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ABSTRACT

PHENOTYPIC, CELLULAR AND MOLECULAR CHARACTERIZATION
OF THE CRX-LCA FELINE MODEL AND POTENTIAL THERAPIES

By
Laurence Mireille Alice Occelli

Leber’s congenital amaurosis (LCA) is one of the major inherited causes of childhood
blindness. Mutations in the cone-rod homeobox (CRX) gene result in severe dominant
retinopathies and can be responsible for LCA. CRX is a transcription factor essential for normal
photoreceptor development and survival. The Crx*® cat has a spontaneous frameshift mutation in
Crx and represents a model for Class 111 CRX mutations where the mutant CRX allele binds DNA
but fails to transactivate it. The Crx*® cat model is valuable for investigating disease
mechanisms as well as potential therapy development.

In this model, early disease stages in the heterozygous cat (Crx*®"*

) mimic severe
Leber’s congenital amaurosis. This is characterized by a dominant negative effect of the mutant
Crx mRNA/protein over the wild-type mRNA/protein. This study fully investigated the early
phenotype as well as the timing and extent of retinal remodeling during retinal degeneration.
There is early halting of photoreceptor development coupled with over expression of the mutant
Crx allele, accumulation of abnormally high mutant Crx protein levels, resulting in markedly
impaired visual function followed by retinal degeneration. During the late stages of the disease,
extensive inner retinal remodeling occurred with some retinal pigmentary epithelium (RPE)
degeneration in the area centralis (macula-like high retinal acuity region of the feline retina) and
also vascular remodeling. The homozygous cat (Crx*®*¥) had a different phenotype with halting

of photoreceptor development at an earlier stage resulting in complete blindness and total lack of

photoreceptor function. This was followed by a slower photoreceptor degeneration and extensive



retinal remodeling that differed from that of the heterozygote cat. Additionally, there was a
marked increase in globe size with a severe alteration in refraction.
There is currently no treatment for dominant negative LCA diseases. Yet, the

investigation findings on Crx*®"*

cat model and the similarities between the feline eye and the
human eye with the presence of a macula-like region make this feline model valuable for
preclinical testing of therapies for dominant CRX diseases. The detailed phenotyping sheds light
on the therapeutic approach needed. Prior to photoreceptor degeneration, a therapeutic approach
aiming to restore function to endogenous photoreceptors would need to increase the expression
levels of the wild-type allele over the mutant transcript. Following photoreceptor degeneration,
therapeutic approaches to replace photoreceptors or to activate light-induced responses in other
retinal neurons would need to be performed before retinal remodeling and neuronal cell loss
become too extensive. Trial therapy using a gene augmentation approach showed some promise
to improve the phenotype but requires further optimization.

The Crx* cat is a valuable model for Class 111 CRX mutations, RPE degeneration and

deprivation myopia mechanism, and therapy development.
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CHAPTER 1
INTRODUCTION
ANIMAL MODELS FOR DOMINANT LEBER CONGENITAL AMAUROSIS (LCA)
DUE TO CRX MUTATIONS —

INTRODUCTION OF THE FELINE MODEL AND POTENTIAL THERAPIES



1.1. RETINAL INHERITED DISEASES AND BLINDNESS

Severe impairment of vision and more dramatically blindness is widespread across the
globe. The World Health Organization (WHO; http://www.who.int/mediacentre/factsheets/fs282/
en/ available in the public domain) estimates that impairment of vision affected about 285 million
people including 19 million children (under 15) with about 246 million people having low vision
and 39 million being blind.! Blindness is an important factor affecting the life quality of a
significant number of people. Causes of visual impairment and in more severe case blindness can
be metabolic (like diabetes mellitus), infectious (like onchocerciasis, leprosy), traumatic or
inherited. About 43% of visual impairment is reported to be due to uncorrected refractive errors
like myopia, hyperopia or astigmatism, 33% due to unoperated cataract and 2% from glaucoma.’
Inherited diseases affecting notably the retina are another cause of visual impairment and in
worse cases blindness.

Hereditary disorders are a common cause of photoreceptor dysfunction and degeneration
resulting in vision loss with a prevalence of 1 in approximately 3,000.>> Currently 293 genes and
loci are mapped and 256 identified (Fig.1.1) as being associated with hereditary retinal disease by
RetNet, the Retinal Information Network (RetNet®; https://sph.uth.edu/retnet; available in the
public domain). The known genes are divided into many functional categories reflecting both the
complexity of the retina but also the stresses involved in the unique retinal environment with high

oxygen requirements and light exposure (Fig. 1.2).
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Figure 1.2. Functional categories of retinal disease genes (from Wright et al. 2010) °.

1.2. THE EYE AND ANIMAL MODELS

To understand the underlying mechanisms of single-gene human retinal diseases, animal
models are used. Indeed, there is a high degree of homology between genomes and notably
mammalian genomes. Many of the human genes are also found in small animal models like

rodents (mice and rats) and large animal models like cats, dogs and primates.



1.2.1. General eye and retinal anatomy
1.2.1.1. General eye anatomy and development
The eye is a neurosensitive organ. It acts as the black box of a camera and the retina

located at the back of the eye as a sensitive film where the image forms (Fig. 1.3).

Retina
and RPE

Point of

& Fovea
fixation \

Point of focus
Optic disc

7 QOptic nerve

Suspensory ligaments )
Vitreous

e h
Ciliary muscle LMo

Anterior segment Posterior segment

Figure 1.3. Schematic of the eye (from Hejtmancik et al.,2015).
The light rays go through the cornea, aqueous humor, lens and vitreous before focusing onto the
retina. The viewed object (here indicated as an arrow) will be projected onto the retina as an
inverted image, which will be converted into electrical impulse by the retina and transmitted to
the brain.”’
The eye is composed from its front to its back by (Fig. 1.3 above):

The anterior segment including:

- the cornea, transparent structure at the front of the eye

- the aqueous humor in the anterior chamber

- the lens, structure which help to focus the light on the retina

- the posterior chamber between the lens and iris

- The iris and ciliary bodies

The posterior segment including:



- the vitreous
- the retina
- the choroid then sclera
The eye is linked to the brain by the optic nerve, which transmits the information transformed

from light to electrical impulse by the retina.

During prenatal development, the different structures of the eye come from the ectoderm
(neuroectoderm and surface ectoderm) or the head mesenchyme (neural crest and mesoderm).
The retinal pigmented epithelium, ciliary body and iridal epitheliums, the sensory retina and
innermost layer of the ciliary bodies (non-pigmented), the optic nerve, the iris sphincter and
dilator muscles and part of the vitreous originate from the neuroectoderm. The surface ectoderm
is at the origin of the lens, the corneal epithelium, the conjunctiva and caruncle, the eyelid skin
and the lacrimal apparatus (glands and drainage system). The rest of the structures originate from
the neural crest and/or mesoderm; blood vessels, corneal stroma and endothelium, stroma of the
choroid, ciliary body stroma and part of the iris, ciliary muscle, sclera, optic nerve sheath
(meninges), extraocular muscles and fasciase, remainder of the eyelids (i.e. orbicularis oculi

muscle, tarsus, orbital septum, etc...) and part of the vitreous (Figs. 1.4 and 1.5).”®
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Figure 1.4. Schematic overview of vertebrate eye development (from Chow et al., 2001).°

In panels (A-D), presumptive or differentiated eye tissues are color-coded in the following
manner: blue, lens/cornea; green, neural retina; yellow, retinal pigmented epithelium
(RPE); purple, optic stalk (for explanation of why only the ventral region of optic stalk is
colored, see the text section on defining axes in the developing eye); red, ventral
forebrain/prechordal mesenchyme; grey, mesenchyme.

(A) Formation of the optic vesicle is initiated by an evagination (indicated by arrow) of the
presumptive forebrain region resulting in the formation of the optic pit (OP). The optic vesicle
region is divided into dorso-distal region (green), which contains the presumptive neural retina
(PNR) and RPE (not shown), and the proximo-ventral region, which gives rise to the presumptive
ventral optic stalk (POS); PLE, presumptive lens ectoderm; M, mesenchyme; VF, ventral
forebrain; PCM, prechordal mesoderm.

(B) Continued growth of the optic vesicle culminates with a period of close contact between the
lens placode (LP) and the presumptive neural retina (NR) during which important inductive
signal likely exchange: RPE, presumptive retinal pigmented epithelium; VOS, ventral optic stalk;
DOS, dorsal optic stalk.

(C) Invagination of the optic vesicle results in formation of the lens vesicle (LV) and neural
retina (NR) and establishes the overall structure of the eye. The point at which the neural retina
and RPE meet gives rise to components of the ciliary body and iris (C/I).

(D) Mature eye: C, cornea; LE, lens epithelium; LF, lens fiber cells; 1, iris; CB, ciliary body;
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; ON, optic nerve.



Figure 1.5. Anatomy of embryonic mouse forebrain and eyes (from Heavner et al., 2012).%
(A) Frontal view of embryonic day E8.5 forebrain, just before the eye field splits. The optic sulci
are the large pits protruding from the ventral neural ectoderm. (B) Wide and (D) high
magnification views of frontal sections of the E9.0 to E9.5 optic vesicle. (E) The coordinated
invagination of the distal optic vesicle and the surface ectoderm, where the lens placode has
thickened, begins at E9.5. (C) Wide and (F) high magnification views of frontal sections of the
E10.5 optic cup and lens vesicle. The retinal pigment epithelium is the thin layer of cells
proximal to the neural retina, which is dorsal to the optic stalk. The optic stalk is continuous with
the ventral forebrain. The lens vesicle is distal to the neural retina. Dorsal is to the top (A-F), and
proximal is to the right (D—F). Scale bars, 50 mm (A); 100 mm (B, C). (Photo from Lee Langer)
1.2.1.2. General retinal anatomy and retinogenesis
The retina covers the back of the eye and extends from the optic nerve head to the ora

ciliaris. The retinal structure (Figs. 1.6 and 1.7) is composed of 10 layers of very specialized
cells. They include from its basal side (referred as “outer” structures) to the side in contact with
the vitreous (referred as “inner” structures):

- Retinal pigmentary epithelium (RPE),

- Photoreceptor outer and inners segments (Photoreceptor OS/IS),

- External limiting membrane (ELM),

- Outer nuclear layer (ONL),

- Quter plexiform layer (OPL),

- Inner nuclear layer (INL),



- Inner plexiform layer (IPL),
- Ganglion cell layer (GCL),
- Nerve fiber layers (NFL)

- Internal limiting membrane (ILM).
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Figure 1.6. Representative photographs and images of a feline eye and retina.

The yellow arrows represent the light path that goes through the eye traversing the cornea,
aqueous humor, lens and vitreous before hitting the retina, which is the neural covering the back
of the eye. This structure is composed of 10 layers and most importantly the photoreceptor layer
composed of rod and cones, which is a structure that converted the light into electrical signal as
the level of the discs. The feline fundus image shows that in the dorsal region the feline eye has a
colored structure called the tapetum, which is thought to increase light exposure of the
photoreceptors; RPE; Retinal pigmentary epithelium; Photoreceptor OS/IS; Photoreceptor outer
and inners segments, ELM; External limiting membrane, ONL; Outer nuclear layer, OPL; Outer
plexiform layer, INL; Inner nuclear layer, IPL; Inner plexiform layer, GCL; Ganglion cell layer,
NFL; Nerve fiber layers; ILM; Internal limiting membrane, EZ; ellipsoid zone and 1Z;
Interdigitation zone.



Rod

Figure 1.7. Schematic showing major retinal pathways and cells composing the retina (from
D’Orazi et al., 2014)."

Rod and cone photoreceptors detect changes in illumination, with rods functioning at low light
levels, and cones at high light levels. Photoreceptor signals are conveyed by bipolar cells to
retinal ganglion cells (RGCs). Cone bipolar cells (CBC) that largely contact cone photoreceptors
are grouped into two major subclasses. Light increments depolarize ON-bipolar cells and
hyperpolarize OFF-bipolar cells. ON and OFF synaptic connections are organized into separate
laminae within the IPL. Horizontal cells (HC) and amacrine cells (AC) modulate information
flow in the outer and inner retina, respectively. Rod bipolar cells (RBCs) predominantly convey
rod input, and contact All amacrine cells (All AC) that inhibit transmission from OFF-CBCs.

The development of the retina is called retinogenesis or retinal neurogenesis (Figs. 1.8
and 1.9). This phenomenon results in the formation of the layered retina, which is comprised of
three distinct cellular layers. From the exterior of the eye to the inside (side of the vitreous), those
cell layers include the outer nuclear layer containing the cell nuclei of the rod and cone
photoreceptor cells, the inner nuclear layer composed of the nuclei of the Miiller, amacrine,
horizontal and bipolar cells and the neuronal layer formed by the nuclei of the ganglion cells. The
time for retinogenesis varies depending on the species, but overall they have the same order of

cell differentiation as illustrated for the mouse (Figs. 1.8 and 1.9).*% 13



The neurosensory retina consists of all retinal layers excluding the retinal pigment
epithelium, which is positioned external to the neurosensoryretina. Photoreceptors, which are
divided into rods and cones, are specialized cells that are responsible for the conversion of the
image focused onto the retina into an electrical message, which is then processed in the rest of the
retina and transmitted to the brain (Figs. 1.6 and 1.7). Cones are responsible for higher visual
acuity, daytime color vision, whereas rods are highly sensitive allowing for vision at low light
levels.

Retinogenesis is controlled by transcription factors and neurotransmitters that determine
the fate of retinal progenitors cells and lead to retinal cell differentiation. Retinal progenitor cells
undego specific mitosis and migration within the retina to end up differentiating to a specific type
of cells and fate. Ganglion cells, horizontal cells, cone photreceptor cells and amacrine cells
differentiate first while rod photoreceptor cells, bipolar cells and Mdller glail cells differentiate at

a later time (Figs. 1.8 and 1.9).
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Figure 1.8. Retinal neurogenesis proceeds in a fixed histogenetic order (time scaled from
mouse) (from Marquardt et al. 2002)."
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Figure 1.9. Structural organization of the developing and adult vertebrate retina (from
Martins et al.,2008).*

(A) In early retinogenesis, the developing neural retina is composed of undifferentiated dividing
cells. These neuroblasts undergo a period of rapid cell division, which allows for the expansion of
the retinal progenitor cell pool. As observed throughout most CNS tissue, the nuclei of retinal
progenitor cells migrate up and down throughout the depth of the retinal tissue. S-phase occurs at
the basal surface, while mitosis occurs at the apical surface, adjacent to the retinal pigmented
epithelium (RPE). The nuclei migrate between these two surfaces during G1 and G2 in a process
called interkinetic nuclear movement (INM). The extracellular environment undergoes dramatic
changes as progenitor cells begin to exit the cell cycle. During neurogenesis the differentiating
cells (initially ganglion and amacrine cells) may release a variety of signaling molecules into the
environment, which may send feedback to modulate progenitor cell proliferation.

11



Figure 1.9 (cont’d)
(B) The mature vertebrate retina is mainly comprised of seven cell types (ganglion, amacrine,
horizontal and bipolar cells, cone and rod photoreceptors and the Mdller glial cell), which are
organized into three cell layers. The proportion of the different cell types in the adult retina varies
dramatically (more than 100-fold). The generation of the correct proportions of each cell type is
crucial for visual function and depends on the appropriate control of proliferation and cell-cycle
exit. The approximate proportion of the retinal cell types in the mouse adult retina is shown.
(C) Retinal histogenesis follows an evolutionarily conserved birth order. For clarity, the
approximate timing and sequence of neurogenesis of the different retinal cell types during
development of the mouse, chick, rat, rabbit and human neural retinas are shown.
1.2.1.3. Specificities of the feline photoreceptor development

Although having similar retinogenesis, the feline retina has its own temporal specificities.

The first wave of cell differentiation during retinogenesis involves 3 cell classes: the
ganglion cells, cone photreceptor cells and horizontal cells. The amacrine cells then develop
followed by the rod photoreceptor cells, Miller cells then bipolar cells. The known details of the
timeline of the cat retina development and maturation are summarized in Fig. 1.10 below.™

It should be noted that a spatial/temporal difference in development exists and that a
central to peripheral maturation happens during feline retinal retinogenesis and maturation.
Indeed the cytogenesis first ceases in the area centralis and then in the visual streak (high
photoreceptor density areas that will be described in more detail later in the chapter).'®*’

Paralleling the retinal cells differentiation, the retinal vasculature also matures from the
center to the periphery. The inner vasculature development starts with the spread of mesenchymal
cells at E26; then by E48 some coarse capillaires have formed from those spindle cells, and
finally the major vessels differentiate and capillaries thinned. Starting at P7-10 and spreading to
the periphery, additional vasculature forms from the existing vasculature resulting in vasculature

of the area centralis inner layer, the outer layer vasculature and also to the capillaries surrounding

the optic papilla (which form at P20).'8

12
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Figure 1.10. Temporal differentiation and maturation of the feline retina. RPE; retinal
pigmentary epithelium, ELM; external limiting membrane; OS and IS; outer and inner
photoreceptor segments.'>*" 192

Concomittantly to morphological maturation, the feline retina, similarly to that of other
species, undergoes a functional maturation, which can be followed by the electroretinogram
(ERG) that assesses the retinal response to a light stimulus. Two types of regular ERG are usually
assessed, the dark-adapted or scotopic ERG (where the animal is dark adapted; we allow one
hour in our laboratory) and the light-adapted or photopic ERG (where the animal is adapted in a

ganzfeld dome to a rod suppressing backgound light of 30 cd/m? light for 10 min) (Fig. 1.11, left

image). Scotopic ERG are used to assess rod photoreceptor at low light stimulus luminances
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while assessing a mixed rod and cone responses at stronger light stimuli. The photopic (light-
adapted) ERG is used to assess cone photoreceptor function. Alternating current (AC) ERGs are
recorded using three electrodes. A recording electrode which can be an electrode on the cornea
(Fig. 1.11, right image) or in some research settings an intraocular electrode may be used. A skin
reference electrode is positioned adjacent to the lateral canthus, between the eyes or on the
conjunctiva/lid. A ground electrode is usually a skin electrode placed on the forehead, on the
occiput or between scapulas. The electrode positioning can be different depending on the

laboratory protocol.

Figure 1.11. Positioning of a cat for ERG. Left image: The image shows a cat with its head in
a ganzfeld dome during light adaptation. Right image: The image shows the positioning of a
corneal Burrian Allen bipolar electrode lens on a cat where the white part is a speculum, which is
painted with silver paint that contacts the lids and conjunctiva and acts as the reference electrode
and the wire loop on the cornea is the active electrode.

The individual components of the ERG response were first described by Granit in 1933
(Fig. 1.12, corneal recording).?? In a simplified description, the direct current (DC) ERG response
consists of three main components: the a-wave, the b-wave and the c-wave (Fig. 1.12). The a-

wave component (representing the leading edge of the PIII wave) is a negative deflection

representing the hyperpolarization that the photoreceptors undergo during light stimulation. More
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precisely the a-wave results from the elimination of the “dark current” as the photoreceptors
hyperpolarize in response to light induced closure of cyclic GMP-gated channels. The b-wave
component (predominantly shaped by the P 11 response) is a positive deflection that results from
the depolarization of the ON-bipolar cells. The c-wave is a slower wave due to the summation of
the P Il and P Ill waves coming from the retinal pigmentary epithelium cells (RPE). This is
present in ERGs recorded under DC conditions but not in the more commonly used AC recording

as shown in Fig. 1.13).%
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Figure 1.12. Analysis of composite retinal action potential at two intensities from a cat
retina (from Granit, 1933).2 The typical ERG is represented in full trace while the different
components P I, P Il and P 111 are represented in dotted tracings. The light stimilus is 2 seconds as
shown on the lower scale (On-Off).
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Figure 1.13. Typical feline dark-adapted ERG waveform and its origins. The a-wave
predominantly results from the hyperpolarization of the photoreceptor cells while the b-wave
originates from the depolarization of the ON-bipolar cells. The amplitude of the a-wave is
measured from the baseline to the peak of deflection while the b-wave amplitude is measured
from the deflection of the a-wave to the its own positive deflection peak. For both a- and b-waves
the implicit times are measured from the light stimulus to their deflection peak.

The feline retina physiological development follows and is related to anatomical
differentiation. Scotpic ERG (dark-adapted) of the cat was reported in more detail in 1980’s
literature and is characterized below.?*

Functional development of the feline retina as assessed by the ERG can be divided into 3
stages. The first stage is a slow phase during the first few postnatal weeks during which the late
receptor potential (slow recovering portion of the PIl wave; reflecting the recovery stage to the
absorption of light by the disk membranes) and the b-wave first develop.?® The second stage
occurs more rapidly and is characterized by an increase in b-wave amplitudes and the appearance
of oscillatory potentials (which are a series of small high frequency wavelets that are present

surimpposed to the ascending limb of the b-wave thought to be originated from amacrine cell in

the inner retina with a potential ganglion cell component).?® The last stage is slower and results in
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the full maturation of the retina and is correlated to the end of the morphological differentiation
of the retina and development of full neuronal connections. Similarly to the different specialized
retinal cell types, the different ERG components reach maturation at different ages.

A more precise description of the maturation of the feline ERG follows: At 3 weeks of
age, the kitten ERG is not yet mature. At low intensities only there is a late photorecepor
potential negative wave, and at higher intensities an a-wave and b-wave can be distinguished but
do not have an adultlike waveform shape. By 4 weeks of age, the ERG waveform is adultlike in
shape, however, the a-wave is still more prominent than the b-wave, with the b-wave having a
lower amplitude and longer implicit time. From 5 weeks and over the following weeks, the b-
wave amplitude increases although it is still decreased compared to adulthood at low light stimuli
(Fig. 1.14). By 10-12 weeks of age, amplitudes are adultlike. Similarly to the maturation of the
ERG amplitudes, the b-wave implicit time shortens with age to reach maturation at
approximately 10 weeks of age. On a side note, the oscillatory potentials, a waveform that
originates from amacrine cells in the inner retina, are comparable to those of adults by 18 weeks
of age.

The photopic (light-adapted) ERG seems to mature differently to that dark-adapted ERG,
with some b-wave responses becoming higher in amplitude than adult waveforms and then
stabilizing to similar amplitudes to adults by around 14 weeks of age. The impliticit time reaches

maturation around 11.5 weeks of age.”
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Figure 1.14. Examples of the ERGS recorded from Kittens of different ages in response to a
long stimulus of light (from Hamasaki et al., 1985).%
The numbers on the left represent the value of the neutral density filters used to attenuate the full
intensity stimulus. At 0, luminance = 1.1 x 10* cd/m? The 50 uV calibration scale for 3 and 4
weeks apply to all intensities. The up arrow shows when the stimulus was turned on, and the
down arrow shows when the stimulus was turned off.

