP had a significant effect on
optic nerve diameter and it significantly reduced the number of thinned axons,
maintaining axonal cross-sections at control values. XIAP-treated retinas also had a
preserved nerve fiber layer, and optic nerves showed reduced glial cell infiltration and
preserved myelination. Furthermore, despite variable pattern ERGs waveforms, taken
together, XIAP treated animals had the strongest functional response as indicated by N95
amplitude.

We delivered XIAP prior to inducing LHON in order to ensure that there would
be adequate levels of XIAP expressed in the retina before LHON-associated damage had
begun. These studies provide proof-of-principle for XIAP efficacy in the prevention of
RGC damage, but would not be directly applicable to human disease. It would be

interesting to evaluate XIAP neuroprotection at later and, therefore, more severe stages of
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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 transgenic animals so that only a single therapeutic injection of AAV2 would be
required. With the current model, the two AAV injections required (one to induce the
disease and the second therapeutic injection many months later) may allow sufficient
time in between injections for neutralizing antibodies to be generated that would limit the
therapeutic outcome (Kotterman et al., 2015).

Recently, work by Guy and colleagues (University of Miami, Florida) has shown
significant rescue in mouse and non-human primate models of LHON treated with AAV?2
carrying wild-type ND4 (Koilkonda et al., 2013, 2014). The success of these studies has
resulted in a human clinical trial that is currently underway (Feuer et al., 2015). It
remains to be seen whether this therapy will have long-term effects in protecting retinal
ganglion cells, or if the retina will continue to degenerate, similar to the clinical trials in
Leber’s congenital amaurosis (LCA), which showed functional improvements following
gene replacement therapy, but continuing retinal degeneration (Cideciyan et al., 2013a;
Jacobson et al., 2015). Based on the promising results obtained in this study, XIAP
therapy presents an alternative strategy for the treatment of LHON. Moreover, if
degeneration continues in the LHON patients in the ongoing clinical trial despite gene
replacement, then combination therapy with wildtype ND4 and XIAP may provide a
better outcome than either therapy alone. Dual therapy is supported by a study that used
XIAP as an adjunct to AAV-mediated PDEP gene replacement therapy in the rd10 mouse
and showed that it decreased rates of retinal degeneration compared to AAV-PDER alone

(Yao et al, 2012).
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CHAPTER 3: THE DEVELOPMENT OF A CAT MODEL OF RETINAL

DETACHMENT AND RE-ATTACHMENT
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Abstract

We present an optimized surgical technique for feline retinal detachment which
allows for natural re-attachment, reduces retinal scarring and vitreal bands, and allows
central placement of the detachment in close proximity to the optic nerve. This enables
imaging via Optical Coherence Tomography (OCT) and multifocal electroretinography
(mfERG) analysis. Ideal detachment conditions involve a lensectomy followed by a
three-port pars plana vitrectomy. A 16-20% retinal detachment is induced by injecting
8% C;F3g gas into the subretinal space in the central retina with a 42G cannula. The retinal
detachment resolves approximately 6 weeks post-surgery. Imaging is enhanced by using
a 7.5 and 20 diopter lens for OCT and mfERG fundus imaging, respectively, to

compensate for the removed lens.

Introduction

Retinal detachment is a common form of injury. Treatment typically involves
surgical re-attachment of the retina, but recovery of vision depends on the nature and
duration of the detachment. Retinal detachments often lead to changes in the retina that
can have permanent effects on visual function. Loss of vision is further increased if the
macula is involved in the detachment (Erickson et al., 1983).

Animal studies have shown histological and molecular evidence that retinal
degeneration ensues as early as one hour post detachment (Erickson et al., 1983; Zacks et

al., 2003). A major cause for vision loss is photoreceptor apoptosis (Zacks et al., 2003).
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Oxidative stress has also been implicated in photoreceptor apoptosis and disease
pathology (Cederlund et al., 2013; Huang et al., 2013).

We have shown that the X-linked Inhibitor of Apoptosis (XIAP) is effective in
protecting photoreceptor structure in a rat model of retinal detachment (Zadro-
Lamoureux et al., 2009). However, due to the small size of the rodent eye, surgical re-
attachment is technically very challenging. Thus, while the effects of XIAP on the
structure of photoreceptors can be determined, the function of the photoreceptors is
difficult to assess. Consequently, for our studies, and for those of others interested in
studying therapeutic strategies for retinal detachment, there is still a critical need to
develop a larger animal model of detachment and re-attachment of the retina. We present
here a feline model of detachment and re-attachment which allows central placement of
the detachment so that structural and functional recovery of photoreceptors can be

assessed using OCT and multifocal ERG.

Materials and Methods

Animals

Three wild type (domestic) cats (Liberty Research, Waverly, NY) aged 12 months were
studied. Animal procedures were conducted in accordance with the University of Ottawa
Animal Care Committee rules and regulations and adhered to the ARVO statement for

the Use of Animals in Ophthalmic and Vision Research.
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Pre- and Post-Operative Treatments

Cats were given propofol (ImL/min) intravenously or 5% isoflurane by aerosol mask
before surgery and during the anesthetic regime (see below). Throughout the surgery
animals were kept on 2% to 3% isoflurane. After the surgery, the eyes were treated with 5
to 10 drops of 1.0% w/v atropine sulphate (Chauvin Pharmaceuticals) and covered with
Tobradex Ophthalmic Ointment (tobramycin 0.3%, dexamethasone 0.1%) (Alcon). The

animals were treated 4 times daily with Tobradex for ten days.

Animal Anesthetic Regimes

Animals were treated with one of five anesthetic regimes in order to optimize the drug
cocktail and concentrations. Regime 1: hydromorphone (Sandoz) 0.1mg/kg (2mg/mL),
acepromazine (Boerhinger) 0.1mg/kg (10mg/mL), glycopyrrolate (American Regent)
0.01lmg/mL (0.2mg/mL) and propofol (ImL/min); Regime 2: medetomidine
hydrochloride (Modern Veterinary Therapeutics) 0.015mg/kg (1mg/kg) and
hydromorphone 0.1mg/kg (2mg/mL) and isofluorane; Regime 3: medetomidine
hydrochloride 0.04mg/kg (1mg/kg) and isoflurane; Regime 4: medetomidine
hydrochloride 0.015mg/kg (Img/mL), hydromorphone 0.1mg/kg (2mg/mL), cerenia
(Pfizer) 0.5mg/kg (10mg/kg), buprenorphine (Champion Alstoe) 0.02mg/kg and
isoflurane; Regime 5: medetomidine 0.015mg/kg (Img/mL), hydromorphone 0.1mg/kg
(2mg/mL), cerenia 0.5mg/kg (10mg/kg) and isoflurane. Animals were administered
normosol fluids under all regimes, and given mydiacyl (Alcon) (1%), mydfrin (Alcon)

(2.5%) and alcaine (Alcon) (0.5%) drop-wise to the surgical eye.
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Retinal Detachment Procedure

Animals were administered one of the anesthetic regimes discussed above by
intramuscular injection, in addition to pre-operative treatment and held on 2% to 3%
isoflurane during the procedure. All techniques were performed under sterile operating
room conditions. The head was elevated to ensure the eye was directly under the Zeiss
ophthalmic operating microscope. The operative field was swabbed with 10% providone
iodine (3M). Supplemental oxygen (2L/min) was administered via intubation (Engler
Engineering Corporation), and vital signs (oxygen saturation, heartrate, blood pressure)
were monitored throughout the procedure (Surgivet Smith Medicals).

A generous lateral canthotomy was performed to enhance surgical exposure. A
fornix-based conjunctival and Tenon’s capsule flap was dissected temporally. A
Barraquer wire eye speculum was placed incorporating the eyelid margins, the nictitating
membrane and the conjunctival and Tenon’s capsule flap. Bipolar cautery of the scleral
surface with a 25 gauge (G) straight disposable bipolar pencil (Kirwan Surgical Products)
minimized bleeding from the rich ciliary vascular complex. Three sclerotomies were then
fashioned 4 mm from the limbus within this tight temporal area of exposure. One 20G
equatorial incision was placed centrally with a 20 G 1.3mm V-lance knife (Alcon) to
accommodate a 20 G Alcon Accurus Fragmatome handpiece, flanked by two 25G
cannula ports used interchangeably for a 25G Accurus vitrectomy handpiece, an
intraocular infusion cannula and an endoilluminator probe. Placement of all three
sclerotomies into the lateral temporal quadrant was necessary due to the limited exposure

imposed by the large feline eye, deeply set within a small tight socket.
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A pars plana lensectomy was performed with linear phacofragmentation using a 20G
Accurus Fragmatome handpiece. A vitrectomy was performed with a 25G Accurus
vitrectomy handpiece with visualization from an Oculus BIOM posterior segment
panoramic imaging system with image inverter. A 16-20% retinal detachment was placed
in the posterior central pole by subretinal injection of 8% C;Fg gas via an angled 42G
subretinal cannula using a disposable vitrectomy flat lens (Dutch Ophthalmic). Coaxial
illumination from the microscope through the contact lens system, without an
endoilluminator probe, provided a sufficient magnified view of the posterior segment to
allow precise two-handed placement of the subretinal cannnula.

At the completion of the surgery, the posterior chamber was filled with automated
air-fluid exchange to promote internal sclerotomy wound integrity. The sclerotomies,

conjunctiva and Tenon’s capsule were closed with 7-0 Vicryl suture (Ethicon).

Functional Testing

Multifocal electroretinograms (mfERGs) were recorded with the VERIS™ Multifocal
System (Electro-Diagnostic Imaging, Inc), using an unscaled stimulus containing 7
hexagonal elements projected on the central 45 degrees of retina through a dilated pupil.
Multifocal ERGs were recorded with OcuScience ERG-jet contact lens electrodes and
ERG signals were amplified 50,000 times using Grass P511J amplifiers (Grass
Technologies) with a 10-100Hz bandpass. The first order kernel of the M-13 sequence
was extracted and displayed. Spectral-domain Optical Coherence Tomography (sd-OCT)
(OPKO SLO/OCT) was used to image the area of the retinal detachment. Accessory

lenses (Eschenbach Optik GmbH) were used for mfERGs and sd-OCT imaging to
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compensate for the aphakia and provide focused conditions. Line scans, raster scanning

and 3-D retinal topographic scanning modes were used.

Results

In order to optimize the retinal detachment model, three parameters were
evaluated: type of surgery required (lens/vitreous removal or sparing), method of
detachment (percentage of the Cs;Fg gas), and the optimal anesthetic regime to be
administered.

A total of three cats were studied to determine the proper parameters for a retinal
detachment and re-attachment. The detachment surgery for the first animals was a
“direct” approach in which the lens and vitreous were spared. We used a 42G cannula to
inject C3Fg gas into the subretinal space. In an attempt to place the detachment as
centrally as possible, the lens was slightly nicked, and this later presented as a mild,
stable cataract. The detachment surgery caused a small retro-vitreal hemorrhage (which
later resolved) and the appearance of vitreal bands that extended from the pars plana
sclerotomy sites to the posterior retinotomy. However, the fiber tracts did not progress to
full tractional bands, as one would expect in a non-vitrectomised eye. Overall, we found
that the large size of the feline lens discouraged lens and vitrectomy-sparing procedures
because it made it virtually impossible to place the detachment site in the central retina.
Consequently, imaging of the detached retina via sd-OCT and functional assessment with
mfERG was impossible since the instruments can only monitor the central 29 and 45

degrees, respectively, of the retina. As a result, removal of the lens and vitreous was
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necessary to allow central placement of the detachment and to remove hemorrhages or
vitreal bands from the posterior chamber.

In the second cat, a mechanical suction cutter (cutter speed of 800 and vacuum up
to 175) was used to remove the lens. However, the size and viscosity of the lens posed
challenges that interfered with the timely and complete removal of the lens, and created
post-operative complications in the eye. Therefore, the ideal technique for rapid and
efficient removal of the lens involved phakofragmentation of the lens, with 100% power,
2500 cut rate and 600mmHg with an Alcon Accuris Vitrector & Fragmatome. This was
followed by a vitrectomy to clean the vitreous cavity and to prevent retinal scarring and
vitreal bands.

A 42G needle was used to deliver CsFg gas into the subretinal space to induce the
retinal detachment. We tested several different concentrations of the Cs;Fs gas (100%,
16% and 8%) and monitored the detachment over time for spread and speed of
reabsorption. The 100% and 16% CsFg gas expanded in the subretinal space, allowing
less control over the size of the detachment. The 8% gas did not expand. In all cases, the
gas was slowly reabsorbed (within 6 weeks), allowing the retina to re-attach on its own
without surgical intervention. A 6-week detachment is ideal for neuroprotection studies
as it creates a significant amount of permanent damage, allowing the testing of
therapeutic interventions to prevent photoreceptor death.

