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ABSTRACT

Apoptosis (programmed cell-death) is a common final pathway through which cells
die in retinal degenerative diseases. The purpose of this project was to develop biodegradable
nanoparticles that quickly deliver XIAP, an inhibitor of apoptosis, to retinal cells following
acute insults. In vitro protein release profiles from different formulations were established,
and two cell types were incubated with nanoparticles to assess cellular uptake. Subretinal
injections were carried out in rats to assess in vivo localization and possible toxicity. In vitro
studies showed an initial burst of protein followed by sustained release, with overall low
levels of protein release. Cell culture experiments suggest that particles are mostly
membrane-bound, and some may be internalized. In vivo experiments revealed no signs of
toxicity, and protein localized within the photoreceptor layer. In conclusion, nanoparticles
may provide a good delivery system for XIAP; however higher levels of protein release are

needed for neuroprotection, warranting further investigation.
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1. Introduction

Retinal degenerative diseases affect millions of individuals all over the world, and
often result in irreversible loss of vision. The underlying causes, in many cases, are either
unknown or poorly understood. Retinitis pigmentosa alone is associated with mutations in
over 40 genes (Daiger, 2009). Developing a treatment based on underlying causes would
constitute a task of vast proportions, and require the exact gene and mutation to be known for

each patient, to select the best approach on an individual basis.

In many retinal degenerative diseases, cell-death occurs by apoptosis, a process of
programmed cell-death (Travis, 1998). This common denominator presents a potentially
useful tool for the prevention of retinal degenerations. Previous work in this laboratory has
shown that XIAP, an inhibitor of apoptosis, can protect photoreceptors iﬁ animal models of
retinal degeneration (Renwick et al., 2006; Petrin et al., 2003; Leonard et al., 2007; Zadro-
Lamoureux et al., 2008). Studies to date have used an AAV vector for the long-term delivery
of XIAP. Viral delivery may be effective for the treatment of progressive degenerative
diseases, however in the case of acute retinal insults such as retinal detachment and retinal
ischemia, photoreceptor cell death peaks within days, and a more rapid delivery is needed.
Delivering XIAP in protein form, fused with a protein transduction peptide, may represent an
effective alternative. However the problem of ocular delivery remains. A direct protein

delivery may confer protection for a few days, but longer-term protection is preferable.

This thesis investigates the use of biodegradable nanoparticles for controlled,
sustained delivery of Tat-XIAP to the retina. Protein release was evaluated both ir vitro and

in vivo, focusing on release profiles, cellular uptake, toxicity and in vivo localization.



1.1 The Retina

The retina, located at the back of the eye, is responsible for the detection of light, for
transforming the sensory input into action potentials, and for relaying this information to the
central nervous system. The mammalian retina is comprised of six distinct layers, containing
the neurons and their dentritic and axonal projections. These are the layer of photoreceptor
outer segments, the outer nuclear layer (ONL), the outer plexiform layer (OPL), the inner
nuclear layer (INL), the inner plexiform layer (IPL) and the ganglion cell layer (GCL). The
retina also contains one epithelial cell layer, called the retinal pigment epithelium (RPE).
(Bear et al., 2007; Purves et al., 2008). Figure 1 illustrates the different layers of the retina,

and the main cell types found in each layer.

Light entering the eye passes through all the neural layers, to be detected by
photosensitive pigments in the photoreceptor outer segments. The ONL consists of the inner
segments of the photoreceptor cells, or the cell bodies. Photoreceptors synapse with bipolar
cells, which are found in the INL. Bipolar cells then synapse with ganglion cells, located in
the GCL. The axons of ganglion cells extend to the central nervous system, and form the
optic nerve. The INL also contains two other cell types, horizontal cells and amacrine cells,
which are involved in lateral interactions. Synaptic contacts between photoreceptors and
bipolar cells or horizontal cells are found in the OPL, while bipolar cells and amacrine cells
synapse with ganglion cells in the IPL (Bear et al., 2007). The RPE is not involved in the
detection and propagation of the visual input, but plays a role in the maintenance of the
neural layers, regeneration of photopigments, and reduces light scatter at the back of the

retina (Greenstein and Greenstein, 2000). The outer layers of the retina receive blood supply
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Figure 1. Layered structure and cell types of the mammalian retina. (A) Depicts the different
layers of the retina: the retinal pigment epithelium (RPE), photoreceptor outer segments,
outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner
plexiform layer (IPL), ganglion cell layer (GLC) and ganglion cell axons. (B) Depicts
photoreceptor cell anatomy. Modified from Purves et al., 2008.



from the choroidal blood vessels, while the inner layers receive blood supply from the central

retinal artery (Kolb et al., 2009).

1.1.1 Photoreceptors and Light Transduction

Photoreceptor cells are composed of an outer segment, filled with membrane stacks,
or discs, which contain light-detecting photopigments, an inner segment, containing the cell
body, mitochondria and ribosomes, and a synaptic terminal (Bear et al., 2007; Kolb et al.,
2009). There are two types of photoreceptors, rods and cones, which differ in function. Rods
are involved in peripheral vision, and vision under low light conditions, while cones are
involved in daylight vision, colour vision and visual acuity. There are three types of cones,
differing in the photopigment they contain, which each absorb a different light wavelength,

and allow colour discrimination (Bear et al., 2007).

Light transduction occurs in the outer segments of photoreceptors. The photosensitive
pigments consist of a protein, an opsin, and a chromophore, called retinal. Unlike most
neurons, the resting potential of photoreceptors in the absence of a light stimulus is -40mV,
accompanied by a constant release of neurotransmitter at the synaptic terminal (Kolb et al.,
2009). When retinal absorbs a photon, it rapidly changes conformation from 11-cis to all-
trans, which induces conformational changes in the opsin (Kolb et al., 2009; Nicholls, 2001).
These changes lead to the activation of a G protein, Transducin, which in turns activates a
c¢GMP phosphodiesterase. Depletion of intracellular cGMP causes cGMP-gated cation
channels to close, thus ceasing normal sodium influx into the cell, and causing the membrane
to hyperpolarize. A major advantage of this biochemical process is that it allows for

amplification of the signal at different stages in the cascade. A conscious response to light



stimulus can be obtained from individual quanta of light (Hecht et al., 1942). Once released
from the opsin, all-trans retinal undergoes chemical changes and is recycled by the retinal
pigment epithelium. It is first reduced to all-trans retinol, then converted to 11-cis retinol by
esterification, and oxidized to restore 11-cis retinal. It is then transported back to the

photoreceptor outer segments where it is bound to a new opsin (Kolb et al., 2009).

Calcium plays an important role in photoreceptor adaptation to light. When cation
channels are closed, intracellular calcium levels decrease, which leads to adaptive changes to
moderate photoreceptor response to light. These include increased affinity of cGMP for
cation channels, increased cGMP levels, and lowered activation of transducin (Nicholls,

2001).



1.2 Electroretinography

Retinal function can be assessed by electroretinography (ERG), which consists of
recording the electrical response following light stimulation of the retina. In a clinical setting,
this is typically recorded by electrodes placed on the cornea. In a full-field ERG, the response
of the whole retina is recorded, and results represent an average of all the cells. The
detection of potentials at the cornea is possible because of the propagation of electrical
currents in the extracellular matrix. Electrical potential is recorded over time, and an ERG

trace is generated (Kolb et al., 2009).

The two major waves of the ERG trace, the a-wave and the b-wave, were first
reported by Gotch at the dawn of the 20" century (Gotch, 1903). A typical ERG trace is
shown in figure 2. The a-wave, generated by photoreceptor cells, is the first to appear. It has
a negative potential, and reflects the hyperpolarization of photoreceptors (Penn and Hagins,
1969; Brown, 1968). It can reflect either a combination of cones and rods, or cones alone,
depending on adaptation conditions (Hébert and Lachapelle, 2003). The b-wave, which
follows the a-wave, is positive, and believed to originate from retinal cells that are post-
synaptic to photoreceptors. There is some debate regarding the specific source of the b-wave.
In the 1960s, it was believed that it originated from Miiller cells, retinal glial cells which span
the retina, and caused by increases in extracellular potassium following neuron
depolarization (Kolb et al., 2009; Miller, 1973). In the 1990s, evidence suggested that the b-
wave origin lies in bipolar cells (Karwoski and Xu, 1999; Green and Kapousta-Bruneau,
1999; Masu et al., 1995). More recent studies suggest a contribution of third order neurons

(amacrine and ganglion cells) to the generation of b-waves (Dong and Hare, 2000). Likely,
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Figure 2. Typical ERG trace, depicting the negative a-wave and positive b-wave. Modified
from Kolb et al., 2009.



the b-wave results from more than one cell type, the contributions of which have yet to be
identified (Kolb et al., 2009). With longer duration light stimuli, the ERG trace can also
display a c-wave and a d-wave. These do not appear in human ERGs, where rapid flashes of
light are used. The c-wave originates in the RPE, and the d-wave from bi-polar cells and
possible involvement of 3" order neurons (Kolb et al., 2009). Often discernable on the
ascending segment of the b-wave are oscillatory potentials (OPs), high frequency waves,
which have clinical relevance because they can reflect the equilibrium between the metabolic

requirements of the retina and the vascular blood supply (Kolb et al., 2009).

ERG traces can be influenced by several factors such as light adaptation, the
wavelength of light stimulus, light intensity, as well as factors specific to the subject (such as
age or pupil dilation). It is therefore important to perform ERGs under the same conditions
when assessing changes in retinal function. ERGs are a useful tool for assessing retinal
function by comparing a-wave and b-wave amplitudes, for example before and after a
treatment or experimental manipulation, or to follow the progression of eye diseases. Often,
b-wave to a-wave ratios are calculated, as these are less susceptible to environmental factors

than amplitudes (Kolb et al., 2009).



1.3 Apoptosis

Apoptosis is a process of programmed cell-death, essential to multicellular organisms.
In animals, it plays an important role in development and tissue homeostasis (Li and Yuan,
1999). 1t is involved in the regulation of the number of cells in adult tissues, and in the
elimination of cells exhibiting abnormal behaviour (e.g. following overexpression of
oncogenes) (Alberts et al., 2002). Apoptosis is characterized by a decrease in cell size,
condensation of the chromatin, blebs on the membrane and the formation of apoptotic bodies,
which are then eliminated by phagocytes (Kerr et al., 1972). At a cellular level, apoptosis is
marked by DNA fragmentation (Nagata, 2000), and transfer of phosphatidylserine to the
outer cell membrane, (which plays a role in signaling for phagocytic cells) (Schlegel and
Williamson, 2001). At a molecular level the activation of apoptosis is dependant on
proteases, which cleave key cellular targets. Caspases, a family of cysteine proteases, have
over 100 known targets, which are cleaved near aspartate residues (Earnshaw et al., 1999;
Kaufmann and Hengartner, 2001). Caspases -2, -3, -6, -7, -8, -9 and -10 are involved in the
apoptotic pathways (Kaufmann and Hengartner, 2001; Strasser et al., 2000). Caspases are
synthesized as precursor proteins named procaspases. These precursors are composed of an
N-terminal prodomain, a large subunit containing the active site, and a small C-terminal

subunit (Chahory and Torriglia, 2006; Hunter et al., 2007).

1.3.1 Apoptotic Pathways

Apoptosis can be triggered by extracellular factors through the extrinsic pathway, or
intracellular factors, through the intrinsic pathway (Hunter et al., 2007). The initiation of

apoptosis requires the recruitment of initiator procaspases into groups or aggregates. In the



extrinsic pathway, extracellular apoptotic factors interact with death receptors on the cell
surface, such as Fas/CD95 or TNFa. These in turn recruit adaptors, which activate
procaspase-8, an initiator caspase, by proteolytic cleavage between the prodomain and the
large subunit. Activated caspase-8 then triggers the caspase cascade, leading to the activation
of effector caspases, such as caspases-3 and -7. Effector caspases cleave target cell-death
proteins, such as DNAse inhibitors or lamins. Alternately, caspase-8 can cleave Bid, a
member of the Bcl-2 family (Budihardjo et al., 1999), leading to the release of Cytochrome C
from mitochondria, thus recruiting the intrinsic pathway (Kaufmann and Hengartner, 2001).
The intrinsic pathway can be initiated by proteolytic cleavage of Bid (Heibein et al., 2000,
Stoka et al., 2001) or DNA damage (Kaufmann and Hengartner, 2001). Cytochrome C, once
released from mitochondria, forms a complex with Apaf-1 and initiator procaspase-9, the
apoptosome (Li et al., 1997). Recruitment of procaspase-9 to the apoptosome results in its
activation, and downstream activation of effector caspases -3 and -7 (Bratton et al., 2001,
Zou et al., 1999; Adrain and Martin, 2001). Downstream activation of caspases -3 and -7 is

common to both the extrinsic and intrinsic pathways (MacFarlane and Williams, 2004).