1.2.2. Specificities in globe and retinal anatomy in large animal models compared to
small animal model and humans

Rodents are small animal models that are commonly used to investigate phenotype,
disease mechanisms and test therapies.?® Yet, although rodents have provided a lot of information
on retinal disease mechanisms, they have some important differences from humans in their eye
structure and retina i.e. especially in the distribution of their photoreceptors density. The eye of

rodents is very small compared to the human eye (Fig. 1.15), and they have a relatively large lens

that occupies most of the posterior part of the eye making the development of surgical techniques
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more difficult for therapy trials. Also, their retina differs in distribution of cones and rods
compared to the human retina (as detailed in the following paragraphs).?’

Large animal models like the cat and dog have the advantages that they present
similarities to humans with comparable eyes’ size and anatomy. They possess eyes that have a

closer structure to the human eye with similar globe and vitreous chamber sizes (Fig. 1.15).

O

10 mm

Figure 1.15. Schematic of the human, dog, mouse and cat eye.

Left panel: Human (A-left), dog (B-center) and mouse (C-right) eye schematic (from Petersen-
Jones et al., 2012 ?'). Right panel: The schematic eye in the cat (from Vakkur et al., 1963).%
This figure gives the physical dimensions of the feline adult eye.

In general, rods are distributed across the entire retina and represent the majority of
photoreceptors in many mammalian species, e.g. 94-97% in human and mouse retinas.?**® In
contrast, cone ratio, subtypes and distribution (mosaic patterns) vary significantly among
mammalian species.®! 3¢ The human retina contains three cone subtypes: red (long wavelength,
or L), green (medium wavelength or M) and blue (short wavelength or S) based on the specific
cone opsin expressed.®” *® These cones are highly enriched in a central retinal region called the

macula with a cone-only center the fovea, which is essential for visual acuity.*® *° In contrast,

rodents like the mouse lack a centralized cone-rich region. The mouse retina contains a dorsal-to-
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ventral distribution gradient of M versus S-cone subtypes with some dual expression cones in
their central retina (Fig. 1.16).3* Thus, despite being a commonly utilized model species, which
can be genetically well-controlled and have a high cone and rod-density **, the mouse may not be
the best model for human cone development and associated diseases due to its lack of marked
regional differences in cone density. In contrast, large animal models such as dogs and cats
similarly to humans have marked difference in photoreceptor density and have a central
photoreceptor-rich region called the “area centralis”, which has a high localized cone-density

similar to that of the human macula.®* ***®
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Figure 1.16. Photoreceptor cells distribution in the mouse retina.

Left panel: This figure shows the homogenous distribution of cones and rods dorsally and
ventrally and compares their density to other cell types.®* Right panel: This figure shows the
distribution of M- and S- cones subtypes in the mice. Dorsally cones only express M-opsin while
ventrally they only express S-opsin. Centrally the mouse cones have been shown to express both
M- and S-opsins.**
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As humans have a macula and fovea, the feline and canine retina is characterized by a
regional difference in photoreceptor density with similar proportions of cone and rod
photoreceptors and the presence of a high-density photoreceptor area — the area centralis (region

dorso-temporal to the optic nerve) and the visual streak (Fig. 1.17).

Feline fundus image Human fundus image

Figure 1.17. Images of a feline and a human right eye fundus.

Left image: The image shows the fundus of an adult cat. The area centralis is indicated at the tip
of the black arrow and is situated dorso-temporally to the optic nerve. The visual streak is a
region situated longitudinally dorsal to the optic nerve going nasally to temporally. Right image:
The image shows the fundus image of an adult human. The fovea is indicated at the tip of the
white arrow at the center of the region called macula (darker area surrounding the fovea).

The area centralis is comparable to the human macula due to its very high cone density.
In the cat, as in humans, the majority of photoreceptors are rods, with cones only accounting for
~9-10% of photoreceptors in the area centralis and ~5% or less in the peripheral retina.®* %’ Cats
present with only two cone subtypes, red-green (medium-long wavelength, or ML), and blue
(short wavelength or S) based on the specific cone opsin expressed.** ML cones represent the
majority of cones and are highly concentrated in the area centralis while the S cones have a
higher concentration in the ventro-temporal area of the retina. As previously stated, the area

centralis contains a high density of cones (and rods) — similar to the human macula (Figs. 1.18
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and 1.19). The center of the area centralis of the cat is reported to have ~26,000-27,000
cones/mm? and 275,000 rods/mm? with a peak of 460,000 rods/mm? at 10-15° from the region of
maximum cone density.** **** The human macula has a fovea with maximum cone density of
between ~115,000 to ~227,000 cones/mm? with a mean of ~164,000 cones/mm’ and a lack of
rods. The area surrounding the fovea has fewer cones and a peak of 160,000 rods/mm? at 18°

from the fovea." 40
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Figure 1.18. Schematic diagrams of cone distributions in a retinal wholemount of normal
cat (from Linberg et al., 2001).*

(A) Total cone density. A sharp peak of just under 28,000 cones/mm? was counted at the area
centralis. Cone densities declined rapidly away from this central region, though more slowly
along the horizontal nasotemporal axis wherein a smear of higher density is found. One site at the
far inferior periphery had the lowest total cone density of 3,100/mmZ.

(B) Medium wavelength (M)-cone density. Because M-cones predominate in the cat’s retina, the
isodensity map for M-cones closely parallels that of total cones.

(C) S-cone density. The robust fluorescence of labeled S-cone outer segments facilitated density
counts. Peak S-cone densities lie at the far periphery, at the area centralis itself, and in the central
portions of the inferior hemiretina. Lowest S-cone densities occur in a broad region across the
superior retina outside the area centralis.

(D) Percent S-cones. A low S-cone percentage is typical for most of the central superior retina,
whereas a broad expanse of the inferior hemiretina contains the highest S-cone percentages. S,
superior; T, temporal; N, nasal; I, inferior.
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The higher density of photoreceptors and in particular cones in the area centralis of the
cat makes it important as a model for the study of conditions where the degeneration tends to be
cone-led. This is an advantage over mouse models where a central region of high photoreceptor
packing is not present. Therefore, the cat represents a good model for human retinal diseases as
for its photoreceptor distribution compared to the small animal models like the mouse. This
characteristic makes such models valuable for understanding human retinal diseases and

developing therapeutic approaches, such as adeno-associated virus (AAV)-mediated gene
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Figure 1.19. Photoreceptor cell densities in the cat and human (from Steinberg et al., 1973)%*
Left panel: The figure shows the densities of rods and cones in the cat (O is the position of the
area centralis). Right panel: The figure shows superimposed the cone density in the area
centralis of a cat and the cone density in the fovea of a human.
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1.2.3. Cat large animal models in retinal hereditary research

Large animal models of inherited retinal degenerations such as dogs, cats, pigs and even
sheep play an important role as models for the comparable conditions in humans. They typically
have mutations in the homologous gene.**° Over the last decade, the dog model has proven to be
particularly useful because of the spontaneous occurrence of several different forms of inherited
retinal degenerations such as retinal dystrophies caused by mutation in the RPE65, PDEGA,
CNGBL1 genes. The different dog models (summarized in Petersen-Jones et al, 2015)°" *° have
proven valuable in the investigation of disease mechanisms but also in the assessment of
promising therapeutic interventions including gene augmentation therapy, drug therapy and
optogenetic approaches. More recently the cat has emerged as a source of valuable spontaneous
IRD models.”® This was possible due to the advance in mapping genetic traits in cats.®™
Spontaneous mutations in four different genes that cause early onset IRD in humans, classified
most commonly as Leber congential amaurosis, have been identified and studied. Spontaneous
mutations in Cep290, Crx, Aipll, Kif3b genes have been described. Those mutations are
responsible for LCA like phenotype. The mutations in the Cep290 gene is known to be a major
cause of recessive LCA in humans (about 20%), Crx (3%) which results in a variety of typically
dominant IRDs, most commonly LCA (see following text), Aipll (4-8%) and Kif3b which results
in a recessive LCA phenotype.®*® Contrary to the other 3 models, the Cep290 feline models
show a slow progressive retinal dystrophy phenotype, while the Crx and Aipll show a rapid
retinal dystrophy phenotype. The Kif3b phenotype is also relatively rapid but a bit slower than the

latter two.
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1.3. RETINAL DEVELOPMENT AND TRANSCRIPTION FACTORS

Gene expression is most commonly regulated at the transcription level, which is the
process of transcribing DNA (deoxyribonucleic acid) to mRNA (messenger ribonucleic acid).
The transcription is regulated by the enzyme RNA polymerase, which using the gene’s DNA
template catalyzes the synthesis of RNA. Associated with proteins the transcription factors
control the RNA polymerases function during the initiation. Transcription consists basically of
three steps: the initiation step in which the RNA polymerase binds to a specific DNA sequence
called the promoter, the elongation i.e. the step where the RNA is synthesized using the DNA as
a template, and the termination step in which the RNA polymerase separates from the DNA
strand when it recognizes the transcription termination sequence.

Transcription factors ¢"

are proteins generally acting in multi-subunit protein complexes
that lead to a specific expression during development and homeostasis of each gene in different
cell types by initiating and regulating gene transcription. Therefore, transcription factors are
essential for normal development, dictating individual cell fate and regular cellular functions.
Transcription factors can activate or repress the transcription of a gene; they are essential in
controlling whether the gene is functional at a given time. They are essential during the cell cycle
by determining the genes’ activity and also are used by cells to respond to extracellular stimuli
and signals from the environment or other cells.

Transcription factors function in the nucleus, where the genomic DNA containing genes is
located, and nuclear transport (i.e., import or export) of transcription factors can influence their
activity. Another important general mechanism controlling the activity of transcription factors is
post-translational modification such as phosphorylation. Finally, in addition to controlling the

genes and transcription of other transcription factors, these protein complexes can also control the

genes responsible for their own transcription, leading to complex feedback control mechanisms.
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Structurally, transcription factors are characterized by the possession of DNA-binding domains.
Transcription factors can bind to RNA polymerase in which case they are called basal
transcription factors; examples include TFIIA, TFIIB, TFIID/TATA-BOX binding protein (TBP),
TFIE, TFIIF, and TFIIH. Alternatively, they can bind to another transcription factor or cis-acting
DNA sequences. More precisely, transcription factors are necessary for the RNA polymerases to
recognize sequences to transcribe; they can be activated or repressed by other proteins and can
bind to DNA at specific sequences called promoter or enhancers that regulate transcription.

The homeobox genes, which are about 180 base pairs long, encode for transcription
factors. They consist of a family of over 200 similar genes directly involved in critical steps
during embryonic development such as structural pattern development (i.e. limb formation or
front to back axis). The transcribed proteins contain a homedomain, which consists of about 60
amino acids with a helix-turn-helix structure. The homedomain, exclusively found in eukaryotes,
has the ability to bind to DNA or RNA specific regulatory target sequences in genes. Most
proteins that possess a homedomain are transcription factors and therefore have the ability to
control gene expression by binding to promoters or enhancers or regulatory sequences and so
induce cascade events necessary for development. This explains why mutations in homeobox
genes can have dramatic consequences on development.

Transcription factor genes include retinal transcription factors involved in the eye
development like PAX6 and more specifically in retinal development factors such as OTX2,

NR2E3, NRL and the cone-rod homeobox (CRX) gene (Fig. 1.20).
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Figure 1.20. The complexity of transcriptional regulation (from Boije et al., 2014).%

There are 6 main transcription factors that lead the photoreceptor precursor to form either
a rod or a cone: the homeobox protein OTX2, the cone—rod homeobox protein CRX, the neural
retina leucine zipper protein NRL, the photoreceptor-specific nuclear receptor NR2E3, the

thyroid hormone receptor 2 TRPB2 and the nuclear receptor RORB (Fig. 1.21)."
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Figure 1.21. Model for transcription factor network regulation of photoreceptor subtype
development (from Hennig et al, 2008)."

OTX2, the Orthodenticle Homeobox 2 is responsible for the commitment to a
photoreceptor fate by being a key regulator of the photoreceptor lineage. It intervenes during
final mitosis in retinal progenitors and in early precursors. CRX, the cone-rod homeobox is
responsible for the terminal differentiation of photoreceptors. It is also expressed in mature
photoreceptor and bipolar cells. CRX is expressed early in post-mitotic photoreceptor precursors
and acts downstream of OTX2. CRX is essential for terminal differentiation of rods and cones
and is an enhancer for photoreceptor-specific genes expression. NRL, Neural retina-specific
leucine zipper protein is responsible for rod photoreceptor fate. NRL interacts with CRX and
many other transcription factors and induces the expression of rod-specific genes. NR2E3, the

photoreceptor-specific nuclear receptor is a repressor of cone gene expression and with NRL and

28



CRX, it activates rod genes. RORS, the orphan nuclear receptor is a transcription factor that is
expressed in all cell layers of the neural retina and in the pineal gland. It regulates the
development of both cones and rods. In addition to being essential to photoreceptor outer
segment formation, RORp is necessary for the development of inner nuclear and synaptic layers.
TRP2, the thyroid hormone nuclear receptor regulates the development of the M cone and plays a

role in the cone opsin retinal patterns.’ " 2

1.4. CRX-LCA INHERITED RETINAL DISEASE

1.4.1. Leber Congenital Amaurosis (LCA)

LCA is an inherited retinal disease with childhood onset, which leads to very severe
visual impairment or blindness. It was first described by Theodor Karl Gustav von Leber.”* LCA
is the most severe form of the photoreceptor dystrophies and accounts for ~5% of all inherited
retinopathies with a prevalence of about 1 in 30,000 to 81,000 newborns.”>® Clinical signs of
LCA include wandering nystagmus, delayed and very decreased pupillary light reflexes and
absent or severely reduced ERG responses. Additional clinical signs described include fundus
changes, keratoconus, cataracts, changes in refraction, sensitivity to light and a behavioral
oculodigital sign in young children.”* "

Known genes harboring mutations causing LCA are summarized in Table 1.1 and Figs.

1.22 and 1.23.

Leber congenital amaurosis, | CRX, IMPDH1, OTX2
autosomal dominant
Leber congenital amaurosis, | AIPL1, CABP4, CEP290, CLUAP1, CRB1, CRX, DTHD1,
autosomal recessive GDF6, GUCY2D, IFT140, 1QCB1, KCNJ13, LCAS5,
LRAT, NMNAT1, PRPH2, RD3, RDH12, RPE65,
RPGRIP1, SPATA7, TULP1, MERTK (ALMS, CNGA3,
MYOQO7A, BBS4)

Table 1.1. Identified retinal genes in which mutations can be responsible for LCA.% "
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Figure 1.22. Cumulative number of identified LCA genes (from Den Hollander et al., 2016).%
During the past 20 years, more than 20 genes have been identified for LCA through a candidate
gene approach, by homozygosity mapping, or, more recently, using exome sequencing.
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Figure 1.23. Main LCA causing-genes: their spatial expression and their prevalence
importance (from Den Hollander et al., 2008).2*

Left panel: this figure shows the LCA causing-genes can be grouped according to nine different
retinal functions. BB, basal body; CC, connecting cilium; OLM, outer limiting membrane; OS,
outer segments; PR, photoreceptor. Right panel: This figure shows that among LCA causing-
genes the CRX gene represents only a small prevalence.

30



1.4.2. CRX transcription factor

CRX encodes an OTX-like homeodomain transcription factor essential for photoreceptor
development, maturation and survival.®**® It plays a major role at the center of a network of
photoreceptor transcription factors controlling the maturation of photoreceptor progenitor cells
during retinal development and maintenance of transcription in differentiated photoreceptors.”

The CRX gene is well-conserved among species. In humans it encodes a 299 amino acid
protein, which as with other transcription factors has two characteristic domains: a DNA binding

domain (homeodomain) near its N-terminal and a transactivation domain at the C-terminal (Fig.

1.24).%
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39 98 161 170 284 295

L J !

T T
DNA binding and dimerization Transactivation

Figure 1.24. CRX transcription factor structure (Courtesy Dr Shiming Chen).®’

As described above, CRX directly regulates several major genes involved in normal
retinal function, including many key components of the phototransduction cascade and the CRX
gene itself, by binding to the target gene’s regulatory elements and interacting with co-factors.®
891 As being a transcription factor, the wild-type Crx protein is believed even at a very low level
to have an impact on the production of other proteins; proteins encoded by a gene containing a
binding site for Crx. For example, impairment of the proper transcription rate of CNGA3 and
KNCV2 genes can have an effect on phototransduction. Similarly, altered production of ABCA4
protein could lead to inefficient visual cycle function (recovery of the photopigment necessary for

phototransduction). Crx also has a binding site on the gene encoding for structural proteins such
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as PROML1 or for proteins essential for proper transport through the photoreceptor connecting
cilium (i.e. RPGRIP1 or AIPL1) (Tables 1.2 and 1.3, Fig. 1.25). In mice, Crx binds to 48 genes
within the retinal cells. It binds to promoters for genes encoding for proteins essential in
phototransduction (Cnga3, Cngb3, Gnat2, Opnlmw, Opnlsw, Rho, Grkl, Kcnv2), the visual
cycle (Abca4), transport processes within the photoreceptor (Aipll, Rpgripl, Tulpl, Uncl119) and

development and formation of the normal structure of the photoreceptor (Crx, Nrl, Nr2e3, Prom1,

Prph2) (Tables 1.2 and 1.3, Fig. 1.25).

Mouse Gene Expression Disease Mode
symbol (BioGPS)
Cnga3 Retina (cones) Achromatopsia 2 ar
Cngh3 Retina (cones) Achromatopsia 3 ar
Gnat2 Retina (cones) Achromatopsia 4 ar
Opnlimw Retina (cones) Colorblindness Deutan X
Opnlsw Retina (cones) Colorblindness Tritan ad
Pde6c Retina (cones) Cone Dystrophy 4 ar
Gnatl Retina (rods) Congenital Stationary Night Blindness Autosomal ad
Dominant 3
Pde6b Retina (rods) Congenital Stationary Night Blindness Autosomal ar
Dominant 2, Retinitis Pigmentosa 40
Rho Retina (rods) Retinitis Pigmentosa 4 ad, ar
Grmé Retina (BP) Congenital Stationary Night Blindness Type 1B ar
Cerkl Retina (RGC) Retinitis Pigmentosa 26 ar
Rbp4 RPE RPE Degeneration ar
Rdh12 RPE Leber Congenital Amaurosis 13 ar, ad

Table 1.2. Genes which contain a CRX-binding site revealed by ChlIP seq that are known to
be expressed in specific retinal cells (modified from Corbo et al., 2010)** (ar; autosomal

recessive, ad; autosonomal dominant, X; X-linked).
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Mouse Gene Expression Disease Mode
symbol (BioGPS)
Abcad Retina Cone-Rod Dystrophy 3, Retinitis Pigmentosa 19, ar
Stargardt Disease 1
Aipll Retina Leber Congenital Amaurosis 4 ar, ad
Cabp4 Retina Congenital Stationary Night Blindness Type 2B ar
Cacnalf Retina Congenital Stationary Night Blindness Type 2A X
Cngal Retina Retinitis Pigmentosa 41 ar
Crbl Retina Leber Congenital Amaurosis 8, Retinitis Pigmentosa ar
12
Crx Retina Cone-Rod Dystrophy 2, Leber Congenital Amaurosis ar, ad
7
Elovl4 Retina Stargardt Disease 3 ad
Fscn2 Retina Retinitis Pigmentosa 30 ar
Gpros8 Retina Usher Syndrome Type 2C ar
Grk1 Retina Oguchi Disease 2 ar
Gucala Retina Cone Dystrophy 3 ad
Gucalb Retina Retinitis Pigmentosa 48 ad
Kcnv2 Retina Retinal Cone Dystrophy 3B ar
Lcab Retina Leber Congenital Amaurosis 5 ar
Nr2e3 Retina Retinitis Pigmentosa 37 ar, ad
Nrl Retina Retinitis Pigmentosa 27 ad
Nyx Retina Congenital Stationary Night Blindness Type 1A X
Pde6a Retina Retinitis Pigmentosa 43 ar
Pitpnm3 Retina Cone-Rod Dystrophy 5 ad
Prcd Retina Retinitis Pigmentosa 36 ar
Prom1l Retina Macular Dystrophy 2, Stargardt Disease 4, Retinitis ad, ar
Pigmentosa 41
Prph2 Retina Retinitis Pigmentosa 7 ad/digenic
Rbp3 Retina Retinitis Pigmentosa ar
Rd3 Retina Leber Congenital Amaurosis 12 ar
Rgs9 Retina Bradyopsia ar
Rgs9bp Retina Bradyopsia ar
Rom1l Retina Retinitis Pigmentosa 7 ad/digenic
Rpl Retina Retinitis Pigmentosa 1 ar
Rpgripl Retina Leber Congenital Amaurosis 6 ar
Rs1 Retina X-Linked Retinoschisis X
Sag Retina Retinitis Pigmentosa 47 ar
Trpml Retina Congenital Stationary Night Blindness 1C ar
Tulpl Retina Retinitis Pigmentosa 14 ar
Uncl19 Retina Cone-Rod Dystrophy ad

Table 1.3. Genes containing a CRX-binding site revealed by ChlIP seq that are known to be

expressed in the retina (modified from Corbo et al., 2010)* (ar; autosomal recessive, ad:
autosonomal dominant, X; X-linked).
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Figure 1.25. Schematic representation of the roles in cones of the proteins that are encoded
by genes with a CRX-binding site (modified from Roosing et al., 2014).%
Proteins which are encoded by genes with a CRX-binding site are indicated by a light red oval

shape.

As previously described in detail, CRX is a photoreceptor-specific transcription factor
(TF) essential for normal photoreceptor development with a major role in the differentiation of
multipotent progenitor cells to photoreceptors precursors then to photoreceptor subtypes, but it
also plays an invaluable role in photoreceptor function maintenance and survival. CRX is also
expressed in the pineal gland.”