Notably, we found that the anesthetic protocol can drastically affect the multifocal
ERG waveform. Animals administered drug regimen 3, 4 or 5 (see Materials and
Methods) displayed flat-lined mfERGs. These results were not due to a malfunction of

the equipment, as a similar set up yielded healthy waveforms in rats (under 2% isoflurane
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administration) and human volunteers. Using the same equipment, and anesthetic
regimens 1 and 2 in the cats (ie. no cerenia and a low dose of medetomidine
[0.015mg/mL]), the mfERG waveforms obtained were typical of a healthy cat (Figure

3.1).

Discussion

In this study, we determined the ideal experimental conditions for the creation of
a cat model of retinal detachment and re-attachment. We found that a 3-port pars plana
phacofragmentation lensectomy followed by a full vitrectomy allows unfettered access to
the central retina where a controlled retinal detachment can be induced by the injection of
8% C;Fg gas into the subretinal space through a 42G cannula. The detachment slowly
resolves over 6 weeks, allowing the retina to re-attach without surgical intervention. We
also determined that an anesthetic regimen that contains low dose medetomidine and no
Cerenia is critical for obtaining mfERGs. The effects of the anesthetic on the amplitude
of the ERG may not be surprising since it has been shown that mild to moderate sedation
in dogs using medetomidine significantly lowers flash electroretinogram a- and b-wave
values (Lin et al., 2009; Norman et al., 2008). Furthermore, the antiemetic, Cerenia, is a
substance-P inhibitor. Substance-P is an important signaling neuropeptide in two
subpopulations of amacrine cells in the feline (Pourcho and Goebel, 1988). Inhibiting this

neuropeptide may have contributed to the flat-line mfERG responses.
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Figure 3.1. Multifocal ERG set-up and results.

A 7 hexagon array (A) was projected onto the central 45° of the retina. B) Control image
of a human subject. C) Experimental cat set-up with contact lens electrode on the
cornea, and reference and ground electrodes in the forehead and ear, respectively. D)
Healthy mfERG in a cat. E) Flat-lined ERG with the same experimental setup as D, but
with the anesthetic cocktail containing cerenia and a higher dose of medetomidine
hydrochloride.
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It has previously been reported that vitreous or sclerotomy hemorrhage is quite
prevalent in cat models of stem cell or allograft transplantation (Bragadottir and
Narfstrom, 2003). This is due to the large vascular plexus in the pars plana region.
Cauterization of the episcleral venous plexus and the use of topical vasoconstriction
drugs to reduce intraocular hemorrhage have been proposed as a solution. In our hands,
intraoperative hemorrhage did not present a significant problem. Small haemorrhages,
when they presented, were treated by cauterizing the vessels.

The feline model that we have developed offers advantages over small rodent
models of retinal detachment for testing therapeutic compounds. In rodent models,
retinal detachment is most often induced by injection of hyaluronic acid into the
subretinal space. The viscosity of the hyaluronic acid, and the small size of the rodent
eye makes surgical reattachment and functional assessment of photoreceptors technically
challenging. The size of the cat eye allows re- attachment of the retina and subsequent
analysis of retinal structure and function by OCT and mfERG. Moreover, a number of
studies have previously been conducted on retinal detachment in cats (Lewis and Fisher,
2000; Sakai et al., 2014), although as far as we are aware, none of these studies have
subsequently re-attached the retina after long-term detachment. Thus, a good body of
literature exists on the structural alterations (remodeling) in the retina following retinal
detachment, and this information is very useful for assessing the therapeutic efficacy of

experimental compounds.
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CHAPTER 4: XIAP OVER-EXPRESSION PROTECTS AGAINST RETINAL

DEGENERATION IN A FELINE MODEL OF RETINAL DETACHMENT
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Short title: XIAP gene therapy in retinal detachment

Abstract

Retinal detachment is an acute disorder in humans that is caused by trauma or
disease, and it can often lead to permanent visual deficits. Our laboratory has previously
shown that delivery of the gene encoding X-linked inhibitor of apoptosis (XIAP), using
an adeno-associated viral (AAV) vector, can protect photoreceptor structure in a rat
model of retinal detachment. The small eye of the rat made surgical re-attachment of the
retina technically challenging and prevented the assessment of retinal function. In order
to test the effects of XIAP therapy on retinal structure and function, we employed a feline
model of retinal detachment. Retinas were detached by injecting CsFs gas into the
subretinal space. Detached retinas were treated with AAV-XIAP or AAV-GFP (as a
control). Over a period of 3-6 weeks, the retinas re-attached by slow reabsorption of the
gas. Photoreceptor structure was assessed with optical coherence tomography (OCT),
fundus photography and histology, and function was assessed using full-field flash
electroretinography (ERG). The results confirm that XIAP robustly protects
photoreceptor structure in a large animal model of retinal detachment. These studies

support the potential for XIAP therapy in the treatment of human retinal detachment.
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Introduction

Retinal detachment (RD) occurs when trauma to the eye, accumulation of fluid in
the subretinal space, or tractional pulling of the retina by vitreous bands induces a
separation between the retinal pigment epithelium (RPE) and the sensory neural retina.
The outermost layer of the retina, where the rod and cone photoreceptors reside, depends
on the underlying RPE and choroidal vasculature for trophic support and maintenance of
homeostasis (Jalali, 2003). Consequently, retinal detachment can lead to relatively rapid
degenerative changes in the outer retina, with one study suggesting that there are
histologic signs of retinal degeneration as early as one hour after retinal detachment in a
cat model (Erickson et al., 1983). Despite the fact that retinal reattachment surgery is
anatomically effective, visual acuity is often compromised and depends on the nature and
duration of the detachment. Loss of vision is accentuated if the macula, the central area
of the retina which provides detailed visual acuity, is involved in the detachment
(Erickson et al., 1983).

Based on animal studies, the final pathway for photoreceptor cell death in retinal
detachment involves both apoptosis and necroptosis (Arroyo et al., 2005; Huckfeldt and
Vavvas, 2013). The physical separation of the retina from the underlying RPE leads to an
increase in transcription of TNF-a and activates caspase-8 and caspase-9, ultimately
leading to cell death by apoptosis (Nakazawa et al., 2011; Zacks et al., 2004). However,
apoptosis is only one contributor to cell death in RD. Necroptosis, mediated by the
formation of a ripoptosome by Receptor Interacting Proteins (RIP) 1 and 3 is also

involved in RD-induced photoreceptor cell death (Trichonas et al., 2010). It has been
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postulated that inhibition of apoptosis promotes a shift towards necroptosis and that
caspase inhibitors alone cannot prevent photoreceptor cell death following retinal
detachment (Trichonas et al., 2010).

The X-linked Inhibitor of Apoptosis (XIAP) has the ability to inhibit both
apoptosis and necroptosis (Bertrand and Vandenabeele, 2011; Bertrand et al., 2008;
Feoktistova et al., 2011). XIAP is a direct inhibitor of caspases 3, 7 and 9 and has been
previously shown to preserve retinal cells in multiple forms of retinal degeneration
(Leonard et al., 2007; McKinnon et al., 2002; Petrin et al., 2003; Renwick et al., 2005;
Zadro-Lamoureux et al., 2009). Additionally, XIAP has also been shown to control TNF
and RIP3-dependent inflammasome formation (Yabal et al., 2014). Furthermore, it has
been suggested that XIAP and other members of the Inhibitor of Apoptosis family
(cIAP1 and cIAP2) function as inhibitors of the ripoptosome by direct ubiquitination of
its components (Imre et al., 2011).

In light of XIAP’s roles in caspase-dependent apoptosis, in inflammation and in
caspase-independent necroptosis, we hypothesized that XIAP would protect
photoreceptor structure and function following retinal detachment. Consistent with this
hypothesis, our previous work had shown that XIAP can protect photoreceptor structure
in a rat model of retinal detachment (Zadro-Lamoureux et al., 2009). However, the
technical challenges of surgery in the small rat eye prevented both re-attachment of the
retina and functional testing using electroretinography. As a result, we developed a cat
model of retinal detachment (Wassmer et al., 2016), and we employed this model to
study XIAP efficacy in protecting photoreceptors through detachment and re-attachment

of the retina. We show that XIAP inhibits TNF-a induced cell death in photoreceptor
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cells in vitro, and protects outer nuclear layer thickness in vivo. Histology, optical
coherence tomography (OCT) and electroretinography are used to assess XIAP effects in

more detail on photoreceptor structure and function.

Results

XTAP protects 661W cone photoreceptor cells in an in vitro model of retinal cell
death

TNF-a has been shown to mediate photoreceptor cell death in a rodent model of
retinal detachment (Nakazawa et al., 2011). Therefore, we examined the ability of XIAP
to protect 661 W cone photoreceptor cells from TNF-a-induced cell death. 661 W cells
were transfected with either plasmid pCI.CMV.XIAP or pCI empty vector (XIAP and
EV, respectively). Three stable and pooled XIAP over-expressing cell lines were
generated (XIAP1-3, Figure 4.1a, and see Supplemental Figure 4.1), and their ability to
protect against TNF-a was assessed. All three lines showed increased protection of
661 W photoreceptors cells, accompanied by increased levels of the anti-apoptotic protein
Bcl2, and decreased levels of cleaved caspase 3 (see Supplemental Figure 4.1). The cell
line that was consistently the most robust in neuroprotection assays was further
characterized and used for the assays described below.

XIAP- and EV-transfected cells were treated with 5 ng/mL TNF-a in complete
media for 4 days. The mean cell viability from seven independent cell death assays was

60.5% for XIAP and 8.5% for EV cells (p=<0.001, Figure 4.1b) using the Trypan Blue
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Supplemental Figure 4.1: XIAP over-expressing cells are protected from TNF-a
induced cell death.

(a) Western blot showing protein over-expression in three 661W cell lines (XIAP1-3). B-
actin (lower band) is used as the loading control. EV — empty vector, P1, P2 — passages 1
and 2. (b) All XIAP-transfected cell lines provide protection again a 4-day treatment
with Sng/mL TNF-a, but XIAP1 provides the best protection. (c) Following 72-hour
treatment with TNF-a, XIAP over-expressing cell lines have increased levels of Bel2.

(d) Following a 24-hour treatment with TNF- o, XIAP over-expressing cell lines have
reduced levels of activated caspase-3.
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Figure 4.1. XIAP protects 661W photoreceptor cells against various cell death
triggers.
(a) Densitometry analysis of 3 independent western blots showing XIAP over-expression
in stably transfected 661 W cells. XIAP expression was normalized to the B-actin loading
control. One of the western blots is shown in the right panel. (b) XIAP protects 661W
cells from 5ng/mL TNF-a over a 4 day incubation period. Bar graph shows cell survival
in comparison to the vehicle control, assessed using the trypan blue exclusion assay.
Representative images of 661W cells treated with Sng/mL of TNF-a for 4 days are
shown in the right panel. (c, d, e) Cell viability assessed using the AlamarBlue assay for
661W cells treated with Sng/mL TNF-a for 4 days (c), 15 uM menadione for 4 hours (d)
or ImM hydrogen peroxide for 32 hours (e).

94



exclusion assay. The protective effects of XIAP against TNF-a were further confirmed
using the AlamarBlue viability assay (Figure 1c). Since retinal detachment has been
shown to be associated with oxidative stress in both animal models and human retinal
samples (Cederlund et al., 2013; Huang et al., 2013; Roh et al., 2011), we also tested the
ability of XIAP to protect against menadione and hydrogen peroxide, two potent
oxidative stressors. In both assays, XIAP over-expression significantly protected the

661W photoreceptor cells (Figure 1d,e).

XTAP gene therapy in a cat model of retinal detachment

To test the effects of XIAP over-expression in an in vivo model of retinal
detachment, six domestic cats were subretinally injected with adeno-associated virus
expressing hemagglutinin-tagged XIAP driven by the rhodopsin kinase promoter (AAV-
HA-XIAP). Another six animals received AAV-GFP as a control. The shallow
detachments induced by these injections normally resolve within 24 hours and do not
create any complications with retinal structure (confirmed by OCT analysis) or function.
Three weeks after the viral injection, a retinal detachment was induced at the site of the
viral delivery (or as close as possible to it) by injecting 8% CsFg gas into the subretinal
space. A detachment, spanning approximately 15-20% of the retina, was induced (Figure
4.2). C3Fg gas was used for the detachments because it is slowly resorbed, allowing a

gradual reattachment of the retina over the ensuing weeks without requiring surgical
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Figure 4.2. Retinal detachment induced by injection of 8% C;Fs gas into the sub-
retinal space.

An angled 42G subretinal cannula, was connected to a syringe containing the Cs;Fg gas via
flexible sterile tubing. The gas was slowly injected into the subretinal space until
approximately 20% of the retina was detached. (a-f) Sequential images showing the
growing retinal detachment as C3F8 gas in injected. The detachment is outlined in f.
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intervention. All detachments were placed in the superior pole of the retina. Animals
were examined weekly using an ophthalmoscope, and retinal function was assessed every
three weeks with a full-flash electroretinogram (ERG). OCT and fundus images were
also taken every three weeks, concurrent with the ERGs.