1.3.2 Apoptosis in the Eye

Apoptosis is involved in the development of ocular structures, both in the anterior and
posterior segments of the eye (Chahory and Torriglia, 2006). It also plays a role in the
maintenance of certain ocular tissues, such as the corneal epithelium (Ren and Wilson, 1996),
and is involved in corneal wound healing (Wilson et al., 2007). Many diseases of the anterior
segment of the eye have been associated with apoptotic cell death, such as dry eye disease,
graft rejection or cataract formation (Chahory and Torriglia, 2006). In the retina,

developmental apoptosis occurs in two phases, the early phase (where cell death is mediated
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by neurotrophic factors, interactions with glial cells and electrical activity) and the late phase
(where cell death is mostly associated with the absence of trophic factors) (Vecino et al.,
2004). Apoptosis has also been shown to be a common cell-death mechanism in retinal
degenerations (Travis, 1998; Xu et al., 1996; Nickells and Zack, 1996). (Doonan and Cotter,

2004)

Photoreceptor cells are thought to have predisposing characteristics which make them
susceptible to apoptotic death. Factors such as the use of cGMP-PDE as an effector molecule
in the light transduction pathway, which requires elevated metabolic activity to maintain
resting “dark” current might contribute to the vulnerability of photoreceptors to apoptosis
(Travis, 1998). This elevated metabolism is reflected in the high numbers of mitochondria in
photoreceptors, and high oxygen requirements (Steinberg, 1987). Oxidative stress can induce
apoptosis through the activation of caspases as well as calpains, another family of cystein

proteases (Sanvicens et al., 2004).

It has been shown that continuous light stimulation and activation of the transduction
cascade can result in energy depletion, enzyme activation or inhibition, or affect signaling
molecules, and thus induce apoptosis in photoreceptors. Even in the absence of light
stimulation, perpetual activation of the transduction cascade can result from vitamin A
deprivation (as vitamin A is a precursor of 11-cis-retinal) or mutations in components of the

transduction cascade or in proteins responsible for recycling photopigments (Fain, 2006).

Increases in intracellular levels of calcium play a role in apoptosis induction in retinal
cells, through the activation of secondary messengers, impaired electron transport (and

increased levels of reactive oxygen species), DNA damage or calpain activation (Cregan et
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al., 2004; Marigo, 2007). Calpains I and II are expressed in the retina (Chiu et al., 2005).
Activated calpains can result in activation of caspase-12 (which can directly activate caspase-
9, (Morishima et al., 2002)) or in the release of the apoptosis inducing factor (AIF) from
mitochondria, thus recruiting caspase-independent apoptotic pathways (Sanges et al., 2006).
Calpain involvement has been shown in models of retinal ischemia, light-induced
degeneration and retinal detachment (Doonan and Cotter, 2004). Similar calpain activation

can occur as a result of protein misfolding (Sanges et al., 2006).

The main excitatory neurotransmitter of the mammalian retina is glutamate (Massey,
1990). This may also contribute to photoreceptor susceptibility to apoptosis, as glutamate is
often associated with excitotoxicity, where elevated neurotransmitter release or impaired
reuptake from synapses result in overactivation of glutamate receptors and increased calcium

influx (Cregan et al., 2004).
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1.4 Inhibitors of Apoptosis

Caspase-dependent apoptosis is a very multifaceted and highly regulated pathway,
involving many regulator proteins. Two families of proteins that are known to regulate
apoptosis are the Bcl-2 family and the inhibitor of apoptosis (IAP) proteins. Members of the
Bcl-2 family regulate the intrinsic pathway of apoptosis by mediating mitochondrial outer
membrane permeabilization (MOMP) and subsequent release of intermembrane space (IMS)
molecules such as cytochrome C, IAP inhibitors (eg Smac/DIABLO) or other pro-apoptotic
factors (eg Endonuclease G, AIF) (Kuwana and Newmeyer, 2003). Proteins of the Bcl-2
family are characterized by the presence of Bcl-2 homology domains (BH1-4). Effectors
proteins such as Bax and Bak permeabilize mitochondrial membranes by forming proteolipid
pores in response to pro-apoptotic signals (Leber et al., 2007). Anti-apoptotic members Bcl-2
and Bcl-X; prevent pore formation and block release of IMS molecules by interaction with
Bax and Bak, or with their activators (Dewson and Kluck, 2009). Members of the Bcl-2
family containing only the BH3 domain regulate apoptosis by interaction with other
members. Bid, for example, interacts with and activates pro-apoptotic Bax and Bak, while
Bad is an inhibitor of anti-apoptotic Bcl-2 and Bel-X, (Letai et al., 2002). Bid, which can be
proteolytically cleaved and activated by caspase-8, allows recruitment of the intrinsic
apoptotic pathway by the extrinsic pathway (Li et al., 1998). Bcl-2 proteins can also
indirectly regulate mitochondrial membrane permeabilization by mediating release of

calcium from the endoplasmic reticulum (Scorrano et al., 2003).

IAPs are characterized by the presence of at least one baculoviral IAP repeat (BIR)
domain, which is cysteine-histidine rich and of a globular structure (reviewed by Liston et

al., 2003). BIR domains are not unique to IAPs, which are further characterized by their
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ability to inhibit apoptosis. One member of the IAP family, the X-linked inhibitor of
apoptosis (XIAP), possesses three BIR domains, a Really Interesting New Gene (RING) Zinc
Finger (RZF), and an internal ribosome entry site (IRES). A functional map of XIAP is
shown in figure 3. XIAP’s ability to inhibit caspase activity has been attributed to the BIR
domains. The BIR2 and BIR3 domains of XIAP inhibit caspases-3 and -7, and -9,
respectively. Inhibition of caspase-3 and -7 by BIR2 is largely dependent on the BIR1-2
linker region (Sun et al., 1999). XIAP inhibits these two caspases by preventing the normal
caspase substrates from entering the catalytic sites. Caspase-3 is inhibited by a competitive
mechanism requiring only the BIR2 linker region (Huang et al., 2001), while Caspase-7 is
inhibited by a competitive and a noncompetitive mechanism involving the linker region and
the BIR2 domain itself (Suzuki et al., 2001a). Caspase-9 inhibition by XIAP is possible
following self-cleavage of caspase-9, which enables the binding of XIAP’s BIR3 domain.
This induces a conformation change, which prevents homodimerization of caspase-9 and
stabilizes it in an inactive state (Shiozaki et al., 2003). Through its RZF domain, XIAP can
trigger ubiquitination of caspases-3 and -7 and target them for degradation by the proteasome
(Suzuki et al., 2001b). XIAP can also self-ubiquinate, leading to degradation (Yang et al.,
2000). The third XIAP BIR domain, BIR1, is believed to be involved in reducing XIAP self-
ubiquitination, playing a role in its stabilization (Dan et al., 2004). XIAP itself is regulated by
many factors, such as XAF1, Smac or Omi, which interfere with caspase inhibition (reviewed

by Hunter et al., 2007).

1.4.1 XIAP gene therapy

Because of its ability to inhibit caspases-3, -7 and -9, and thus intervene in both the

intrinsic and extrinsic apoptotic pathways, XIAP shows great potential for therapeutic use in
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Figure 3. Functional map of XIAP activities and interactions. The 5’ and 3’ UTR regions are
not shown to scale. BIR: baculoviral IAP repeat, IRES: internal ribosome entry site, UTR:
untranslated region. Modified from Liston et al., 2003.
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various diseases where unwanted cell-death occurs. Gene therapy opportunities using XIAP
have been a popular topic of investigation in the past decade. In the brain, XIAP has been
shown to protect neurons in a four-vessel occlusion global ischemia model (Xu et al., 1999),
where CA1 neurons were preserved on a histological basis, and showed functional rescue.
XIAP neuroprotection has also been seen in a Parkinson’s disease model, in response to
MPTP toxicity (Eberhardt et al., 2000; Crocker et al., 2003). In retinal disease models, XIAP
protection has been shown in a hypertensive glaucoma model in the rat (McKinnon et al.,

2002) and in an optic nerve axotomy model (Kugler et al., 2000).

Studies from our lab have investigated a neuroprotective role for XIAP in retinal
degeneration models. In a chemically induced model of retinal degeneration using N-methyl-
N-nitrosourea (MNU), injection of a recombinant adeno associated virus (rAAV)-XIAP
vector resulted in fewer apoptotic (TUNEL-positive) cells in the ONL than control uninjected
eyes, and even showed functional protection (Petrin et al., 2003). Similar protection in cell
numbers and function was also observed in rat models of retinitis pigmentosa (Leonard et al.,
2007), a genetic disease marked by progressive photoreceptor death. In a retinal ischemia
model where an adeno-associated viral vector expressing XIAP was injected prior to
induction of ischemia, preservation of cells in the INL of the retina and in the ganglion cell
layer (GCL) was seen as well as functional protection (Renwick et al., 2006). In a model of
retinal detachment, preemptive delivery of XIAP protected photoreceptors from apoptosis

(Zadro-Lamoureux et al., 2009).
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1.5 Cell Penetrating Peptides (CPPs)

Cell penetrating peptides, also called protein transduction domains (PTDs), are
peptides that have the ability to cross cell membranes. Their ability to do so presents a
potentially useful tool for the delivery of amphiphilic or large molecules or compounds to
intracellular targets. Many CPPs have been identified, originating from various proteins.
Some of the major families include the Tat family (Tat and its derivatives), penetratins (e.g.
pAntp), chimeric CPPs (e.g. transportan) and human calcitonin (hCT)-derived peptides
(reviewed by Foerg and Merkle, 2008). CPPs are typically cationic in nature, often rich in
arginine residues (the number of Arg residues is believed to correlate with efficiency of
transduction) (Foerg and Merkle, 2008; Wadia and Dowdy, 2002). They have been used to
carry a variety of cargos, including proteins (Harada et al., 2002; Fawell et al., 1994), siRNA
(Simeoni et al., 2005), DNA (Rudolph et al., 2003; Ignatovich et al., 2003) and nanoparticles

(Koch et al., 2003; Lewin et al., 2000).

The Tat peptide used in this project, Tat(47-57), consists of eleven residues of the
HIV-1 Tat (trans-activator of transcription) protein, YGRKKRRQRRR (Wadia and Dowdy,
2002). For the purpose of this thesis, Tat(45-57) will simply be referred to as “Tat”, although
several other Tat-derived CPPs exist. While early reports believed Tat transduction to be a
passive process, independent of endocytosis (Vives et al., 1997; Derossi et al., 1994), these
conclusions were later attributed to experimental artefacts. There is no consensus as to the
mechanism by which Tat traverses cell membranes. There is evidence to support transduction
by macropinocytosis (Wadia et al., 2004; Kaplan et al., 2005; Sugita et al., 2008), while other

groups believe in a different, lipid-raft independent endocytic pathway (Richard et al., 2003,
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Richard et al., 2005). Tat has been shown to internalize cargos as large as 100 kDa, and can
be transduced into most tissues and cell types, in vitro (Fawell et al., 1994) and in vivo
(Schwarze et al., 1999), with a few exceptions (e.g. cells which form tight junctions) (Violini
et al., 2002). It has also been reported that Tat is more resistant to metabolic degradation than
other CPPs (hCT(9-32) and penetratin) (Trehin et al., 2004). Despite many advantages, Tat
does present one disadvantage for protein transduction into the cytoplasm: reports show that
it eventually translocates from the cytoplasm to the nucleus along with the attached proteins

(Vives et al., 1997).