The essential role of CRX at an early stage of photoreceptor development and also for
maintenance of photoreceptors in the mature retina explains why CRX mutations result in a

spectrum of retinopathies. They are typically dominantly inherited due to a dominant negative
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effect of the mutated protein that is expressed in many instances. The phenotypes vary in severity
and are responsible for 4 major phenotypes: Leber congenital amaurosis (LCA) a childhood onset
of blindness, cone-rod dystrophy (CoRD), retinitis pigmentosa (RP) and macular dystrophy.®”
Mutations in the CRX gene have been reported to account for just approximately 2-3% of LCA.*

LCA caused by CRX mutations is classified as LCA type 7.

1.3. CRX mutation classifications

Recent studies have utilized both spontaneous animal models with Crx mutations (2
mouse models) as well as two engineered mouse models of some human CRX mutations to
understand the mechanisms of how the mutations cause disease and to explain the variation in
phenotype severity. Human CRX mutations have been classified into four classes based on
disease mechanism, more specifically on the mutation type and the functional characteristic of
the resulting mutant protein with the existing animal models representing 3 of the classes.?’ Class
I and Il mutations result from missense mutations in the homeodomain while Class 111 and IV are

frame-shift or nonsense mutations (Fig. 1.26).%
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Figure 1.26. Human mutations schematic and animal models mutations (from Tran et al.
2014).%

Missense mutations in the homeodomain (Classes | and Il) lead to milder phenotypes
while frameshift or nonsense mutations in the activation domain (Classes Il and V) cause a
severe phenotype.®’

The first two CRX mutation classes include missense mutations located in the DNA
binding domain. Class | mutations are hypomorphic mutations where the resulting mutant protein
has a reduced DNA binding ability but does not interfere with the wild-type protein, while Class
Il mutations are antimorphic mutations which interfere with wild-type CRX and have variable
DNA binding properties. The R90W mouse model (Crx™®" knockin; Arg90Trp substitution
mutation in the CRX homeodomain) has been developed as a model of Class | mutations. The
mutant protein has decreased binding ability for the rhodopsin promoter, which is a well-known
target of CRX. The Class | mutations cause later-onset disease; the R9OW mouse model has a

milder phenotype and the Crx knockout mouse when heterozygous shows only a slight delay in
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photoreceptor development. Taken together this indicates that the more severe disease
phenotypes are not simply the result of haploinsufficiency. In contrast, the predicted Class Il
mutations have a more severe phenotype predicted to result from interference with the wild-type
CRX protein. There are currently no animal models for the Class Il mutations.

Class 111 and IV mutations consist of frameshift and nonsense mutations in the activation
domain of the CRX protein and have antimorphic effects. Class Il mutations lead to the
production of a truncated protein with intact DNA binding abilities while Class IV mutations
show reduced DNA binding. The E168d2 mouse model (Crx¥'%®% knockin; Glu168del2
frameshift mutation in the CRX activation domain) is a model of Class I11 mutations. The Crx®"
mouse model (spontaneous mouse model; Gly255dell frameshift mutation in the CRX activation
domain) is a model of Class IV mutations, but at present no human equivalent mutations have
been reported. Studies of the RO90OW (Class 1) and E168d2 (Class 11) mutant mice have shown that
the more severe phenotypes result from a dominant negative effect of the expressed mutant
transcript causing misregulated gene expression in many pathways critical for photoreceptor
structure, function and survival. This is supported by the fact that E168d2 mouse from which a
neomycin resistance cassette had not been excised had a lower expression level of the mutant
allele and had a milder phenotype than the model in which the neomycin cassette had been
excised. Taken together these findings indicate that the phenotypic variations seems to be related
to the molecular structure and binding ability of the CRX mutant protein (Fig. 1.27 and Table

1.4).87, 95
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Figure 1.27. Schematic diagram of wild-type (WT) and mutant CRX proteins made by the
indicated mouse models (from Ruzycki et al., 2015).%

The WT CRX protein shown on the top is 299 amino acids (A.A.) in length and contains the
indicated DNA-binding and transactivation domains (indicated by bars above the diagram) and
several conserved motifs (marked by solid greyand black boxes). The substitution
mutation RO9OW lies within the homeodomain and reduces DNA-binding. The frameshift
mutation E168d2 results in a C-terminus truncated CRX protein that retains DNA-binding
capability but fails to activate transcription, and is, therefore, antimorphic. The frameshift
mutation G255d1 ‘Rip’ results in a non-homologous C-terminal extension (dark grey hashed
box), creating an antimorphic protein that no longer binds DNA.

Mouse Mutation | CRX Rod Cone Disease | Phenotype
Class EXPression | eynction Degeneration Function | Degeneration model severity
WT NA + ++++ Undetectable ++++ Undetectable | NA NA
RIOW™* | + ++++ Undetectable ++++ Undetectable | CoRD Mild
E‘ég/SerZ 1l + +++ Undetectable | ++ > lyear CoRD Moderate
E168d2"" | 1l ++ ++ 1-6 months + 1 month LCA Severe
Rip™ \V} + - 1-18 months | - Undetectable | LCA Very
severe
Very
- Null - - 1-3 months - Undetectable | LCA severe
E168d2/ +++ - 1-3 months - Undetectable | LCA very
d2 severe
ROOW/W +/- - 1-3 months - Undetectable | LCA very
severe
P Very
Rip/Rip +- - 1-9 months - Undetectable | LCA severe

Table 1.4. Phenotype summary of heterozygous Crx mutant mice (from Tran et al., 2014,
Roger et al., 2014 and Ruzycki et al., 2015)%" %%

CRX expression is based on quantitative Western blots. Rod and cone function is based on ERG
peak amplitudes. Phenotype severity is based on morphological and functional deficits.

The effect of Crx mutations on expression levels of photoreceptor genes has been

investigated in some of the mouse models (Figs. 1.28 and 1.29).% %
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Figure 1.28. Changes in phototransduction photoreceptor-specific gene expression of
Crx mutant mice retinas photoreceptor-enriched genes involved in phototransduction (changes
assessed by RNAseq) (from Ruzycki et al., 2015).%

Cone Development Rod Development
+CRX +NRL
Photoreceptor
Precursors
(Not formed)
Py,
1848
538§
-
¥ S
® 3 S
Cones g &
SR
o
b
Phototransduction |Phototransduction
Genes- Cone :(‘mm Rod
L L

Figure 1.29. Model of how Crx mutation-caused gene expression changes affect rod and
cone development (from Ruzycki et al., 2015).%

The left panel describes the formation of cones in a subset of the Crx mutants and variable levels
of those cells’ expression of phototransduction genes. The right panel shows how development
of rods in all models is related to their gene expression changes. It also emphasizes the novel
findings that Crx mutant rods display a graded phenotype of both the decreased expression of
proper rod genes, and the mis-expression of cone genes.
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The initial phenotypic description and investigation of mode of inheritance of the Crx*¥

mutant cat was published in 1985 by Roger Curtis and Keith Barnett.”® This was followed by
publications that described the condition as an autosomal dominant retinopathy and more
specifically a rod-cone dysplasia. These authors gave the mutant mode the name Rdy (rod-cone
dysplasia) cat. This name has been maintained although the condition was subsequently shown to
be a cone-rod dysplasia.

The Crx*¥ cat phenotype is also comparable to human and E168d2 mouse model
phenotype with retinal dystrophies caused by similar-type mutations making the Crx*® cat an

ACRX

excellent model for studying severe human LCA7 (LCA~"™") phenotype. Similarly to LCA7

patients and the E168d2 mouse model with the severe phenotype, studies revealed that the

Rdy/+

heterozygous Crx cats have a severe, early-onset dominant photoreceptors dystrophy with

cones being affected more severely. The Crx*®™*

kittens show signs of retinal disease as early as
4-5 weeks of age at which time they have moderate mydriasis and nystagmus. Abnormal
pupillary light reflexes (PLR) are noticed as early as 6 weeks of age and changes in fundus
appearance first appear as a discoloration in the region of the area centralis. With disease
progression with age retinal atrophy with superficial retinal vascular attenuation develops.
Histologically, the Crx*®"* kittens show a failure of photoreceptor maturation with photoreceptor
degeneration starting in the region of the area centralis (macula-like region). Photoreceptors are
shortened, with sparse and dystrophic outer segments, which do not develop further with age.
Inner photoreceptor segments degeneration as well as retinal thinning and photoreceptor nuclei
death develop with disease progression. There is mislocalization of opsins to the inner
photoreceptor segments, outer nuclear layer and up to the photoreceptor synapse terminal in the

outer plexiform layer. Affected cats also showed a significant increase in glial fibrillary acidic

protein (GFAP) expression in Miuller cells. Accompanying those cellular and morphologic
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Rdy/+

changes, the Crx Kitten has severely reduced visual function with severely decreased dark-

adapted electroretinogram (ERG) responses and no cone (light-adapted) ERG responses.*®%2
Similarly to Class 11l human CRX mutations and the E168d2 mouse model, in which the
mutant protein retains DNA binding and has an antimorphic effect, the Crx-mutant cat (Crx*®)
has a mutation in the activation domain and develops a severe dominant retinopathy mimicking
human autosomal dominant LCA. The causal mutation is a one base pair deletion
(p.Pro185LysfsTer2 — c.546delC) in the final exon of the Crx gene (which has 4 exons in total).
This causes a frameshift mutation resulting in a premature stop codon at residue 186. The
position of the stop codon is at an analogous site to several reported human mutations that most
frequently result in an LCA phenotype (for a summary, see Table 1.2 in Tran et al, 2014 #" and ">
103111 " Because the mutation position is in the last exon, the mRNA is predicted to avoid
nonsense mediated decay and to produce a truncated Crx protein (185 amino acids long instead of
299). The truncated protein would be predicted to have an intact DNA binding site but a

truncated transactivation site (Figs. 1.30 and 1.31).'*?
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Cat Wild-Type cDNA 1431bp Cat mutant cDNA 1430bp

accgygygoc aggattacce tcogagatoco aggocaccgo 23atgacatc 2cocgggggcoc aggattacce toogagatoco aggcoccacogo aaatgacatc
actcccagoc ggagottasa atctoccoccat gbgaggggac ctgtttoctt  actoccagoc ggagottaas atoctocccat gtgaggggac ctgtttoctt
caggotttge catctgacaa ctocogocca ggtoocooggc Cacogggaga  caggotttgo catctgacasa ctocogocca ggtoccooggc cacogggaga
gococcogtooc tgtttotgaa ggocogooga cotgggoogc agtgtcccog gocoogtoocco tgtttotgas ggococgooga cotgggoogc agtgtoocog
aagatcEiga tggogtatat gaaccoggyg coccactact cggtcaatge  2agatcEiga tgycgtatat gaaccoggyy Cocccactact oggtocaatgo
cttggcocctg agtggtcoca gtgtggatot gatgoaccaa gotgtgtcoct  cttggooctg agtggtcoca gtgtggatcot gatgoaccaa gotgtgtoct
acccaagogc CCCCagaady Ccagoggogyg agoggaccac cttcaccogg  &CCCEagoge COCCAagasag cagoggoggg agoggaccac cttoaccogg
agcoagotyg aggagotgga ggococtgttt gocaagactc agtaccogga agocagotgg aggagctgga ggococtgttt gocaagactc agtaccogga
tgtgtatget cgogaggagy tgyctctgea gatcaacctg coocgagtcca tgtgtatgot cgogaggagg tggotctgaa gatcaacctg coogagtocoa
gggttcagyt ttggttcaayg aacogcagyg ccaaatgoog ccagoagogt  gggttoagot ttggttcaag aaccgoagyg cocaaatgocyg ccagoagogt
cagcaacaga agcagragoc goagocococt ggggracasa ccaaggotcg  Cagraacaga agoagcagoc goagoccoct ggggoacaaa coaaggotog
tcoggocaag cggaaggroay goatgtogoo gagatocctoo toggecgtct toocggocasg cggsagycag goatgtogoco gagatcootoco toggacgtot
gtccagatoco cotgggoatc tcagactcoot acagoccocc toctaccoggc  gtoccagatoco coctgggoatc tocagactocot acagocococc totaccoggo
cococtoggtot cococcaccto ggoogtggoc acggtgtcca totggagtcc coctocggtot cocccacctco ggoogtggoc acggtgtoca totggagtoc
cgoctoggag tocooctotgo cogaggocca gogggcgogy Ctggtgycgg Ccgoctoggag toocototgc cogaggocca gogggyogggg Ctggtggcgg
cogggoccoc totgacctoc gogooctacg coatgaccta caccocoogoc  cgggoccooct c-cr_'t.ccg cgooctacge catgacctac acccocogoct
tctgotttot gotottooco ctoggoctac gggtctcoga gotcotattt  ctgotttotg ctottoccoco toggoctacg ggtcotoogag ctoctattto
cagtggoctg gatcocotato tttooccoccat ggtgocccag cbggggggoc  agtggoctgg atcootatot ttocccocatg gtgoccocagc tggggggocc
CgyCcotCag CooCototog ggoccotocg tgggocccctc cotgycoccag  ggocctoage cocochohogg gocootoogt gggyccootoc CLggocoagt
tCCCCCAacCt CCoTgToagy CCcagagotac gUgtCcCCtaca goocCogtgya | Ccocccacotc ootghcagyc cagagotacy gtoootacag coocogtggac
cagottggaa ttCcagggacc CCAacagycac ctggaaattc acctacaacc  a2gottggast tcagygaccoe cacaggoace tggaaattca cotacaacoc
ccacggacco cttggactac aaggatcaga gbgoctggaa gtttoagatc  cacggaccoco ttggactaca aggatcagag tgoctggaag tttoagatot
ttgjillzagc cageteotgte tocogogocte gtotgaaceg totgaacogg  tgbagaagoc agototgtot cogeogocteg tobgaaceogt ctgaaccgge
COoCCoggyagy gogtcooctgy gg2agcagyy COYegorttgy gYccoTLCLony  COCgUgRgyy CYLoCCoLgYy gR2gC2g9Yc ggagcotitggy goctoToTgyg
gottogtgog COgggCotcac TCACCacgyc CCacCcCCCtc Chooogygag Cttogtgogc JoYgotCact Caccacggoc Caccoootoo tooogggagg
ggtctocottg CtotCcogggy acagygytygg gUggcgagggy cacacatcag gtotocottgo totcogygya caggggtggg ggogaggggc acacatoagt
taggtcttag taaccotcaa cococagcoccog gotogogtgy attottagot 2ggtottagt aaccotcaac coagoccogy octogogtgga ttottagotg
gocottttgaa accacgagoc Ccagactcocoa gaaattectet tgytgagaat | cottttgada ccacgagocc cagactocag 23attCoLott ggLbgagaatt

ttogoccoga gacgaaatte aaacgeacte gf/f togocccgag acgaaattca aacgoacteg /S
Cat Wild-Type cDNA (1431 bp) Cat mutant cDNA (1430 bp)
Cat Wild-Type protein (299 aa) Cat Mutant protein (185 aa)
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Figure 1.30. Wild-Type and mutant feline cDNA and the predicted protein.

This figure indicates the location of the feline mutation (indicated in yellow a deletion of a
cytosine) at position 546. This introduces a premature stop codon and therefore encodes a
truncated protein. Start codons are indicated in green while stop codons are indicated in red.
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Figure 1.31. Wild-type and mutant Rdy Crx feline proteins (from Menotti-Raymond et al,.
2010).*?

Y exon splice junctions, * Start codon , X stop codon, Shaded box homeobox WSP domain,
Transcriptional transactivation domains 1 and 2 (TTD1 and TTD2) and OTX tail.

1.5. CRX-LCA INHERITED RETINAL DISEASE AND POTENTIAL THERAPIES

1.5.1. The disease phenotype leads to the potential therapy choices

Currently, there are no actual approved treatments for LCA in humans although there are
a number of ongoing clinical trials for LCA resulting from RPE65 mutations.”” *** Ongoing
therapy testing in rodents exists in LCA caused by mutations in AIPL1, GUCY2 and CEP290 for
example.™ ™" The Crx*?¥ cat could therefore be a valuable large animal model to provide new
insights into the development of therapies for dominant LCA and for other conditions that have a
dominant negative mechanism. Different therapeutic approaches have been developed over the
past decade that could be applied to the treatment of LCA.

CRX-LCA retinopathies caused by a dominant negative mechanism present a challenge
for treatment compared to recessive diseases. Indeed, recessive diseases result in a simple lack of
gene product, which can be treated by gene augmentation. In dominant recessive disease such as
CRX-LCA retinopathies, due to the over expression of the mutant allele having a negative effect
on the wild-type allele, other strategies must be used in order to manipulate the ratio between

mutant and WT Crx alleles/proteins.
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Therefore, prior to loss of photoreceptors potential therapeutic interventions that may be
translatable to human patients are those that address the over expression of the mutant Crx
transcript compared to wild-type Crx transcript. These include either knocking down the levels of
the mutant transcript, using for example anti-sense oligonucleotides #?° or shRNA 2123 or
over expressing the wild-type transcript by gene supplementation using adeno-associated viral

vectors >

, or a combination of both approaches. Supporting evidence for this approach is
provided by the p.E168d2 mouse model where a line of p.E168d2 mice in which a Neo cassette
had not been excised (p.E168d2Neo) was investigated. The presence of the Neo cassette reduced
expression of the p.E168d2 transcript compared to the wild-type transcript and this line of mice
had a milder phenotype than the line where the Neo cassette had been excised and had over
expression of the mutant transcript.”® Also, mice or humans heterozygous for null mutations in

CRX have either a mild phenotype or no phenotype.®* &

1.5.2. Viral vectors for gene supplementation and their potential for therapy

Over the last 15 years viral vectors have been used for gene supplementation (Fig. 1.32).
Vectors commonly used in basic science and translational research include those based on adeno-
associated virus, adenovirus and lentivirus. Each has their own advantages and disadvantages,

and so far the adeno-associated virus has been the most commonly used ocular gene for therapy.
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Figure 1.32. Proteins whose genes are candidates for gene supplementation therapy (from
Smith et al., 2012).***

(MC; Muiller cells, ONL; outer nuclear layer, IS: inner segment, CC; connecting cilim; OS; outer
segment, RPE; retinal pigmentary epithelium.)

1.5.2.1. Viral vectors used for gene therapy
Lentiviruses are enveloped double-stranded RNA virus. They infect non-dividing cells
and can integrate themselves into the host cells’ genome allowing for long-term transgene
expression. They can carry up to ~836 kb of genetic material. Random insertion of Lentiviruses
runs the risk of causing tumors (if, for example, they disrupt a tumor suppressor gene or may
impair the wild-type gene expression of the host genes). Other disadvantages include variable
transgene expression and immune reaction (see review Escors et al., 2010 and Sack et al.,

2009).125-127
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Adenoviruses are double-stranded DNA viruses that are non-enveloped. They do not
integrate, so they carry a very low risk of insertional mutogenesis. They can carry as much as ~36
kb of genetic material. However, disadvantages are frequent off target transduction and induction
of immune responses (see review Douglas, 2007, Brunetti-Pierri et al., 2017, Sack et al.,
2009).127-129

It is to be noted that all viruses used in gene therapy are foreign to the body cell of the
host and therefore can potentially cause an immune reaction. Over the years, tremendous efforts
have been made in research to optimize viral vectors to target specific cells with minimal adverse
effects such as an adverse immune reaction. Adeno-associated virus vectors have become the
vectors of choice for ocular gene therapy and are considered in more detail in the following

section.

1.5.2.2. Adeno-associated vectors (AAV)
1.5.2.2.1. Properties of AAV vectors

Adeno-associated viruses are parvoviruses, which are non-replicating, non-enveloped
viruses that have an icosahedral protein capsid and contains a single-stranded DNA genome (Fig.
1.33). Their advantages are that they are small in size and can infect both non-dividing and
dividing cells. They can induce prolonged expression of the transgene, and certain serotypes can
efficiently transduce photoreceptor and retinal pigment epithelial cells. They tend not to be very
immunogenic and rarely integrate into the host genome. Their main disadvantage is that they
have a relatively low genetic material cargo capacity, typically up to about 4.7 kb (although some
techniques suggest up to 8.9 kb may be inserted).**® **! This is a significant limitation to their use
for gene supplementation in diseases due to mutations in large genes such as CEP290, which is

important because it is responsible for over 20% of LCA or ABCA4, a gene responsible for
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Stargardt macular dystrophy. The CRX gene described in this dissertation is ~2.9 kb and therefore
will fit in an AAV vector (see review Buning et al., 2008, Flotte, 2004, Conlon et al., 2004,

Carter, 2004, Hastie et al., 2015).1*1%

20nm Virion

|

cap [ e
wt AAV
7 e |m>
ITR 4.7kb genome ITR AAV vectar

Figure 1.33. Schematic of an AAV vector — its capsid and single stranded DNA (from
Lipinski et al., 2013).1#®

The left panel shows the icosahedral viral capsid containing a single-stranded DNA AAV
genome. The right panel represents at the top the single stranded DNA of AAV, which is
composed by Rep (replication) and Cap (capsid) genes surrounded by inverted terminal repeats
(ITR). For creating a recombinant AAV, the Rep and Cap genes of the AAV are replaced by a
transgene cassette containing a promoter, a transgene and poly-a tail (bottom), which are the
regulatory elements required for gene expression.

The AAV genome is composed of 2 genes — open reading frames (ORFs) (Rep and Cap)
and 2 inverted terminal repeats (ITRs) at both ends of the DNA strand flanking both genes that
are necessary for the AAV genome multiplication and for packaging the DNA into capsids (Fig.
1.30). The Rep gene produces four overlapping transcripts Rep78, Rep68, Rep52 and Rep40 that
are essential for viral replication. Cap encodes the capsid structural proteins: VP1, VP2 and

VP3.* Due to its genome simplicity, the AAV genome can be easily modified and used for
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development of therapies. Replacing the Rep and Cap genes allows the creation of a recombinant
AAV (rAAV), which can deliver a DNA sequence of interest for gene therapy.*** ** The AAV
can only replicate in the presence of a helper virus such as herpesvirus, papillomavirus, or

adenovirus, which co-infect the host cell.*3%14°

1.5.2.2.2. Transduction mechanism of action of AAV vectors

The transduction mechanism of action of AAV is summarized below (Fig. 1.34).

1) The first step consists of the recognition by the AAV vectors of the target cells. This
happens through binding of the viral capsid proteins to specific membrane surface receptors such
as integrins, FGFR-2 and heparin sulfate receptors. This then results in endocytosis of the AAV
with the help of co-receptors. This step is an important rate-limiting step.