Three animals (one XIAP-treated and 2 GFP-treated) were eliminated from the
study because their experimental partial detachments progressed into complete retinal
detachments. Despite the precise placement of the viral vectors and the retinal
detachment, for humane reasons we did not restrict the movement of the animals, and the
animals’ head motion allowed the displacement of the gas bubble throughout the retina in
those 3 animals, resulting in a complete retinal detachment.

The two retinotomy sites created by the viral injection and the detachment were
visible throughout the experiment (Figure 4.3), allowing us to accurately serially image
the same retinal areas by OCT by reference to these injection sites. These OCT images
confirmed that the C;Fs gas had been resorbed and the retina had re-attached within 3-6
weeks after the detachment (Figure 4.4). Specifically, the detachment only presented as
small ripples in the retina at three weeks which were almost completely flat and re-
attached by 6 weeks in most of the animals (Figure 4 and Supplemental Figure 4.2).
However, three animals presented with some complications from the surgeries. XIAP1
showed retinal puckering on the OCT, indicating that the retinal detachment had not
properly resolved (see Supplemental Figure 4.3). XIAP 5 (Supplemental Figure 4.3) had
a vitreal hemorrhage, making fundus imaging and OCT impossible at the latest time-
point. And finally, GFP1 appeared to have both a possible solid detachment which

prevented the acquisition of a clear fundus image and two additional retinal irregularities
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Figure 4.3. Fundus images of the animals at the endpoint of the experiment.

The retinotomies created by the viral injection (asterisk) and by the detachment (arrow)
are visible in most of the fundus images. Arrowheads are used to identify retinotomies
that could not be specifically assigned to the viral or gas injection based on the video of
the surgery or the surgical notes. In GFP1, a solid detachment prevented the acquisition
of a clear fundus image, and ‘+’ symbols identify two damaged areas of the retina that
cannot be attributed to the virus or gas injection. GFP5 and GFP6 suffered complete
detachments and XIAPS5 shows a vitreal hemorrhage which developed at later stages in
the experiment, preventing the acquisition of a fundus image.
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Plane: Detachment v Plane: Virus

Figure 4.4. OCT images of XIAP-injected, detached retina at various timepoints
after detachment.

Panels on right show an image of the cannula making the retinotomy to inject the CsFg
gas (top) and the fundus image of the retina at 10 weeks after the detachment (bottom).
The arrowhead in both images identifies a minor arching blood vessel which can be used
to identify the retinotomy for the gas injection (arrow) and for the viral injection
(asterisk). OCT images on the left, through the plane of the gas injection or the virus
injection, show that the retina has reattached, with no appearance of abnormal pathology
due to the detachment. Small areas of elevation in the OCT may represent large blood
vessels.
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Baseline

Supplemental Figure 4.2. OCT shows re-attachment of retina 3-6 weeks after retinal
detachment.

(a) OCT at baseline (prior to virus or gas injection) and at 3 and 6 weeks following
detachment in a XIAP-treated retina. At 6 weeks, imaging through both the plane of the
viral injection and the plane of the gas injection shows a quiet normal-appearing retina
that has completely reattached. (b) OCT at 3, 6 and 10 weeks in a GFP-treated retina
shows some puckering at 3 weeks, suggesting that the retina has not completely re-
attached yet, but this completely disappears at 6 and 10 weeks, suggesting that the
detachment has completely resolved.
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Supplemental Figure 4.3. OCT in 2 XIAP animals showing incomplete re-
attachment of the retina.

XIAP1 shows retinal puckering and incomplete attachment at 10 weeks, possibly
explaining the retinal damage seen in the histology, in addition to a possible mass
(white). XIAPS presents with possible subretinal hemorrhage at 3 and 6 weeks and a
clear vitreal hemorrhage at 10 weeks which prevents the acquisition of an OCT image.
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aside from the retinotomies associated with viral or gas injections (Figure 4.3 and
Supplemental Figure 4.4). All of these animals are discussed in more detail below in the

context of the histological analysis of the retinas.

XTAP over-expression protects photoreceptor structure in retinal detachment

For histological analysis, sagittal sections were taken through the eye in the plane
of the optic nerve and 0.3 cm nasal to the plane of the optic nerve. One or the other of
these sections would have encompassed the sites of the injection and detachment. Since
the retinas had already reattached at the time that the eyes were sampled, any signs of
retinal damage were assumed to be sites of the original retinal detachment.

Overall, XIAP-treated detached retinas showed greatly improved retinal structure
in comparison to GFP-treated detached retinas (Table 4.1, Figure 4.5 and Supplemental
Figure 4.5). Excluding the XIAP animal with the vitreal and subretinal hemorrhage
(which were confirmed by fundus imaging and histology, respectively), 3 of 4 XIAP-
treated retinas in the nasal plane (and 2 of 4 in the plane of the optic nerve) showed a
completely intact outer nuclear layer (ONL), where the photoreceptors are found. In
these animals, there was no evidence of retinal damage whatsoever. This was not seen in
any of the GFP-treated animals, which had some evidence of retinal damage in every
animal and in both histological planes.

Since retinal detachment leads to photoreceptor cell death, damage should be
reflected in a reduction in the area occupied by the ONL. In order to further assess the

ability of XIAP to protect photoreceptors, the ONL area was measured in XIAP-treated
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Supplemental Figure 4.4. Abnormal OCT in GFP-treated animal. GFP1, which
appears to have a solid detachment based on fundus imaging, shows a clearly abnormal
OCT with an unexplained protrusion (red arrow) that is also evident in the histological
section (right panel).

103



Table 1. Experimental notes and outcomes for all animals in the study

Structural Proximity of Exclusion from
. : . a Notes :
Integrity  Retinotomies Analysis
XIAP1 .t Far apart Incompllete re-attaphment
(retinal puckering)
XIAP2 +++ Close
XIAP3 +++++ Close
XIAP4 +++++ Close
XIAP5 + ND® Vitreal hemorrhage Eeluitd fom
quantification
Complete Excluded from
XIAPG RD® ND ND quantification
GFP1 + Close Solid partial detachment Exclud_gd fr_om
quantification
GFP2 + Far apart
GFP3 ++ Close
GFP4 ++ Close
GFP5 Complete ND ND Excluded from
RD quantification
GFP6 Complete ND ND Echudp_d fr.om
RD quantification

®The retinotomies are the surgical incisions made by the virus injection and the detachment
®ND — not done
°RD - retinal detachment
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Figure 4.5. Histological sections in the plane of the optic nerve. Since the retinas had
reattached at the time that the eyes were sampled, sections that showed any sign of retinal
damage were imaged because it was assumed that the damaged areas were the sites of the
original retinal detachment. XIAP3 and XIAP4 show perfectly intact retinas with no
evidence of damage to the outer nuclear layer (ONL). All GFP animals show damage
resulting from the retinal detachment.
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Supplemental Figure 4.5. Histological sections in the sagittal plane nasal to the optic
nerve.

Three of the 5 XIAP-treated eyes (XIAP2, 3, 4) show perfect histology of the outer
nuclear layer within the nasal sections, suggesting optimal protection of photoreceptors
following retinal detachment. All of the GFP-treated retinas show damage resulting from
the retinal detachment.
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and GFP-treated eyes in the superior retina where the detachments were placed. The
analysis was conducted in the plane of the optic nerve, from the optic disc to a distance of
~8800 um towards the peripheral retina. The XIAP-treated animal with the vitreal and
subretinal hemorrhage and the GFP-treated animal with the solid detachment were
excluded from the analysis. ONL thickness was significantly greater in the XIAP-treated
group (Figure 4.6a, p=0.05), indicating greater preservation of photoreceptors following
retinal detachment. All final quantification values correlated with visual observations.
Importantly, the hemagglutinin (HA)-tagged XIAP was localized to the outer and
inner segments of the photoreceptor cells near the site of the protected ONL
(Supplemental Figure 4.6). Due to autofluorescence of the retinal sections, the GFP
protein was more difficult to see and it necessitated a non-fluorescent colorimetric assay

for detection (Supplemental Figure 4.6).

XTAP appears to protect photoreceptor function following retinal detachment
Full-field electroretinograms (ERGs) provide information on retinal function and
can be parsed into separate waveforms each of which are indicative of the health of
specific neurons in the retina. The a-wave of the ERG is a measure of photoreceptor
health and function. ERGs were taken prior to sampling the eyes in order to assess the
ability of XIAP gene therapy to protect photoreceptor function (Figure 4.6b). Although
there is variability among animals (even in normal intact eyes), all the XIAP-treated
animals have a-wave amplitudes that are equal to or higher than those of the GFP-treated
animals. Importantly, one of the highest a-wave values in the XIAP-treated animals was

found in an animal that also had the best outcomes according to the histology
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Figure 4.6. Structural and functional effects on the retina following XIAP therapy.
(a) XIAP therapy significantly protects photoreceptors following retinal detachment in
comparison to the control. H&E images imported into ImageJ were used to calculate the
area occupied by the outer nuclear layer (photoreceptors) and this was divided by the
total retinal area. Averages represent three GFP animals and four XIAP animals (see
Table 1 for animals included in the analysis). * p=0.05, by Students t-test. (b) Scatter
plot showing full-field ERG values at the endpoint of the experiment for animals used in
the structural analysis in (a). The values did not reach significance due to the small
number of animals in the analysis (p=0.16, by Students t-test).
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anti-HA anti-GFP

Supplemental Figure 4.6. Inmunohistochemistry shows XIAP and GFP expression
resulting from the viral injection.

(a,b) No primary antibody controls for the HA-tag and GFP, respectively. (c) The HA-
tagged XIAP protein is detected in the inner and outer segments of the photoreceptors
using an anti-HA antibody and a Cy3 secondary fluorophore. (d) Due to
autofluorescence of the feline retina in the green channel, immunofluorescence detection
of the GFP was not possible. A colorimetric (peroxidase activity) assay was used to
localize GFP protein to the photoreceptor segments.
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and quantification. Conversely, the animal with residual pathology (XIAP1) showed one
of the lowest a-wave ERG trances. Since all animals with full retinal detachments (as
well as the solid detachment and retinal hemorrhage animals described above) were
removed from the analysis, the results did not reach significance due to the small

numbers of animals remaining (n=3 for GFP and n=4 for XIAP).

Discussion

Retinal detachment has an incidence of approximately 12 in 100,000 in the
general population, and this translates into a lifetime risk of 0.6% (up to the age of 60
years) (Haimann et al, 1982; Sodhi et al, 2008). This risk increases in patients with high
myopia (Haimann et al., 1982). Despite successful surgical interventions to re-attach the
retina, vision is often compromised in these patients, especially if the central retina
(macula) is involved in the detachment.

Animal studies have shown that retinal detachment induces both photoreceptor
apoptosis and necroptosis. When caspase inhibitors are used to block apoptosis, there is a
switch to increased necrotic cell death to compensate for the block in apoptosis
(Trichonas et al., 2010). Others have also shown that TNF-a is involved in cell death
following retinal detachment, further implicating both apoptotic and necrotic pathways
(Nakazawa et al., 2011). In the current study, over-expression of the X-linked Inhibitor
of Apoptosis (XIAP) protects photoreceptor structure following retinal detachment.
XIAP is able to protect photoreceptors because in addition to blocking caspases 3,7 and

9, it has been shown to interact with RIP kinases to reduce the formation of the
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necroptosome and thus can impact both apoptotic and necrotic cell death pathways
(Lawlor et al., 2015; Vince et al., 2012; Yabal and Jost, 2015; Yabal et al., 2014).

In this study, unimpeded activity of the animals resulted in complete detachments
in 3 eyes, necessitating their removal from the study. In addition, further complications
with the surgery, including a vitreal and subretinal hemorrhage and the presence of a
solid detachment led to the removal of an additional two animals from the analysis.
These complications lowered the power of our study. Nevertheless, we still found
significant differences in photoreceptor thickness when treated with XIAP gene therapy.
Importantly, we saw improved ERGs in 2 of the 4 XIAP-treated animals and these two
animals also had preservation of their photoreceptor layer by histological analysis. There
was also a correlation between a high ERG a-wave value (12.38 uV), un-affected
histological analysis and the highest retinal to ONL ratio. The other two XIAP-treated
animals with lower ERGs showed thicker ONL layer qualitatively and quantitatively (as
compared to GFP treated animals), and only one of those two cats showed areas of retinal
damage in the plane of the optic nerve. There may be several explanations for the
imperfect preservation of the ONL in these animals. In one of these animals (XIAP1,
Figure 4.3), the fundus image revealed that the retinotomy sites were quite far apart,
suggesting that there was imperfect overlap between the viral vector injection and the
retinal detachment site. Thus, there would have been detached retina that was not covered
by the AAV-XIAP injection. Moreover, the presence of puckering in the histological
sections (Figure 4.5) and the OCTs (see Supplemental Figure 4.3) would suggest that the
re-attachment was not perfect and the photoreceptors might not have received the trophic

support that they needed for their continued survival. This also correlated with lower
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ERG a-wave results in XIAP1 (7.757 uV). In the clinical setting this would not be a
problem, as retinal re-attachment surgery is very successful at ensuring good contact
between the retina and the underlying retinal pigment epithelium (RPE). We therefore
conclude that the improved surgical outcomes in the clinic, combined with XIAP therapy
would likely result in robust structural and functional protection of the photoreceptors.