To address the issue of nuclear localization, a cytoplasmic transduction peptide (CTP)
was designed by Kim et al. (2006). Amino acids in the Tat sequence were substituted to
eliminate the nuclear localization sequence (NLS). In culture, CTP displayed a higher
transduction potential than Tat and a fully cytoplasmic localization. It was able to deliver
cargo into various cell types, and internalized protein remained functional. The
internalization mechanism was suggested to be independent of lipid-raft based
macropinocytosis. CTP could be a promising alternative to the Tat transduction peptide for

cytoplasmic targets.
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1.6 Retinal Degeneration

1.6.1 Progressive Diseases

Retinal diseases such as retinitis pigmentosa (RP), glaucoma or age-related macular
degeneration (AMD) are leading causes of vision loss. Retinitis pigmentosa is estimated to
affect 1.5 million individuals worldwide (Foundation Fighting Blindness, 2009). It is
characterized by a loss of rod photoreceptor cells, and in late stages, of cone photoreceptors.
Patients initially experience a loss of night vision, gradually worsening to tunnel vision
(Purves et al., 2008). RP is associated with over 40 genetic loci, and can be inherited in
autosomal dominant, recessive, or X-linked fashions (Daiger, 2009; Foundation Fighting
Blindness, 2009). While there are no currently available therapies to cure or slow the
progress of RP, many treatment approaches are under scientific investigation. These include
nutritional supplementation, growth factors, retinal transplantation, stem cell therapy,
electrical stimulation and gene therapy (Rivas and Vecino, 2009). Many gene therapy
approaches focus on individual genetic mutations, and would be unpractical in a clinical

setting, where genetic screening would be required for each patient presenting with RP.

AMD, affecting over 800 000 Canadians, is marked by photoreceptor cell
degeneration in the macula, a small area of the retina responsible for central vision and visual
acuity (Foundation Fighting Blindness, 2009). While current treatments aim to reduce
damaging effects of fluid and blood accumulation in the space below the macula, other
approaches are under investigation, including siRNA, steroids and neurotrophic factors

(Foundation Fighting Blindness, 2009; Emerson and Lauer, 2008).
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Glaucoma, while not classified as a retinal degenerative disease, involves the death of
retinal ganglion cells (RGCs) and vision loss (Quigley and Green, 1979). Cell death has been
shown to occur via apoptosis in animal animals of glaucoma as well as in humans (Garcia-

Valenzuela et al., 1995; Kerrigan et al., 1997).

1.6.2 Acute Retinal Insults

While some retinal degenerative diseases involve progressive vision loss, other retinal
insults such as retinal ischemia and retinal detachment can occur unexpectedly and lead to
rapid cell-death. Retinal ischemia results from reduced blood supply from the central retinal
artery to the retina, which may be caused by vasoconstriction or thrombosis (Rosenbaum et
al., 1997b; Rosenbaum et al., 1997a). Deprived of sufficient oxygen levels to support their
high metabolic activity, cells in the ganglion cell layer (GCL), followed by the INL and the
ONL, are subject to physiological changes which lead to apoptosis (Rosenbaum et al.,
1997a). Cell death may be initiated within hours of the ischemic event (Kuroiwa et al., 1998).
Studies into the causes of this cell death have revealed the involvement of caspase activation
(Katai and Yoshimura, 1999; Singh et al., 2001). Current approaches to treat retinal ischemia
are directed towards restoring normal circulation and preventing excessive damage to the
retina (Renwick et al., 2006). They include laser therapy, ocular massage, anticoagulants,
vasodilators and neuroprotective compounds. However existing treatments are often
associated with risks, and only address certain aspects of ischemia without conferring long-
term protection (Rosenbaum et al., 1997a; Rumelt et al., 1999; Seigel et al., 2000; Fontaine et
al., 2002; Lafuente et al., 2002; Vallee et al., 2002). Previous work in our laboratory has
shown both structural and functional protection of the retina following viral delivery of XIAP

(Renwick et al., 2006).
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Retinal detachment is the separation of the neural retina from the underlying retinal
pigment epithelium, which results in a loss of metabolic support for the photoreceptors (Cook
et al., 1995; Zacks et al., 2003). Retinal detachments can occur following trauma or ocular
surgery, and are often associated with other eye diseases (Kang and Luff, 2008). They can be
caused by a retinal break which allows fluid from the vitreous to infiltrate the subretinal
space (thegmatogenous detachment), fluid accumulation from behind the retina into the
subretinal space (exudative detachment) or mechanical separation of the retina from the RPE
(tractional detachment) (Kang and Luff, 2008; Ho et al., 2003). While timely surgical
intervention and reattachment of the retina can allow partial recovery (Lewis et al., 2002),
cell death by apoptosis prior to reattachment can cause irreversible vision loss, with a peak in
photoreceptor apoptosis around 1-3 days following detachment (Cook et al., 1995; Arroyo et
al., 2005). Assays of caspase activation following retinal detachment have shown that
caspases-3, -7 and -9 are activated (Zacks et al., 2003). Viral delivery of XIAP prior to retinal
detachment has demonstrated its ability to preserve photoreceptor cells in the ONL of the rat

retina up to two months after detachment (Zadro-Lamoureux et al., 2008).

21



1.7 Ocular Drug Delivery

1.7.1 Routes of Administration

Drugs can be administered to the eye through the topical, systemic and intraocular
routes. Topical administration is a common choice for drug administration to the anterior
segment of the eye, as it is non-invasive and inexpensive. Administered drugs can enter the
eye through the cornea, conjunctiva and sclera. However, the corneal and conjunctival
epitheliums restrict drug permeability, and typically less than 5% penetrates the eye (Del
Amo and Urtti, 2008; Janoria et al., 2007; Hughes et al., 2005). Of this small percentage,
minute quantities reach the posterior segment of the eye. Topical administration can cause
blurred vision, and requires repeated applications for long-term action. Thus, topical
administration would be inappropriate for long-term delivery of drugs targeting the retina.
Systemic administration also poses the problem of poor bioavailability in the retina due to the
presence of the blood-retina barrier, composed of the RPE and tight retinal capillary walls
(Del Amo and Urtti, 2008). To obtain adequate drug levels in the retina, frequent
administration of high doses would be required, which presents risks of systemic toxicity

(Duvvuri et al., 2003).

Direct intraocular delivery bypasses the barriers presented by topical and systemic
administration, and allows targeted delivery to the retina. Drugs can be delivered directly into
the vitreous, for example for targeting diseases affecting the inner retinal layers, such as
retinal ischemia, or into the subretinal space (between the neural retina and the RPE), for
example after a retinal detachment, to target photoreceptor cells. However, drugs such as

proteins delivered directly into the eye typically have short half-lives. They are usually
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eliminated within a few days by protein turnover, or simply by diffusion away from the site
of action (Marmor et al., 1985). Where long-term action is desired, repeated intravitreal or
subretinal injections would be needed. In addition to reduced patient compliance, repeated
injections present risks of retinal detachment, vitreal hemorrhages, and endophthalmitis,

among others (Ausayakhun et al., 2005).

1.7.2 Sustained Delivery Systems

To address the need for long-duration drug delivery in the posterior segment of the
eye, several approaches to sustained delivery have been or are presently being developed.
This section addresses a few of the available systems. Viral vectors, liposomes, intravitreal
implants and micro- and nanoparticles are discussed, as well as advantages and
disadvantages associated with each system. Other approaches include periocular delivery,

cellular encapsulation and iontophoresis.

Viral vectors constitute a useful delivery tool for retinal gene therapy. Commonly
used is the adeno-associated virus (AAV), which offers the advantages of high efficiency,
versatility, long-term gene expression and no known adverse effects in vivo (Surace and
Auricchio, 2008; Alexander and Hauswirth, 2008). Depending on the choice of promoter,
gene expression can be modulated to target specific cell types, or to fall under the control of
different factors. One disadvantage of viral delivery is the slow initiation of gene expression,
which can take weeks (Surace and Auricchio, 2008). Gene upregulation is dependent on
virus transduction into cells, transport to the nucleus, decapsidation, and expression of the

transgene (Rabinowitz and Samulski, 2000). Another disadvantage is that once AAV has
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been delivered and has spread through the retina, it cannot be switched off or removed in the

event of complications with the transgene.

Liposomes are membranous vesicles, containing one or more lipid bilayers, ranging
in diameter in the nanometer to micrometer scale (Del Amo and Urtti, 2008). They can be
used to deliver lipophilic or water-soluble drugs, as they present hydrophobic and
hydrophilic compartments (either within the membrane or in the aqueous core). Advantages
of liposomes include improved drug half-life in the eye (Le Bourlais et al., 1996) and
biocompatibility (Del Amo and Urtti, 2008). Liposomes present the disadvantages of being
difficult to sterilize, having a short shelf life, and causing clouding of the vitreous (Del Amo

and Urtti, 2008; Janoria et al., 2007).

Intravitreal implants, as their name indicates, are implanted into the vitreal cavity or
through the sclera (usually called scleral plugs) for long-term drug release. Biodegradable
implants are usually made of biodegradable polymers, can be hydrophilic or hydrophobic,
and can be used to deliver a variety of drugs (Janoria et al., 2007). Nonbiodegradable
implants require surgical removal, but can deliver drugs for longer periods and are easier to
control than biodegradable implants. Intravitreal implants avoid problems caused by repeated
intraocular injections, and can deliver drugs up to six months (Del Amo and Urtti, 2008). A
few biodegradable implants have reached clinical trial stages, including poly(lactic-co-
glycolic) acid (PLGA) implants (Seah et al., 2005; Kuppermann et al., 2007). Disadvantages
associated with this technology include increased risks of cataracts, retinal detachment,
vitreal hemorrhage and increased intraocular pressure (Del Amo and Urtti, 2008; Lim et al.,
1999). In addition, surgical implantation and removal is invasive and does not encourage

patient compliance.

24



Micro- and nanoparticles range in size from 1-1000 um and 1-1000 nm, respectively.
Nanoparticles, more suited to subretinal applications due to their small size, can be
synthesized as nanocapsules or nanospheres. Nanocapsules consist of a polymeric shell and
inner core containing the drug, and nanospheres consist of a matrix structure containing
compounds either embedded in the matrix or at the surface (Sahoo et al., 2008). In vivo, the
encapsulated drug is normally released by diffusion, chemical reaction, polymer degradation
or an ion-exchange mechanism (Mainardes et al., 2005). The choice of material used to
produce nanoparticles depends on various factors such as release kinetics, biodegradable
properties, transparency, toxicity and minimal inflammatory response induction. Depending
on the material, nanoparticles have been associated with relatively few risks compared to
other sustained release systems. They can release drugs for several weeks (avoiding the need
for repeated injections), bypass ocular barriers, allow delivery directly to the target, and can
be injected in the subretinal space for direct action on photoreceptors (Del Amo and Urtti,

2008).

1.7.3 Polymeric Nanoparticles

Polymers such as poly(lactic-co-glycolic) acid (PLGA) and poly(ethylene glycol)-
poly(lactic) acid (PEG-PLA) are a popular choice of material for nanoparticle synthesis
because of their high stability in vitro and in vivo, their release profile (exhibiting a burst of
release in the initial stages followed by slow, sustained release over several weeks), and FDA
approval (Del Amo and Urtti, 2008). As nanoparticle degradation and protein release rates
are dependent on various factors including the type of drug being released and geometry of
the nanoparticles (Klose et al., 2008), as well as the material, formulation and synthesis

protocol (Blanco and Alonso, 1997), there is no universal formula for synthesizing
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nanoparticles with particular release kinetics. Several factors such as molecular weight,
polymer and protein concentration can be modified during synthesis to influence degradation
and consequent protein release. For example, when producing PLGA nanoparticles, changing
the poly-lactic acid (PLA) to poly-glycolic acid (PGA) ratio can modify polymer degradation
rates. This was shown in a study where the release of ovalbumin encapsulated in PLGA
nanoparticles was monitored over time: PLGA 50/50 showed a higher degradation rate than
PLGA 85/15 (Cao and Schoichet, 1999). Coating nanoparticles with poly(ethylene glycol)
(PEG) can increase the stability of hydrophobic polymers in an aqueous (or physiological)
environment, as PEG has a high hydrophilicity, chain flexibility, and absence of functional
groups (Gref et al., 1995). In one study, PLGA nanoparticles in a PBS solution were shown
to release close to 50% of the loaded BSA protein within the first week (Li et al., 2001),
while coating the nanoparticles with PEG increased drug release to 70% in 7 days. In the
case of polymeric nanoparticles, degradation of the polymer results from the hydrolytic
cleavage of ester bonds. Increased PEG content on nanoparticle surfaces has been associated
with increased rates of polymer degradation, probably because of increased hydrophilicity

(Avgoustakis et al., 2002).