2) The AAYV is then very rapidly internalized by endocytosis in an endosome or lysozome,
mainly through the formation of clathrin-coated pits. This endocytosis is thought to be essential
for viral trafficking by exposing the viral capsid protein. During this step amino acid residues of
the capsid proteins such as tyrosine, serine and threonine can undergo phosphorylation, making
the viral particle the target for ubiquitination and subsequent proteasomal degradation within the
host cell cytoplasm. This can decrease transduction efficiency. During this “maturation” step the
capsid is processed within endosomal compartments of the Golgi apparatus and endoplasmic
reticulum to be ready for nuclear entry.

3) After this processing the AAV is then released in to the perinuclear region.

4) The viral vector subsequently enters into the nucleus through a pore complex. It is
thought that the VP1 capsid protein is necessary for this entrance.

5) Inside the nucleus, the viral vector undergoes uncoating of the capsid and release of the

viral single-stranded DNA genome. This is another rate limiting step for AAV transduction.
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6) The AAV genome is then made double-stranded by the host cell machinery.

7) This double-stranded DNA can either be maintained as episomes or integrated into the

host genome leading to step 8), transgene expression, '3 142 143, 146-151
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Figure 1.34. AAV vector mechanism of action leading to gene expression from Lipinski et al.,
2013).14
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1.5.2.2.3. Optimization of AAV vectors — recombinant AAV (rAAV)
and other modifications
When developing gene therapy, the aim is to use an AAV that will transduce the correct
tissue and cell type as well as obtaining the maximum transgene expression with minimal side
effects. To achieve these aims, modifications have been made to AAV vectors that have an

impact on the efficiency of each step required for AAV transduction.

Over a hundred different AAV serotypes have been identified, and so far twelve different
naturally occurring human AAV serotypes (AAV1-12) have been characterized with AAV1-9
having been studied in most detail.™®> *** The differences between the serotypes result from
differences in capsid proteins, and this also accounts for differences in tissue and cell tropism.**?

The AAV?2 serotype has been studied in most detail and is most commonly used for
developing therapies. This virus is known to be ubiquitous in the human population with a
prevalence of up to 72%.%>*

The isosahedral AAV capsid, which defined the serotype, is composed of 60 capsid
protein subtypes of the three viral proteins VVP1, VP2 and VVP3 in a 1:1:10 ratio.****’ Each capsid
protein has a specific primary glycosaminoglycan receptor, which is responsible for its
tropism.**? For the purpose of this dissertation, we will not detail here the tropism for tissues
other than the retina. For example, AAV1, AAV5 and AAV6 have a N-linked sialic acid glycan
receptor associated with other co-receptors. AAV1 has a tropism for retinal-pigmented
epithelium. AAV5 has a tropism for photoreceptors, Mdller cells and retinal pigmented
epithelium. AAV6 has a tropism for amacrine cells, Miller cells, bipolar cells and retinal

ganglion cells. AAV2, AAV3 and AAV6 have a heparan sulfate proteoglycan receptor associated

with other co-receptors. AAV2 has a tropism for photoreceptors, Muller cells, retinal ganglion
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cells and retinal pigmented epithelium. AAV3 has a tropism for photoreceptor and retinal
ganglion cells. AAV4 has an O-linked sialic acid receptor and a tropism for amacrine and Muller
cells. The receptors of AAV7 and AAVS are not known. AAV7 has a tropism for photoreceptors
and retinal pigmented epithelium. AAV8 has a tropism for photoreceptors, Miller cells, retinal
ganglion cells and retinal pigmented epithelium. AAV9 has a N-linked galactose receptor
associated to other co-receptors and has a tropism for Miller cells and retinal pigmented
epithelium 3% 1%8 159

As stated previously, recombinant AAV (rAAV) for therapeutic uses are produced by
introducing the desired cDNA into the AAV genome by replacing the Rep and Cap genes (Fig.
1.35). Those rAAV can be optimized to target specific tissue or cells by manipulating the capsid
to improve their cell-specific tropism (Fig. 1.36). For such a modification, the backbone genome
of the AAV serotype 2 is most commonly used and inserted in the capsid of another AAV
serotype (referred to as pseudotyping). If it is inserted into the capsid of the AAV serotype 8, the
hybrid vectors are called AAV2/8 (often shortened to AAV8). Capsid serotype is also important
during AAV processing in the host cell nucleus and is an additional rate-limiting step, which is
dependent on the AAV serotype. For example, the AAV2/2 single-stranded DNA take longer (up
to 6 weeks) to be uncoated and released in the host nucleus whereas AAV2/8 vectors are much
more rapidly uncoated.

To overcome the rate limiting step of making the transgene double-stranded DNA, one
engineering solution has been the development of self-complementary AAV genomes. With this
strategy a complementary version of the transgene is packaged in the expression cassette
(separated by a mutated termination site). This allows the genome to bind to itself and therefore
become double-stranded DNA immediately after release in the host nucleus (Fig. 1.37). This

results also in a more robust transgene expression. The main disadvantage is that it increases the
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genome size and therefore limits the size of the cDNA of the gene of interest to be delivered.*®
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Figure 1.35. Structure and production of a rAAV vector (from Beltran, 2009).® The
recombinant AAV vector (rAAV) is engineered by removing the rep and cap genes from the
wild-type AAV serotype 2 backbone genome. Those are replaced by a promoter (Pro), the cDNA
of a therapeutic gene capped with a poly-adenylation site (PolyA) between the two inverted
terminal repeats (ITR). This new genome is then inserted into a plasmid and used with a helper
plasmid containing the rep and cap genes to transfect cells in culture. These cells produce a
replication-defective recombinant AAV. In this figure both the genome and the capsid originate
from an AAV?2 serotype thus generating a rAAV2/2 vector.
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Figure 1.36. Examples of hybrid rAAV and their cell tropism of rAAV in the canine retina.
RPE: retinal pigment epithelium; PRs: photoreceptors; INL: inner nuclear layer; GC: ganglion
cells; LGN: lateral geniculate nucleus; SC: superior colliculus (from Beltran, 2009).%°
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Figure 1.37. Comparison of scAAV and rAAV vectors (from Daya et al., 2008).1%3
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Other modifications to improve AAV vectors are the modification of the surface capsid
proteins topography and amino-acid composition; this creates hybrid vectors. The parts of the
proteins that are modified are the exposed residues (such as tyrosine, serine, threonine, and
lysine) that are targets for modification such as phosphorylation that can lead to proteasomal
degradation.”** Modifications by mutating those amino acids (producing “mutant capsid
AAVs”) can help to improve transgene expression efficiency and decrease the potential host
immune reaction by avoiding phosphorylation and ubiquitination and therefore degradation by
proteosomes that would recognize the viral capsid proteins thorough those residues. This escape
from the host defense might also improve the extracellular transport and penetration into the
targeted cell.**® %4172 Examples of engineered capsid protein mutations are the replacement of a
tyrosine by a phenylalanine residue (Y-F) or a threonine by a valine residue (T-V). Mutations can
be single (Y733F, replacement of a tyrosine by a phenylalanine residue at the position 733),
triple, quadruple...ctc. Recent approaches for capsid modification utilize a technique called
“directed evolution”. This is where mutations of the Cap gene are created by error prone PCR,
random peptide insertion, or capsid DNA shuffling, to generate a large library of capsid variant
vectors. These vectors are then tested for efficiency, to reach a target tissue for example. The
target tissue is isolated and the rAAVs within it isolated and perhaps used for subsequent rounds

of enrichment to identify capsid variants with the desired characteristic.”* *** *®

At a viral genome level, the use of a specific promoter to drive expression of the transgene
can help limit expression of the transgene to the chosen cells. This will limit off-target expression
and therefore side-effects (i.e. mOP, hGK1 and PR2.1 promoters).>* 1417

More recently, advances in AAV engineering have been achieved, such as using a hybrid

technique to deliver genes that are too big to fit into the rAAV vector. This technique consists of
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using two AAV vectors, each containing separate parts of the cDNA needed. The theory is that
they allow recombination of the full transgene cDNA within the host cell and therefore

expression of the overlarge cDNA. 7% 17

1.5.2.2.4. Delivery route of AAV vectors for inherited retinal dystrophy

diseases
The two most common AVV delivery routes to treat the retina for inherited retinal
dystrophies are intravitreal and subretinal injections (Fig. 1.38).>" The least invasive is the
intravitreal technique, which is suitable for transducing inner retinal cell types. However, for
retinal dystrophies, where the RPE or photoreceptors need to be transduced, most rAAVs only
inefficiently traverse the retina to reach photoreceptor cells, which are located on the basal side of
the retina. Work is progressing to produce vectors that can efficiently target the outer retina from

the vitreal cavity."8*8!
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Figure 1.38. Intraocular AAV administration routes from Dalkara (http://www.vision-
research.eu/index.php?id=906).% Subretinal injection creates a space between the RPE and the
photoreceptor and therefore allows delivering of gene therapy vectors directly in proximity of the
photoreceptor and RPE cells while the intravitreal injection delivers the AAV vector in the
vitreous throughout, which it diffuses to allow treatment of inner retinal cells. RPE: retinal
pigment epithelium, RGC: retinal ganglion cells.
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For gene therapy targeting photoreceptors (to treat diseases like CRX-LCA, CEP290-
LCA, AIPL1-LCA) and retinal pigmentary epithelium (to treat diseases such as RPE65-LCA),
subretinal delivery of the AAV vector is still required. This technique allows direct supply of the
therapeutic genome to the cell targeted. Moreover, a specificity of the subretinal space is that it is
an immune-privileged site; therefore, the risk of humoral response towards the AAV vector and
its transgene is reduced. However, it is an invasive technique that causes a retinal detachment
between the photoreceptor and the RPE. The retina usually reattached within a couple of days,
but this could be enough to lead to some cell damage (notably photoreceptor outer segments and
apoptosis).’®1% Another disadvantage of subretinal injection is that effectively only the retina in
the region injected is transduced.'**

Intravitreal injection is less invasive (Fig. 1.38) and potentially could treat the entire
retina. One drawback is that immune responses are more likely from intravitreal compared to
subretinal administration. Active research is in development to overcome those obstacles; notably
using cell-specific promoters as intravitreal injection can easily be done as a routine treatment
under local anesthesia without sedation in humans. For instance, investigations have been done
in large animal models like the dogs and macaques to look at the effect of vitrectomy. Results are
variable; some showed that vitrectomy two weeks prior to intravitreal injection of rAAV can lead
to reduction of the transgene transduction and cause vector-immune reaction'’® while others
showed that vitrectomy immediately prior to rAAV injection improves transgene tranduction

efficiency.'®
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1.5.2.2.5. Immune responses to AAV vectors.

One of the major risks of the use of AAV for gene therapy is the potential immune
reaction which increases morbidity. The eye has several advantages; it is an isolated organ and is
an immune-privileged site, which is due to the anterior chamber-associated immune deviation
(ACAID), a process present in the anterior chamber and the vitreous humor. ACAID is a process
by which an immunosuppressive intraocular state is maintained within the eye by specific
dendritic cells present in various structure of the eye. If any traumatic or inflammatory events
intervene in the eye or its tissues, ACAID can be disrupted and the immunosuppressive state of
the eye lost leading to severe inflammation or damage.****%’

Both humans and large animal models are naturally exposed to AAV; therefore, systemic
circulating neutralizing antibodies (NAb) may be present prior to any rAAV gene therapy
injection. This can lead to therapeutic failure and an immune reaction to the injected rAAV. As
stated above, the subretinal injection is a technique that has less risk of immune response than the
intravitreal injection. It has been shown that repeated subretinal injections can be performed
without eliciting any NAb production by humoral response while this is not the case for
intravitreal injection,!3% 1>4 198202

Finally, systemic administration of AAV can lead to cell-mediated responses. Those
responses target the protein capsid and the transgene through cytotoxic T lymphocyte reactions.
This type of immune reaction can be severe and lead to both the attack of the rAAV but also of

the host cells.?%3-2%

S7



1.5.3. Potential silencing therapies
There are various existing silencing therapies that include the use of oligonucleotides
(ON), which have been developed for a long time and used in clinics.
The different oligonucleotides mechanisms are as follows (Fig. 1.39):
- Binding to Toll-like receptors (TLRS) in the endosome,
- Small interfering RNA (SiRNA),
- Micro-RNA (miR) mimic,
- Antagomir, sterically blocking endogenous miR,
- Gapmer AON, inducing RNase H degradation (steric block ONs also exist),
- Aptamer, binding alters protein surface,
- Splice switching ON (SSO),
- Anti-gene ONS,

- ONs directed against nuclear regulatory RNA species, (never yet used in clinics).
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Figure 1.39. Figure showing the currently used oligonucleotide therapeutic approaches
(from Lundin et al. 2015). The approaches labeled 1 to 7 in the diagram have been used in the
clinic.?”’

Others therapies in addition to those described above include pharmacological
interventions, CRISPR-Cas9 targeted genome editing, cell transplantation, retinal prosthesis and
cortical devices.

All of these therapies could potentially be applied to CRX-LCA animal models so long as

the phenotype and disease mechanism are well defined and therapies are tested at the correct

disease stage and in most appropriate model.
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1.6. AIM AND OUTLINE OF THIS THESIS

Based on the findings in the CRX®®** mouse model, we hypothesized that the severe
Cr*™™* feline phenotype would result from a similar mechanism, namely an antimorphic effect
associated with over expression of the mutant transcript and that a potential therapeutic approach

would be to use an intervention that reduced the mutant-to-wild-type mRNA/protein ratio.

The detailed hypotheses that guided these studies are as follows:

1. Cr*™ cats have a failure of retinal structural and functional maturation associated with
reduced expression of specific retinal genes due to expression of the mutant Crx transcript, which
has a dominant negative effect.

2. Cr™™ cats show severe retinal remodeling that worsens with disease progression,
affecting not only the outer retina but also the inner retina and the retinal vasculature.

3. Cr"RY cats have a marked reduction in expression of specific retinal genes resulting in
absence or severely decreased retinal function and incomplete photoreceptor maturation with
marked morphological abnormalities.

4. Partial rescue of the CrxR¥/*

phenotype will be achievable using gene therapy to either
augment the levels of normal Crx transcript or to reduce the levels of the mutant transcript or a
combination of both approaches.

To test these hypotheses, we aimed to further characterize the phenotype of the Crx"¥*
cat and to also characterize the phenotype of the Crx*®*¥ cat by a number of techniques. These
included ophthalmic examination and fundus imaging (fundus photography, confocal scanning

laser ophthalmoscope and fluorescein angiography) morphological investigations using spectral

domain optical coherence tomography and histology, and functional changes by
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electroretinography. Retinal gene expression changes were assessed by immunohistochemistry,
gRT-PCR and Western blot. Disease mechanisms were further investigated by measuring both
expression of the mutant Crx transcript and the transactivation activity of the mutant protein. We
also investigated treatment strategies to rescue the phenotype of retinopathies due to antimorphic

CRX mutations.

This current dissertation outline follows detailed aims based on the research-driven
hypotheses stated above.

Chapter 1 gives an introduction on animal models for dominant Leber Congenital
Amaurosis (LCA) due to CRX mutations and introduces the feline model as well as potential
therapies.

Rdy/+

Chapter 2 tests the hypothesis that the heterozygous Crx mutant cat (Crx™"") cat has a

failure of retinal structural and functional maturation associated with reduced expression of
specific retinal genes due to expression of the mutant Crx transcript which has a dominant

negative effect. Therefore, the aim of this chapter is to describe a detailed investigation of the

Rdy/+

phenotype of the Crx cat and the mechanisms underlying the disease.

Chapter 3 investigated the hypothesis that in the late stages of the disease the

Rdy/+

heterozygous Crx mutant cat (Crx™"") presents with severe retinal remodeling throughout all

layers of the retina. This chapter aims to give a description of morphologic and metabolic
changes undergone by the retina as well as a description of the retinal vasculature changes

Rdy/+

occurring during the disease progression in Crx cat.
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Chapter 4 tests the hypothesis that the homozygous Crx mutant (Crx*®*¥ cat) will have
a marked reduction in expression of specific retinal genes resulting in an absence or severe
decrease in retinal function and incomplete photoreceptor maturation with marked morphological
abnormalities. This chapter’s aim is to detail the phenotype of the Crx"®R¥ cat and start
unraveling some of the mechanisms underlying the disease pathogenesis.

Chapter 5 initiates work on the hypothesis that partial rescue of the Crx*®"

phenotype
can be achieved using gene therapy to either augment the levels of normal Crx transcript or to
reduce the level of the mutant transcript or a combination of both approaches. This chapter gives

Rdy+/-

preliminary results for vision restoration in Crx cat using gene supplementation therapy.

Chapter 6 gives conclusions and future directions.

1.7. CONCLUSION

CRX is an essential transcription factor essential for the development of photoreceptors
and their maintenance. Mutations in CRX lead severe retinal disease like Leber Congenital
Amaurosis. Currently, a few mouse models exist, but only one large animal model is available,
the Crx"¥ cat. Mouse models have been investigated and their phenotype described; however, the
feline model needs further study, and the mechanism underlying the disease needs to be fully
elucidated. These models, and in particular the feline model, are highly valuable for the

development of therapies for CRX-LCA disease and other dominant negative diseases.
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CHAPTER 2
CRXRPY* CAT: A LARGE ANIMAL MODEL FOR CRX-ASSOCIATED LEBER

CONGENITAL AMAUROSIS

Ocecelli LM, Tran NM, Narfstrom K, Chen S, Petersen-Jones SM.
Crx*¥ Cat: A Large Animal Model for CRX-Associated Leber Congenital Amaurosis.

Invest Ophthalmol Vis Sci. 2016; 57: 3780-3792. DOI:10.1167/iovs.16-19444, PMID: 27427859
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2.1. ABSTRACT

PURPOSE. Mutations in the retinal transcription factor cone-rod homeobox (CRX) gene
result in severe dominant retinopathies. A large animal model, the Rdy cat, carrying a
spontaneous frameshift mutation in Crx, was reported previously. The present study aimed to
further understand pathogenesis in this model by thoroughly characterizing the Rdy retina.
METHODS. Structural and functional changes were found in a comparison between the retinas
of Crx*¥™ kittens and those of wild-type littermates and were determined at various ages by
fundus examination, electroretinography (ERG), optical coherence tomography and histologic
analyses. RNA and protein expression changes of Crx and key target genes were analyzed using
quantitative reverse transcriptase-PCR, Western blot and immunohistochemistry. Transcription
activity of the mutant Crx was measured by a dual-luciferase transactivation assay. RESULTS.
Crx*¥™* kittens had no recordable cone ERGs. Rod responses were delayed in development and
markedly reduced at young ages and lost by 20 weeks. Photoreceptor outer segment development
was incomplete and was followed by progressive outer retinal thinning starting in the cone-rich
area centralis. Expression of cone and rod Crx target genes was significantly down-regulated.
The mutant Crx allele was overexpressed, leading to high levels of the mutant protein lacking
transactivation activity. CONCLUSIONS. The Crx*® mutation exerts a dominant negative
effect on wild-type Crx by overexpressing mutant protein. These findings, consistent with those
of studies in a mouse model, support a conserved pathogenic mechanism for CRX frameshift
mutations. The similarities between the feline eye and to the human eye with the presence of a

Rdy/+

central region of high cone density makes the Crx cat a valuable model for preclinical testing

of therapies for dominant CRX diseases.
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2.2. INTRODUCTION

Inherited retinal degenerations result in a range of different phenotypes and can be caused
by mutations in a multitude of different genes (currently mutations in 240 different genes that
cause inherited retinal degenerations are listed. RetNet' ; https://sph.uth.edu/retnet; available in
the public domain). Mutations in one of these genes, the cone-rod homeobox (CRX) gene, cause a
spectrum of retinopathies that vary in severity and age of onset. These CRX-linked retinopathies
are mostly dominantly inherited. Among them, Leber congenital amaurosis (LCA) is the most
severe, leading to vision loss starting in childhood. The less severe forms have a later onset and
can cause a variety of phenotypes including cone-rod dystrophy, retinitis pigmentosa and an
adult-onset macular dystrophy.> ® CRX is an OTX-like homeodomain transcription factor
expressed in both rod and cone photoreceptors and is essential for their development, maturation,
and continued survival.*” CRX interacts with subtype-specific transcription factors to control
rod-versus-cone specification during development and directly regulates many genes essential for
normal retinal function, including key components of the phototransduction cascade and the CRX
gene itself.®>® CRX binds to regulatory sequences of target genes and interacts with cofactors to
influence transcription levels.® 3 It has a homeodomain near the N terminus that mediates
DNA binding® ** and two transactivation domains in the C-terminal portion for activating target
gene transcription.™

Disease-causing CRX mutations can be grouped into four classes based on the mutation
type and the functional characteristic of the resulting mutant protein.> Among them, Class Il
mutations consist of frameshift and nonsense mutations causing truncations of the protein
affecting the transactivation domains. The C-terminal truncated forms of CRX maintain DNA
binding but lack transcriptional activation function and thus have an antimorphic effect.? * 1

All identified Class 11l mutations are linked to autosomal dominant LCA or early onset severe
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cone-rod dystrophy. To understand the pathogenesis of the Class Il mutations, a knock-in
mouse model, Crx-E168d2 has been generated.’® The 2 bp deletion at the E168 codon
(Glu168del2) is equivalent to a human CRX-LCA mutation.”> *" The heterozygous E168d2
mouse develops severe retinopathy, similar to CRX-LCA, and has been used to complete a
detailed investigation of the disease mechanism.'® This investigation revealed that the mutant
allele is overexpressed and interferes with the function of the wild-type (WT) allele. Although we
have learned a great deal from this mouse model, it has certain limitations. First, the mouse retina
differs from the human retina in photoreceptor distribution, particularly in the cone mosaic
patterns.'®?> Humans have a macula, a central retinal region of higher photoreceptor density, in
particularly of cones, including a central cone-only foveola. This macula region is responsible for
high-acuity color vision. The lack of an equivalent retinal region in the mouse is especially
problematic for a disease primarily affecting cones at early stages. Second, it is unclear if the
pathogenic mechanisms learned from this singular animal model are conserved among
mammalian species, including humans.