In the current study, we provide proof-of-principle for XIAP efficacy in
protecting photoreceptors, but XIAP gene delivery preceded the retinal detachment, in
order to allow the virus adequate time to over-express the transgene prior to the
detachment. In the clinical setting, this would not be possible, and the swift onset of
retinal damage following a detachment would necessitate rapid intervention to ensure a
satisfactory visual outcome. Improved, rapid viral delivery systems would be required.
Alternatively, XIAP protein delivery, potentially through the use of biodegradable
microparticles (Rafat et al., 2010 Wassmer et al., 2013), would allow immediate delivery
of XIAP to the damaged cells and improved outcomes in both retinal structure and

function.

Materials and Methods

Animals

Twelve male cats aged 8 months and older were purchased from Liberty Research
(Waverly, NY). Animals were housed together in large multi-level enclosures that
provided an enriched environment and allowed free movement. Animal procedures were

conducted in accordance with the University of Ottawa Animal Care Committee rules

112



and regulations and adhered to the ARVO statement for the Use of Animals in

Ophthalmic and Vision Research.

Anaesthesia

Felines were given propofol (1mL/min; Fresenius Kabi, Richmond Hill, ON, Canada)
intravenously or 5% isoflurane (Fresenius Kabi) by aerosol mask before surgery and
during the administration of the anesthetic. Animals were administered 0.015 mg/kg
medetomidine (Modern Veterinary Therapeutics, Miami, FL) and 0.1 mg/kg
hydromorphone (Sandoz Canada, Boucherville, QC) by intramuscular injection and were
kept under 2-3% isoflurane throughout all surgical procedures. Normosol fluids
(Hospira Healthcare Corp., Saint Laurent, QC, Canada) were provided by intravenous
infusion. The antiemetic medication, Cerenia (Zoetis Canada, Kirkland, QC), was used
at a dosage of 0.5mg/Kg in susceptible animals, only when electroretinography was not
being performed, as our previous studies showed that Cerenia interferes with the
electroretinogram (Wassmer et al., 2016). Vital signs were monitored throughout the
procedure, and an intramuscular injection of 0.02 mg glycopyrrolate (2mg/mL; Sandoz
Canada) was administered if the heart rate significantly decreased during or after surgery.
Five minutes before the end of the surgery, the medetomidine was reversed using 0.05-
0.06 mg/Kg atipamezole hydrochloride (Modern Veterinary Therapeutics, Miami, FL,
Smg/mL). After the surgery, animals received 0.02 mg/Kg buprenorphine (0.3mg/mL;

Sovegal UK Ltd, York, UK) subcutaneously for pain management.
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Virus Vector Production

A cDNA construct encoding the full-length, open-reading frame of human XIAP was
cloned into the pTR AAYV vector. The construct had an N-terminal hemagglutinin (HA)
tag and was under the control of the human rhodopsin kinase (RK) promoter. Transgene
expression was enhanced by a woodchuck hepatitis virus posttranscriptional regulatory
element in the 3’ untranslated region of the construct. A RK-GFP construct was similarly
generated for use as a control. Recombinant adeno-associated virus vector, serotype 5,
was generated and purified as previously described (Hauswirth et al., 2000; Zolotukhin et

al., 2002).

Surgeries

One drop each of mydriacyl (1%), mydfrin (2.5%) and alcaine (0.5%) (Alcon Canada,
Mississauga, ON) were administered to the surgical eye. The 3-port pars plana
phacofragmentation lensectomy followed by a vitrectomy were performed as previously
described (Wassmer et al., 2016). These procedures gave unobstructed access to the
central retina for the delivery of the AAV vector and the induction of the retinal
detachment. The left eye of 6 cats received serotype 5 AAV carrying HA-tagged XIAP
driven by the rhodopsin kinase promoter (AAV5.RK.XIAP). The virus was injected into
the subretinal space of the superior retina, in close proximity to the optic nerve. A total
volume of 100 ul was injected, containing 1x10"" vector genomes (vg). Another 6
animals received 1x10'' vg of AAV5 RK.GFP as a control. The posterior chamber was
filled with sterile balanced saline salt (BSS) after the vector injection to maintain

intraocular pressure.
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Three weeks after vector delivery, a retinal detachment was created by
administering 8% C;Fg gas as close as possible to the viral injection site. A 15-20%
retinal detachment was created.

After each surgery, the eyes were treated with 5 to 10 drops of 1.0% w/v atropine
sulphate (Chauvin Pharmaceuticals, Surrey, UK) and covered with Tobradex Ophthalmic
Ointment (tobramycin 0.3%, dexamethasone 0.1%) (Alcon Canada, Mississauga, ON).

The animals were treated 4 times daily with Tobradex for ten days post-surgery.

Enucleation

Nine or ten weeks post-detachment, left eyes of the animals were surgically removed. In
addition to the anaesthesia regime described above, 10mL of 2% xylocaine was injected
into the orbit. Buprenorphine and the NSAID Metacam (meloxicam, 0.1mg/Kg;
Boehringer Ingelheim, Burlington, ON, Canada) were administered every day for a
minimum of three days post-enucleation. Oral administration of the antibiotic clavamox
(1mL containing 50mg amoxicillin and 12.5mg clavulanic acid; Zoetis, Kirkland, QC)
was given to the cats twice daily post-enucleation, and oral gabapentin (10mg/kg) was

given for pain relief, as needed, Following complete recovery, animals were adopted out.

Optical Coherence Tomography (OCT) and Electroretinography (ERG)

OCT was performed as previously reported (Wassmer et al., 2016). Eyes were imaged
before injection of the vector and subsequently every three weeks post-detachment. After
lens removal, a 10+ diopter lens was placed in front of the eye to gain access into the

focusing range of the OCT machine. Photoreceptor function was assessed with an Espion
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e3 (Diagnosys, USA) full-field flash ERG (3 c¢d-s/m” on a 30 cd/m? background
luminance) presented at a rate of 1 Hz. An ERG-Jet (LKC Technologies) was placed on
the corneal surface with appropriate corneal hydration. ERGs were recorded with

bandpass filtering of .3-300 Hz and 50 sweeps were signal averaged.

Area Measurements

Images were taken of H&E sections using the 20X objective on the Zeiss Axio Imager
M2 (Zeiss, Canada) through the plane of the optic nerve. Images were combined to
obtain a collage of the full retina, and the final image was imported into ImageJ. The
outer nuclear layer (ONL) was traced in the superior retina (where the detachment was
located) from the optic nerve peripherally for a distance of ~8800 um. The area
encompassing the ONL was calculated. In the same region, the area of the whole retina
was also measured. The ratio of the ONL area to the whole retinal area was calculated

and compared between XIAP-treated and GFP-treated animals.

TNF-a Cell Death Assays

The transformed cone photoreceptor cell line, 661 W was kindly provided by Dr. M. Al-
Ubaiddi (Tan et al., 2004b). 661Ws were transfected with pCIl-neo containing the full-
length coding sequence of human XIAP which was generated from pCM-SPORT6-XIAP
(Origene, Rockville, MD), digested with Sall and NotI to isolate XIAP coding sequence,
and ligated into the pCI-neo vector (Promega, Madison, WI). Transfections were
conducted using Expressln or Lipofectamine 2000 (ThermoFisher Scientific), according

to the manufacturer’s instructions. Control cell lines were transfected in a similar manner
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with the pCI-neo empty vector (EV). Stably-expressing cells lines were grown under
G418 selection. Three independent cell lines over-expressing XIAP were generated. The
line with the highest expression of XIAP was used for the results described in the body of
the paper. Results obtained with the other 2 lines are found in the supplemental material.
All cell lines were used below passage 15, and XIAP expression was monitored in each
assay by western blot or RT-qPCR.

For the death assays, cells were plated onto 6-well or 96-well plates at 60%
confluency and incubated with mouse recombinant TNF-a at Sng/mL (Roche) for four
days, ImM hydrogen peroxide (Sigma Aldrich, Oakville, ON, Canada) for 32 hours or
15uM menadione (Sigma Aldrich) for four hours. Cell viability was measured using
Trypan Blue (Sigma Aldrich) or AlamarBlue ® Cell Viablity Reagent (Invitrogen,

Carlsbad, CA) for 6-well and 96-well formats, respectively.

Western Blot

Twenty ng of retinal protein was separated by electrophoresis on 12% polyacrylamide
gels, and transferred onto PVDF membranes. Membranes were blocked for 1 hour at 4°C
in 5% powdered milk, and incubated overnight at 4°C with primary rabbit anti-GST-
XIAP, rabbit anti-RIAP3 antibodies (1:5000 in blocking buffer; courtesy of Dr. Robert
Korneluk, University of Ottawa). Membranes were washed and incubated for one hour at
room temperature in anti-rabbit HRP or anti-rabbit IRDye 800 (Li-Cor, Lincoln, NE).
Proteins were visualized using Pierce Chemiluminescence substrates (ThermoFisher

Scientific) and film, or the Licor imaging system.
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Immunohistochemistry

Prior to enucleation, a 3-0 Vicryl suture (Ethicon, Somerville, NJ) was used to mark the
superior pole of the eye. Enucleated eyes were placed in modified Davidson’s fixative
and sent to Excalibur Pathology Inc., where they were embedded in wax and sectioned at
6 um. A subset of the slides were stained by Excalibur Pathology Inc. with hematoxylin
and eosin.

For immunohistochemical detection of HA-tagged XIAP, sections were dewaxed,
then placed in citrate buffer (10 mM sodium citrate in water, pH 6) within the Biocare
Medical Digital Decloaking Chamber (Biocare, Concord, CA). Slides were removed
from the chamber, allowed to cool to room temperature, washed with PBS, permeabilized
in 0.1% triton X-100 in PBS (wash buffer), blocked for two hours (10% normal goat
serum in wash buffer) and incubated for two days at 4°C with HA primary antibody
(1:100; Roche Canada, Mississauga, ON) diluted in blocking solution. Slides were then
washed in wash buffer and incubated with Cy3 secondary antibody (1:500, Jackson
ImmunoResearch, West Grove, PA) diluted in PBS. After precisely two hours, the
sections were washed with wash buffer then PBS, and mounted in Prolong Gold antifade
reagent (Life Technologies). For specific details for immunofluorescence staining, see
Nayagam et al., 2003 (Nayagam et al., 2013).

To detect the GFP signal, autofluorescence in the retinal sections necessitated the
use of a colorimetric assay (the InmPRESS Detection System, Vector Laboratories,
California). All manufacturer procedures were followed, with the exception that no

counterstain was used. All sections were imaged using a Zeiss Axio Imager M2.
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CHAPTER 5: CHITOSAN MICROPARTICLES FOR DELIVERY OF PROTEIN

TO THE RETINA

120



Chitosan Microparticles for Delivery of Proteins to the Retina

Abbreviated title: Chitosan Microparticles for Delivery to the Retina

Wassmer S.,° T Rafat M.,*" Fong W.G.,* Baker A.,* and Tsilfidis C.***

*Ottawa Hospital Research Institute, Ottawa, ON, K1H 8L6, Canada

b Department of Cellular and Molecular Medicine, University of Ottawa, Ottawa, ON,
K1H 8MS5, Canada

¢ Department of Clinical and Experimental Medicine, Linkoping University, Linkoping,
581 85, Sweden

1 S. Wassmer and M. Rafat contributed equally to this work.
* Corresponding author: Dr. Catherine Tsilfidis,

Ottawa Hospital Research Institute,

Ottawa Hospital, General Division

501 Smyth Road, Ottawa, ON, K1H 8L6

Tel: 1-613-737-8233  Fax: 1-613-737-8836

Email: ctsilfidis@ohri.ca

121



Author Contributions

Wassmer S helped with experimental design, performed in vitro and in vivo analysis of
chitosan microparticle efficacy and toxicity, and helped to write the manuscript.

Rafat M helped with experimental design, produced and evaluated chitosan
microparticles (SEM/TEM and release kinetics).

Baker A performed subretinal injections and helped with the design of the figures.
Tsilfidis C funded the studies, was instrumental in experiment design and manuscript

writing.

Manuscript published August 2013 in Acta Biomaterialia, Volume 9, Issue 8, pages

7855-7864.