The potential for polymeric nanoparticles to deliver proteins in the eye has been
shown in a few studies. One study in primates demonstrated the ability of PLGA
nanoparticles to deliver drugs into the vitreous cavity. Two drugs were injected into the eye,
and both were still detectable after 11 days (Peyman et al., 1992). Another study used PLA
and PLGA microspheres to deliver a fluorescent dye targeting the RPE. These nanoparticles
were administered subretinally, and were observed in the RPE cells for four weeks following

injection (Ogura and Kimura, 1995). Interestingly, intravitreal injections of PLA
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nanoparticles encapsulating Rhodamine 6G and Nile red in rats have shown an initial
localization at the inner limiting membrane (INL), followed by a transretinal movement of
the nanoparticles, and presence in the RPE as long as four months after injection (Bourges et
al., 2003). More recently, intravitreal injections of GDNF-loaded PLGA microspheres have
shown a neuroprotective effect in an rd1/rd1 mouse model of retinitis pigmentosa (Andrieu-
Soler et al., 2005) and in a rat model of glaucoma (Jiang et al., 2007). In the mouse model, a
delay in photoreceptor degeneration was observed, as well as increased b-wave amplitude in
ERGs, suggesting both structural and functional protection of photoreceptors after a single
injection of nanoparticles encapsulating neurotrophic factors. Similarly, in the rat glaucoma
model, PLGA nanoparticle-delivered GDNF increased survival of retinal ganglion cells

(RGCs) and showed preservation of inner plexiform layer (IPL) thickness.
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1.8 Project Rationale and Overview

While it has been demonstrated that a viral delivery of XIAP can prevent cell-death in
animal models of acute retinal degeneration, in the clinic a viral delivery of XIAP would be
impractical. Following retinal detachment, apoptosis of photoreceptors peaks within days,
and would likely precede upregulation of the transgene in an AAV vector. Thus, a new
system is required to deliver high levels of XIAP in a short time. A direct delivery of XIAP,
combined with a transduction signal for cellular uptake seems a favorable solution.

However, protein degradation and diffusion away from the target site would warrant repeated

injections, which would decrease patient compliance and increase risks of complications.

The current project investigated the use of biodegradable polymeric nanoparticles for
the encapsulation and sustained delivery of Tat-XIAP. The main objective was to develop a
formulation that can release protein for up to two months. Experiments were conducted with
Tat-EGFP, more readily available, and easier to detect using fluorescence and immunological
techniques than Tat-XIAP. Various formulations were designed and in vitro release kinetics
were established. The effect of sonication on nanoparticle size, dispersion and release as well
as on protein function was assessed. Tat-EGFP release and cellular uptake were assessed in
vitro in two different cell types. In vivo experiments were conducted to determine Tat-EGFP
release and tropism, and to test for any signs of toxicity or effects on retinal function

(determined by electroretinography).
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2. Procedures
2.1 Nanoparticle Design and Synthesis

For the current project, one formulation of PLGA nanoparticles (NP1) and six
formulations of PEG-PLA nanoparticles (NP2-NP7) were designed and synthesized by Dr.
Mehrdad Rafat, Ph.D. (Post-Doctoral Fellow, University of Ottawa Eye Institute). The
different formulations are summarized in Table I. All PLGA and PEG-PLA nanoparticles
were prepared by a water/oil/water (W/O/W) double emulsion solvent evaporation method as

established by McGinity and O’Donnell (1997).

PLGA nanoparticles (NP1) were prepared from PLGA (50/50) and loaded with 1 mL
of a 1.5 mg/mL Tat-EGFP solution. Their preparation involved the dispersion of the
(aqueous) protein solution in 5mL of a 2% polymer solution by sonication/homogenization.
The resulting primary emulsion was poured into a 0.4% aqueous poly-vinyl alcohol (PVA)
solution and homogenized to form a secondary emulsion. The secondary emulsion was then
poured into another solution of 0.2% PVA and stirred for 1 h for stabilization, followed by a
vacuum extraction to evaporate the organic solvent. The hardened micro/nanospheres were
collected by centrifugation, washed 3 times with deionized water or PBS, freeze-dried, and

stored at 4°C.

Six different formulations of PEG-PLA nanoparticles were developed (NP2-NP7).
Tat-EGFP at 3mg/mL or 6mg/mL in PBS was dispersed in 6mL of a 2% or 4% w/v solution
of PEG-PLA by sonication (see Table I for specific conditions of each formulation). The

resulting primary emulsion was poured into 40 mls of 1% aqueous PVA solution,

29



Table I. Summarized composition of nanoparticle formulations.

Material PEG MW (kDa) Protein Concentration Polymer
(mg/mL) Concentration (%)
NP1 | PLGA NA 1.5 3
NP2 | PEG-PLA 1 1.5 2
NP3 | PEG-PLA 5 1.5 2
NP4 | PEG-PLA 1 3 2
NP5 | PEG-PLA 1 3 4
NP6 | PEG-PLA 1 6 2
NP7 | PEG-PLA 1 6 4
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homogenized to form a secondary emulsion, and stirred for 3 hours for stabilization of the
particles and evaporation of the organic solvent. The solidified particles were centrifuged and
washed three times with PBS, frozen at -20 °C overnight, lyophilized for 7 hours and stored

in 4 °C until used.
2.2 Characterization of in vitro Tat-EGFP Release

To monitor Tat-EGFP release, freeze-dried nanoparticles were resuspended in DMEM
high glucose media (HyClone), supplemented with 10% heat-inactivated fetal bovine serum
(HyClone or Biowest), 10000 units/mL Penicillin and 10 mg/mL Streptomycin (Gibco),
2mM L-glutamine (Gibco) and 1mM sodium pyruvate (Sigma) (supplemented medium will
hereafter be referred to as “culture medium”). Nanoparticles were resuspended at 10mg/mL
by sonication using a Microson™ XL sonicator (Misonix) at a power output of 3W for 45
seconds or 10W for 180 seconds. Samples, in 2mL microcentrifuge tubes, were incubated at

37°C with agitation to allow protein release over time.

Tubes were spun at 15k rpm in a microcentrifuge for 10 minutes, and the supernatant
was read for EGFP fluorescence at 509 nm following excitation at 480 nm with a BioTek®
Synergy HT plate reader. A 10% aliquot of NP1 samples was spun down, the supernatant
removed and analyzed. The pelleted particles were resuspended in an equal volume of fresh
medium and returned to the original tubes. For later formulations (NP2 and onwards), the
entire sample was centrifuged, the full supernatant was removed for analysis and replaced
with fresh medium. Negative controls consisted of tubes of medium devoid of nanoparticles
(subject to the same incubations). Positive controls consisted of a 0.5 pg/mL solution of Tat-

EGFP in medium. For nanoparticle formulations NP1 to NP3, samples were taken at
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irregular intervals, every few hours for the first day, then every 2 to 3 days. For formulations
NP4-NP7, sampling time points were fixed at 3 hrs, 6 hrs, 24 hrs, and every 3 days for up to
31 days. Tat-EGFP was quantified by referencing fluorescence readings to a linear standard

curve generated from known Tat-EGFP concentrations.

To obtain more accurate data, samples from formulations NP5 and NP6 were also
analyzed for Tat-EGFP content by an Enzyme-linked immunosorbent assay (ELISA). The
Abcam® sandwich ELISA protocol was followed. A polyclonal goat anti-GFP antibody
(Abcam) at a concentration of lug/mL in a carbonate/bicarbonate buffer (pH 7.4) was used
as a capture antibody. The detection antibody used was a rabbit anti-GFP IgG fraction
(Invitrogen) diluted 1/1000, and the secondary antibody was an alkaline phosphatase-
conjugated goat anti-rabbit IgG (Jackson ImmunoResearch) at 1/5000. A 1% BSA solution
was used as a blocking agent. Detection was performed by adding 100 pL substrate (pNPP,
Calbiochem) dissolved in the appropriate buffer to each well, and incubating for 15-60min.
The reaction was stopped by adding 100 pL 1N NaOH, and absorbance was read at 405 nm.

Protein was quantified by referencing to standards of known concentrations.
2.3 Microscopy
2.3.1 Scanning Electron Microscopy (SEM)

Morphology of the freeze-dried PEG-PLA nanoparticles was investigated at Health
Canada by Dr. Merhdad Rafat using a scanning electron microscope (SEM, Model S-2250N,
HITACH]I, Japan). The particles were mounted on metal holders using a conductive double-

sided tape, and sputter coated with a gold layer for 60 seconds at 0.1 bar vacuum pressure.
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2.3.2 Immunofluorescence and Phase Contrast Microscopy

In experiments testing the effect of sonication on particle size and morphology,
nanoparticles were visualized by inverted fluorescence microscopy (excitation at 495nm,
emission at 519nm) using a Nikon Eclipse TE2000-E microscope equipped with a
DXM1200C Nikon digital camera (Nikon, Japan). Observations in early experiments
assessing cellular uptake of released Tat-EGFP by human embryonic kidney cells

(HEK293A) were conducted by phase contrast and inverted fluorescence microscopy.

In all experiments involving immunocytochemistry or immunohistochemistry
(cellular uptake of Tat-EGFP and CTP-EGFP, and ir vivo experiments), observations were
made by brightfield fluorescence microscopy (excitation at 495nm, emission at 519nm) using
a Zeiss Axioskop 2 microscope equipped with an AxioCam HRc digital camera (Carl Zeiss,

Germany).
2.4 Effect of Sonication on Nanoparticles and Protein

Further experiments were conducted on nanoparticles of the NP6 formulation to
determine the ideal sonication duration and intensity for optimal nanoparticle redispersion, as
well as assess effects of sonication on in vitro protein release and function. This involved
sonicating particles at different intensities (varying from 3W to 10W) and durations (from
45s to 180s), followed by assessing particle size and morphology, in vitfo release profiles and

Tat-EGFP fluorescence.
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2.4.1 Effects on Particle Re-Dispersion

Nanoparticles were re-dispersed in PBS by sonication for 45 s at a power output of
3W, 100s at a power output of 10W or for 180s at a power output of 10W. Particles were

visualized by inverted fluorescence microscopy.
2.4.2 Effects on in vitro Release

Two samples of freeze-dried nanoparticles of the NP6 formulation were resuspended
by sonication for 25s at a power output of 3W or 180s at a power output of 10W. Release

was assessed as previously described in section 2.2.
2.4.3 Effects on Protein Function

Tat-EGFP protein was diluted in PBS to a concentration of 2pg/mL and sonicated
either 45s at a power setting of 3W, 100s at 10W or 180s at 10W. Protein fluorescence was
read at 509 nm following excitation at 480 nm with a BioTek® Synergy HT plate reader.
Fluorescence readings were referenced to a standard Tat-EGFP curve to estimate

concentration.
2.5 Tat-EGFP Release in Cell Culture

In early experiments, 293A human embryonic kidney cells were plated in 6-well
culture plates, and incubated at 37 °C in culture medium. The following day, medium was
replaced with a suspension of Tat-EGFP loaded PEG-PLA nanoparticles (NP3 formulation)
at 500 ug/mL or 100 ug/mL in culture medium. Controls were cells cultured in medium

devoid of particles (negative), and Tat-EGFP at 100pg/ml Tat-EGFP (positive). Cellular
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uptake of released Tat-EGFP was assessed by washing the cells in PBS, replacing with
medium to maintain membrane integrity, and observing live cells by phase contrast and
inverted fluorescence microscopy. Cells were observed after 3hrs, 6hrs, 24hrs and 48hrs of

incubation with nanoparticles.