To overcome the above limitations, we carried out an in-depth characterization of a feline
model, the rod-cone dysplasia (Rdy) cat, which has a dominantly inherited, severe retinal
dystrophy?*?’ due to a 1 bp deletion in Crx (p.Pro185LysfsTer2).?® The frameshift mutation leads
to a premature stop codon at the 185" residue with loss of the last 114 amino acids, eliminating
the region of Crx that is presumed to mediate transactivation. Several human CRX retinopathies,
most frequently classified as LCA, are due to frameshift mutations causing a stop codon at the
same position (see Table 2 in Tran et al.®) (Appendix A - Fig. 2.51).23® The Rdy cat is a
valuable model for CRX-LCA because cats have an area centralis, a region of higher

photoreceptor density enriched with cones, which has strong similarities to human macula.®**

Rdy/+

Although the phenotype of the heterozygous Rdy cat (Crx"®'*) has been partially characterized®
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26 the dynamics of disease progression and underlying molecular changes have not been
investigated. The current study addresses this knowledge gap by providing a detailed
investigation of the progression of functional, cellular and molecular phenotypes of the
Crx*®*cat. The mutant cat shows incomplete photoreceptor maturation with cones more
severely affected than rods, followed by a progressive cone-led photoreceptor degeneration,
starting in the cone-rich area centralis. This phenotype is more accurately classified as an early
onset, severe cone-rod dystrophy (rather than a rod-cone dystrophy as originally described) that
mimics CRX-LCA. Similar to the E168d2 mouse model, the Crx"®"cat retina undergoes
significant biochemical and molecular changes before and during disease progression. More
strikingly, the mutant Crx allele produces much more mRNA and protein than the WT allele,
supporting across-species conservation of the cellular and molecular mechanisms underlying

Class 11l CRX mutation-mediated blinding disease. The Crx®®"*

cat provides an excellent large
animal model of CRX-LCA and will be invaluable for the preclinical testing of treatment

strategies.

2.3. MATERIALS AND METHODS

2.3.1. Ethics statement

All procedures were performed in accordance with the ARVO statement for the Use of
Animals in Ophthalmic and Vision Research and approved by the Michigan State University

Institutional Animal Care and Use Committee.

2.3.2. Animals
Purpose-bred Crx*? cats maintained as a colony at Michigan State University were used

in this study. They were housed under 12L:12D cycles and fed a commercial feline dry diet
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(Purina One Smartblend and Purina Kitten chow; Nestlé Purina, St Louis, MO. USA). Animals

ranging from 4 weeks to one year of age were studied.

2.3.3. Ophthalmic examination and fundus imaging

Full ophthalmic examinations included indirect ophthalmoscopy, fundus photography
(Ret-Cam 11, Clarity Medical Systems, Inc., Pleasanton, CA, USA) and imaging with confocal
scanning laser ophthalmoscopy (Spectralis OCT+HRA; Heidelberg Engineering Inc., Heidelberg,

Germany).

2.3.4. Electroretinography (ERG)

The kittens were dark-adapted for 1 hour and pupils were dilated with tropicamide
ophthalmic solution, UPS 1% (Falcon Pharmaceuticals Ltd., Fort Worth, TX, USA). Anesthesia
was induced, and following intubation, maintained with isoflurane (IsoFlo; Abbott Laboratories,
North Chicago, IL, USA). A Burian-Allen bipolar electrode contact lens (Burian-Allen ERG
electrode; Hansen Ophthalmic Development Lab, Coralville, 1A, USA) was used, and a platinum
needle skin electrode placed over the occiput as used for grounding (Grass Technologies,
Warwick, RI, USA). ERGs were recorded using an Espion E? Electrophysiology system with
ColorDome Ganzfeld (Diagnosys LLC, Lowell, MA, USA). A dark-adapted luminance-response
series (-4.5 to 1.4 log cd.s/m?), followed by light adaptation (10 minutes expose to a 30 cd/m?
white light), and a light-adapted series (-2.4 to 1.4 log cd.s/m2) and 33 Hz cone flicker (-0.4 log
cd.s/m2) were recorded. ERG a- and b-wave amplitudes and implicit times were measured in a

standard fashion.
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The leading edge of the rod a-wave was fitted to the Birch and Hood* version of the

Lamb and Pugh rod phototransduction model using the following equation:

R(U,t)={1 —exp[—1-S-(t —ty)?]}  Rppax fort>td
The amplitude R is a function of the retinal luminance, I, and time, t, after the flash, and td is a
brief delay. S is a sensitivity factor, and Rmax is the maximum amplitude of the response.

The first limb of the dark-adapted b-wave luminance-amplitude plot was fitted to the
Naka-Rushton equation to derive values for retinal sensitivity (K is a semisaturation constant, the
luminance, L, that induces a response amplitude of %2 Rpay).**

R/Ryax = LM/ + K™)
where Rpmax represents the maximum response amplitude of the first limb of the b-wave
luminance-response plot, the K is a semi-saturation constant, considered a measurement of retinal
sensitivity, and n is a factor of the slope of the plot at the position of K, suggested to indicate

retinal homogeneity.

2.3.5. Retinal morphology
2.3.5.1. In vivo Spectral Domain-Optical Coherence Tomography (SD-OCT)

SD-OCT imaging (Heidelberg Engineering) was used to capture single scan line and
volume scan images from the central retinal to include the area centralis and from the four
retinal quadrants (4 optic nerve head distances from the edge of the optic nerve head superiorly,
inferiorly, nasally and temporally as illustrated in Appendix B - Fig. 2.52). Thicknesses of the
total retinal and outer nuclear layer (ONL) and receptor+ (including layers between retinal
pigmentary epithelium and outer plexiform layer*) and inner retina layers between the inner
nuclear layer and the internal limiting membrane were measured using the Heidelberg Eye

Explorer (HEYEX) software.
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2.3.5.2. Immunohistochemistry (IHC)

After cats were euthanized, their eyes were removed and immersed in 4%
paraformaldehyde (Electron Microscope Sciences, Hatfield, PA, USA) in phosphate-buffered
saline (PBS, Sigma-Aldrich Corp., Saint Louis, MO, USA) on ice for 2 to 3.25 hours. They were
then processed for immunohistochemistry and imaged as previously described* (Appendix H -

Table 2.51 lists the antibodies used).

2.3.5.3. Plastic embedded sections
Eyes were fixed in 3% glutaraldehyde, 2% paraformaldehyde (Electron Microscope
Sciences) in 0.1 M PBS pH 7.4 (Sigma-Aldrich Corp.) on ice for 1 hour, then hemisectioned, and
the posterior eyecups were placed in the same fixative overnight. Following rinsing in 0.1 M
sodium cacodylate buffer samples from the dorsal, central and ventral retinal regions were
dissected, embedded in 2% agarose gel, 0.1 M sodium cacodylate buffer then embedded in resin
(SPURR;, Low Viscosity, Embedding Kit, Electron Microscopy Sciences).*® Five hundred-

nanometers sections were stained with Epoxy Tissue Stain (Electron Microscope Sciences).

2.3.6. Quantitative Reverse Transcriptase-Polymerase Chain Reaction (QRT-PCR)

Two retinal regions (central and peripheral) from 2-week-old kittens were dissected
(Appendix C - Fig. 2.S3A); in older animals samples were collected from five areas (superior far-
periphery, superior mid-periphery, central (area centralis), inferior mid-periphery, inferior far-
periphery (Appendix C - Fig. 2.S3B)). Samples were flash frozen and stored at -80°C until RNA
extraction. RNA extraction, cDNA synthesis, and qRT-PCR reaction were performed as
previously described.” Levels of arrestin3 (Arr3, specific to cones), rhodopsin (Rho, specific to

rods), and total Crx (WT and mutant) mRNA were measured and normalized to Tubulin alpha-
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1B chain (Tubalb) and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (for primers
sequence, see Appendix H - Table 2.S2).

Due to the difficulty of establishing a QRT-PCR assay to differentially amplify mutant
and WT Crx cDNA a PCR restriction enzyme assay was developed to estimate the mutant-to-WT
Crx mRNA ratio. Total combined Crx cDNA was amplified (forward primer 5'-
cgtggccacggtgceccatct-3' reverse primer 5'-tccaggccactgaaatagga-3') followed by Hpa 11 digestion
(BioLabs, Inc., Ipswich, MA, USA). The mutant Crx amplicon (189 bp) is not cut by Hpa II,
whereas the WT is (112 and 78 bp products). Following electrophoresis on 2% agarose gel, the
bands were imaged and quantified, and the mutant amplicon-to-WT amplicon ratio of calculated
(Image Lab 5.2.1. Bio-Rad Laboratories; Hercules, CA, USA). A control using known WT-to-
mutant Crx PCR product ratios generated from plasmid-cloned WT and mutant feline Crx was

included to verify the accuracy of the technique.

2.3.7. Western blot assay

Retina remaining after samples for gRT-PCR were dissected was flash frozen in liquid
nitrogen and stored at -80°. Protein extraction from nuclear versus cytoplasmic fractions and
Western blot assay was performed as previously described.’® Monoclonal mouse anti-B-actin
antibody (Sigma-Aldrich Corp.) and polyclonal rabbit anti-CRX 119b1" at 1:1000 were used to
probe the membranes. Secondary antibodies were goat anti-mouse IRDye 680LT and goat anti-
rabbit IRDye 800CW (LI-COR Biosciences, Lincoln, NE, USA) respectively. Fluorescence was
detected using the Odyssey Infrared Imager (LI-COR Biosciences) and quantified using ImageJ
software*’ (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health,

Bethesda, MD, USA).
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2.3.8. Dual-Luciferase assay
Dual-luciferase assays were performed as previously described.®® HEK293 cells (catalog ATCC
CRL-11268; American Type Culture Collection, Manassas, VA, USA) were cultured in
Dulbecco minimum essential media (Gilco, Life technologies, Carlsbad, CA, USA) with 10%

fetal bovine serum and penicillin/streptomycin (100 U/mL, Gibco, Life technologies). Cells at

60% confluence were transfected with 2 pg of mCrx-Luc reporter, which carries 500 bp of the

mouse Crx promoter driving firefly luciferase in the pGL3 vector (Promega Corp., Madison, WI,
USA) and 100 ng pcDNA3.1hisc, 100 ng of pCAGIG-feline Crx WT or 100 ng of pCAGIG-feline
Crx*¥, using CaCl, (0.25 M) and boric acid-buffered saline (1x), pH 6.75 as previously

described.™ Cells were harvested 48 hours post transfection, and dual-luciferase assays run.

2.3.9. Statistical analysis

Statistical analysis of ERG, SD-OCT, cDNA levels, Western blots, and fluorescence
levels data differences were tested for normality (Shapiro-Wilk test for normality). Normally
distributed data was analyzed by unpaired 2-tailed Student’s T-test (significance level set at P <
0.05), nonparametric data by a Mann-Whitney rank sum test (SigmaPlot 12.0; Systat Software,
Inc., San Jose, CA, USA).

Statistical analysis of mMRNA levels (using qRT-PCR) was carried out using a 2-way
repeat measure ANOVA (Holm-Sidak parametric method and Shapiro-Wilk normality test)

(SigmaPlot 12.0; Systat Software).
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2.4. RESULTS

2.4.1. Crx*¥" kittens have markedly reduced retinal function

To examine the progression of functional changes in Crx*®* kittens, ERGs were
recorded at multiple time points from 4 to 20 weeks of age (n = 4-8) and compared with those of
WT littermate controls (n = 3-7). Light-adapted ERGs could not be recorded from Crx"®"* kittens
at any time point. Small dark-adapted responses were recordable and showed that the Crx*®*
kittens had severely reduced retinal function (Figs. 2.1 and 2.2). At 4 weeks, a very low
amplitude negative waveform typical of a scotopic threshold response (STR) was recordable

Rdy/+

from Crx Kittens, whereas the waveform of WT kittens was similar in shape to that of adult

cats (data not shown). By 6 weeks of age the Crx*®'*

kittens had very small a- and b-wave
responses. Interestingly, responses continued to develop through 10 weeks of age, although they
were very reduced compared to the WT (the WT Kkitten ERGs had peak amplitudes at 12 weeks
of age). After peaking at 10 weeks of age, responses progressively declined until the ERG was
unrecordable at approximately 20 weeks of age (Figs. 2.1A and 2.2C). At peak retinal function
(10 weeks of age), the a-wave of Crx*®* kittens had a similar threshold to that of WT kittens,
although the relatively prominent STR made precise identification of the a-wave threshold
difficult (Figs. 2.1A and 2.2A). However, compared to the peak WT controls, the peak mean
maximum a-wave amplitude was significantly reduced and delayed, at only ~30% of the mean
control amplitude (P = 0.002) and with a mean implicit time approximately 2.5 to 4.5 times
longer, depending on the stimulus strength (P < 0.001 to 0.003) (Figs. 2.1A, 2.1B, 2.2B and
2.2C). Although the a-wave of the Crx*®"* kitten was very reduced it was still possible to fit the
leading edge of the response at 10 weeks of age to the Birch and Hood model to assess rod

phototransduction. This showed a significant decrease in Rmax in the Crx*®"* kittens compared to

that in WT Kittens (-23.86 = 10.34 compared to -64.76 £ 25.87 uV, respectively; P = 0.003). The
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sensitivity log S of the response was also significantly decreased in the Crx"®™* kittens (0.54 +
0.23 compared to 1.27 + 0.12 log scot td *.sec ® (scotopic torland-seconds) in WT kittens, P <
0.001) (Fig. 2.1B).

The b-wave of the CrxR¥*

Kitten was even more severely decreased in amplitude than the
a-wave and was also delayed. At 10 weeks of age, compared to that in WT controls, the b-wave
response threshold was elevated by about 1.5 to 2 log units, and the mean maximum amplitude
was only ~20% that of controls (P < 0.001), and implicit times were 2 to 3 times longer (P <
0.001 to 0.071) (Figs. 2.1A and 2.2). Naka-Rushton fittings were performed in Crx*®"* kittens (n
=7) and WT control kittens (n = 6) at 10 weeks of age to derive values for the Rnax, the semi-
saturation constant K and n the slope factor. All three factors were significantly different between
Crx*¥™* Kittens and WT controls. The mean Rpax Was much lower in Crx"* kittens (20.1 + 14.7
compared with 169.3 + 52.5 pV in controls, P = 0.001), indicating reduced retinal function. The
mean of the factor n was increased, suggesting a reduction in the homogeneity of the retinal
response (2.3 + 1.98 compared to 0.91 + 0.08, respectively, P = 0.035). Finally the mean
luminance required to induce a response of %2Rmax was significantly increased (0.027 = 0.013
compared to 0.008 + 0.003 cd.s/m? respectively, P = 0.033) indicating decreased retinal
sensitivity. This ~0.5 log unit increase in stimulus luminance required to induce a response of

Y5Rmax Was less than the increase in response threshold for the dark-adapted b-wave (1.5 to 2 log

units) (Fig. 2.1C).

90



A. 6 weeks 10 weeks 15 weeks 20 weeks
Wild-Type Wild-Type Wild-Type Wild-Type
—_ ———3 _—— ————r
SRo—— - s
T TR AT A
> _“__//'\_‘_m
=
-t t 1 t
Pl T T I
=T R —— A —/ Ny SN\ —
S [ — /A —— N —
s | o — I/ S ——
I e — g I~ :\\&
t ! 1 1
50 ms/div 50 ms/div 50 ms/div 50 ms/div
CrxRav+ CrxRdv+ CrxRdv+ CrxRdv
I e
3 ~—
; W
= """’w
S
—TTTTT —————
t ! 1 1
—_/_—-H_
| T— ——
=
s | T
L e
g | —mm—— I
i see— M A
t !
50 ms/div 50 ms/div 50 ms/div 50 ms/div
B . Wild-Type CrxRat C -
o
> > z
hel het z
> > )
= = Q
2 =1 a
2
______ 8
72
T T T T T T T 1 1
10 ms/div 10 ms/div 4 3 2 100 1
Intensity log cd.s/m?
Rdy/+

Figure 2.1. Dark-adapted luminance series ERG from Crx and WT kittens, a-wave
modeling and b-wave Naka-Ruston fitting.

(A) Representative dark-adapted luminance series ERG from Crx"®* and WT kittens at 6,
10, 15 and 20 weeks of age. Flash stimuli ranged from -4.5 (top) to 1.4 (bottom) log cd.s/m2. The
Crx®¥™ Kitten has very reduced (note the scale difference) and delayed a- and b-waves.
Oscillatory potentials were present on the b-wave of the Crx"®"* kitten ERG. Note the relatively
large STR in the Crx*®™* Kitten, which remains prominent to higher flash luminances than
normal; the developing a-wave becoming superimposed on it. A- and b-wave thresholds occurred
at similar flash luminances in contrast to those of the WT, where b-wave threshold occurs at a

much lower stimulus strength than a-wave threshold.

91



Figure 2.1. (cont’d)

(B) Modeling of the leading edge of the rod-isolated ERG a-wave of a representative
Crx*¥* and WT Kitten at 10 weeks of age.

The raw a-waves (solid lines) and fitted curves (dashed lines) for four flash stimuli ranging 0 to
1.4 log cd.s/m2. Note the Crx"®* kitten rod photoreceptor Ruyayx (Maximum receptor response) is
much lower than that of the WT Kkitten.

(C) Naka-Rushton fitting of the first limb of the dark-adapted b-wave luminance-response
plot of a representative Crx"®* and WT kitten at 10 weeks of age.

The raw b-waves data values are shown by round symbols and the Naka-Rushton fit by solid
lines. Y2Rmax Of each waveform is represented by the horizontal dashed lines, and the luminance
required to elicit a response of %2Rnax (the semisaturation constant K) is indicated by the vertical
dashed lines. Note the semisaturation constant K of Crx*®* kitten is elevated by approximately
0.8 log units compared to the WT and the Rpmax (maximum amplitude of the first limb of the b-
wave luminance amplitude plot) is very reduced.
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Figure 2.2. A-wave and b-wave amplitude and implicit time plotted relative to flash
luminance (A-B) and maximal recorded amplitude plotted relative to age (C).

(A) Dark-adapted a- and b-wave luminance-response plots from 10-week-old WT and
Crx®¥™ kittens (the age at which maximum amplitudes were recordable from the Crx*®'*
kittens). Note the Crx"®™* kittens had markedly reduced a- and b-wave amplitudes. The a-wave
threshold was masked by the STR in the Crx®™* kittens (see Fig. 2.1A). Therefore, the negative
component of the waveform at intensities lower than that indicated by the arrow in the figure
consisted of the STR then with increasing intensities a combination of STR and a-wave. At
intensities greater than -1.6 log cd.s/m? the a-wave was clearly discernible. The b-wave threshold
was elevated by ~2 log units in Crx"®"* kittens.

(B) Dark-adapted STR, a- and b-wave luminance-implicit time plots from 10-week-old WT
and Crx"¥"™* kittens. Note the increased implicit times for the CrxR"®"* kittens for both a- and b-
waves. The implicit times (left plot) at intensities below that indicated by the arrow represent that
of the STR.
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Figure 2.2. (cont’d)

(C) A-wave and b-wave maximum amplitudes-age plots. The increase in ERG waveforms
reflects retinal maturation. Peak amplitudes were recorded at 10 weeks of age for the Crx"™'*
kitten compare to 12 weeks of age for WT Kkittens. By 20 weeks of age the Crx"¥* ERG was
almost extinguished. P < 0.1,*P < 0.05, **P < 0.01 and ***P < 0.001 (n = 3 to 8).

2.4.2. Crx"¥™ kittens have a progressive photoreceptor degeneration starting in the
area centralis

Rdy/+

To determine how photoreceptor degeneration evolved in Crx kittens, in vivo

ophthalmic imaging was performed at multiple time points from 6 weeks to 1 year of age.

Ophthalmoscopic examination revealed tapetal hyperreflectivity in Cr®®"*

kittens (an indication
of retinal thinning) in the area centralis from 7 weeks of age. Generalized tapetal
hyperreflectivity and superficial retinal blood vessel attenuation was apparent from as early as 20

weeks of age (Fig. 2.3).

6-week-old 12-week-old 20-week-old 1-year-old

CerdyH

Figure 2.3. Color fundus photographs showing progression of fundus changes in Crx*®"*

kittens from 6 weeks of age to 1 year of age ((E-H) right eye shown) compared to WT (A-D).
The Crx*¥™* kitten developed tapetal hyperreflectivity (indicative of retinal thinning) in the area
centralis (high photoreceptor density — region indicated by the (arrows)) as first seen in the
image at 12 weeks of age. Hyperreflectivity of the entire tapetal fundus was discernible from 20
weeks of age and had progressed by one year of age. Superficial retinal blood vessel attenuation
developed ((H) remaining very attenuated superficial retinal blood vessels are indicated by
arrowheads).
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Retinal SD-OCT cross-sectional images were recorded from 4 to 26 weeks of age (n = 3-
8 for Crx*¥* kittens and n = 2-8 for WT littermate controls). The first abnormality detected in
the Crx®¥'* kittens was a halt in the maturation of the zone on the SD-OCT image that
corresponds to the photoreceptor inner and outer segments (IS/OS). This was followed by a
progressive thinning of the outer retinal layers starting in the area centralis (Fig. 2.4 and
Appendix D - Fig. 2.54). The SD-OCT image of layers representing inner and outer segments
was thinner than in controls, and the bands that comprise the interdigitation zone and ellipsoid

Rdy/+

zone®® could not be discerned in the Crx Kittens. In WT Kittens, these zones became clearly

visible as the retina matured (typically they could easily be seen by 6 weeks of age (Fig. 2.4A,

top panel)). In the Crx"*

Kittens, there was further progressive thinning of the IS/OS until it
disappeared as the entire outer retina progressively thinned (Fig. 2.4A, lower panel). The
lamination of the rest of the retina on SD-OCT imaging initially appeared normal, and at 4 weeks
of age, Crx"¥™* and WT kittens had comparable ONL thickness in the area centralis (Fig. 2.4B).
Thereafter a progressive outer retinal thinning occurred starting in the area centralis and
eventually spreading to involve the peripheral retina (the heat map in Fig. 2.4C illustrates the
more severe retinal thinning in the area centralis). Despite developing some retinal function, by
6 weeks of age, the ONL was significantly thinned in the region of the area centralis (Figs. 2.4A
and 2.4B) and by 12 weeks of age, it was reduced to ~25% the thickness of that in the WT Kitten
(P <0.001), (Figs. 2.4A and 2.4B). The REC+ layer (which approximates the entire length of the
photoreceptors, i.e., synaptic termini, cell bodies, and 1S/OS) was reduced by ~50% by 12 weeks
of age (P < 0.001) (Figs. 2.4A and 2.4B). The thinning of the outer retinal layers progressed, and
by 26 weeks of age, the ONL in the area centralis was no longer discernible (Figs. 2.4A and
2.4B). As the outer retina thinned, the inner retina initially thickened, such that by 12 weeks the

Rdy/+

inner retina of the Crx kittens was ~30% greater than that of controls in the area centralis
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region (P < 0.001), whereas due to the severe thinning of the outer retina the total retinal
thickness had decreased to ~80% of normal (P < 0.001) (Figs. 2.4B and 2.4C). Similar retinal
changes developed in the four retinal quadrants between 10 and 20 weeks of age (Appendix D -

Fig. 2.54).
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Figure 2.4. Spectral Domain — Optical Coherence Tomography (SD-OCT) in vivo retinal
morphology analysis.