122



Abstract

Chitosan microparticles (CMPs) have previously been developed for topical
applications to the eye, but their safety and efficacy in delivering proteins to the retina
have not been adequately evaluated. This study examines the release kinetics of CMPs in
vitro, and assesses their biocompatibility and cytotoxicity on retinal cells in vitro and in
vivo. Two proteins were used in the encapsulation and release studies: BSA (bovine
serum albumen) and tat-EGFP (enhanced green fluorescent protein fused to the
transactivator of transcription peptide). Not surprisingly, the in vitro release kinetics
were dependent on the protein encapsulated, with BSA showing higher release than tat-
EGFP. CMPs containing encapsulated tat-EGFP were tested for cellular toxicity in
photoreceptor-derived 661 W cells. They showed no signs of in vitro cell toxicity at a low
concentration (up to 1 mg/mL) but at a higher concentration of 10 mg/mL they were
associated with cytotoxic effects. In vivo, CMPs were found beneath the photoreceptor
layer of the retina, and persisted for at least 8 weeks. Similar to the in vitro studies, the
lower concentration of CMPs was generally well tolerated, but the higher concentration
resulted in cytotoxic effects and in reduced electroretinogram amplitudes. Overall, this
study suggests that CMPs are effective long-term delivery agents to the retina, but the

concentration of chitosan may affect cytotoxicity.

Key words: Chitosan, Retina, Microparticles, Encapsulation, Biodegradation.
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Introduction

Diseases of the retina such as glaucoma, age-related macular degeneration
(AMD), and diabetic retinopathy are major causes of irreversible blindness. The
development of efficient delivery systems for ocular therapeutic agents is critical for the
treatment of these diseases. Topical agents are generally used for corneal and anterior
problems of the eye, but are mostly ineffective in targeting the retina at the back of the
eye. For retinal disease, adeno-associated viruses (AAVs) are currently being used in
clinical trials (Bainbridge et al., 2008a; Cideciyan et al., 2009a, 2009b; Hauswirth et al.,
2008b; Maguire et al., 2009; Simonelli et al., 2010). The viruses are safe and effective at
delivering transgenes to the retina, and are long-lasting, making them ideal gene carriers
for genetic forms of disease requiring long-term therapy. However, once AAV viruses
are delivered to the retina, there is no way to disable the therapy if harmful side effects
are discovered. Moreover, in cases such as retinal ischemia or retinal detachment, short
term treatment is essential, but once the clinical problem is resolved, the therapeutic
agent is no longer required. For this reason, there is still a vital need for safe, effective
methods of short term or sustained delivery of therapeutic agents to the retina.
Biodegradable and biocompatible nano- and microparticles are ideal vehicles for such a
purpose.

We have previously reported the use of PEG-PLA microparticles as protein
delivery vehicles to retinal cells (Rafat et al., 2010). PEG-PLA microparticles offered the
advantages of controlled, sustained protein release, and biocompatibility. However, the

amount of the protein released from PEG-PLA particles was somewhat low in
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comparison to AAV expression levels. In addition, the percentage of the encapsulated
protein that was released was quite low, ranging from 1% to 5% depending on the
microparticle formulation. Although this may not be a concern in treatments where
nanogram quantities of protein are sufficient for neuroprotection, PEG-PLA
microparticles would not be useful when larger quantities of the therapeutic agent are
required. In order to enhance the release profile of the particles, here we report the
development and testing of chitosan microparticles (CMPs) for delivery of tat-EGFP
protein to the retina.

Chitosan has been widely used in biomedical applications (e.g., for the
development of scaffolds for artificial liver (Wang et al., 2003), for skin transplants
(Gingras et al., 2003), as a wound dressing (Kratz et al., 1997), and as a drug delivery
system (Aiedeh et al., 1997)). Chitosan makes a good biomimetic component for
extracellular matrices (ECM) due to its structural similarity to proteoglycans (one of the
main constituents of ECM). This is mostly attributed to its reactive amino and hydroxyl
groups that can be chemically modified and also the fact that it can be easily manipulated
for different pore structures (Madihally and Matthew, 1999; Yagi et al., 1997).

Chitosan is an amino polysaccharide (poly-1, 4-d-glucoamine) derived from chitin
by deacetylation. Chitin is one of the most abundant polysaccharides found in nature. It is
almost as common as cellulose, and possesses many of the structural and chemical
characteristics of cellulose. Chitin is an important structural component of the
exoskeleton of a great number of organisms such as insects, shrimp, and shellfish. It also
serves as a cell wall component of fungi and of numerous plankton and other small

marine organisms. Due to the different biological requirements of these various species,
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chitin has proven to be an extremely versatile natural polymer. Chitin and its most
important derivative, chitosan, have a number of useful physical and chemical properties,
including strength, biodegradability, and lack of cytotoxicity. Chitosan has been shown to
be effective in trans-cellular transport (Illum et al., 1994; Lee et al., 2001) (for example,
in enhancing the transport of drugs across the cell membrane (Artursson et al., 1994;
Thanou et al., 2001)), and has been reported to be nontoxic on several types of cells
(Guang Liu and De Yao, 2002).

Despite the fact that chitosan is being widely used as a drug delivery vehicle for
various medical applications, and has been extensively studied for topical application of
drugs to the eye (see review (Basaran and Yazan, 2012)), its safety and efficacy has not
been fully evaluated for intraocular ophthalmic drug delivery applications. To our
knowledge, two studies have examined the effects of intraocular delivery of unmixed
chitosan (Prow et al., 2008; Yang et al., 2008). In the first study, chitosan was used as in
intravitreal tamponade material (Yang et al., 2008). The authors concluded that there
were no significant effects on the histology of the eye, with only slight increases in
inflammatory factors. In the second study (Prow et al., 2008), intravitreal delivery of
chitosan particles was part of a larger analysis examining several types of nanoparticles.
The authors reported a significant inflammatory response following an injection of
chitosan microparticles into rabbit eyes. However, cytotoxicity can be influenced by the
material purity and source, the fabrication process, the particle size, the morphology and
concentration, the type of target cell and the mode of administration of the particles (e.g.

intravitreal versus subretinal). Prow et al. (Prow et al., 2008) acknowledged that it was
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possible that contaminants of the material were responsible for the immune response
following intravitreal delivery.

Due to the different outcomes seen in these two studies, and the fact that neither
of them examined subretinal delivery of the microparticles, a more detailed evaluation of
ocular applications for chitosan particles is warranted. In the current study, we have
developed chitosan microparticles for the encapsulation and release of tat-EGFP to the
retina. We evaluated the release kinetics of these particles in vitro and assessed their

toxicity on retinal cells in vitro, and in vivo following subretinal delivery into the eye.

Materials and Methods

Materials

Water-soluble chitosan powder was purchased from Jinan Haidebei Marine
Bioengineering Co. Ltd (60 MESH). Tat-EGFP was synthesized as we previously
reported (Rafat et al., 2010). Sodium triphosphate pentabasic (TPP; Cat# 72061) and
Bovine Serum Albumin (BSA; Cat# A-3912) were purchased from Sigma Aldrich (St.

Louis, MO).

Preparation of Chitosan Microparticles

Chitosan microparticles loaded with BSA or tat-EGFP proteins were prepared by a
modified ionotropic gelification technique previously developed by Calvo et al. (Calvo et
al., 1997) and de la Fuente et al. (de la Fuente et al., 2008). Briefly, 12mg BSA or 2.5 mg

tat-EGFP (in 1 ml ddH,0) were mixed with 4 ml of a 0.7% mg/ml solution of TPP. The
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protein/TPP solution was then added to 15 ml of a I mg/ml chitosan in water solution
under magnetic stirring using a drop-wise technique and a syringe pump (Baxter PCAIII)
at a rate of 15 ml/hr. Agitation was maintained for 15 minutes to allow the complete
formation of the particles. The solidified microparticles were collected by centrifugation,
washed three times with sterile PBS, frozen overnight, lyophilized for 6 hours, and stored

at 4 °C until use.

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to assess the morphology and size of
freeze-dried chitosan microparticles (SEM, Model S-2250N, Hitachi, Japan). In
preparation for SEM, the particles were mounted on metal holders using conductive
double-sided adhesive tape, and sputter coated with a gold layer for 60 seconds at 0.1 bar

vacuum pressure (Cressington Sputter Coater, 108).

Transmission Electron Microscopy (TEM)

The morphology and size of the particles were further characterized by transmission
electron microscopy (TEM) using a Tecnai G2 20 S-TWIN model TEM with 200kV
acceleration voltage. 10 mg of the sample particles was dispersed in 10 ml of ddH20 in
an ultrasonic bath. Approximately 200 pul of the dispersed particle suspension was placed

on a copper grid coated with a carbon film.
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In vitro Release from Chitosan Microparticles

Microparticles were dispersed in DMEM high glucose culture medium (HyClone,
Thermo Scientific, Waltham, MA), supplemented with 10% heat-inactivated fetal bovine
serum (HyClone), 10000 units/ml Penicillin,10 mg/ml Streptomycin, 2mM L-glutamine
(Gibco, Invitrogen Life Technologies, Carlsbad, CA) and ImM sodium pyruvate
(Sigma). To follow protein release over time, dispersed particles were aliquoted into 2ml

microcentrifuge tubes, and incubated at 37°C with agitation.

In vitro Release of BSA from Chitosan Microparticles
Protein release from BSA-loaded microparticles was assessed using two methods. In
Method 1, microparticles were aliquoted into 3 identical tubes. At each timepoint, the
tubes were centrifuged at 13,000 rpm in a microfuge for 10 minutes, and the supernatant
was collected and frozen at -20°C. Microparticles were then resuspended in fresh media
and returned to 37°C with agitation. After all the samples were collected, the presence of
BSA in the supernatant was assessed using the Bovine Albumin Enzyme-linked
Immunosorbent assay (ELISA) Quantitation Kit (Bethyl Laboratories, Montgomery, TX).
In order to avoid aggregation problems due to centrifugation and to cause minimal
disruption of particles due to re-suspension, Method 2 involved the re-suspension and
aliquoting of CMPs into 18 tubes (1 ml of media in each). At each timepoint, 3 tubes
were sampled, and the supernatant was collected, frozen and processed as described

above.
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In vitro Release of Tat-EGFP from Chitosan Microparticles
Due to the limited amount of tat-EGFP protein available, in vitro release samples were
collected using Method 1 above (involving centrifugation and media changes). Protein
quantification in the samples was assessed using fluorescence and ELISA. For
fluorescence measurements, 100uL of each sample was read at 509 nm following
excitation at 480 nm using a BioTek® Synergy HT plate reader. Fluorescence readings
were used to determine tat-EGFP protein concentration by comparing to a linear standard
curve generated from known tat-EGFP concentrations. Tubes containing media free of
microparticles, or containing a 0.5 pg/ml solution of tat-EGFP served as negative and
positive controls, respectively.

Protein quantification obtained from fluorescence was confirmed by ELISA, as

we have previously described (Rafat et al., 2010).

In Vitro Cell Culture and Toxicity Assays
Mouse photoreceptor derived 661 W cells (kindly donated by Dr. Muayyad R. Al-Ubaidi,
University of Oklahoma) were cultured to 30% confluency in 12-well and 96-well plates
in supplemented DMEM medium (as described in section 2.5). Cells were treated with
2.5mg/mL of tat-EGFP or CMPs at 0.5, 1.0 or 10 mg/mL for 24 or 48 hours at 37°C (5%
C0O2).

Following the 24 and 48 hour incubation in the presence of CMPs, tat-EGFP or
control medium, alamarBlue® solution (Invitrogen) was added to the 661W cells of a 96-
well plate for 2 hours in order to assess cell viability. With this assay, the fluorescence

intensity of the medium is proportional to the metabolic activity of living cells.
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Fluorescence was quantified on a BioTek plate reader using 530/25-excitation and
590/35-emission filter settings. The mean value of the blank was subtracted from the
sample value. The fluorescence for CMP-treated cells was compared to control cell
values to calculate the percentage of viable cells in CMP-treated cultures. All cell death

assays were conducted with three or more replicates.

Immunocytochemistry (ICC)

Following 24 and 48 hour incubations in the presence of CMPs, 661W cells plated on 12-
well dishes at 30% confluency were washed with 1xPBS, fixed with 2% PFA for 10
minutes, and re-washed with PBS three times with gentle rocking. 200uL of blocking
solution (1% BSA and 5% goat serum in PBS) was added to the cells for 20 minutes at
room temperature. Cells were incubated with rabbit anti-GFP IgG primary antibody
(Invitrogen), diluted 1/500 in blocking solution with 0.3% Triton-X 100. The plates were
sealed with Parafilm (Pechiney Plastic Packaging Company, Chicago, IL), and incubated
overnight at 4°C. The next day, cells were washed with PBS three times for two minutes
each, and 200uL of Alexa Fluor 488 goat anti-rabbit IgG secondary antibody (Invitrogen;
diluted 1/500) was added to each well for 60 minutes. Cells were then washed with PBS
two times for three minutes and treated with 200uL of 1mg/mL DAPI diluted 1:10,000 in
PBS for 3 minutes, followed by 200ul of N-propyl gallate (anti-fade solution). The
plates were sealed with Parafilm and stored at 4°C. Images were taken under

fluorescence on a Nikon Eclipse TE2000-E and a Zeiss Observer Z1 microscope.
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In vivo Subretinal Injections of Chitosan Microparticles

Long Evans rats were purchased from Charles River Laboratories (Wilmington, MA) and
maintained under standard laboratory conditions. All procedures were approved by the
University of Ottawa Animal Care and Veterinary Service and conformed to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research. Subretinal
injections were done in the temporal superior quadrant of the left eye of 26 animals,
according to our previous methods (Zadro-Lamoureux et al., 2009). CMPs were
suspended in 10% FBS supplemented DMEM. Ten rats received CMPs at a
concentration of 1.0 mg/ml, and 12 rats received a concentration of 10 mg/ml. An
additional 4 animals received an adeno-associated virus (AAV) expressing GFP driven
by the chicken beta actin (CBA) promoter at a titre of 1x10'? particles/ml (injection
control). In all cases, 2 uL of the CMP or viral suspension was delivered into the

subretinal space.