In subsequent experiments, 661 W mouse cone-derived cells were cultured in 24-
well plates on microscope cover glass, and incubated at 37°C in culture medium. The
following day, medium was replaced with a suspension of PEG-PLA nanoparticles (NP6
formulation) at 500 pg/mL or 100 pg/mL in culture medium. Controls were cells cultured in
medium devoid of nanoparticles (negative) and cells cultured in medium containing 50
ug/mL Tat-EGFP (positive). Cellular uptake of released Tat-EGFP protein was assessed by
immunocytochemistry. After 1 hour, 1 day, 2 days and 4 days of incubation with
nanoparticles, cells were washed with PBS and fixed in 4% PFA for 5 minutes
(Paraformaldehyde, Acros) in PBS, followed by four 5 minute washes in PBS. Cells were
incubated overnight at 4°C with primary antibody (1/1000 anti-GFP rabbit IgG fraction
(Invitrogen) with 100 pg/mL BSA, 1% goat serum and 0.2% Triton X-100). Cells were then
washed in PBS and incubated with secondary antibody (Alexa fluorophor 488 goat anti-
rabbit IgG (Molecular Probes)) for one hour at room temperature, with agitation. Cells were
washed four more times in PBS, and counterstained with 1/2000 DAPI during the second
wash. Cover glasses were then mounted on slides with Antifade (50:50 PBS:Glycerol (Fisher
Scientific) with 1% N-propyl Gallate (Sigma)). Images were taken by fluorescence and

brightfield microscopy.
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2.6 Cellular uptake of Tat-EGFP and CTP-EGFP protein

293 A human embryonic kidney cells were plated in a 12-well culture plate with
microscope cover glasses, and incubated at 37°C in cell culture medium. On the following
day, medium was replaced with fresh medium containing Tat-EGFP protein or CTP-EGFP
protein at concentrations of 12.5 pg/ml, 25ug/ml, 50 pg/ml and 100 pg/ml, to compare
cellular localization of the two transduction domains. Fresh culture medium (without protein)
was used as a negative control. After a 24-hour period, these cells were fixed and
immunocytochemistry was performed as previously described in section 2.5. Cells were also
incubated with protein concentrations of 50 pg/ml and 100 pg/ml for 48 hours. This
experiment was performed both with plates coated with poly L-lysine and with uncoated

plates. Images were taken by fluorescence microscopy.
2.7 Characterization of in vivo Tat-EGFP Release
2.7.1 Subretinal Injections

Tat-EGFP-loaded PEG-PLA nanoparticles (NP6 formulation, 6 mg/mL Tat-EGFP)
were suspended in sterile PBS at a concentration of 10 mg/mL by sonication for 160s at
10W. Injections were carried out in the left eye of 18 female Long-Evans rats. Six animals
were injected with PEG-PLA nanoparticles (NP6 formulation, 6mg/mL Tat-EGFP), six with
empty nanoparticles (devoid of protein) of the same composition, and six with an AAV-
CBA-GFP viral construct at 5.6 x 10" particles/mL. The right eyes were uninjected controls.
Animals were placed under isofluorane anesthesia for the injection procedures. An incision

was made in the sclera with a 20 gauge V-lance ophthalmic knife, through which a Hamilton
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Syringe was inserted, passed around the lens and through the retina to inject a 2uL.
suspension of nanoparticles or virus in the subretinal space. One week post-injections,
observations were carried out by retina specialist Dr. Brian C. Leonard (University of Ottawa
Eye Institute) to detect signs of retinal detachment, cataract development or any other
abnormalities. 3 weeks and 9 weeks post-injection, fundus images were taken of a subset of
injected eyes, using the Retcam II wide-field digital imaging system (Clarity Medical
Systems) with the assistance of ophthalmologist Dr. Michael O’Connor (University of

Ottawa Eye Institute).
2.7.2 Electroretinography (ERG)

Scotopic/photopic ERGs were generated using the ESPION system (Diagnosys LLC,
Littleton, MA). Before performing ERGs, rats were dark-adapted overnight. Animals were
placed under anesthesia by intraperitonial injection of 30 mg/kg ketamine hydrochloride
(Bimeda-MTC, Cambridge, ON) and 0.5 mg/kg medetomidine hydrochloride (Domitor,
Novartis, Finland). Metedomidine was reversed after one hour using 1 mg/kg of atipamezole
hydrochloride (Antisedan, Novartis, Finland). One drop of each 1% tropicamide (Mydriacyl,
Alcon Canada), 2.5% phenylephrine hydrochloride (Mydfrin, Alcon Canada) was
administered to each eye 10-15 minutes before tests to dilate the pupils, and one drop 0.5%
proparcaine hydrochloride (Alcaine, Alcon Canada) as a topical anesthetic. Silver wire loop
electrodes were placed on the cornea of each eye, and a drop of 0.3% hypromellose
(GenTeal, Novartis Pharmaceuticals) was added to maintain proper hydration. A gold
minidisc reference electrode was placed on the tongue, and a ground needle electrode in the
tail. Animals were subject to a single flash light stimulus of 4ms duration at 11 intensities

increasing from 0.001 cd.s/m” to 25 cd.s/m?, from a Ganzfeld dome placed above the head.
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For each intensity step, five recordings were generated and averaged. Data analysis was
performed using MS Excel software, and one-way analysis of variance (ANOVA) was

performed to establish significance between treated and untreated eyes.
2.7.3 Sampling and Tissue Processing

Animals were sacrificed and the eyes sampled at 9 weeks post-injection. Rats were
injected intraperitoneally with euthansol (pentobarbital sodium) and trans-cardially perfused
with 4% PFA for tissue fixation. The eyes were scored with a white-hot 18-gauge needle
before their removal to facilitate orientation during embedding. After enucleation, the cornea
was punctured, and the eyes were placed in 4% PFA for one hour. Eyes were then washed
three times in PBS. Incisions were made in the corneas to remove the lenses, and the eyes
were placed in 30% sucrose and left at 4°C until saturated. The eyes were then placed in a
50:50 mixture of 30% sucrose-OCT compound and left to equilibrate for 1 to 2 hours at 4°C.
The left and right eyes from each rat were placed in plastic molds filled with 50:50
sucrose:OCT, comnea side up, and aligned by their score mark. The mold was lowered onto a
Petri dish floating on liquid nitrogen for freezing. Frozen molds were stored at -80°C until
use. Cryosections (10 um) were prepared using a Shandon Cryotome E cryostat (Thermo

Scientific). Sections were air dried for 2 hours, and stored at -20° with desiccant.
2.7.4 Immunohistochemistry

Immunohistochemistry was performed on cryosections using rabbit anti-GFP IgG
fraction (Invitrogen) as a primary antibody, and Alexa Fluor 488 goat anti-rabbit antibody
(Molecular Probes) as a secondary. Slides were pre-fixed in 4% PFA for 3 minutes, and

blocked in 1% BSA in TBS with 5% goat serum for 30 minutes. They were incubated in a
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humidified chamber at 4°C overnight with the primary antibody (1/200 in block solution with
0.3% Triton X-100, (Sigma)), and for 60 min at room temperature with the secondary
antibody (1/200). All washes were done in TBS. Slides were counterstained with DAPI in the
final washes, and mounted with coverslips in Antifade. Stained sections were observed by

fluorescence microscopy.
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3. Results

3.1 In vitro Assessments

3.1.1 Release Profiles

Poly(Lactic-co-Glycolic) Acid (PLGA) nanoparticles (NP1 formulation) suspended in
culture medium yielded a very slow Tat-EGFP release over 14 days (a total of 17 ng of
protein released per mg of nanoparticles), and no initial burst effect was observed (Fig. 4). In
order to determine whether these protein levels reflected an accurate release by the
nanoparticles or were affected by rapid protein degradation in the culture medium, controls
were run simultaneously that contained pure Tat-EGFP protein suspended in culture medium
at a concentration of 1.5 pg/mL. These controls assessed protein stability over time. A
gradual decrease in Tat-EGFP fluorescence was seen in the control, suggesting slow protein

degradation in the culture medium.

Protein release from PEG-PLA nanoparticles was assessed using two formulations
differing in polymer molecular weight. The first formulation (NP2) was made using a 1 kDa
PEG molecular weight, and the second (NP3) using a 5 kDa PEG molecular weight. For both
formulations, a 5 kDa PLA molecular weight was used. In both cases, nanoparticles released
Tat-EGFP rapidly for the first 24 hours, followed by very slow, gradual release (fig. 5). The
rate of release after the first 24 hours for the NP2 nanoparticle formulation was higher than
that of the NP3 nanoparticles (21.2 ng per day per mg of NP2 nanoparticles vs. 12.8 ng per
day per mg of NP3 nanoparticles). Overall, PEG-PLA nanoparticles released Tat-EGFP at
considerably higher levels than PLGA nanoparticles, and showed an initial burst effect, thus

appear better suited for the delivery of proteins at therapeutic levels in the eye.
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Figure 4. Cumulative in vitro release of Tat-EGFP from PLGA nanoparticles over a period
of 14 days. EGFP release at each time point was assessed by measuring fluorescence at 509
nm following excitation at 480 nm, and referencing fluorescence readings to Tat-EGFP
standards of known concentration. A solution of Tat-EGFP at 1.5 pg/mL in culture medium
was used as a control to monitor protein degradation (shown on the secondary axis). Data
shown is an average from two replicates along with standard error. By 14 days, only 58 ng
per 10 mg of nanoparticles was released.
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Figure 5. In vitro cumulative release of Tat-EGFP from NP-2 (1kDa PEG) and NP-3 (5kDa
PEG) PEG-PLA nanoparticles. Tat-EGFP release in culture medium was assessed by
measuring fluorescence as described. The mean from 3 replicates is shown at each time point
along with standard error.

42



Between the two molecular weights assessed, NP2 nanoparticles had the higher total yield, a
higher rate of release and had a lower tendency to aggregate in solution. Further experiments
with PEG-PLA nanoparticles were therefore based on the NP2 formulation (with a 1 kDa

PEG molecular weight).

Further modifications to PEG-PLA nanoparticle formulations were carried out to
optimize the initial burst as well as the subsequent rate of protein release. Four new
formulations were designed, modifying polymer and protein concentration, and subsequently
assessed for in vitro protein release. These formulations are summarized in Table I. Release
from all four nanoparticle formulations presented an initial burst, followed by sustained
release for up to 31 days (fig. 6a). The NP6 formulation yielded the highest total amount of
protein over 31 days, presented the highest initial burst, and the second highest rate of release
after the first 24 hours. On the other hand, the NP5 formulation presented the highest rate of
sustained release after the first 24 hours (0.029 ug per day, per 10mg of nanoparticles).
Nanoparticles with a NP6 formulation also aggregated less in solution than other
formulations. To obtain more precise data, protein content for samples of the NP6 and NP7
formulations was measured by enzyme-linked immunosorbent assay (ELISA). While protein
levels deteted by ELISA were higher than by fluorescence, overall trends were the same (fig.

6b).

3.1.2 Scanning Electron Microscopy (SEM)

SEM images of nanoparticle formulations NP4 to NP7 are shown in figure 7. These
show that increasing protein concentration from 3mg/mL to 6mg/mL resulted in smaller

sized particles (when comparing formulations NP4/NP6 and NP5/NP7). Comparing
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Figure 6. Cumulative in vitro release of Tat-EGFP from four formulations of PEG-PLA
nanoparticles of varying protein and polymer concentrations. Tat-EGFP release of
formulations NP4 (3 mg/mL Tat-EGFP, 2% PEG-PLA), NP5 (3 mg/mL Tat-EGFP, 4%
PEG-PLA), NP6 (6 mL/mg Tat-EGFP, 2% PEG-PLA) and NP7 (6 mg/mL Tat-EGFP, 4%
PEG-PLA) at each time point was assessed by measuring fluorescence (A) and by ELISA
(B). The mean from 3 replicates is shown at each time point along with standard error. All
release profiles show an initial burst, followed by sustained release for as long as 31 days
(when the experiment was terminated).
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Figure 7. Scanning electron microcscopy imaging of select nanoparticle formulations.
Particles of formulations NP4 (A), NP5 (B), NP6 (C) and NP7 (D) were mounted on metal
holders, coated with a layer of gold and observed by SEM to determine size and morphology.
SEM shows that the smallest nanoparticles (NP7) are formed by the higher protein
concentration and lower polymer concentration. Images taken by Dr. Mehrdad Rafat, Ph.D.
(Post-Doctoral Fellow, University of Ottawa Eye Institute).
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formulations of a given protein concentration while varying polymer concentrations,
however, reveals that increases in polymer concentration (from 2% to 4%) result in
irregularly shaped, larger particles. Results altogether show that both protein and polymer
concentrations have an impact on particle size and morphology. The NP6 formulation was
chosen as an optimal formulation for subsequent tests as it yielded the highest total protein

levels in vitro and presented the best particle size and morphology.