(A) SD-OCT cross-section views of the retina in the region of the area centralis of
representative WT (1-5) and Crx"®™* (6-10) cats at the following ages: 6, 12, and 20 weeks, 6
months and lyear of age. The white arrows indicate the outer nuclear layer (ONL) which
progressively thinned in the area centralis region of Crx*®"* cats. Note, specific features of the
SD-OCT image including photoreceptor ellipsoid zone (EZ) and interdigitation zone (1Z2)
boundaries were not discernible in the Crx*®"* kittens. The magnified image of an OCT image of
a WT retina on the right indicates the layers that were measured.
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Figure 2.4. (cont’d)

TR, total retina; REC+, receptor plus, which includes all layers from the interdigitation zone to
the outer plexiform layer (OPL), representing the entire photoreceptor cell length; ONL, outer
nuclear layer; IR, inner retina, including all layers from inner nuclear layer to the external
limiting membrane.

(B) Thickness of retinal layers in the area centralis.

1. ONL thickness in area centralis of Crx"®*and WT kittens at 4, 6, 8, 10, 12, 15, and 20
weeks and 6 months of age. Significant ONL thinning was apparent at 6 weeks of age with a
decrease ~50% normal thickness between 7 to 10 weeks of age in Crx*®"* kittens. By 6 months
of age the ONL was no longer apparent. P <0.1; ***P < 0.001 (n = 2-8).

2. TR, REC+, ONL and IR layer thicknesses in the area centralis of Crx*®" kittens
normalized to controls at 4, 6, 8, 10, 12, 15, and 20 weeks and 6 months of age.

ONL, REC+, and TR thicknesses were decreased in Crx®®'* kittens from 6 weeks of age. In
contrast, the IR became significantly thicker in Crx*®"* kittens compared to that of WT kittens.
Those differences were statistically significant from 10-weeks of age (P < 0.001 for ONL, REC+,
and TR; P = 0.008 for IR).

(C) Total retinal thickness map in the area centralis. The region of the area centralis indicated
on the confocal scanning laser ophthalmoscope image (1) is represented as a color heat map (the
optic nerve head is on the left lower). Warmer colors represent thicker retina, whereas cooler
colors are thinner retina. Althought the WT Kittens had a relatively homogenous retinal thickness
in this region at 6 months of age (2), the Crx*®"* kittens showed a progressive thinning the center
of the area centralis, with severe thinning by 6 months of age (3-6). The color map also
demonstrates that in both WT and Crx"®" kittens, the retina is thicker in the region of retinal
vessels and thinner towards the periphery (top left).

Examination of plastic embedded semi-thin sections revealed that the maturation of the

shape of Crx*¥"*

photoreceptor nuclei appeared delayed; at 6 weeks of age, they still had a
spindle shape typical of the immature photoreceptor, whereas in WT Kittens, they had gained a
mature, round shape by this age (Fig. 2.5). Also at this age mislocalized photoreceptor nuclei
could be seen in the subretinal space in the central region of the Crx"®"* kittens (Figs. 2.5 and
2.6). These mislocalized photoreceptor nuclei were positive for ML-opsin (medium/long
wavelength-opsin) immunolabeling (Fig. 2.6). Compared to the well-developed WT

Rdy/+

photoreceptor OS, those of Crx Kittens were much shorter and were disorganized. Those

defects worsened with age, and by 20 weeks, OS were no longer apparent (Figs. 2.5 and 2.6).
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Figure 2.5. Representative plastic sections of retina from central, dorsal and ventral regions
in WT and CrxR%"* kittens at 6 and 20 weeks of age.

Note that mislocalized photoreceptor nuclei ((black arrowheads) see magnified views) were
present in the subretinal space or bulging through the ELM of the central region of the Crx"®'*
retina at both ages. OS, photoreceptor outer segment; IS, photoreceptor inner segment; ONL,
Outer Nuclear Layer; OPL, Outer Plexiform Layer; INL, Inner Nuclear Layer; IPL, Inner
Plexiform Layer; GCL/NFL, Ganglion Cell Layer/Nerve Fiber Layer; white star, photoreceptor
IS; black star, photoreceptor OS; black arrow, External Limiting Membrane (ELM); white
arrowhead, Retinal Pigmentary Epithelium (RPE) nuclei.
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To further investigate rod versus cone subcellular structural changes, immunolabeling of
key photoreceptor structural and phototransduction proteins was performed on frozen retinal
sections (Fig. 2.6, Appendix E - Fig. 2.S5 and Appendix H - Table 2.S1). At 2 weeks of age,
Crx*®™* kittens had minimal human cone arrestin (hCAR) signals (h\CAR labels both cone types)
compared to the WT Kkittens (Fig. 2.6). By 6 weeks of age, a reduced number of hCAR-labeled
cones (compared to those in WT controls) were detectable, but they had very short, stunted OS as
well as shorter IS. At 12 weeks of age, although cones in the WT retina appeared mature,
Crx*®"™ retinas showed a severe loss of cones, and the remaining cones had severely shortened
OS/IS. By 20 weeks of age, there were very few remaining cones. Short wavelength cones were
more severely affected than medium/long wavelength cones. At 2 weeks of age S-opsin (short
wavelength-opsin) labeling of a few cone cell bodies and OPL synaptic terminals could be seen
in some animals, but no S-opsin immunolabeling was detected at 6, 12 and 20 weeks of age
(Appendix E - Fig. 2.S5). Apart from the few S-opsin positive cones at 2 weeks of age, the
remaining cones were ML-opsin positive (Fig. 2.6). Occasional stunted ML-opsin labeled OS
were present, but most labeling was of the stunted IS, cell bodies, and synaptic terminals,
indicative of mislocalization (in WT controls, ML-opsin only labeled the OS) (Fig. 2.6 and

Appendix E - Fig. 2.S5).
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Figure 2.6. Immunohistochemistry using rod and cone markers.

Frozen sections from the dorso-temporal retinal region of Crx"®* kittens and WT controls at the
indicated ages were immunostained with rhodopsin (RetP1), cone arrestin (hCAR) and
medium/long wavelength-opsin (ML-opsin) along with the pan cone marker peanut agglutinin
(PNA). The higher magnification views of Crx*®’* sections (bottom row) show mislocalization
of ML-opsin to the inner segments, cell bodies and pedicles of the cones (white arrowheads).
photoreceptor outer segment; ONL, Outer Nuclear Layer; OPL, Outer Plexiform Layer; INL,
Inner Nuclear Layer; IPL, Inner Plexiform Layer; GCL/NFL, Ganglion Cell Layer/Nerve Fiber
Layer; white arrowhead, mislocalized photoreceptor nuclei.

Crx*®"* retinas had reduced labeling for rod opsin (RetP1, Fig. 2.6). Rod OS did start to
develop, but this was halted prior to maturation and was followed by a progressive degeneration
such that by 20 weeks of age they were markedly atrophied in all retinal regions. Parallel with
the failure of rod maturation, mislocalization of rod opsin to the inner segments, cell body and

synaptic terminal occurred and was present at all ages tested.
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Immunolabeling for rod bipolar cells (using an anti-PKCalpha antibody) showed
apparently normal numbers of rod bipolar cells at the ages examined, but their dendrites were
retracted from an early age (Appendix E - Fig. 2.S5).

Immunolabeling for glial fibrillary acidic protein (GFAP) was markedly increased by 12

weeks of age, indicative of extensive Miiller cell activation (Appendix E - Fig. 2.85).°>!

2.4.3. Crx™¥"* retinas had markedly reduced levels of cone and rod transcripts

To decipher the molecular changes underlying Crx®®"*

retinal pathology, we investigated
MRNA levels of selected CRX target genes; cone arrestin (arrestin3 (Arr3)), rhodopsin (Rho,
specific to rods), and total Crx (mutant plus WT) (Fig. 2.7 and Appendix | - Table 2.S2) in retinal
subregions (Appendix C - Fig. 2.S3). For all retinal regions at the four ages tested (2, 6, 12 and
20 weeks of age) mRNA levels for Arr3 and Rho in the Crx®™* kittens were significantly
decreased. Arr3 was more dramatically decreased (between 93 and 99%) than Rho (between 31
and 81%). There were no consistent differences in the mMRNA levels between the different retinal

regions tested. In contrast, Crx mRNA was overexpressed in the Crx®"*

kittens when compared
to WT controls (between 9 and 185%). For the average of all retinal regions, the difference was
significant at 6 and 20 weeks of age (P = 0.037 and 0.038, respectively) (Fig. 2.7A); however
these differences did not achieve statistical significance for every retinal region tested at each
age. More importantly, when allele-specific expression levels for the mutant versus WT allele
were assessed, a significantly higher level of mutant Crx transcript than WT Crx transcript was

detected (P < 0.001) (Figs. 2.7B and 2.7C) with a ratio of 7.4 £ 0.4 times the amount of mutant

transcript to WT transcript at 6 weeks of age.
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Figure 2.7. Changes of mMRNA expression in Crx"®"* retinas.

(A) gRT-PCR overall (average of the areas assessed) mMRNA expression levels of arrestin3
(Arr3 = Cone arrestin), rhodopsin (Rho) and Crx in Crx*®"* retina at 2, 6, 12 and 20 weeks of
age relative to levels in WT retinas.

The Crx®¥"* Kitten retinas had significantly decreased levels of cone and rod opsin mRNA. In
contrast, the expression of total Crx was significantly increased. P-values comparing the mean
Crx®™* and WT expression levels are 'P < 0.1,*P < 0.05, **P < 0.01, and ***P < 0.001 (n = 3).
(B, C) PCR restriction enzyme digest was used to compare the levels of mutant mRNA
compared to those of WT mRNA by using cDNA from 6-week-old Crx*¥* and WT retinas.
(B) Agarose gel of PCR nondigested (ND) and digested (D) products digested with Hpall,
which digests the amplicon from WT cDNA. Note the presence of both the mutant Crx
transcript (189 bp of length) and the WT Crx transcript (digested in to products of 78 and 112 bp)
in the Crx"®™ Kitten retina (kittens 4, 5 and 6). The WT Kitten retina contains only WT Crx
transcript (completely digested in kittens 1, 2 and 3).

102



Figure 2.7. (cont’d)

(C) Wild-type-to-mutant Crx transcripts level ratios in wild-type and Crx"®* Kittens.
Densitometry measurements of the bands in the agarose gel ((B) mutant 189 bp and sum of WT
transcript digested products 78 and 112 bp) from the Crx*®"* Kitten retinas were assessed. In 6-
week-old Crx*®"™* Kitten, the mutant-to-WT Crx transcript ratio was ~7.4:1. (mutant transcript
representing 88% of the total transcript; P < 0.001). As expected in WT Kkittens, the WT
transcript represents 100% of the total Crx mRNA.

This allele specific overexpression of the mutant product was confirmed by Western blot
assays (Fig. 2.8). The mutant Crx protein was at higher levels than the WT Crx protein in the
Crx*®"* retinas at each time point (Fig. 2.8B). The mutant protein was able to enter the nucleus as
indicated by the results of Western blot of separated retinal nuclear and cytoplasmic fractions
(Appendix F - Fig. 2.S6). As anticipated for a heterozygous animal, the amount of WT Crx

Rdy/+

protein was lower in the Crx Kittens than in WT and the difference was significant at 12 and

20 weeks of age (P < 0.01) (Fig. 2.8B). Because of the overproduction of the truncated mutant

RaY* Kittens

protein, the level of the combined Crx proteins was markedly higher in the Crx
compared to WT Kittens at 2, 6 and 12 weeks of age but not at 20 weeks of age (an age at which

photoreceptor degeneration was well established).
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Figure 2.8. Western blot analysis for Crx nuclear protein.

(A) Western blot for nuclear Crx protein (immunolabeled with antibody 119b1l). The
amount of Crx protein present in retinal nuclear extract was investigated by Western blot from
kittens at 2, 6, 12, and 20 weeks of age. Note the presence in the Crx"®* kitten’s retina of the
truncated mutant Crx protein, which persisted to the 20 week-old time point, whereas the amount
of WT protein had decreased by 20 weeks of age. Beta-actin was used as protein loading control.
(B) Normal and mutant protein levels in Crx"®* and wild-type kittens.

Crx protein levels were normalized to beta-actin levels, and the Crx*®"* kitten protein levels
shown normalized to the Crx levels in the WT retinas. The level of normal protein was lower in
the Crx®¥™* Kitten retina than in the WT Kittens at each age. Note high levels of the truncated
mutant Crx protein compared to the amount of normal protein in Crx"™* kitten retina and
therefore the overall higher total Crx protein levels (normal plus mutant) in Crx*®"* kitten retina
compared to WT Kitten retina. 'P <0.1; *P < 0.05; **P < 0.01 (n = 2 to 4; statistical analysis was
applied only when n > 3 for both WT and Crx*®"* kitten retina sample).
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2.4.4. Effect of the Rdy mutation on Crx’s transcription regulatory activity

To determine whether the Rdy mutation altered Crx function, we measured the ability of
recombinant Crx proteins to activate the target gene promoter Crx, driving a luciferase reporter in
HEK?293 cells. This dual-luciferase reporter assay revealed that the mutant Crx protein failed to
activate the Crx promoter (P = 0.729) while the WT protein led to significant activation (P <
0.001) (Appendix G - Fig. 2.S7), confirming that this class Il Crx mutation eliminated

transactivation function.

2.5. DISCUSSION

This study expanded on previous studies showing that the Crx*®"*

cat has a severe, early
onset, dominantly inherited, retinal degeneration.?*?" Similar to other Class 11l CRX mutation
models, overexpression of the mutant transcript occurs and most likely exerts a dominant
negative effect. These findings support previous studies in mouse models that suggest a
therapeutic approach by which early intervention to increase the normal-to-mutant CRX
transcript ratios could lessen the disease severity in CRX-LCA patients.®> ** The Crx"®* cat
enables characterization of the early changes that occur in retinal regions of high cone density,
which model the environment within the human macula. Such investigations are not possible in
mouse models because mice lack the retinal regional differences in photoreceptor distribution

and density of the human retina. The cat will be invaluable for preclinical testing of therapies to

rescue photoreceptors in this region that is so critical for human visual function.
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2.5.1. The Crx*¥"* kitten provides a model for human CRX- LCA phenotype
Cr®®™ Kittens show incomplete maturation of photoreceptors associated with reduced
expression of photoreceptor transcripts and followed by progressive photoreceptor degeneration.

Despite the importance of CRX as a transcription factor, the retina in the Crx"*

kitten develops
relatively normal stratification (Figs. 2.4, 2.5, 2.6 and Appendix E - Fig. 2.S5). Cone nuclei do
become aligned to form a single layer in the outer most row of the ONL, similar to the WT
kittens, although from an early stage some become mislocalized to the subretinal space,
particularly in the area centralis. In the p.E168d2 mouse model of Class 11l CRX mutations,
retinal stratification also develops normally, but in contrast to the cat model, more extensive
mislocalization of cone nuclei to the inner portions of the ONL occurs.” The photoreceptor

nuclei in the Crx*®"*

Kittens retain an immature oval shape because they are delayed in attaining
the adult circular appearance in retinal sections, reflecting the incomplete photoreceptor
maturation (Figs. 2.5, 2.6 and Appendix E - Fig. 2.S5). Similarly, only partial development of
inner and outer segments occurs. Cones are more severely affected than rods, with cone function
not being recordable by ERG at any age and photoreceptor degeneration developing most rapidly
in the area centralis, the region of highest cone density.>**** Expression of the cone proteins
investigated (cone arrestin by qRT-PCR and IHC, and cone opsins by IHC) was much reduced,
more so than that of rod opsin (QRT-PCR and IHC). S-opsin positive cones were only detectable
in some kittens at 2 weeks of age and at no other ages, showing the most severe effects were on
the S-cones. The ML-cones remained present for longer but only developed very stunted outer
segments which did not show expression of ML-opsin. The reduced amounts of ML-opsin
present were mislocalized to other parts of the cell (Fig. 2.6 and Appendix E - Fig. 2.S5).

Rod photoreceptors showed evidence of maturing further than cones. Although outer

segments were stunted there was rod opsin present, although expression levels were much
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reduced. Rod function was recordable by ERG and showed evidence of maturation to 10 weeks
of age prior to a rapid decline thereafter (Figs. 2.1A and 2.2C). Leon et al.?® had previously
performed a detailed electrophysiological study on the Rdy cat but needed to use intravitreal
recording, or to perform testing on ex-vivo retinal pieces, to reliably record responses and
overcome background electrical noise present when using corneal electrodes. In the current study
it was possible to record very small ERGs using corneal contact lens electrodes without resorting
to invasive methods. This probably reflects improvements in recording techniques rather than a
drift in phenotype over the ~25 years since the study by Leon et al.?® Similar to that study, a
negative waveform ERG waveform was recorded to lower stimuli strengths in our study. The
shape and timing of this waveform are in keeping with it representing an inner retinal component
of the ERG present close to response threshold, the STR.*? A-and b-wave components of the
ERG developed later in age than in WT cats reflecting the delay and only partial nature of rod
photoreceptor maturation. They were much reduced in amplitude and showed delayed timing.
Modeling of the leading edge of the rod a-wave showed a significant decrease in maximum
amplitude response Rmax and sensitivity log S (Fig. 2.1B). This reflects the reduced rod outer
segment length and low rod opsin levels in the affected cats. In the normal dark-adapted cat ERG
the b-wave appears with increasing strength of stimuli initially superimposed on the STR and as
its amplitude increases obscures it. In the Crx*®* cat the appearance of the b-wave with
increasing stimulus strength was more severely delayed than that of the a-wave meaning the a-
wave became superimposed on the STR prior to the development of the b-wave. These findings
of a more severe delay and suppression of the b-wave compared to the a-wave may reflect an
altered maturation of rod bipolar cells which are the origin of the rod ERG b-wave.>® CRX is
expressed in developing bipolar cells,>® so it is conceivable that impaired bipolar cell maturation

may be a cause for the more severe changes in the b-wave than the a-wave. An electron
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microscopy study of Rdy cats previously reported an early reduction in the number of rod
spherules and cone pedicles,” and synaptophysin (a synaptic vesicle protein) immunolabeling
was reported to be reduced in another study.?” PKCalpha immunolabeling of rod bipolar cells in
this study did not reveal an alteration in numbers of labeled cells early in the disease process
although an early retraction of dendrites was noted. Inner retinal components of the ERG such as
the STR and oscillatory potentials which would require bipolar cell signal transmission were

Ray* Kittens.

present and relatively prominent in the very small ERG responses from the Crx

Naka-Rushton fitting of the rod b-wave luminance-amplitude plots showed very reduced
values for the receptor response and also for retinal sensitivity (Fig. 2.1C). There was an
increase in the n value, which is a component reflective of the slope of the plot at the point of %2
Rmax and has been suggested to reflect a less homogeneous retinal response®® and may reflect the
regional variation in the rapidity of photoreceptor degeneration.

Of the nine reported human disease causing CRX frameshift mutations that result in a
transcript shortened to 185 residues (as in the Crx™® cat) (Appendix A - Fig. 2.S1), eight were
reported to result in an LCA phenotype.”® ERG results were reported from patients
representing seven of the nine mutations (Appendix A - Fig. 2.51) (Table 2.2 in Tran et al.®).
ERGs were not recordable from infants when tested for three of the mutations.?® 3* % >® When

32,35,37,38 with

tested in older children and adults the ERG was also reported to be nonrecordable,
the exception of one patient reported by Koenekoop et al.*® who had a p.A177d1 mutation. This
patient had a nonrecordable ERG at 8 months of age, then as a child had some improvement in
vision and a recordable cone ERG when tested at both 10 and 11 years of age. This is the only
instance in the literature where improvement in visual function was noted in a CRX-LCA patient.

It seems likely that this was due to some degree of delayed retinal maturation occurring prior to

photoreceptor degeneration. Development of the small ERG responses in the Crx*® cat are
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delayed and there is some evidence of rod maturation but unlike the human patient, cone function
was not recordable and cones deteriorated prior to rods.

Following the halting of photoreceptor development in the Crx"®*

kitten, a rapid cone-
led loss in photoreceptors occurs, resulting in outer retinal thinning starting in the area centralis
(Fig. 2.4). With disease progression, outer retinal thinning in the more peripheral retinal regions
also developed (Appendix D - Fig. 2.54). The initial thickening of the inner retina detected on
SD-OCT imaging, may be due to neuronal remodeling and glial activation as commonly seen in
models of retinal degeneration®” (Appendix E - Fig. 2.S5).

2.5.2. Molecular mechanism underlying Crx"%

phenotype and implications in
therapy development

The Crx®¥ mutation results in a premature stop codon in the transactivation domain of
Crx®, the mutant transcript escapes nonsense-mediated decay and as shown in this study is
overexpressed (Fig. 2.7). Studies of other Class Ill CRX mutations have also shown that there is
mutant allele overexpression (human CRX-LCA p.1138d1 mutation, truncation at codon 185, and
the p.E168d2 knock-in mouse model, truncation at codon 171)." *2° The elevation of Crx*¥
transcript levels may be the result of increased synthesis or decreased degradation of the mutant
mRNA. Class Il mutation-introduced premature stop codons could enhance RNA stability of the
mutant allele over its WT counterpart. A feedback regulatory mechanism to decrease Crx
transcripts when overexpressed could attribute to the reduction of WT Crx transcripts, while
mutant allele transcripts are resistant to this regulation. Further studies are required to ascertain

the precise mechanism involved. In the Crx"®*

Kitten the mutant transcript and protein remained
at elevated levels even when photoreceptor degeneration was well established and the levels of

expression of the WT allele were very reduced (Figs. 2. and 2.8). This continued overexpression
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of mutant Crx despite photoreceptor loss has not been previously demonstrated in similar
models. Similar to findings in the p.E168d2 knock-in mouse model, the truncated feline CrxR%
protein fails to activate its own promoter in vitro (Appendix G - Fig. 2.S7) thus showing across-
species conservation of the cellular and molecular mechanisms underlying Class Il1 CRX
mutations.