Electroretinography

Electroretinograms (ERGs) were performed at 2, 4, 6 and 8 weeks following subretinal
injection of microparticles. Rats were weighed and dark adapted overnight before full-
field scotopic/photopic ERGs were conducted using the ESPION system (Diagnosys
LLC). Animals were anesthetized with an intraperitoneal injection of ketamine
hydrochloride (30mg/kg - Vetalar®) and medetomidine hydrochloride (0.5mg/kg -
Domitor ®). Anesthesia was maintained for one hour, after which the medetomidine was
reversed using atipamezole hydrochloride (1mg/kg - Antisedan ®). Eyes were dilated
five minutes prior to the ERG test with one drop each of 1% tropicamide (Alcon) and

2.5% phenylephrine hydrochloride (Alcon). A topical anesthetic (0.5% proparacaine
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hydrochloride; Alcon) was applied to each eye. The animals were placed on a water-
circulating heated pad (Gaymar T/pump) to maintain body temperature during the ERG.
Silver wire loop electrodes were placed on both corneas with 0.3% hypromellose
(GenTeal). A reference electrode was placed on the tongue and a ground needle
electrode was placed subcutaneously in the medial quadrant of the rat’s tail. The rat’s
head was positioned under a Ganzfeld dome. Single flash stimuli (4 ms duration) were
presented at 10 intensities of light, ranging from 0.0025cd.s/m2 to 25 cd.s/m2. Five

traces were generated and averaged at each light intensity.

Fundus Photography
A Micron III fundus camera (Phoenix Research Laboratories Inc) was used to image the

retina of each rat to assess injection site, spread of particles and retinal damage.

Sampling and Tissue Processing

For each of the microparticle injected groups, one third of the animals were sampled at 4
weeks after the subretinal injection of microparticles, and two thirds were sampled at 8
weeks. Prior to sampling, animals were intraperitoneally injected with 1mL or 2mL of
Euthanyl at 65mg/mL, and transcardially perfused with 4% PFA. Eyes were sampled and
sectioned as previously described (Renwick et al., 2005). Slides were washed for three
minutes in Tris-buffered phosphate (TBS), followed by incubation for three minutes in
DAPI (Img/mL) diluted in TBS. The slides were rewashed in TBS for three minutes,

concealed with a coverslip and Antifade.
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Results

SEM and TEM Characterization

SEM images of tat-EGFP-loaded chitosan microparticles showed that chitosan
spheres range in size from about 0.3-3.0 um (Fig. 5.1A). Non-spherical stem-like
particles are also formed. A TEM image of similar composition chitosan microparticles
(Fig. 5.1B) confirmed the presence of sub-micron microspheres that would be difficult to
detect by conventional light microscopy. The microparticle size and shape may have
been affected by a number of factors. Chitosan is a positively charged biopolymer. In
the presence of the crosslinker TPP, some of the positive charges are neutralized by the
negatively charged TPP, but the extent of this may be variable. Thus, the overall shape
and size of the microparticles may be dependent on the nature and concentration of the
protein being encapsulated (as we showed previously with EGFP and PEG-PLA (Rafat et
al., 2010), on the concentration of the chitosan biopolymers (Calija et al., 2011), and on

the nature and concentration of the crosslinker.

Protein Release from Microparticles

Two in vitro methods were used to assess protein release from chitosan
microparticles. In the first method, BSA- or GFP-encapsulated chitosan microparticles
were suspended in medium, and at each sampling timepoint, the medium was centrifuged
to pellet the microparticles and the supernatant was collected and analyzed for the
presence of released protein. The microparticles were then re-suspended (with agitation)

in fresh
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Fig. 5.1. SEM (A) and TEM (B) images of chitosan microparticles.

SEM shows chitosan spheres ranging in size from approximately 0.3-3.0 um. Non-
spherical stem-like particles are also visible. TEM confirms the presence of sub-micron
microspheres. Bar =0.5 pm.
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medium, and returned to 37°C until the next sampling timepoint. Using this method a
biphasic release profile was obtained. There appeared to be an initial burst of
protein release within the first 24 hours, and this was followed by a slower, sustained
release over the next 20 days (Fig. 5.2A, B). The initial burst may have been due to the
release of protein at, or close to, the particle surface, and was undoubtedly aided by the
centrifugation and re-suspension of the particles, which would have aided in breaking
them down and releasing their contents. The sustained release phase likely resulted from
protein release through the slow degradation of the microparticles or through gradual
diffusion of proteins from the microparticle core.

The second method of assessing protein release did not involve repeated
centrifugation or re-suspension of the microparticles. With this method, there was a slow
and steady release of protein from the microparticles, as opposed to the biphasic release

observed with the first method (Fig. 5.2C).

BSA vs. Tat-EGFP release profiles

Both protein release methods resulted in approximately the same total release of
BSA protein by the end of the 20-day period. However, the cumulative release for BSA
was higher than that of tat-EGFP. As shown in Fig. 5.2, 11 ug BSA was released from
each mg of CMPs over a period of 20 days, accounting for about 55 % of total BSA
encapsulated. These numbers were 1.1 pg and 21%, respectively, for tat-EGFP release.
The higher release for BSA may be attributed to the nature of the protein, but is most

likely related to the higher initial ratio of BSA to chitosan used for the fabrication of
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Fig. 5.2. Release Kinetics of chitosan microparticles.

Total amount of protein release is shown on the left axis, and percentage of encapsulated
protein released is shown on the right axis. For tat-EGFP (A), an initial burst of protein
release is followed by a more gradual release over time. Control, non-encapsulated
protein shows minimal degradation with time. BSA release (B, C) was assessed using 2
methods (see Materials and Methods). The first method (B) shows a biphasic release
profile, similar to that obtained for tat-EGFP. The second method, which does not
involve perturbation of the CMPs through multiple centrifugation and resuspension steps,
shows a gradual protein release over time (C). Both methods resulted in approximately
50% release of encapsulated protein within 20 days.
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particles (e.g. 0.8 for BSA compared to about 0.17 for Tat-EGFP). These results are in-
line with our previous study using PEG-PLA in which we found that the cumulative
protein released was directly proportional to the concentration of protein initially used for

encapsulation (Rafat et al., 2010).

In vitro toxicity of CMPs

CMPs containing encapsulated tat-EGFP were tested for cellular toxicity in 661W
cells, a transformed photoreceptor-derived mouse cell line. Tat-EGFP-encapsulated
CMPs were used for this study (and for the in vivo subretinal injections described below)
in order to allow tracking of the microparticles through fluorescence microscopy.

Several concentrations of microparticles were tested (0.5 mg/mL medium, 1.0 mg/mL
and 10 mg/mL). Cell viability was analyzed using alamarBlue assays after 24 and 48
hours in the presence of CMPs.

Chitosan microparticles adhered to the surface of 661W cells, and were seen to
associate with cells after 24 hours in culture (Fig. 5.3A-D). The lower concentrations of
CMPs (0.5 mg/mL and 1.0 mg/mL) were not toxic to the cells. Cell viability was >95%
after 48 hours in the presence of the microparticles. However, 10 mg/mL of CMPs had
significant impact on the viability of the cells. Approximately 50% of the cells were
compromised within 24 hours, and there was approximately 90% cell death at 48 hours,
as assessed by the alamarBlue colorimetric assay (Fig. 5.3E). It remains to be seen if this
is due to the release of toxic factors from the CMPs or to the ‘suffocation’ of the cells

because of the sheer number of CMPs adhering to their cell surface. Cellular toxicity by
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Fig. 5.3. Phase contrast and fluorescence images of 661 W cells showing cell surface
localization of the eGFP-loaded microparticles after 24 hours in culture.

(A, B)—-0.5mg/mL. (C,D)—- 1.0 mg/mL. (E) Cell viability, as assessed by AlamarBlue
staining. There is no cellular toxicity at the low CMP concentrations of 0.5 and 1
mg/mL. However, there is significant cell death in the presence of 10 mg/mL CMPs, at
both 24 hours and 48 hours in culture. Bar =100 pm.
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chitosan is not completely unexpected. Hu et al. (Hu et al., 2011) reported toxic effects
on zebrafish embryos that were both concentration and size dependent, with smaller
particles and higher concentrations having higher toxicity. Prego et al (Prego et al., 2005,
2006) reported toxic effects of chitosan nanoparticles on Caco-2 human epithelial

colorectal adenocarcinoma cells at concentrations of 1 mg/mL.

In vivo injections of CMPs into the subretinal space of rats

In order to test the therapeutic potential of CMPs as drug delivery vehicles for the
treatment of retinal diseases, the microparticles were injected into the subretinal space of
Long Evans rats. Based on the in vitro toxicity assays, two concentrations of
microparticles were injected: 1.0 mg/mL and 10 mg/mL in a volume of 2 pL.. Animals
were followed for a period of 8 weeks after the subretinal injection using bi-weekly
electroretinograms to test effects on retinal function. Adeno-associated virus (AAV)
carrying EGFP was injected as a positive control for the injection procedure and for the
expression levels of EGFP. Fundus images were taken at each ERG timepoint using both
regular illumination and fluorescence microscopy.

Subretinally injected CMPs were still present in the subretinal space at 8 weeks
after delivery, making them ideal long-term therapeutic delivery agents. However,
subretinal injections with CMPs were much more challenging than AAV-GFP injections.
Due to the adhesive nature of the microparticles, CMPs would often obstruct the needle,
thus increasing the injection pressure required to deliver them into the subretinal space.

This increased pressure would often cause increased damage at the injection site.

140



Electroretinography

The electroretinogram (ERG) is a measure of retinal function. The a-wave of the
ERG results from photoreceptor activation and the amplitude of the b-wave is indicative
of overall retinal health. ERGs were conducted at 2, 4, 6 and 8 weeks after CMP
injection. In order to test the effects of the CMPs on retinal function, the amplitudes of
the a-wave and b-wave were compared between the CMP-injected left eyes of the
animals and their uninjected control right eyes.
CMP-injected eyes showed a significant decrease in both a-wave and b-wave amplitudes
at 2 weeks after the injection (Fig. 5.4A). Most of this decrease is probably attributable
to the injection procedure itself. We and others have previously shown that it takes
several weeks for the eye to fully recover from any subretinal injection (Leonard et al.,
2007; Timmers et al., 2001). By 4 weeks, the eyes injected with Img/mL CMPs
appeared to be recovering from the injection procedure, and their a-waves were no longer
significantly different from the uninjected controls (Fig. 5.4B). At this timepoint, the
ERGs of eyes injected with 10 mg/mL CMPs were still significantly decreased in
comparison to their uninjected controls, and were now also significantly different from
the eyes receiving 1 mg/mL CMPs. This trend persisted at 6 weeks; there were no
significant differences between uninjected eyes and those receiving 1mg/mL CMPs, but
significant decreases in both a- and b-wave amplitudes of 10 mg/mL-injected animals in
comparison to the other 2 groups (Fig. 5.4C). By 8 weeks, there appeared to be some
recovery in all injected eyes; however, the eyes injected with 10 mg/mL of CMPs still
showed significantly reduced a- and b-waves in comparison to the uninjected controls

(Fig. 5.4D). The ERG data suggest that CMPs may be toxic to the retina at higher
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Fig 5.4. ERG analysis of CMP treated retinas. The injection procedure results in a
depressed ERG amplitude in both CMP groups at 2 weeks. At 4 weeks, the animals
injected with 1 mg/ml appear to be recovering from the injection and are statistically
better than the 10 mg/ml group. By 6 weeks, there is no difference between control,
uninjected eyes and those receiving 1 mg/ml CMPs, but the 10 mg/ml group continues to
show reduced ERGs. Statistical analysis was conducted using StatView for Windows
(vers. 4.5). Statistical significance between test groups was assessed using one-way
ANOVA with a Scheffe post-hoc analysis. P-values are shown between test groups.
Significance is indicated by a red asterisk.
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concentrations. This is manifested in lower ERG amplitudes with higher concentrations
of CMPs. This explanation seems to be supported by the in vitro data, which suggest that
higher concentrations of chitosan microparticles are toxic to 661W cells. The ERGs also
suggest that the degradation of the CMPs with time may allow some recovery of.
function. This might account for the reduced significant differences in ERG amplitudes

at 8 weeks after the CMP subretinal injections.