3.1.3 Effect of Sonication Duration and Intensity

The effect of sonication duration and intensity during resuspension on particle size
and on release kinetics was also addressed. Fluorescence microscopy images of NP6 PEG-
PLA nanoparticles sonicated at different power settings and for different durations show that
higher sonication intensity and duration result in smaller, less aggregated nanoparticles (Fig.
8). To determine the effect of sonication duration and intensity on release kinetics, two sets
of NP6 nanoparticles were suspended by sonication, one for 25 seconds at a power output
setting of 3W and the other for 180 seconds at a power setting of 10W. Release from both
sets was then assessed as previously. While longer, more intense sonication resulted in a
higher initial burst (about 2-fold higher), there was little effect on long-term release of Tat-
EGFP (Fig. 9). Particles sonicated at a power output of 3W for 25 seconds released protein at
13.2 nm per day per 10mg of nanoparticles, compared to 12.3 ng for particles sonicated at a
setting of 10W for 180 seconds. For all further experiments, nanoparticles were resuspended

by sonication at a power setting of 10 for 180 seconds.
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Figure 9. Effect of sonication time and power output on Tat-EGFP release from PEG-PLA
nanoparticles. Tat-EGFP release at each time point was assessed by measuring fluorescence
as described. The mean from 3 replicates is shown at each time point The cumulative Tat-
EGFP release of 1K-6-2 nanoparticles with two different sonication times and power are
shown. Both profiles show an initial burst, followed by sustained release for at least 31 days.
Nanoparticles sonicated at a 10W power output for 180s show a higher release burst, but a
comparable long-term rate of release to those sonicated at a 3W power output for 25s.
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To establish whether sonication affects protein function, Tat-EGFP protein samples
were sonicated for different time durations and at different intensities. EGFP fluorescence
after sonication was used as a measure of protein function. Readings were referenced to a
standard curve to quantify protein. Protein amounts detected are shown in Table II.
Sonication significantly affected protein fluorescence. Barely any protein can be detected by

fluorescence for both samples sonicated at a power output of 10W.

3.2 Cellular Uptake of Tat-EGFP in Culture

3.2.1 Human Embryonic Kidney (HEK2934) Cells

Early experiments assessed the cellular internalization and localization of EGFP
constructs containing two different protein transduction domains, Tat and CTP, into cultured
human embryonic kidney (HEK293A) cells. Cells were incubated 48 hours with a 50 pg/mL
suspension of either Tat-EGFP or CTP-EGFP protein, then fixed and stained. Cells incubated
with Tat-EGFP revealed a strong EGFP signal in the cytoplasm, while cells incubated with
CTP-EGFP did not show any EGFP internalization (fig. 10). Accordingly, the Tat-EGFP
construct was used for all further experiments requiring cellular internalization of Tat-EGFP.
Human embryonic kidney (HEK293A) cells were incubated with Tat-EGFP loaded PEG-
PLA nanoparticles of the NP6 formulation, to assess cellular uptake and interactions of cells
with nanoparticles after different incubation times. At various time points, cells were directly
observed by fluorescence microscopy. Fluorescence and brightfield images of these cells are
shown in figure 11. As early as 6 hours after the introduction of nanoparticles into the culture
medium, a GFP signal associated with the cells could be seen, suggesting that nanoparticles

have an affinity to the cells or cell membranes, or are being internalized by cells. This signal
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Figure 11. Tat-EGFP fluorescence in HEK293A cells treated with (NP2) PEG-PLA
nanoparticles. Cells were incubated in culture medium containing 500 pg/mL of
nanoparticles. Fluorescence and phase contrast microscopy images were taken after 3, 6, 24
and 48 hours. Cells cultured without nanoparticles were used as a negative control, and cells
cultured in a 100 pg/ml suspension of a Tat-EGFP protein as a positive control.
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was still present after 48 hours of incubation. Overlay of fluorescence images with the

corresponding brightfield images reveals a co-localization of the Tat-EGFP signal with cells.

3.2.2 Mouse Photoreceptor-Derived (661 W) Cells

The above experiment was repeated to acquire more detailed information regarding
cellular uptake of Tat-EGFP released from PEG-PLA nanoparticles. For clearer images, cells
were plated on microscope cover glasses, and immunostained with an anti-EGFP antibody.
Cells were also sampled at an earlier time point, and after a longer period of time. Cells of
the murine 661W cell line were used for this experiment, as they are cone-derived and may
better represent the behaviour of photoreceptor cells than the previously used HEK293A line.
Cells were incubated in the presence of Tat-EGFP encapsulated PEG-PLA nanoparticles
(dispersed in the culture medium) and sampled after 1 hour, 24 hours, 48 hours and 96 hours

of incubation.

Fluorescence microscopy and brightfield images are shown in figure 12. Cells
cultured in the presence of nanoparticles appeared similar to untreated controls both in terms
of growth rate and appearance, and showed no apparent signs of toxicity. In treated samples,
nanoparticles containing Tat-EGFP were present at high levels at all time points. While at
early time points they did not appear to specifically co-localize with cells, by 48 hours, a
strong Tat-EGFP signal was observed at the level of the cytoplasm, suggesting
internalization of some of the nanoparticles (at the 48 hour time point in figure 12, particles
appear to surround the nucleus). A fainter, more diffuse signal was also observed in the cell

cytoplasm after one hour of incubation, indicative of rapid Tat-EGFP
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Figure 12. Cellular uptake of Tat-EGFP released from PEG-PLA nanoparticles in cone-
derived 661W cells. Cells were incubated in culture medium containing 500pg/mL of
nanoparticles. After 1, 24, 48 and 96 hours, cells were fixed and immunostained and
fluorescence and differential interference contrast (DIC) microscopy images were taken.
Cells cultured without nanoparticles were used as a negative control, and cells cultured in a
50 pg/ml suspension of a Tat-EGFP protein as a positive control (sampled at 1 hour).
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uptake by 661W cells. Incubation of cells with 50 ug/mL Tat-EGFP protein in medium

confirmed that cellular uptake of Tat peptides occurs within one hour.

3.3 Release of Tat-EGFP in vivo

3.3.1 Physiological Observations

To assess for potential toxicity of PEG-PLA nanoparticles, as well as determine in
vivo localization of released protein, sub-retinal injections were carried out in Long-Evans
rats. Six rats received injections of an AAV-CBA-GFP viral vector, six received injections of
Tat-EGFP loaded PEG-PLA nanoparticles (NP6 formulation) and six received injections of
empty PEG-PLA nanoparticles (NP6 formulation). In the case of nanoparticle injections, a
trail of opaque matter (presumably nanoparticles) was commonly observed in the vitreous,
rising from the puncture site (following the needle tract). Also common were minor retinal
bleeds at the injection site. Observations of animals one week post-injections revealed the
presence of membranes rising from the puncture site in the vitreous of most animals,
consistent with notes taken at the time of surgery. Few eyes showed any significant retinal

detachment, and the lenses all appeared clear.

At 3 and 9 weeks post-injections, digital fundus photos of a few select animals
injected with PEG-PLA nanoparticles were taken with the assistance of Dr. Brian C. Leonard
and Dr. Michael O’Connor (University of Ottawa Eye Institute). Obtained images are shown
in figures 13 and 14. No lens opacity was observed at either time point, in any of the

observed animals. Particulate matter (indicative of nanoparticles) could be seen in the
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Figure 13. Digital fundus images of rat retinas 3 weeks after nanoparticle injections. Eyes
were injected subretinally with PEG-PLA nanoparticles (NP6) (A-C). Arrowheads indicate
particulate matter in the subretinal space. The animal in (B) shows a small retinal bleed from
the site of injection. The membrane extending from the puncture site in (C) is marked with an
arrow. An uninjected control is also shown (D).
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Figure 14. Digital fundus images of rat retinas 9 weeks after nanoparticle injections. Eyes
were injected subretinally with PEG-PLA nanoparticles (NP6) (A-C). Arrowheads indicate
particulate matter in the subretinal space. The membrane extending from the puncture site in
(C) is marked with an arrow. An uninjected control is also shown (D).
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subretinal space (fig. 13a,b and 14a,b), and particulate membranes rising from the puncture
site were visible in most eyes (fig. 13¢ and 14c), although these appeared much smaller by 9
weeks. At 3 weeks post-injection, one animal displayed bleeding from the puncture site,

which was resolved by 9 weeks (fig. 13b and 14b).

3.3.2 Electroretinography

Elecroretinography traces of animals injected with PEG-PLA nanoparticles, either -
loaded with Tat-EGFP or empty, were recorded at 9 weeks post-injection to assess for altered
retinal function. Two of the injected animals were deceased prior to this time point (unrelated
to the experimental procedure), and were therefore not included in this analysis. Average a-
wave and b-wave amplitudes for all animals are shown in Figure 15, along with standard
error. One-way ANOVA was performed to compare injected left eyes to uninjected right
eyes, both for a-wave amplitude and b-wave amplitude. For all light intensity steps,
differences in a-wave amplitude between treated and untreated eyes were not statistically
significant (at p>0.05). b-wave amplitude was not significantly affected for 9 out of the 11

light intensities.

3.3.3 Immunohistochemistry

At 9 weeks post-injections, western analysis was conducted to determine levels of
Tat-EGFP protein in the whole retina, and did not reveal any detectable Tat-EGFP in animals
injected with Tat-EGFP loaded PEG-PLA nanoparticles (data not shown). Immunostaining
of sections of retinas sampled at 9 weeks post-injection revealed the presence of Tat-EGFP
protein in the outer nuclear layer (fig. 16), where photoreceptor cells are located. A similar

localization was seen in eyes injected with an AAV-GFP viral construct. The clustered
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appearance of Tat-EGFP protein observed within this layer suggests that most of the protein
is still contained within nanoparticles, some of which appear to have infiltrated the retinal

outer nuclear layer.
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Figure 15. ERG a-wave and b-wave amplitudes of eyes injected with 10mg/mL NP-6 PEG-

PLA nanoparticles. Mean a-wave amplitudes (A) and b-wave amplitudes (B) from 10
anlmals are shown at 11 different light intensity levels ranging from 0.001 cd. s/m’ to 25
cd.s/m%. The asterisks indicate significant differences in mean between treated and control
eyes (p<0.05).
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4. Discussion

The objective of the current project was to develop a biodegradable nanoparticle
system for the delivery of therapeutic compounds specifically targeting the outer layers of the
retina, and to evaluate the practicability of such a system in the prevention of vision loss
following acute retinal insults. More specifically, the primary aim was to determine whether
biodegradable nanoparticles could be used to deliver XIAP, an inhibitor of apoptosis, rapidly
enough and at high enough levels to confer neuroprotection and prevent excessive
photoreceptor cell death following acute events such as retinal detachment or retinal

ischemia, both of which often result in rapid cell-death by apoptosis.

The present study investigated the use of a combination approach to deliver target
proteins to the retina: the fusion of the target protein with a protein transduction domain (in
 this case Tat), and the encapsulation of the resulting fusion protein in biodegradable
nanoparticles. The advantage of such an approach is that encapsulated protein released by
nanoparticles in the subretinal space can then be internalized by surrounding cells, allowing
for intracellular delivery of the protein even if the particles are localized in the extracellular
space. Furthermore, the presence of the Tat peptide at the particle surface may increase
cellular uptake of smaller-sized particles. It has been reported that nanoparticles ranging
between 50nm and 250nm in size can be internalized by cells by endocytosis, however
specific uptake mechanisms are still unclear. The mode of internalization is, however, known
to be highly dependant on particle surface properties (Musyanovych et al., 2008; Mailander
and Landfester, 2009). In this study, particles used for cell culture and in vivo experiments

were not filtered, and ranged in size in the nanometer to micrometer scale. Whether smaller
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particles were internalized in cultured cells or in vivo was not addressed within the scope of

the current project.