Prior to loss of photoreceptors potential therapeutic interventions that address the
overexpression of the mutant Crx transcript may be translatable to human patients. These include
either knocking down the levels of the mutant transcript using, for example, anti-sense
oligonucleotides,®®® or shRNA,*® or overexpressing the WT transcript by gene

supplementation using adeno-associated viral vectors,®®’

or a combination of both approaches.
Supporting evidence for this approach is provided by a line of E168d2 mice where a Neo cassette
was not excised (E168d2neo) resulting in lowered expression of the truncated Crx protein and a
much milder phenotype than in the line of E168d2 mice where the Neo cassette had been
excised.’ Also, mice or humans heterozygous for null mutations in CRX have either a mild
phenotype or no phenotype indicating that severe phenotypes are not the result of simple
haploinsufficiency and supporting the hypothesis of a dominant negative effect of the mutant
protein.”>’

To summarize, the Crx"¥*

cat provides a large animal model for the severe dominant
CRX mutations associated with overexpression of a mutant transcript with an antimorphic effect
resulting in a LCA phenotype. The area centralis is affected earliest and degenerates prior to the
peripheral retina. Presence of the area centralis allows the assessment of therapeutic
interventions aiming to rescue function in this critical retinal region meaning the Crx*% cat has a

valuable advantage over mouse models. The slow inner retinal degeneration in the face of

photoreceptor loss and complete blindness will also make this an excellent model for testing
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optogenetic approaches to provide visual function by expression of light-sensitive proteins in

bipolar or ganglion cells.
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APPENDIX A - Figure 2.S1
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Figure 2.S1. List of the CRX human mutations leading to the production of a premature stop
codon at amino acid 185 compared to the human wild-type and feline mutant sequence.
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APPENDIX B - Figure 2.52
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Figure 2.S2. Retinal regions imaged by SD-OCT. Cross sectional retinal images were captured
for measurement of retinal layer thicknesses at the following regions (as indicated on the fundus
image by an asterisk): the area centralis; 4 optic nerve diameters from the optic nerve edge

superiorly, inferiorly, temporally and nasally.
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APPENDIX C - Figure 2.S3

S
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Figure 2.S3. Sites of retinal sampling for gRT-PCR. A. For the 2-week-old kittens, due to the
small globe size, retina was collected from two regions as indicated (central and peripheral
retinal regions). B. In the 6, 12 and 20 weeks of age kittens retinal biopsies were collected from
the indicated five regions (area centralis — AC; inferior mid-peripheral — Inf MP; inferior far-
peripheral — Inf FP; superior mid-peripheral — Sup MP; and superior far-periphery — Sup FP).
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APPENDIX D - Figure 2.54
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Figure 2.54. TR, REC+, ONL and IR layer thicknesses on SD-OCT images, four optic nerve
distance from the optic nerve rim itself A. Superiorly, B. Inferiorly, C. Temporally and D.
Nasally of Crx*®* kittens normalized to control WT Kittens at 4, 6, 8, 10, 12, 15, 20 weeks-old
and 6 months of age.

The ONL and REC+ thicknesses showed thinning with age in Crx Kittens compared to WT.
TR was not significant thinned until 6 months of age inferiorly. Conversely, the IR became
thicker in Crx*®"* kittens compared to the wild-type kittens in all regions from 10 weeks of age.

Rdy/+
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APPENDIX E - Figure 2.S5
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Figure 2.S5. Immunolabeling of the retina for S cones and inner retinal cells.

Frozen sections of central retinal labeled with PNA combined with S-opsin, and with GFAP, and
PKCalpha.

The Crx™®"* retina showed a lack of S-opsin staining cells. Cone nuclei (PNA positive) became
mislocalized to the subretinal space but did not stain for S-opsin (indicated by white arrowheads
in the bottom panel — high magnification view). There was marked Miuller cell activation as
indicated by GFAP upregulation at 12 and 20 weeks of age. Rod bipolar cells were labeled by
PKCalpha and showed dendrite retraction in the Crx*®"* retina.

Key: OS= Photoreceptor Outer segment, 1S= Photoreceptor Inner segment, ONL= Outer Nuclear
Layer, OPL= Outer Plexiform Layer, INL= Inner Nuclear Layer, IPL= Inner Plexiform Layer,
GCL/NFL= Ganglion Cell Layer/Nerve Fiber Layer; White arrowhead= Mislocalized
photoreceptor nuclei.
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APPENDIX F — Figure 2.S6
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Figure 2.56. Western blot for Crx protein in retinal nuclear and cytoplasmic extracts from

2 week old kittens.
Note that the truncated mutant Crx protein was exclusively detected in the nuclear extract from

the Crx"™* kitten and was at a higher level than the wild-type protein (immunolabeled with anti-

Crx antibody 119b1).
Beta-actin was used as protein loading control.
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APPENDIX G — Figure 2.57
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Figure 2.S7. Dual-Luciferase assaysfor CRX transactivation activity on mouse Crx-
Luc reporter.

Crx auto-activation ability of WT or mutant Crx protein on its own promoter Crx (containing 2
binding sites within 500 bp upstream region of the mouse Crx gene) was tested using HEK293
cells transfected by plasmids containing the 500 bp mouse Crx promoter-luciferase
reporter (mCrx-Luc) andthe indicated Crx protein expression vector. Comparing to
pcDNA3.1hisc control, only pCAGIG-feline Crx WT significantly activated the mCrx-
Luc reporter. pCAGIG-feline Crx®™® mutant did not show any transactivation compared to the
control vector.

P-values indicate as followed: **P<0.01 and ***P<0.001.
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APPENDIX H — Table 2.S1.

. Primary Secondary Secondary
Antibody — Source Type Dilution Antibody — Source Dilution
hCAR Polyclonal | 1:10,000 | Alexa Fluor 488 Goat anti- 1:500
(Human cone arrestin) rabbit rabbit 19G
Dr. Cheryl Craft; LUMIJ, Life technologies, Carlsbhad,
University of Southern California, CA, USA
Los Angeles, CA, USA
PNA Biotinylated 1:500 | Alexa Fluor 488 Streptavadin 1:500
(Biotinylated Peanut Agglutinin) Lectin Life technologies, Carlsbhad,
Vector Labs Inc., Burlin-game, CA, USA
CA, USA
ML-opsin Polyclonal 1:1,000 | Alexa Fluor 568 or 594 Goat 1:500
(Anti-Opsin, Red/Green; rabbit anti-rabbit 1gG
Medium/ Long wavelength cone Life technologies, Carlsbad,
opsin) CA, USA
Millipore Corp., Billerica, MA,
USA
S-opsin Polyclonal 1:1,000 | Alexa Fluor 568 or 594 Goat 1:500
(Anti-Opsin, Blue; Short rabbit anti-rabbit 1gG
wavelength cone opsin) Life technologies, Carlsbhad,
Millipore Corp., Billerica, MA, CA, USA
USA
RetP1 Monoclonal 1:2 Alexa Fluor 594 Rabbit anti- 1:500
(Rhodopsin Ab-1) mouse mouse 1gG
Thermo Scientific, Rockford, IL, Life technologies, Carlshad,
USA CA, USA
GFAP Monoclonal 1:300 | Alexa Fluor 594 Rabbit anti- 1:500
(Anti-Glial Fibrillary Acidic mouse mouse 1gG
Protein) Life technologies, Carlshad,
Cell Signaling Technology Inc., CA, USA
Danvers, MA, USA
PKCa Monoclonal 1:500 | Alexa Fluor 594 Rabbit anti- 1:500
(Protein Kinase C-alpha) mouse mouse 1gG

BD Biosciences, San Jose, CA,
USA

Life technologies, Carlshad,
CA, USA
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APPENDIX | — Table 2.52.

Primer Forward primer Reverse primer Amplicon tg\;lg:falllcﬂ?'e
name size (bp) °C)
CrxTotal | 5' AAGACTCAGTACCCGGATGTGTA 3' 5' GGGGCTGTAGGAGTCTGAGAT 3' 223 60
Arr3 5' CGTTGTCCTGTATTCCCTAGAC 3' 5' GCTAGAGGCCAGATTAGTATCAC 3' 190 60
Rho 5' GGTGCCCTACGCCAGCGTG 3' 5' CAGTGGGTTCTTGCCACAG 3' 190 60
Tubalb 5' GCTCTATTGCCTGGAACACG 3' 5' CATCTTCCTTGCCCGTGATG 3' 230 60
GAPDH 5' GGTCTTCACCACCATGGAGA 3' 5' TGGACTGTGGTCATGAGTCC 3' 237 60

Table 2.S2. Primer sequences for gRT-PCR assays
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CHAPTER 3
METABOLIC CHANGES AND RETINAL REMODELING IN HETEROZYGOUS CRX

MUTANT CATS (CRXPY
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3.1. ABSTRACT
PURPOSE. CRX is a transcription factor essential for normal photoreceptor development
and survival. The Crx*¥ cat has a spontaneous mutation in Crx. Early disease stages in

heterozygous cats (Crx*®"*

) mimic severe Leber’s congenital amaurosis. This study investigated
the timing and extent of retinal remodeling during retinal degeneration. This will help optimizing
the best time for therapies such as retinal prosthesis or optogenetics before retinal rewiring and

glial scar formation becomes too extensive. METHODS. Crx®®"*

cats from 6 weeks to 10 years
of age were investigated. In vivo structural changes of retinas were analyzed by fundus
examination, confocal scanning laser ophthalmoscopy, spectral domain optical coherence
tomography and fluorescein angiography. Post-mortem, structural changes were characterized by
histologic analyses including immunohistochemistry, regular thin histologic sections and
immunocytochemistry for computational molecular phenotyping for macromolecules and small

Ray* cats showed some

molecules. RESULTS. As early as 12 weeks of age, the retina of the Crx
glial reaction to photoreceptor death followed by formation of a glial seal, rewiring and inner
nuclear layer cell migration with disease progression as well as changes in inner retina thickness.
There was preservation of inner retinal cells such as bipolar, amacrine and horizontal cells in
early adulthood. Additionally, marked retinal and retinal pigmentary epithelium atrophy
developed in the area centralis. With further progression, microneuroma formation, severe
retinal thinning and more severe remodeling occured. The superficial retinal vasculature was
attenuated with eventually a lack of peripheral fundus perfusion and development of arterio-
venous shunts. CONCLUSIONS. This study indicates that retinal degeneration in the Crx*®’*
cat retina follows the 3 phases that have been described for retinal remodeling. These findings

suggest that therapy dependent on targeting inner retinal cells may be useful in young adults with

preserved inner retinas prior to advanced stages of retinal remodeling and neuronal cell loss.
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3.2. INTRODUCTION

Cone-rod homeobox (CRX) is an OTX-like homeobox gene encoding a transcription factor
essential for normal photoreceptor development, function and homeostasis.> 2 CRX mutations
result in a spectrum of dominant retinopathies ranging from Leber congenital amaurosis (LCA) to
cone—rod dystrophy (CoRD), retinitis pigmentosa (RP) and macular degeneration (MD).** The
Crx* cat has a spontaneous frameshift mutation in Crx (single nucleotide deletion in exon 4)
leading to a premature stop codon and therefore the production of a truncated mutant Crx
protein.’ This type of mutation is an example of a Class 111 CRX mutation in which accumulation
of mutant CRX protein with a functional DNA binding domain but disrupted or missing
transactivation occurs and has a dominant negative action.® The heterozygous Crx mutant cat
(Crx*™) develops an autosomal dominant cone-rod dystrophy characterized by very early
dysfunction and degeneration of photoreceptors, thus mimicking the severe Leber congenital
amaurosis phenotype.”*® A detailed phenotypic description of the early disease stages of the
Crx®™* cat has been reported in chapter 2. Affected animals have a halted development of
photoreceptors followed by a progressive retinal degeneration.*® The retinal changes that develop
later in the disease process have not been reported.

A feature of Class IIl CRX mutations is accumulation of the mutant protein by a
mechanism that is not yet fully understood. The presence of increased amounts of mutant
transcript and mutant protein with a dominant negative effect makes development of potential
therapeutic approaches challenging. Similar to other dominant retinopathies an approach to
reduce the level of mutant transcript may be necessary, unlike the situation in many recessive
conditions where a gene augmentation approach is appropriate. Furthermore the rapid loss of
photoreceptors may dictate that alternative approaches such as optogenetics, retinal prosthesis,

transplantation of cells or retinal sheets may be needed once patients have lost their
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photoreceptors. Such approaches rely on the retaining inner retinal structure and retinal
vasculature for them to be feasible. Investigation of later disease stages are important to provide
information on the retinal status following photoreceptor loss which is the stage that will need to
be treated. Studies of animal models have already revealed the extensive and progressive retinal
remodeling that occurs as photoreceptors die. Understanding of this very dynamic process will
aid in development of novel treatments to be performed on patients with late stage disease.

Animal models such as the Crx?®"*

cat show potential for developing these treatment modalities.

Immunohistochemistry can provide some information about changes in specific retinal
cell types but over the last 15 years, the use of amino acid retinal signatures has been developed
and used to investigate retinal remodeling resulting from inherited and acquired retinal
diseases.**™ Amino acid retinal signatures have also been described in normal and detached cat
retinas.™ *® Fourteen separable biochemical theme classes have been identified: photoreceptor,
bipolar and ganglion cells characterized by specific glutamate signature, amacrine cells by
glycine and gamma-aminobutyric acid (GABA) signature, horizontal cells by GABA signature,
Miiller cells by taurine-glutamine signature and retinal pigmentary epithelium (RPE) cells by an
aspartate-glutamate-taurine-glutamine signature. The rest of the cells which fill the neuronal
space, present with glutamate, GABA, or glycine signatures.

Three phases have been described during retinal remodeling in hereditary retinal
degenerations (retinitis pigmentosa and rod/cone dystrophies).** *"* *® Phases are classified as
follow: during the initial Phase 0-1, down regulation of glutamate receptor expression occurs in
rod bipolar cells dendrites; during Phase 1-2, rod and cone photoreceptors undergo stress which

leads to their death, concurrently dendritic modules are lost; during the last stage Phase 3,

sprouting and formation of new axonal modules develop and generalized retinal remodeling
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occurs. In models in which cones die later than rods, some bipolar cell dendrites sprout and make
contact with different targets.

The purpose of this study was to investigate the timing and extent of retinal remodeling
during retinal degeneration in the Crx*®™* cat. This information will be important for assessing
the stages of remodeling that may be amenable to therapies such as retinal prosthesis or
optogenetics. For translational therapies it will be important to know at which stages of retinal

remodeling that such interventions may be of benefit.

3.3. MATERIALS AND METHODS

3.3.1. Ethics Statement

All procedures were performed in accordance with the ARVO statement for the Use of
Animals in Ophthalmic and Vision Research and approved by the Michigan State University

Institutional Animal Care and Use Committee.

3.3.2. Animals

Heterozygous mutant Crx®"*

cats and wild-type (WT) control cats maintained within a
colony at Michigan State University housed under a 12L:12D cycles, were studied. They received
commercial feline dry diet (Purina One Smartblend and Purina Kitten Chow, Nestlé Purina, St
Louis, MO. USA). Cats were studied during retinal maturation and adulthood from 6 weeks to 10
years of age.

A table of the number of animals/samples from each experiment is available in Appendix

M — Table 3.S1.

132



3.3.3. Ophthalmic examination and fundus imaging

RV cats was

In vivo ophthalmic fundus and retinal changes in the heterozygous Crx
investigated by ophthalmic examination, fundus photography (Ret-Cam II, Clarity Medical
Systems, Inc., Pleasanton, CA, USA) and confocal scanning laser ophthalmoscopy (cSLO)
including autofluorescence imaging (AF) and spectral domain — optical coherence tomography
(SD-OCT) (Spectralis OCT+HRA, Heidelberg Engineering Inc., Heidelberg, Germany) as
previously described.™

To assess retinal vasculature, fluorescein angiography (FA) was performed injecting 20
mg/kg of 10% sodium fluorescein (Fluorescite 10%, Alcon Laboratories Inc, Fort Worth, Texas,
USA) in the left cephalic vein. One-minute movies then images at regular intervals were recorded

with confocal scanning laser ophthalmoscopy (cSLO) and a 55° wide field lens. Anesthesia, pupil

dilation and globe positioning were performed as described chapter 2 for ERG and SD-OCT.*°

3.3.4. Retinal morphology and vasculature evaluation
3.3.4.1. In vivo Spectral Domain-Optical Coherence Tomography (SD-OCT)

Rdy* and wild-type control kittens from 4 weeks

Retinal morphology was assessed in Crx
to 10.25 years of age were included (animals from 4 weeks to 26 weeks of age from chapter 2
were included in the analysis).

Anesthesia, pupil dilation and globe positioning were performed as described for ERG
and SD-OCT in chapter 2.2% cSLO retinal images were captured. Then spectral-domain optical
coherence tomography (SD-OCT) imaging was performed to obtain detailed retinal cross section
images (Spectralis OCT+HRA, Heidelberg Engineering Inc., Heidelberg, Germany). SD-OCT

single scan line and volume scan images were recorded from the center of the area centralis and

in the four retinal quadrants (at 4 optic nerve head distances from the edge of the optic nerve head
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superiorly, inferiorly, nasally and temporally as illustrated in chapter 2. Total thickness,
Receptor+ (REC+; including layers between retinal pigmentary epithelium and outer plexiform
layer included)®, inner nuclear layer (INL), ganglion cell complex (GCC; including the inner
plexiform layer (IPL) and the ganglion cell layer (GCL)) and inner retina (IR; layers between
inner nuclear layer and internal limiting membrane) thickness were measured (Fig. 3.1) using the

Heidelberg Eye Explorer (HEYEX) software.

| GCL/NFL

1 1PL GCC
| INL

<— OPL

ONL
-— ELM
-— EZ
- [Z

| Tapetum
~«— Choroid

IR

TR
REC+

Figure 3.1. Representative SD-OCT high resolution cross-section image of a normal cat
showing the different layers that can be viewed. In the present study, measurements of TR,
RECH+, IR, ONL, INL and GCC were performed.

TR; Total retina, REC+; Receptor+, IR; Inner retina, ONL; Outer nuclear layer, INL; Inner
nuclear layer, GCC; Ganglion cell complex, NFL; Nerve fiber layer, ILM; Inner limiting
membrane, ELM; external limiting membrane, EZ; Ellipsoid zone, 1Z; Interdigitation zone,
IS/OS; photoreceptor inner and outer segments.

The REC+ includes layers from 1Z to OPL. The GCC includes the IPL and GCL/NFL layers. IR
includes the INL and GCC.
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3.3.4.2. Post-mortem retinal and vascular morphology and remodeling
investigation

Retinal and wvascular morphology and remodeling were investigated using

immunohistochemistry (IHC), regular plastic histologic thin sections and immunocytochemistry

for computational molecular phenotyping (CMP).

3.3.4.2.1. Immunohistochemistry (IHC)
IHC was performed on frozen sections from eyes at different ages to evaluate retinal
changes and remodeling with disease progression. After euthanasia, eyes were processed as
previously described.*® % The antibodies used are listed in Appendix N — Table 3.S2.

Retinas from four cats (three Crx*®"*

and one WT cats) were flatmounted to evaluate
retinal vasculature changes. Eyes were fixed for 3.25 hours similarly as for regular IHC. After
eyecup dissection and an additional 30 minutes fixation, the eyecups were rinsed 2 times for 10
minutes in 1M phosphate-buffered saline pH 7.4 (PBS; Sigma-Aldrich Corp., St. Louis, MO,
USA). The retinas were dissected and blocked with 10% horse serum (Sigma-Aldrich Corp.) and
0.3% Triton X-100 (Sigma-Aldrich Corp.) in PBS for 2 hours at room temperature. Primary
antibodies; Isolectin GS-1B4 Alexa Fluor 488 conjugate at a 1:1,000 dilution (Life technologies,
Carlsbad, CA, USA) and Collagen Type IV at a 1:200 dilution (Millipore Corp. Billerica, MA,
USA) were applied and flatmounts incubated for 4 days at 4°C. Retinas were then rinsed 3 times
for 20 minutes in 0.3% Triton X-100. Secondary antibody (Alexa Fluor 546 goat anti-rabbit 1gG,
Life technologies, Carlsbad, CA, USA) at a 1:1,000 dilution were applied and the flatmounts
incubated for 24 hours at 4°C. After 3 washes for 5 minutes with PBS the retina were

flatmounted on slides.

3.3.4.2.2. Regular plastic embedded histologic thin sections
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Eyes were fixed in 2.5% glutaraldehyde (Glutaraldehyde, Alfa Aesar, Heysham,
England), 1% formaldehyde (Formal-Fixx, Thermo Shandon Ltd., Runcorn, UK) in 0.2 M PBS
pH 7.4 (Sigma-Aldrich Corp.), 0.1% magnesium sulfate (MgSO,; Sigma-Aldrich Corp.) and 3%
sucrose on ice for 1 hour. The eyes were then hemisectioned, the vitreous removed and the
posterior eyecups placed in the same fixative until processed as described in chapter 2.'° Retinal
samples were collected from 5 different regions (Appendix J — Fig. 3.S1.) and epoxy-embedded:
area centralis (AC), superior mid- and far-periphery (SupMP, SupFP), and inferior mid- and far-
periphery (InfMP, InfFP) to investigate regional differences. ONL, INL and GCC cells were
counted on 3 different 1 um sections for each time point (same area/same animal) and on a 100

pm width for each area.

3.3.4.2.3.  Immunocytochemistry for computational molecular
phenotyping for macromolecules and small molecules (CMP)

The same eyes as previously fixed in mixed aldehyde buffer for regular histologic sections
were used. Retinas were collected from 5 different areas of the fundus (Appendix J — material
Fig. 3.S1) and epoxy-embedded: area centralis (AC), superior mid- and far-periphery (SupMP,
SupFP) and inferior mid- and far- periphery (InfMP, InfFP) to investigate regional differences.
200 nm serial retinal sections were assessed.