Fundus imaging and histology

In vivo imaging of the retina under light and fluorescence microscopy was used to
assess the status of the retina following the subretinal injection, and to determine the
‘spread’ of the microparticles from the site of the injection (Fig. 5.5). CMPs appeared as
particulate matter in the subretinal space. The fluorescent particles were often clearly
seen in eyes injected with the higher concentration of CMPs, but were not as evident with
the lower concentration. A few injections showed spread of the CMPs from the injection
site, whereas others appeared to show clustering of CMPs at localized sites in the
subretinal space (Fig. 5.5). By comparison, AAV-GFP-injected eyes showed beautiful
spread of the injected material and widespread fluorescence in the subretinal space (Fig.
5.5)).

Histology was used to confirm the observations of the in vivo retinal imaging.
Histological effects on the retina depended on the state of dispersion of the chitosan
microparticles. For both concentrations, disruptions to the characteristic laminar

structure of the retina were seen when microparticles clustered together in the subretinal
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10 mg/ml

Fig. 5.5. Fundus images under bright field and fluorescence of animals injected with 1
mg/ml (A-D) or 10 mg/ml (E-H) of tat-EGFP encapsulated CMPs.

The CMPs are difficult to see in the subretinal space at the lower concentration except for
a small number of clustered particles (arrows). At the higher concentration, the fundus
images in E and F show clustered particles, whereas those of G and H show more
dispersed particles in the subretinal space. (A, B, E, F) Fundus images at 2 weeks after
the injection. (C, D, G, H) Fundus images at 6 weeks after the injection. An AAV-
injected retina (at 4 weeks) shows higher levels of GFP fluorescence (I, J). In contrast,
the uninjected control shows a complete lack of fluorescence (K, L). Fluorescent images
were enhanced in Adobe Photoshop 7.0 to allow visualization of CMPs in the subretinal
space.
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space, inducing localized detachments of the retina and rosetting at the injection site (Fig.
5.6). When CMPs were adequately dispersed, the laminar structure of the retina was
unaffected. By contrast, AAV-GFP injections were rarely disruptive of retinal structure

(Fig.5. 6).

Discussion

Ocular therapy is a burgeoning industry, but most therapeutic agents are delivered
topically onto the corneal surface of the eye. Therapeutic agents are quickly washed
away by the tear film, limiting their therapeutic potential. Nanoparticle and microparticle
research in anterior segment diseases aims to develop delivery vehicles that will prolong
half-life and achieve a longer-term controlled release of the therapeutic agent. Numerous
studies have been conducted on chitosan use in topical delivery of drugs to the cornea
(for review, see (Basaran and Yazan, 2012)). These studies suggest that chitosan is well-
tolerated and increases the drug retention time on the ocular surface, allowing greater
permeation through the cornea. There are very few studies that have examined chitosan
delivery intraocularly. Prow et al (Prow et al., 2008) suggest that chitosan microparticle
delivery into the vitreous of the eye may be toxic to the retina; however, as previously
stated, the authors acknowledged that the inflammatory response induced by chitosan
may have been influenced by the purity of the material. Yang et al (Yang et al., 2008)
examined the use of chitosan as a vitreous tamponade material, and concluded that there
were no clinically significant effects caused by the material, with only slight increases in

inflammatory factors. This would further suggest that the problems seen by Prow and

145



10 mg/ml 10 mg/ml

. »
i

No injection control e i sty ‘AAV control

Fig. 5.6. In vivo immunocytochemistry showing CMPs in the subretinal space.

Both concentrations showed minimal disruption of the retinal structure when CMPs were
adequately dispersed (A, C). However, when there was aggregation of microparticles,
retinal architecture was severely disrupted, irrespective of the concentration of the CMPs
(B,D). An uninjected control (E) and an AAV-injected control (F) are shown for
comparison. All images were taken at 4 weeks, except for (B) which was taken at 8
weeks. Bar =100 um.
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colleagues might be related to the purity of the sample, and not the toxicity of chitosan.
Importantly, both of these studies injected chitosan into the vitreous, and not the
subretinal space.

In the current study, the in vivo results obtained with electroretinography, retinal
imaging and histology suggest that the higher concentrations of microparticles are
disruptive to the structure and function of the retina. The in vitro results appear to
support the in vivo data. However, the effects observed may have two possible
explanations. It is entirely possible that chitosan microparticles, at high concentrations,
may be chemically toxic to retinal cells. The potential toxicity of chitosan in non-ocular
tissues has been reported by others (Hu et al., 2011; Prego et al., 2005, 2006). Since it is
difficult to determine the exact concentration of chitosan exposed to individual cells in all
the current and previous studies, it is difficult to make a definitive conclusion. Due to the
adhesive nature of the chitosan microparticles, and the resulting clustering of the
particles, the effective concentration seen by some cells may be different than others. In
our study, the clustering of particles caused localized disruptions in retinal structure.
Where CMPs were nicely dispersed, no disruption in retinal structure was seen,
irrespective of the initial concentration injected. In addition, the adhesive nature of the
CMPs made subretinal injection challenging, and clumped particles were ejected from the
syringe with greater pressure, increasing the damage at the injection site. For this reason,
it is difficult to determine whether the toxic effects of CMPs resulted from the chemical
nature of the particles or from the difficulties with injecting the adhesive particles. The in
vitro toxic effects may also be attributed to the adhesive nature of the particles, which

attached to the cells and were concentrated on the cell surface. The level of toxicity
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found in our study, and in a few other studies, is difficult to reconcile with the numerous
studies in the literature showing that chitosan is safe and well tolerated. The differences
may be attributed to the cell types examined, the effective concentration of the chitosan

seen by each of the cell types, or possibly the fabrication process used to generate the

microparticles.

Conclusions

Overall, this study suggests that chitosan microparticles are effective long-term
delivery agents to the outer segment of the retina. Chitosan microparticles exhibited
enhanced encapsulation capacity and a better release profile than the PEG-PLA
microparticles investigated in our previous study. The percentage of encapsulated tat-
EGFP released from chitosan microparticles was 21% over 20 days, in comparison to 1-
5% over 30 days for PEG-PLA. However, the concentration of chitosan microparticles
may be critical in determining the extent of toxicity. It is also important to ensure that
chitosan microparticles are adequately dispersed during the injection procedure in order

to ensure minimal disruption to retinal structure and function.
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CHAPTER 6: GENERAL DISCUSSION
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The work described in this thesis evaluated the potential for using XIAP as a
therapeutic in both chronic and acute forms of retinal degeneration. In the second
chapter, we evaluated the potential for XIAP gene therapy to protect against a genetic
form of retinal degeneration, Leber’s hereditary optic neuropathy (LHON). This form of
retinal degeneration is amenable to gene therapy since it is a progressive disease
requiring long-term interventions. In the third and fourth chapters of the thesis, we
examined the potential for XIAP as a therapeutic in retinal detachment. We first
developed the model (Chapter 3) and then examined the protective effects of XIAP gene
therapy. Since retinal detachment is acute and often occurs without warning, the gene
therapy studies outlined in Chapter 4 provide important proof-of-principle for XIAP
efficacy but are not an ideal method for treatment, so in the fifth chapter, we examined an
alternative strategy (chitosan microparticles) for delivering proteins to the retina. Each of
the chapters is discussed in further detail below.

The first manuscript (in Chapter 2) entitled “XIAP over-expression protects optic
nerve structure and function in the mutant ND4 mouse model of Leber’s Hereditary Optic
Neuropathy” firstly validated the work of Dr. John Guy and his group at the University of
Miami, showing that the administration of an adeno-associated virus, packaged with the
R340H mutant ND4, into the mouse vitreous can generate a dominant model of LHON.
We found that this vector mediated approach produced a variable disease phenotype
between animals and was slow acting (requiring greater than 4 months to ensure
complete onset of disease). These features were also observed in the literature as the time

points for disease onset typically ranged between 6 months and one year, and very large
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cohorts of animals were necessary to study the disease (Guy et al., 2009; Koilkonda et al.,
2014, 2010; Yu et al., 2012a).

Even though we did not see advanced disease in the LHON animals, in the second
part of the manuscript, we were able to evaluate the potential of XIAP-mediated
neuroprotection in the early stages of LHON disease. /n vitro studies showed that XIAP
is a potent inhibitor of apoptosis. A microarray was performed (Appendix A) to
determine the genetic changes after over-expression of XIAP in 661W cone
photoreceptor cells under control and apoptotic conditions. The results from this array
showed hundreds of genes that were differentially regulated, and fell into the categories
of cell proliferation, cell death and homeostasis, supporting studies in the literature that
show that XIAP not only prevents cell death in a caspase-dependent manner, but is
involved in multiple other caspase-independent pathways (Galban and Duckett, 2010). In
vivo, our studies showed that XIAP-treated axons within the optic nerve had a
significantly greater cross-sectional area compared to GFP-injected mND4 axons and the
architecture of the optic nerve was preserved. There was also evidence of functional
protection by PERG.

These data are promising, but modifications to the experimental design are
warranted in order to make the research more clinically applicable. Both in our study,
and in the preclinical studies performed by others (Koilkonda et al., 2014, 2014), the
therapeutic vector was delivered before the mutant ND4, which causes the disease. This
strategy ensured that the therapeutic vector had a good opportunity to start expressing
optimal levels of the transgene, and it provided proof-of-principal for the efficacy of the

therapy. However, in the clinical setting, therapy would most likely only be initiated
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after the onset of disease and thus, future studies examining the effect of XIAP therapy
delivered after the onset of disease are warranted.

One of the reasons why the eye is an optimal tissue for gene therapy and why
gene therapy has advanced so far in this model system is that the eye is considered to be
immune privileged due to its physical barriers, inhibitory ocular microenvironment and
its ability to regulate systemic immune responses (Zhou and Caspi, 2010). However, this
does not necessarily make the ocular system resistant to antibodies produced by the
immune system to neutralize viruses, such as AAV. In fact, anti-AAV antibodies are
quite prevalent in humans as a result of preexisting humoral immunity due to natural
exposure to AAV early in life (before the age of 2 years old) (Masat et al., 2013).
Consequently, gene therapy intervention will be most effective in naive patients on an
immunosuppression (B cell depletion) drug regime before and after surgery (Corti et al.,
2014). Neutralizing antibodies are also found in the sera of mice. Rapti et al. (2012)
showed that naive mice purchased directly from manufacturers had natural inhibitory
AAYV antibodies to AAV1 and AAV6. These results are quite striking as it was thought
that only larger animals (non human primates (NHP) and humans) harbored antibodies
against AAV serotypes. Furthermore, the murine AAV only contains ~50% amino acid
identity to AAV1-9 used in scientific research which makes these results even more
surprising (Rapti et al., 2012). In addition, Kotterman et al. (2015) found that an
intravitreal injection with AAV2 capsids (even capsids with other mutations such as 7m8
and 4YF) elicited an humoral response in non-human primates who had no neutralizing
antibodies before the injection and significant levels post-injection (Kotterman et al.,

2015). Furthermore, in 2008 the Hauswirth group (University of Florida) found that an
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intravitreal injection of AAV?2 in one eye mounted a humoral response, which completely
prevented transduction of AAV?2 in the contralateral eye two months later (Li et al.,
2008). These results show that the immune privileged eye is not completely protected
from humoral antibodies generated in the vitreous body, which can travel to other organs.
Although there does not seem to be a cell mediated response, anti-AAV antibodies are
prevalent in the eye and need to be considered when conducing gene therapy clinical
trials (Bennett, 2003; Kotterman et al., 2015; Wang et al., 2015).

These studies on neutralizing antibodies may be relevant to the current study.
Guy et al. (2009) administered the wild-type ND4 into the vitreous, followed by the
injection of mutant ND4, to generate the disease, three days later (Guy et al., 2009).
Similarly, we also injected our therapeutic vector (XIAP or GFP) prior to the disease
vector (mND4); however, in our study, the second virus was injected two weeks after the
first to ensure optimal XIAP expression before the onset of disease. Thus, it may be
argued that the reason for the slow disease progression or the variability in disease
manifestation between animals may be attributed to neutralizing antibodies (ie.
insufficient amounts of vector delivered to the retina). However, studies evaluating
neutralizing antibodies of the mutant ND4 and wild-type ND4 vectors created at the
University of Florida (where our preparations used for this thesis were generated) or the
University of North Carolina, showed significantly increased neutralizing titres in only
2/5 rhesus monkeys, suggesting the vectors do not illicit a strong response in all animals.
Furthermore, none of the monkeys showed an increase in stimulation index after T-cell
proliferation assays (Koilkonda et al., 2014). Moreover, all preclinical studies from other

groups using the ND4 subunit in rodents and rhesus monkeys which employed a double

154



injection of AAV2, did not present any reduction in transfection of the second virus
correlated to neutralizing antibodies and there was no indication of viral spread outside
the eye, with the exception of a few viral genomes found in the lymph nodes and the
spleen (Koilkonda et al., 2014, 2010; Yu et al., 2012a). This may be because the mouse
strain used, DBA1/J, may not produce a strong antibody response following AAV
injection. However, it is most likely that the three mutations of the capsid proteins of the
vector (Y444,500,730F) which were generated to evade intracellular degradation and
thereby increase the transduction of the retina (Petrs-Silva et al., 2009) may be so
effective at transducing the retina that fewer particles are necessary to obtain efficient
transgene expression. Thus, even if some of the viruses are neutralized, the loss may not
be sufficient to affect overall expression. In this thesis, immunostaining of the FLAG
tagged mutant ND4 confirmed that the second injection of virus was still effective at
promoting expression in the retina. There were some areas of the retina that were better
transduced than others, but that is to be expected after an intravitreal injection of any
vector. However, it is important to note that the best expression of the FLAG tag was
seen during the first set of experiments that were used to characterize the disease, and
where only one viral injection was conducted.