4.1 In vitro Tat-EGFP Release

4.1.1 Protein Encapsulation Efficiency

Encapsulation efficiency was evaluated by determining Tat-EGFP concentration in
nanoparticle synthesis wash supernatants. Trace amounts of protein were detected in these
supernatants by ELISA, and suggest an encapsulation efficiency above 98%. Drug
encapsulation in PEG-PLA nanoparticles is difficult to predict, and is dependant on many
factors such as drug solubility in the polymer, drug-polymer interactions, molecular weight,
preparation method, pH, etc. It was suggested by Olivier (2005) that loading of hydrophilic
drugs into hydrophobic PLA nanoparticles might be limited by diffusion of the drug to
aqueous phases during preparation. It is unlikely that the high drug-loading efficiency
estimated reflects the true encapsulation. Instead, it is likely that significant amounts of
protein were denatured or degraded during the synthesis process, and could not be detected in

the wash supernatants.

Attempts were made to dissolve PEG-PLA nanoparticles to measure encapsulated
protein, but have proven a challenge. To effectively measure nanoparticle encapsulation
efficiency would require a method to break down nanoparticles without denaturing or
degrading protein. Attempts to fully dissolve PEG-PLA nanoparticles in this project were
unsuccessful. Low protein encapsulation could explain the low levels of protein release
obtained in in vitro release studies. Methods to increase protein encapsulation could result in

higher protein release from particles, and warrant future investigation.
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4.1.2 Selection of Material

Poly(lactic-co-glycolic) acid (PLGA) and Poly(ethylene glycol)-Poly(Lactic) acid
(PEG-PLA) were the chosen materials for nanoparticle synthesis for this project because of
their high biocompatibility, and because release kinetics can easily be modulated by
adjusting different factors in the nanoparticle formulation. Early experiments were geared
towards selecting a nanoparticle formulation for optimal release in vitro. Preliminary release
tests comparing the two materials revealed a significantly higher rate of release from PEG-
PLA nanoparticles compared to PLGA. This can be explained by the high hydrophilicity of
the PEG component, which may facilitate access of water molecules to cleave the ester bonds
between polymer subunits by hydrolysis, thus favoring polymer degradation. Of the two PEG
molecular weights tested in the PEG-PLA formulations, nanoparticles with a 1kDa PEG
molecular weight yielded higher release than the SkDa molecular weight, both in the initial
burst stage and subsequent sustained release period. In addition, the lower molecular weight
particles also displayed better dispersion in aqueous solution, and lower aggregation. It is
possible that using a lower-molecular weight PEG increases the molar ratio of PEG to PLA,
thus augmenting the hydrophilicity of the nanoparticles. By allowing for better dispersion of
the nanoparticles in solution, and reducing aggregation, the 1kDa-based formula increases
the surface area to volume ratio of the particles, which can explain the increased rate of
protein release (a higher surface-volume ratio can impact both polymer degradation, and
protein diffusion from the particle core). The two-phase release profile obtained from both
formulations of PEG-PLA nanoparticles (the initial burst phase, followed by a sustained
release phase) has often been reported in the literature (Peracchia et al., 1997; Quellec et al.,

1999; Gref et al., 2001; Avgoustakis, 2004). The initial burst phase is associated with the
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release of protein at the particle surface, while the sustained phase represents the slow

diffusion of protein from the particle core.

4.1.3 Optimization of the Nanoparticle Formulation

Further nanoparticle formulations were designed to optimize in vitro release, by
changing polymer concentration and protein concentration. Increases in protein concentration
or in polymer concentration appear to have an increasing effect on the rate of sustained
protein release after the first 24 hours. For a given polymer concentration, an increase in
protein concentration (from 3 to 6 mg/mL) resulted in higher protein release. This was also
observed at set protein concentrations, where increasing the polymer concentration from 2%

to 4% also resulted in higher release.

Effects on initial burst release, however, were not as clear. For both polymer
concentrations used, an increase in protein concentration resulted in higher amounts of
protein released from the particles, indicating that protein release in the initial stage is
relative to the initial amount encapsulated. For a given polymer concentration, a higher
protein concentration may increase the population of oppositely charged molecules, and
result in higher coagulation and particle formation rates during synthesis, resulting in smaller
particles (ex. NP6 particles compared to NP4, and NP7 compared to NP5). These changes in
particle size and morphology can impact the initial burst of release.

For a given protein concentration, the effect of modifying the polymer concentration
was not consistent. At a protein concentration of 3mg/mL, increasing the polymer
concentration from 2% to 4% resulted in an increase in protein release, while at a protein

concentration of 6mg/mL, the same change in polymer concentration resulted in reduced
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protein release. This suggests that factors other than polymer concentration or protein
concentration have an impact on initial burst release, and that while at low protein
concentrations polymer concentration has a direct effect, at higher protein concentrations
other factors dominate. This phenomenon may be caused by the polar interactions and
population imbalance between oppositely charged molecules. Protein release rates from
nanoparticles can be affected by several factors in addition to chemical composition, such as
particle size and dispersion, as well as encapsulation, and release is often the result of the

interaction of various factors.

Formulation NP6 was chosen as the optimal formulation as it presented the best
overall characteristics in terms of initial burst and subsequent sustained release. In addition,
SEM showed that particles synthesized using a 2% polymer concentration are smaller and
less clustered than those made from a 4% polymer concentration, preferable for ocular

applications.

4.1.4 Effect of Sonication Time and Intensity

The effect of sonication time and power output during redispersion on the size,
aggregation and release kinetics of nanoparticles was assessed before proceeding to in vivo
experiments. For ocular applications, a small particle size and little to no aggregation are
preferable. In addition to providing a barrier to reattachment of the retina following a
subretinal injection, the introduction of large, or clustered nanoparticles into the subretinal
space could cause more serious detachments, and would be detrimental to treatment in
patients presenting acute retinal detachments. While sonication for longer durations and at

higher intensities resulted in smaller, less aggregated particles, only the initial burst phase of
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protein release appeared to be affected. No considerable effect was seen on sustained protein

release following the first 24 hours.

Sonication of protein suspensions under different conditions showed that protein
function is significantly affected at high power outputs. Protein function may be hindered by
denaturation or by degradation of the protein. Studies have shown that sonication can affect
protein stability as a result of localized high temperatures and the formation of free radicals
(Suslick et al., 1986; Riesz and Kondo, 1992). Release profiles of particles sonicated at
higher intensities indicate that only the initial burst phase is affected. This suggests that while
sonication affects the function of free protein in solution, protein encapsulated within
nanoparticles may be protected from this effect. Protein denaturation by sonication would
also explain why quantities detected by ELISA were higher in the initial burst phase than by
fluorescence, while quantities detected in the sustained release phase were similar for both

measurement methods.
4.2 Release Behavior in Cell Culture
4.2.1 Tat and CTP: two Cell Penetrating Peptides

Aside from developing a nanoparticle formulation for optimal release, it was
important to establish that encapsulated protein, once released from nanoparticles, can be
internalized by surrounding cells. Cells incubated in the presence of Tat-EGFP were able to
internalize protein in as little as one hour. This is consistent with early findings that Tat
peptides can enter cells in as little as 10 minutes (Vives et al., 1997). A study by Caron et al.
(2001) reported internalization of a Tat-EGFP fusion protein by cultured myoblasts reaching

maximum intracellular levels within 30 minutes of incubation (Caron et al., 2001). Tat-EGFP
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in the culture medium was able to enter cells in a photoreceptor-derived 661 W cell line,
suggesting that cellular uptake mediated by Tat is possible in photoreceptor cells. Tat-EGFP
was detected at all time points observed from one hour to 96 hours. Later time points would
be difficult to assess, as the passaging of cells once they reach confluency would remove
nanoparticles from the culture medium. Surprisingly, cells incubated with a CTP-EGFP
protein did not appear to internalize the protein. It is unlikely that HEK293A cells are unable
to internalize CTP-fused peptides, as CTP has been shown to internalize proteins into various
cell types (Kim et al., 2006). More likely, the absence of cellular uptake could result from an
improper protein fusion. Further investigation into the construct sequence, and possible re-
design would be required to obtain a functional CTP-EGFP fusion. However this is beyond
the scope of the current project, and the Tat transduction domain revealed appropriate
cytoplasmic localization (for at least 48 hours), and entered cells rapidly, making it adequate
for the delivery of XIAP following acute retinal insults, where increased intracellular levels

of XIAP are desired for immediate protection of photoreceptors.

4.2.2 Tat-EGFP Loaded Nanoparticles

Nanoparticles incubated with 661W cells displayed a high co-localization of Tat-
EGFP signal with cells after 24 hours. The detected protein had a clustered, particulate
appearance, suggesting that particles were being detected within or around the cell. Whether
these particles are internalized or bound to the cell membrane cannot be determined from the
fluorescence and brightfield microscopy images, however the fluorescent signal appears to
exclude the nucleus in some instances (for example at 48 hours), suggesting internalization of
at least some particles. As previously mentioned, it is possible that smaller particles have

been internalized, while larger ones could be membrane-bound. Over the past decade, several
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studies have investigated the use of cell penetrating peptides (CPPs) such as Tat, to promote
cellular uptake of small nanoparticles, and found that conjugation of particles with these
peptides significantly increases uptake in various cell types (Torchilin, 2008). A recent study
(Peetla et al., 2009) has found that conjugation of Tat at the surface of PLA nanoparticles
increases physiochemical interactions between particles and an artificial membrane in
comparison to nanoparticles conjugated with a scrambled Tat peptide. Cellular uptake of
encapsulated protein in human vascular endothelial cells was also significantly increased.
This suggests that even in the case of particles too large to cross the cell membrane, the
presence of Tat at the particle surface may be useful in promoting intracellular delivery of

particle-encapsulated proteins.

4.3 Subretinal Injections of Tat-EGFP Loaded Nanoparticles

4.3.1 Physiological observations

Tat-EGFP loaded PEG-PLA nanoparticles were injected into adult rat eyes to assess
localization of released protein, possible toxicity associated with the nanoparticle
formulation, and to determine whether particles and released protein can persist at the site of
injection for a time period adequate for long-term prevention of photoreceptor cell-death
following retinal detachment or ischemia. At the time of injection, minor bleeds were
commonly observed at the puncture site. These are a common occurrence, due to the high
vascularization of the retina, and most resolved within the first week following injections.
Also commonly observed following injections were elongated, particulate membranes rising
from the puncture site, presumably the reflux of the viscous particle suspension into the

vitreous as the needle was withdrawn. The appearance of these membranes appeared thinner
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at 9 weeks post-injections when compared to fundus images at 3 weeks post-injections,
suggesting that over time these membranes dissipate and will have no long-term adverse
effects. These membranes have been seen following subretinal injections of different
compounds in the clinic (Dr. Brian Leonard, personal communication). Particulate matter
observed behind the retina could still be seen at 9 weeks post-injections, indicating that
nanoparticles are able to persist in the subretinal space for at least 2 months. This is desirable
in the treatment of acute retinal insults. While it is important to provide protection against
photoreceptor degeneration immediately following such events, it would also be beneficial to
extend this protection beyond the initial treatment, to prevent vision loss in patients in the

event of complications over the following weeks.
4.3.2 Retinal Function

Statistical analysis using one-way ANOV A revealed that differences in a-wave and b-
wave amplitudes were not significantly different between treated and untreated eyes,
indicating that injections of PEG-PLA in the subretinal space do not significantly alter retinal
function, or that any changes are resolved after 9 weeks. The slight differences in b-wave
amplitude at the lowest intensities of light are probably due to the high variability that can be
observed between animals, and between the two eyes of animals, and likely represents
normal variability within individuals. In support of these results, Timmers et al. (2001) found
that b-wave amplitudes in rats subretinally injected with fluorescent microspheres with an

average diameter of 1um were not significantly different from those of uninjected animals

(Timmers et al., 2001).