In the current study, even if neutralizing antibodies were present, this might affect
the severity of the disease, but it would not negate the results obtained with XIAP,
because any effects on disease progression would apply equally to both the GFP and
XIAP-treated groups. However, in future studies, the contribution of neutralizing
antibodies to the variability in phenotype between animals can be easily evaluated.

Neutralization assays can be performed on the serum and vitreous of DBA/1J mice after a
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first and second intravitreal injection. It would also be interesting to determine the time
course at which a humoral response is mounted and to determine the optimal timing for
subsequent injections. Furthermore, future studies can evaluate transgene expression after
a second viral injection within 72 hours of the first, (likely completely evading any B-cell
response) compared to the expression data after 2 weeks as presented here.

In terms of functional PERG results, despite efforts to reduce background noise
(such as recording on evening and weekends when other machines in the area are not
being used), the PERG traces were impacted by background noise and did not always
show a typical waveform. Further studies must be conducted that include more controls
and better insulation of the machine. Although, simply analyzing the crude N95
amplitude, XIAP treated animals show the strongest and often more typical waveforms.

Overall, the results of chapter 2 showed that XIAP was effective in protecting
structure of the optic nerve. However, there will be inherited retinal diseases in which
the mutation prevents the retinal cells from functioning properly. In this case, XIAP
might be able to preserve retinal structure and function, but it would not regenerate
retinal function. However, even in these situations, there might be a role for XIAP
therapy. For example, in the current gene therapy trials for Leber’s congenital amaurosis
(LCA), the wild-type RPE65 gene is being administered to RPE cells in patients that lack
the functional gene. These clinical trials have shown that despite an improvement in
visual function, the results are not long-lasting and are followed by a decline in vision as
a result of the underlying natural photoreceptor degeneration (Cideciyan et al., 2013a;
Jacobson et al., 2015). In situations such as this, a combination therapy involving XIAP

to protect the structure of the retina, in addition to the replacement of the defective gene
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to restore function should provide improvements in vision that may be sustained for the
long term.

The second and third manuscripts in this thesis (Chapter 3 and 4), further tested
the ability of XIAP to protect the retina. Employing the LHON model of Chapter 2, I've
tested the effects of XIAP in a chronic genetic model of retinal degeneration that affected
retinal ganglion cells and the optic nerve. In Chapter 3 and 4, we examined the effects of
XIAP gene therapy in a physically induced model of retinal detachment, which results in
the acute death of the photoreceptors.

In a previous study in rats, we showed that XIAP could protect photoreceptor
structure for up to 2 months following a retinal detachment. However, due to the
technical challenges of performing surgery in the small rat eye, we were unable to re-
attach the retina and examine the effects on retinal function. For this reason, we
developed a cat model of retinal detachment (Chapter 3) and tested the effects of XIAP
therapy in this model (Chapter 4).

XIAP was able to protect retinal structure in 4 of the 6 animals treated. The other
two animals each suffered surgical complications that made it impossible to assess
XIAP’s efficacy (one had a complete retinal detachment and the other developed a vitreal
hemorrhage). Despite the significant protection afforded by XIAP, the low number of
animals in each of the experimental groups reduced the power of the study and resulted in
a lack of significance in the functional analysis. We started with 6 animals in each
group. Based on our previous studies, we determined that this was enough to provide
enough power in the study to identify significant differences between experimental

groups. However, 3 animals (2 GFP-treated and 1 XIAP-treated) suffered complete
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detachments (caused by the gas bubble travelling around the retina due to the activity of
the animals). Another two animals presented with surgical complications in the form of
bleeding into the vitreous (vitreal hemorrhage) and fluid/cells entering the detached retina
(solid detachment). As a result, all quantitative results were based on four XIAP-treated
animals and three GFP-treated animals. These low numbers significantly reduced the
statistical power of the study. As a result, we observed significant differences in the outer
nuclear layer thickness analysis (p=0.05, by student’s t-test) but no significance in the
functional ERG test.

In terms of the functional assessment of the retina, a full-field ERG is not optimal.
This test records the average function of the entire retina, which includes attached and
detached portions, and areas that received the vector and those that did not. A more
appropriate test would have been the multi-focal ERG (mfERG), which can study the
function of specific areas of the retina, and in theory, could be positioned over the retinal
detachment to assess the focal effects of the XIAP gene therapy. Although we were able
to obtain a mfERG in one animal (Appendix B), and there was an observable reduction in
waveforms in the superior pole (which is where the detachment was induced), we found
that we were unable to reliably place the hexagonal array onto the feline retina in the
region of the detachment every time. The fundus camera on the VERIS mfERG system,
which is normally used to position the instrument over the desired location on the retina,
did not function due to the tapetum lucidum of the cat retina, a reflective layer under the
retina which allows incoming light that is not absorbed by the retina to be reflected and
interact with the photoreceptor cells a second time. The tapetum lucidum allows felines to

have superior night vision, but in the mfERG, the excess infrared light, which the fundus
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imagining system uses to illuminate the retina, was reflected back to the camera, resulting
in a loss of dynamic range and no fundus image. To solve this problem, we tried multiple
LED sources with different wavelengths, which all failed. We also tried to use the OCT
machine to image the retina, and without moving the animal’s head to replace the OCT
with the mfERG machine. However, since it was impossible to accurately show the
position of the hexagons in relation to the detachment, and to image the same area with
each subsequent ERG test, we were forced to use the full field ERG protocol.
Consequently, we did not see a significant difference between XIAP and GFP treated
animals, although there was a trend that the XIAP treated animals had higher waveforms
compared to the GFP group.

Despite the limitations outlined above, a large animal study such as this is very
important for the pre-clinical characterization of XIAP neuroprotection in the retina. It is
noteworthy, however, that these studies provide important proof-of-principle for XIAP
efficacy, but the gene therapy approach described here would not be suitable for the
treatment of retinal detachment in the clinic. Since a detachment often occurs without
warning, a therapy that quickly delivers anti-apoptotic agents to the retina would be ideal.
In contrast, viral delivery of a transgene requires approximately approximately 7 days
before expression is robust. Even with recent advances in the generation of self-
complementary AAVs, the speed of transgene delivery would not be sufficient to
preempt the rapid damage induced by a retinal detachment. As a result, alternative
strategies for rapid delivery of XIAP to the retina are warranted. This need led to the
studies in Chapter 5 of the thesis, where we examined the ability of biodegradable

chitosan microparticles to deliver proteins directly to the retina. Chitosan is a natural
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biocompatible and biodegradable polymer derived from crustaceans (Buranachai et al.,
2010). We encapsulated EGFP protein into the microparticles and studied the release
kinetics and the biocompatibility of the chitosan microparticles, with a future goal of
encapsulating XIAP protein, and using it to treat acute insults in the retina.

Not surprisingly, the results obtained with the microparticles indicated that the
concentration administered both in vitro and in vivo impacted the health of the
surrounding cells. We found that lower concentrations (0.5mg/mL and 1.0mg/mL) of
microparticles did not influence cell viability in vitro or in vivo, whereas the higher
concentration (10mg/mL) induced cell death in 661 W mouse photoreceptor cells and
within the retina (confirmed by reductions in the amplitude of the full field ERG).
Furthermore, irrespective of concentration, histological sections showed that areas where
microparticles clumped together produced malformation/rosetting of the retina, and areas
where the particles did not aggregate showed no changes in retinal architecture. These
results suggest that the mucosal-adhesive nature of the chitosan microparticles impacts
cell viability in culture by adhering to the surface of the cells. The ‘sticky’ particles also
impact the subretinal injection procedure by adhering to the injection needle and
requiring excess force to eject particles. Ultimately, the particles also affect the function,
and histology of the retina (by adhering to one another and causing folding and rosettes in
the retina).

After the publication of the fourth and final manuscript in this thesis, we
evaluated alternative methods to rinse the particles once they were produced. The
hypothesis was that we could possibly reduce the adherent properties of the particles.

Interestingly, we found that washing the particles with distilled water instead of PBS
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significantly reduced the ability of the particles to adhere to one another. We tested the
high concentration (10mg/mL) of this new formulation in an in vitro cell death assay, and
assessed the adhesive properties of the microparticles via immunofluorescence. There
was no cell death after 24 and 48 hours in culture. Interestingly, despite fixing the cells
treated with the microparticles for 48 hours, the particles all washed away during the
staining process (Appendix B), further stressing their reduction in adhesive properties.
Evidently, even small changes in the formulation process can affect the properties of the
microparticles.

As stated in the manuscript, it is difficult to determine whether the in vivo toxic
effects of microparticles was a function of their chemical nature (adhesivity) or due to the
difficulties with injecting the adhesive particles, since slightly more force may have been
used to eject the particles from the needle. Future studies can assess whether the new, less
adhesive formulation can cause the microparticles to disperse within the confined space
of the sub-retina, or if they will continue to aggregate. Furthermore, this new formulation
can also be employed to encapsulate XIAP protein for future retinal detachment studies.

Altogether, the results presented in this thesis clearly show the potential of XIAP
therapy in both chronic and acute forms of retinal degeneration. Future research in the
laboratory will build on these studies and work to bring XIAP therapy closer to clinical

trials.
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APPENDIX A: Microarray

In 661 W cone photoreceptor cells, there were 226 genes up-regulated and 206 genes
down-regulated when XIAP was over-expressed by plasmid transfection. When the same
cell lines are treated with TNF-a for 24 hours to induce apoptosis, there were 175 genes
up-regulated and 143 genes down-regulated. As is evident by the heat-map below, about
half of the genes completely change expression patterns when treated with TNF-a.
Differentially expressed genes, such as the pro-apoptotic BCL2 family member, Bim,
were validated and showed that reduced expression levels as the level of XIAP increased.
An apoptosis array also revealed novel targets for future work such as neuronal apoptosis

inhibitor family 1 (NAIP1) and Aktl (serine-threonine protein kinase).
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APPENDIX A PROTOCOL.

The microarray experiment was conducted as described in (Alvarez-Saavedra et al.,
2014). RNA samples (XIAP/EV and XIAP+TNF/EV+TNF) were first labeled with Cy5
or Cy3 by use of 3DNA Array 900 kits (Genisphere) according to manufacturers
protocols. MEEBO 38.5K arrays (mouse microarray slides) were then pre-washed in
warmed 2xSSC/0.2% SDS buffer, warm blocking solution (water, 5xSSC, SDS and
BSA) for 30 minutes, followed by a rinse with distilled water. The arrays were spun
(800RPM, 3 min), prewarmed to 42 degrees and incubated with 50ul of cDNA in the
hybridization chamber overnight. The next day, the microarray slides were washed with
2xSSC/0.2% SDS and 0.2xSSC/0.2%SSC, rinsed in water, and spun at 800RPM for 5
minutes. The second part of the 3DNA hybridization protocol was conducted, followed
by washing of the slides (similar to above), and the slides were then scanned using the
ScanArray express (Perkin Elmer). Results were analyzed with global loess, inter-array

normalization with the quantile method and statistical analysis by Web Array

(http://www.webarraydb.org/webarray/index.html). In each experiment, two arrays were
used, one with Cy3 for the control and Cy5 for the treated cells, and the second using the
reverse (Cy5 for the control and Cy3 for the treated) in order to prevent any false
positives. These results were then normalized to the control. M (log; ratio of XIAP/EV
signal) and A values (log, average signal strength) were then determined for all genes. A
gene was scored as differentially expressed on an array if it demonstrated a P-value
<0.01, an A value >8 and M (fold change) >2. In addition to microarray experiments, we
also analyzed the results of XIAP-661W and EV-661W in an apoptotic qPCR-array

(SABioscience).
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APPENDIX B: Microparticles

Following the same protocols found in Chapter 5, a new batch of chitosan microparticles
encapsulated with TAT-eGFP was generated. Microparticles were rinsed in water to
remove their adhesive properties, and incubated with 661W cells for 24 and 48 hours, at
the high concentration of 10 mg/mL (A). Cell viability was assessed after 24 and 48
hours. There was no cell death at either time-point, and 48 hours of incubation is shown
here (B). Furthermore, the immunofluorescence protocol appears to have washed away
most of the particles as very little fluorescence was seen in the brightfield (C) and GFP

(D) images. This suggests that the rinsing reduced the adhesive nature of the particles.
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