70



4.3.3 Released Tat-EGFP in the Retina

Immunohistochemistry on sections of retinas having received subretinal injections of
Tat-EGFP loaded PEG-PLA nanoparticles revealed the presence of Tat-EGFP protein and
nanoparticles within the outer nuclear layer, where photoreceptor cells are located. In
contrast to eyes injected with an AAV-GFP vector, eyes injected with nanoparticles display a
deeper infiltration of the retinal layers by (presumably) nanoparticles. While it would be
expected to also find particles located in the subretinal space by immunohistochemistry, this
was not the case. Nanoparticles remaining in the subretinal space were likely washed away
during the sampling and staining process. These results support the efficacy of PEG-PLA
nanoparticles for the delivery of proteins targeting cells of the outer nuclear layer. On the
other hand, Western analysis of protein extracted from whole retinas at 9 weeks post-
injections failed to reveal any detectable Tat-EGFP in eyes that received subretinal injections
of Tat-EGFP loaded PEG-PLA nanoparticles. This means that despite being detected by
immunofluorescence, Tat-EGFP protein levels within the retina (either intracellular or
membrane-bound) are below the detection limits of Western analysis. For XIAP applications
in the eye, an overexpression of XIAP is desired to provide protection from photoreceptor
cell death and vision loss following acute retinal insults. It is therefore possible that protein
release from the current nanoparticle formulation could be too low for ocular XIAP

applications.

4.4 Conclusions

Despite the low levels of protein release, PEG-PLA nanoparticles of the NP6

formulation revealed a two-phase release profile in vitro, effectively delivered Tat-EGFP to
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cells in culture, and were localized in the photoreceptor cell layer in vivo, ideal for the
delivery of drugs targeting the photoreceptor cell layer. They also presented the best
morphology and size. In vivo experiments in rats also suggest that PEG-PLA nanoparticles
used in this project are biocompatible, as both physiological and histological observations
revealed no evidence of toxicity. By 3 weeks post-injections there were no signs of cataracts
or other abnormalities out of the ordinary, and all minor detachments resulting from
subretinal injections were almost fully resolved by 9 weeks post-injections.
Electroretinography traces revealed that nanoparticles did not significantly impede retinal
function. While the issue of low levels of release may make nanoparticles of the NP6
formulation inappropriate for the delivery of XIAP for the prevention of apoptotic cell death
following a retinal insult, similar nanoparticles could still be employed for the delivery of

other compounds to the retina (such as growth factors), where higher levels are not required.
4.5 Future Directions

To obtain protein levels adequate for XIAP applications, modifications to the
nanoparticle formulation, or a new material altogether, will be required. Aside from synthetic
polymers, polysaccharides such as chitosan (CS) are also commonly used for the synthesis of
nanoparticles. CS is derived from chitin, a long-chain polysaccharide naturally found in
marine crustaceans, and offers several advantages as a drug delivery vehicle (reviewed by
Agnihotri et al. 2004). It is biocompatible, nontoxic, and possesses good adhesion and
antimicrobial properties. CS degradation in vivo produces amino sugars, which are absorbed
by the body. CS nanoparticle synthesis does not require the use of organic solvents, and drug
release is easily controlled. Crosslinking is possible due to the presence of amine groups and

positive charges, and can be chemical or electrostatic. Similarly to synthetic polymers, drug
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release from the CS nanoparticles is dependent on several factors such as the degree of cross-
linking and size of the particles, environmental factors such as pH or the presence of
enzymes, and the properties of the drug itself. Release can occur from the surface, by erosion
and/or by diffusion. Like PEG-PLA nanoparticles, release profiles typically display an initial
burst effect, however this can be prevented or limited by increased crosslinking. Studies have
demonstrated the potential for chitosan particles to deliver drugs to the ocular surface (de la
Fuente et al., 2008; Enriquez de Salamanca et al., 2006); however there has been little
investigation into the use of CS nanoparticle for drug delivery to the posterior segment of the
eye. In vitro release tests from chitosan (CS) nanoparticles have been initiated in our
laboratory (see appendix VI for release profiles). Selection of ideal materials, formulation

and synthesis parameters are still in process.

Once appropriate levels of Tat-EGFP release are obtained, the release behavior of
nanoparticles loaded with Tat-XIAP must also be assessed. Tat-XIAP only possesses a small
amino acid sequence (Tat) in common with Tat-EGFP, and one major difference between the
two proteins is the size. This may have an impact on protein release when encapsulated into
nanoparticles, and an in vitro release profile for Tat-XIAP will need to be established with
the chosen formulation. To estimate levels of XIAP required to significantly inhibit
apoptosis, a cell-death assay will be conducted in which cells will be subject to hypoxic or

chemical stress, with and without the presence of Tat-XIAP at various concentrations.

Aside from sustained delivery systems, an alternative approach for delivering high
levels of XIAP to the retina would be modifications to the protein itself, to increase in vivo
stability. Studies have shown that disulfide bonds, for example, stabilize proteins by

increasing the free energy of proteins in their unfolded state (Pace, 1990). Amino acid
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substitutions have also been shown to improve protein resistance to thermal and chemical
denaturation, and improve protein shelf life (Filikov et al., 2002; Luo et al., 2002; Fu et al.,
2009). For example, one study showed that proline residue substitutions in the B-turns of
protein secondary structure render proteins more resistant to thermal and urea denaturation
(Fu et al., 2009). It has been proposed that amino acid substitutions may stabilize proteins by
improving van der Waals interactions, or stabilizing hydrophobic groups in the protein core
(Filikov et al., 2002). The effects of other protein modifications, such as glycosylation, have
been extensively studied, and reviewed by Sola et al. (Sola and Griebenow, 2009).
Glycosylation has been shown to provide protection against proteolytic degradation (Vegarud
and Christensen, 1975; Raju and Scallon, 2007), likely by a mechanism of steric interference
against the protease active site, against oxidation (Uchida et al., 1997), chemical crosslinking
and aggregation (Baudys et al., 1995), precipitation (Sola et al., 2007), pH denaturation
(Masarova et al., 2001), and chemical and thermal denaturation (Sundaram and Venkatesh,
1998; Kwon and Yu, 1997). While certain protein modifications might increase stability,
they may also affect protein function. For this reason, any protein modification would require

careful consideration and functional assessments.

On a long-term basis, the goal of this research is to design a delivery system that can
deliver XIAP to photoreceptors at adequate levels in vivo, for at least four weeks. Ideally, this
system will show rescue of photoreceptors, structurally and functionally, in animal models of
acute apoptotic stress. The present study represents an important step towards achieving this
goal. Although XIAP applications will require further optimization of the nanoparticle

formulation, or perhaps a protein modification approach, the current project has shown that

74



PEG-PLA nanoparticles can be used for the delivery of drugs targeting the retina in a rat

model, without causing toxicity or impeding vision.
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PROTEIN CONSTRUCTS

Protein constructs were designed and purified by Dr. Wai Gin Fong, Ph.D. (University of
Ottawa Eye Institute).

Tat-EGFP
6xHis | T7 Tag | Tat PTD EGFP
CTP-EGFP
6xHis |T7 Tag | CTP PTD EGFP

Purification protocol for Tat-EGFP:

The pET28a Tat-EGFP vector was constructed by PCR amplification using a 5’ primer
containing a BamHI restriction site, the 11aa Tat protein transduction domain (PTD) and the
first 15 nucleotides of the EGFP ¢cDNA. The vector adds a His tag in frame to the 5’end of
Tat-EGFP. BL21 E.coli containing the pET28a Tat-EGFP was grown overnight in 1L of
Terrific broth at 22°C and induced with 0.5mM IPTG for 12h. The bacterial pellet was lysed
in 50ml of solubilization buffer (50mM Tris-Cl (pH8.0), 150mM NaCl, 8M urea and 25mM
imidazole) (Sigma) and sonicated (4 x 20s at 25W) to reduce the viscosity of the solution.
After centrifugation, the supernatant was applied to a column containing a 10ml bed volume
of NiNTA agarose (Qiagen) and washed 3x with 5 bed volumes of solubilization buffer. Tat-
EGFP was eluted in solubilization buffer supplemented with 150mM imidazole and dialyzed
three times in 4L PBS. Protein was concentrated on Vivaspin20 (10,000 mwco) (Sigma) and
quantified using Bradford reagent (Bio-rad).

(The same protocol was followed for CTP-EGFP)
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BUFFER RECIPES

Phosphate buffered saline (PBS)
Dissolve in 800mL of dH,O:
e 4.26g Na,HPO,4.7H,0
e 1.44g KH,PO,
e 90g NaCl
Adjust pH to 7.4 with NaOH or HCl
Adjust to final 1000mL volume with dH,O

Tris buffered saline (TBS)
Dissolve in 800mL of dH,O:
e 6.05g Tris (50mM)
e 8.76gNaCl
Adjust pH to 7.5 with HCI
Adust to final 1000mL volume with dH,O

4% Paraformaldehyde (PFA)

Heat 400mL PBS to 65°C

Add 20g PFA

Dissolve PFA by adding NaOH pellets one at a time (approx. 2-3)

Filter
Adjust pH to 7.5 with HCI
Adjust to 500mL with dH,O
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APPENDIX 1V

Raw Data: Electroretinography
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STATISTICAL ANALYSIS

Means from all animals: a-wave

Intensity Mean amplitude (uV) Standard Deviation Standard Error
Step Treated Untreated Treated Untreated Treated Untreated
1 19.73 17.58 15.25 12.39 4.82 3.92
2 30.94 22.61 13.41 18.73 4.24 592
3 36.31 30.85 13.13 24.46 4.15 7.74
4 45.53 38.81 12.25 23.89 3.88 7.55
5 44.72 38.34 14.17 20.93 4.48 6.62
6 56.43 4191 17.58 21.08 5.56 6.67
7 63.50 48.17 17.93 21.24 5.67 6.72
8 69.21 52.08 21.47 18.78 6.79 5.94
9 123.91 122.59 31.97 45.13 10.11 14.27
10 153.56 163.13 35.16 45.52 11.12 14.40
11 162.40 177.11 37.09 51.72 11.73 16.36

Means from all animals: b-wave

Intensity Mean amplitude (nV) Standard Deviation Standard Error
Step Treated Untreated Treated Untreated Treated Untreated
1 128.52 90.39 44.03 22.44 13.92 7.10
2 180.42 133.28 57.98 37.99 18.34 12.02
3 239.59 192.42 71.78 52.29 22.70 16.54
4| 315.07 275.68 84.39 76.81 26.69 24.29
5| 383.07 357.79 99.06 107.19 31.33 33.90
6 463.25 434.42 113.68 140.18 35.95 44.33
71 49991 464.23 114.07 147.48 36.07 46.64
8| 482.82 459.79 116.73 143.56 36.91 45.40
91 545.75 541.96 121.50 175.43 38.42 55.48
10| 548.27 551.82 120.31 173.82 38.04 54.97
11 519.65 538.76 105.62 182.01 33.40 57.56
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ANOVA
a-wave

Intensity
Step

P Value (%)

—_ O 00NN R WN -

o

b-wave

73.42
26.8
52.24
43.94
43.51
11.16
9.82
7.38
94.08
60.52
47.43

Intensity
Step

P Value (%)

1

2.53

4.53

11.03

28.94

59.06

61.96

55.26

69.85

95.58

95.82

— | OO |R[(QAISN W] |WIN

U U

77.73
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APPENDIX V
Chitosan-Based Nanoparticles: Preliminary Data
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Preliminary release data from chitosan-based nanoparticles

CNP1: 8kDa MW chitosan
Formulation: 10ml chitosan @ 0.2% w/v + 4ml TPP @ 0.1% w/v + 2ml tat-EGFP @

0.7 mg/ml
Time (days) Protein amount (ug)  Cummulative Released (ug)
0 1.734 ‘ 1.734
0.125 2.600 4334
0.25 0.868 5.202
1 0.945 6.148
4 0.912 7.060
7 0.472 7.532
10 0.259 7.791
15 0.066 7.858
Cummulative in vitro tat-EGFP Released from Chitesan Nanoparticles
9 1
g 89 i .
E‘ 7 A & ¢
2 -
347
& 2 L &
g1
(#] Y v ¥ T v y
0 2 4 6 8 10 12
Time (days)
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