Retinal remodeling was then evaluated by computational molecular phenotyping (CMP)
then evaluate as previously described.” Retinal samples were processed for
immunocytochemistry for CMP for macromolecules and small molecules (CMP) including
GABA (yy), glycine (G), L-glutamate (E), taurine (TT), L-glutamine (Q), glutathione red ox (J),
L-aspartate (D), L-arginine (R), red-green opsin (RGO), rhodopsin (1D4), cellular retinaldehyde

binding protein (CRALBP), and glutamine synthetase (GS) (for the antibodies list and dilution
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refer to Jones et al., 2016 %). CMP were visualized with secondary antibodies conjugated to 1.4
nm gold, followed by silver intensification as previously described®. Images were captured and
processed 2. Molecular signals were visualized on images as rgb maps using red, green, and blue
for example respectively TQE: Taurine red, L-Glutamine green, L-Glutamate E blue, YGE:

GABA v red, glycine G green, glutamate E blue.

3.3.5. Statistical analysis
A mixed effect model using R studio was used to analyze the data for SD-OCT and

measurements as data was evaluated over time. The equation below was used.?*
n
Yi = Z ,BX + (04] + &;
i=0

where 3 is the parameter vector. X is the independent variable matrix, «; is the cat level residual,
and the & is the individual observation level residual.
No statistical analysis was performed for the cell nuclei counting as only a n number of 1

was available for most of the ages and there was a lack of age-matched WT controls.
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3.4. RESULTS

3.4.1. Crx"¥"* cats present with severe retinal degeneration starting and more
pronounced in the area centralis

Fundus and retinal changes were investigated during retinal maturation and adulthood in
the Crx"®™* cat and compare to age matched WT controls. As early as 7 weeks of age, tapetal
hyperreflectivity was present in the area centralis, and then in the rest of the fundus by 20 weeks

of age in the CrxR¥™*

cat (Fig. 3.2). By 6.5 years of age some affected cats had developed a bluish
appearing lesion in the area centralis. This progressed such that in the older cats the lesion
appeared dark in color. On fundus autofluorescence (FAF) cSLO, the lesion showed a decrease in
FAF in the region of the area centralis which extended along the visual streak and with disease
progression could worsen to be a more severe lesion with a complete lack FAF in the area
centralis (Fig. 3.2). Vasculature attenuation was noticeable as early as 20-weeks of age and
obvious by 9-months of age as seen on color and ¢cSLO fundus images and became advanced
with disease progression (Fig. 3.2). Vasculature changes were further investigated by fluorescein
angiography and IHC (detailed further, Fig. 3.8). Morphological changes were investigated in
vivo by high resolution cross-section SD-OCT images in the area centralis and the four quadrant

regions. SD-OCT images showed a lack discernible ellipsoid and interdigitation zones from as

early as 4 weeks of age, earliest age imaged (Fig. 3.2.).
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Crx*%"* cat

Wild-Type
adult cat 6-week-old 12-week-old  20-week-old  9-month-old 1.5-year-old 4.8-year-old 6.5-year-old  10.3-year-old
(0.12-year) (0.23-year) (0.38-year) (0.75year)

Fundus
color
images

c¢SLO
fundus
infrared
images

cSLO

fundus
autofluorescence
images

Superior
Mid-Periphery
Dorsal

High resolution
SD-OCT retina
cross-section

Area
Centralis

Figure 3.2. Fundus changes and morphological changes in the Crx*®"* cat at different ages.

Color fundus images. Vasculature attenuation was noticeable as early as 20-weeks of age and
obvious by 9-months of age. Fundus hyperreflectivity was noticeable in the region of the area
centralis at 12-weeks of age (in this panel) then became more generalized by 20-weeks of age.
Color fundus images also showed that by at 6.5 and 10.3-years of age a lesion in the region of the
area centralis had developed.

Infrared cSLO fundus images. Those images demonstrate the vascular attenuation that occured
with the disease progression and was very obvious after 20-weeks of age.

Autofluorescence ¢cSLO fundus images. Similarly to the color and infrared cSLO images,
images illustrate the vascular attenuation. They also show the presence of a lesion seen as a
decrease in fundus autofluorescence in the region of the area centralis and extending along the
visual streak in the 6.5- and 10-years of age affected cats. The 10.3-years of age affected cat
showed a more severe lesion with a complete lack of fundus autofluorescence in the area
centralis.

High resolution cross-section SD-OCT images of the dorsal (Sup Mid-Periphery) and area
centralis regions. SD-OCT images showed a lack discernible ellipsoid and interdigitation zones
from as early as 6-weeks of age. They showed initially a thinning of the outer retina with
apparent absence of the outer nuclear layer from 9-months of age. The inner retina initially
thickened then thinned in the late stages disease progression. The disease progression started
earlier the area centralis (as early as 6 weeks of age).
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Measurements of the different outer and inner retina layers and total retina showed

Rdy* cat during the disease

significant changes in thicknesses in all regions of the retina of the Crx
progression (Fig. 3.3 and Appendix K — Fig. 3.2). The changes were similar in all regions but
more marked in the area centralis. As shown in chapter 2, the Receptor+ (REC+) and the outer
nuclear layer (ONL) layer, which is part of the REC+, show severe thinning from an early age (as
early as 6 weeks of age in the area centralis and 10/12 weeks of age in the other regions). For
example, the thickness of the REC+ layer was 29.0 + 8.2 pum in the area centralis of the Crx"®/*
cat at 1 year of age compared to 125.3 £ 9.3 um in WT controls. The total retina (TR) underwent
also severe thinning but not until after 26 weeks of age. At 1 year of age, the TR thickness in the
dorsal region of the Crx"™* cat was 161.5 + 15.0 um compared to 197.9 + 3.7 um in the WT cat.
The inner retina (IR) as well as the individual layers it includes (inner nuclear layer; INL,
ganglion cell complex; GCC) became thickened after 20 to 26 weeks of age and this peaked at
around 1 year of age. After 2 years of age the IR thinned as part of the severe generalized retinal
degeneration (Fig. 3.3 and Appendix K — Fig. 3.2). For example at 1 year of age, the IR thickness
in the dorsal region of the Crx"¥* cat was 132.1 + 12.78 pm (while being 107.8 + 7.9 p at 10

weeks of age) compared to 78.7 £ 2.1 um in the WT cat.
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Figure 3.3. Total retina (TR), Receptor+ (REC+) and Inner retina (IR) thicknesses scatter

plots from Crx and WT control cats from 4 weeks to 10.25 years of age.
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Figure 3.3 (cont’d)

Measures were made on SD-OCT images from the area centralis region and from four optic
nerve distance from the optic nerve rim itself dorsally, ventrally, temporally and nasally.

The TR and REC+ showed some severe thinning such that it became undiscernible with disease
progression in the Crx"™* cats. Interestingly, in the WT animals in all retinal areas except the
area centralis the REC+, TR and REC+ thinned during the first year of age after which thickness
remained similar for the duration of the study.

In the Crx*®* the IR thickened in all regions (except for the GCC layer in the area centralis)
with a peak around 1 to 2 years of age then thinned with the disease progression.

In order to further evaluation the changes in retinal cellular layers, we evaluated the
number of cell nuclei of each layer in each retinal region during the disease progression. There
was a severe loss of ONL nuclei during the first 6 months of life. The INL did not have major
changes. This was not proven statistically due to the n number of only one individual for most of
the time points assessed. (Fig. 3.4 and Appendix L — Fig. 3.3B). For example, in the area
centralis there was a decrease of ONL nuclei from 129 + 7.2 at 6 weeks of age to 44.7 + 6.0 at 9
months of age (over a 100 um width). While it decreased from 270 + 9.5 to 34 £ 2.6 in the dorsal
Sup MP region.

As in he SD-OCT characteristics described above, for all regions there was a severe

thinning of the retina could be seen in the Crx*®*

cat by 20 weeks of age. Abnormal
photoreceptor IS/OS were seen as early as 6 weeks of age and by 20 weeks of age only stunted IS
are seen. More extensive remodeling is seen from as early as 9 months of age where the different
layers of nuclei start to show severe disorganization. The changes observed and layer thinning is

more rapid in the area centralis region. It is to be noted that ganglion cells are well preserved

during the disease progression. (Figs. 3.4A and 3.4C).
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Figure 3.4. Histologic images from plastic sections from (A) the Superior Mid-Periphery
(Sup MP) and (C) the area centralis regions and (B) their nuclei cell counts.

(A) Semithin histological sections from the SupMP periphery. With age, a severe thinning of
the retina could be seen in the Crx*®* cat by 20 weeks of age. Abnormal photoreceptor 1S/OS
were seen as early as 6 weeks of age and by 20 weeks of age only stunted IS are seen. In early
age some ectopic nuclei are seen in the subretinal space (indicated by black arrowheads). More
extensive remodeling is seen as early as 9 months of age where the different layers of nuclei start
to show severe disorganization.

(B) Cell nuclei count of the ONL, INL and GCC in the Sup MP and area centralis regions
(number of cell nuclei per 100 pum retinal section). Severe loss of nuclei was seen in both regions.
The area centralis has a less number from the earliest age tested (6 weeks of age) then WT.

(C) Semithin histological sections from the area centralis region. The changes observed and
layer thinning is more rapid than in (A). It is to be noted that ganglion cells are well preserved
during the disease progression.
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3.4.2. Crx"™"* cat retinas undergo marked retinal remodeling

To more precisely investigate the retinal changes, further histology,
immunohistochemistry (IHC) and computational molecular phenotyping (CMP) were performed.
They allowed characterization of the molecular and metabolic of the retinal remodeling during

maturation and adulthood in the Crx®®"*

cat.

As on SD-OCT and histology, IHC and thin sections for CMP showed a significant retinal
thinning over time with the outer nuclear layer (ONL) being the first to thin then at a later stage
the inner retina also thinned. On IHC, as reported in chapter 2'°, cone human arrestin (hCAR)
labeling was not present after 12 weeks of age. Labeling with a S-cone opsin antibody was never
detectable. ML-cones detectable by IHC showed opsin mislocalization to the photoreceptor inner
segments and cell bodies (Fig. 3.5). Rods photoreceptors were identified by both IHC and CMP
and similarly to ML-cones developed some rhodopsin mislocalization to the inner segments (1S)
and cell bodies from as early as 6 weeks of age. Immunolabeling for rhodopsin was not detected
in older animals (Figs. 3.5 and 3.6). IHC did show some ML-opsin labeling mislocalization to the
inner segment and ONL which disappear with the disease. CMP did not detect it. Some migration
of rod bipolar cells to the ONL was detected and there was extensive Miller cell activation (Fig.
3.5B). Glutamate and aspartate CMP labeling was present in most cells except Muller cells which
showed an increased activation with development of glial seals and columns (Fig. 3.6). There was
migration of inner retinal cells towards both the outer retina and the ganglion cell layer as
demonstrated by CMP GABA labeling of the horizontal cells, bipolar and amacrine cells and
calbindin and PKCa IHC labeling. Taurine labeling showed the loss of inner-outer photoreceptor
segments and that most cells remaining had an inner retinal origin. CRALBP labeling was
decreased from an early age. Interestingly, labeling with NeuN, a marker for neuronal cells, was

Rdy/+

increased in the Crx cat.
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A. Photoreceptor cell markers
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Figure 3.5. Immunohistochemisty during disease progression in the Crx™"" cat.

(A) Photorceptor cell markers. 1. ML-opsin was mislocalized to the ONL initially and then not
detectable (only background is detectable). 2. Rhodopsin was similarly mislocalized to the ONL
and was detectable in the ONL up to 6.5 year of age.

(B) Inner retinal cell markers. 1. Rod bipolar cells were present in the Crx cat until later in
disease progression. However, with disease progression some of their nuclei migrate to the outer
retina starting at 1.5 years of age. Age at which, it is noticed that their dendrites are retracted and
quasi absent. 2. Muller cells are highly activated and from an early age they invaded the ONL
towards the subretinal space. 3. Calbindin labeling of the inner retinal cells showed some
moderate changes in normal staining sign of remodeling. Contrarily of that in the WT control
(very faint), no staining of cone photoreceptor was noted. 4. NeuN labeling showed some
abnormal localization to the ONL and a more prominent labeling of the INL nuclei than normal.

Rdy/+
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Amino acid signatures in the central retina of Crx*®” cats
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Figure 3.6. Retinal amino acid signatures in a 6-week, 20-week, 5-year and 10-year-old
CrxRY"™* cats. Serial 200 nm sections in the superior mid-periphery (SupMP; central retina).
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Figure 3.6 (cont’d)

There was significant retinal thinning over time, with some individual variation at later ages. The
outer nuclear layer was the first to thin then the inner retina. Rhodopsin labeling decreased with
age and became extensively mislocalized to the photoreceptor inner segments and rod somas,
then disappeared at ~5 years of age. GABA labeling the horizontal cells, bipolar and amacrine
cells showed migration of inner retinal cells towards the outer retina and the ganglion cell layer.
Glutamate and aspartate labeling was present in most cells except Miller cells which showed
an increased activation with development of glial seals and columns. Taurine labeling showed
the loss of inner-outer photoreceptor segments and that most cells remaining had an inner retinal
origin. CRALBP labeling was decreased from an early age.

TQE and YGE mapping on thin sections as well as examination of semithin histologic
sections showed major remodeling with migration of inner retina cells into the outer retina
through some migration column. Remodeling of inner retinal cells led to formation of

microneuroma forming abnormal connection between cells. Retinal pigmentary epithelium

atrophy is also noticeable on many sections (Fig. 3.7).

6-week-old 20-week-old S-year-old 10-year-old

Remnant of rod nuclei Inverted
inner nuclear
layer cell Everted
inner nuclear

. Muller cell seals  layer cell
Microneuroma

Migration
column

Inverted
inner nuclear
layer cell

RPE atrophy Migration RPE atrophy

column

Regular histologic
sections

Figure 3.7. TQE and YGE CMP mapping and semithin histologic sections in the Crx*®"* cat
at different ages in the superior mid-periphery area (central retina) and 1 um histologic semithin
sections epoxy-stained from in a dorso-central retinal samples (from 5- and 10-year-old animals).
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Figure 3.7 (cont’d)

This figure displays the different stages of degeneration and remodeling with loss of
photoreceptor outer and inner segments then death followed by Miiller cell activation then
hypertrophy. With disease progression, migration columns appeared, inverted and everted inner
nuclear cells as well as microneuromas and RPE atrophy.

3.4.3. Crx"™"* cat retinas undergo marked retinal vasculature remodeling

To further investigate the wvascular changes seen on fundus imaging, fluorescein
angiography was performed and IHC flatmounts prepared. As age increased, the retina became
increasing thin seen by an increase of tapetal hyperreflectivity (Fig. 3.8A). Fundus images
showed a loss in retinal vasculature definition as early as 26 weeks of age and severe vascular
attenuation was present by one year of age. As indicated previously, fundus images also showed
hyporeflective changes in the area centralis.

Fluorescein angiography showed a severe loss of peripheral vessels, which worsened with
disease progression. Disappearance of the peripheral and ventral vasculature was seen first.
Additionally, an interesting feature was noted; some arterio-venous shunts developed in the
peripheral Crx®™* cat fundus. These became more prominent with age. These appeared as
vascular loops and were most readily detected at the periphery of the remaining vasculature (Fig.
3.8A). Investigation of the remaining vasculature was performed in 3 adult cats (3.5, 4.7 and 6.5
years of age) by flatmounting and immunolabeling their retina (Fig. 3.8B). The same features
were seen as with the fluorescein angiography imaging. Isolectin GS-B4, a marker of perfused

vessels®™ % (

green), labeled the same pattern of vessels as seen on fluorescein angiography (see
respectively Figs. 3.8A and 3.8B). Collagen 1V, a marker of the vascular basement membrane?’,
Rdy/+

labeled all vessels present regardless of whether they were patent. All the vessels in the Crx

cat were labeled by the Collagen 1V antibody, although only the central vessels were perfused (as
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seen labeling by isolectin GS-B4) and the shunts between patent vessels were also labeled.

Rdy/+

Additionally on close views, it was noted that the vessels from the Crx cat became more

tortuous.

A. Fundus images

Wild-Type Crx™>" cat

adult cat 3.5-year-old 4.7-year-old 6.5-year-old

RetCam
Color

c¢SLO c¢SLO
AF IR

Fluorescein
angiography

Figure 3.8. Retinal vascular remodeling in the Crx®®" cat.

(A) Fundus images showing the generalized tapetal hyperflectivity on color images. On all
images thinning of the vasculature is seen (indicated by the black arrows). In both the 3.5- and
6.5-year-old an area centralis lesion is seen (indicated by the black arrowheads). On fluorescein
angiography this lesion has a lack of fluorescence. On fluorescein angiography, generalized
retinal vasculature atrophy is noted especially in the periphery and ventrally. Arterio-venous
shunts are present especially at the edges of the vasculature. These shunts can be tortuous. (IR;
infrared, AF, autofluorescence)
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Figure 3.8 (cont’d)

B. Retinal flatmount immunohistochemistry

Entire flatmounts Close-up views
Wild-Type adult cat

3.5-year-old Crx®¥* cat

1.

4.7-year-old Crx®%* cat

Isolectin GS-B4/Collagen IV

(B) Retinal flatmounts. Perfused vessels on the center of the retina as seen on fluorescein
angiography are also detected by labeling with isolectin GS-B4 which also labeled microglia
(green stars on close-up views)?. In the peripheral retina, vessels were present but not patent as
detected by anti-collagen IV antibody. Compared to the WT retina, we noticed arterio-venous
shunts (1, 2 and 3)and disappearance of small secondary vessels. Some of the remaining
functional vessels had a tortuous appearance pattern (2 and 3).
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3.4.4. Crx*Y™ cat present with severe area centralis retinal pigmentary epithelium
degeneration

Additional to the generalized retinal remodeling, a focal lesion was detected on both color
and autofluorescence fundus imaging (Fig. 3.2). This could also be seen during fluorescein
angiography (Fig. 3.8A) as a dark lesion lacking fluorescence in the early filling phase followed
by some secondary fluorescence in the later phases. As described above, the lesion seems to
initially be characterized by a slight sometimes bluish fundus color changes then a darker lesion
in the region of the area centralis (extending along the visual streak in one cat). On FAF, the
lesion is seen as a loss of AF then a complete absence of AF. When further investigating it, it was
found to correspond to a loss of retinal pigmentary epithelium (RPE) on both SD-OCT high
resolution cross sectional imaging and on IHC (Fig. 3.9). Analysis of the SD-OCT as well as
histologic and IHC sections within the area of degeneration some islands of remaining RPE cells
are present and some hypertrophy can be present in those areas and at the edge of the lesion (Fig.
3.9 shows hyperfluorescent spots of fluorescein angiography (A), thicker RPE and REC+ on

color thicknesses map B1 and SD-OCT (B2) and seen on histologic (B3) and IHC (B4) sections).
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A. Fundus images
RetCam color ¢SLO infrared ¢SLO autofluorescence  Fluorescein angiography

B. Retinal pigmentary epithelium changes

1. Thickness maps
Total retina thickness map (2 different scales) REC+ thickness map RPE thlckness map

2

Scale 1 to > 500pm Scale 1 to > 125pm Scale 1 to > 50pm Scale 1 to > 25um

2. SD-OCT cross-section

4. RPE65 immunolabeling

Figure 3.9. Area centralis lesion in a 6.5-year-old Crx*®"* cat.

(A) Fundus images indicating the lesion in the area centralis (black arrows). The lesion has has
a bluish appearance on the color fundus images, darker appearance on IR ¢SLO and shows some
loss of autofluorescence on FAF. Fluorescein angiography shows some lack of fluorescence in
the region of the area centralis and its surroundings.
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Figure 3.9 (cont’d)

(B) Retinal epithelium pigmentary changes.

1. Thickness maps in the area of the lesion show some full thickness thinning but also of the
REC+. Interesting the RPE layer is thinned but some thinned spots (green to red color are seen in
the edges of the lesion. Those corresponded on retinal cross sections (2) to an RPE thickening
(right panel), seen as RPE cells proliferation on histologic and immunolabeled sections (2,3,4:
black and white stars). The center of the lesion is thin and has a lack of RPE layer (central panels;
3,4). The region where the integrity of the RPE stops can be seen on SD-OCT, histologic section
and IHC (white and black arrows; left panels; 2,3,4)

3.4.5. Other findings in individual Crx*®"* cats

Additionally to the lesions described above, individual cats presented with the following
lesions. Very old cats presented some retinal holes in their ventral retina due to the extreme
degeneration. This could be seen either by fundus examination (fundus images) or SD-OCT
retinal cross-section (Fig. 3.10). However in some areas cells accumulations of cells could be
detected on SD-OCT and CMP histology. Small areas of retinal detachments could be seen next
to the area centralis degeneration in SD-OCT imaging. One cat presented with retinoschisis in its

ventral non-tapetal retinal region (Fig. 3.10)
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A. Retinal detachments and retinochisis
1. Dorsal lesions

Bullous elevation and vessel leakage

Tapetal atrophy

2. Ventral lesions
Retinal holes

Figure 3.10. Additional lesions observed in the Crx*¥* cat.

(A) Dorsal lesions were seen as bullous elevation of the retina (black arrowheads) with internal
limiting membrane detachments. Some retinal hypertrophy was noticed in the far dorsal
periphery and some tapetal atrophy was randomly found (seen as a lack of tapetal
autofluorescence on IHC).

(B) Ventral lesions included presence of retinal holes (white arrowheads) in very advanced
degeneration cases and one cat presented with bilateral retinoschisis (white arrow left panel) and
retinal detachments (white arrow right panel).
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3.5. DISCUSSION

Rdy/+

This study expands on previous studies showing that the Crx cat has a severe, early

onset, dominantly inherited, retinal degeneration.”*® % No functional evaluation was performed

Rdy/+

in this study as no ERG responses have been detectable after 20 weeks of age in the Crx*®"* cat.®

10

The Crx*®"* cat showed a severe retinal degeneration involving first the outer retina layer
which thinned. Due to a compensatory remodeling mechanism, the total retina thickness is
initially preserved until 6 months of age after which it also decreased. Concomitantly extensive

remodeling developed. The Crx"¥*

cat showed similar remodeling as previously described in
other inherited retinal dystrophies. Retinal degeneration and remodeling in the cone-rod
dystrophy CRX-LCA feline model follows the 3 previously described phases of retinal
remodeling.*® *" 8 In this model, cones degenerate first followed by rods then the rest of the
retina which is in contrast to typical retinitis pigmentosa in humans in which the peripheral retina
progresses into phases 1-3 before the central retina and fovea does. During the first phase, the

photoreceptors undergo stress and in the case of the Crx"*

cat incomplete development then
death and degeneration with the start of second phase of remodeling. During the second phase,
the Miller cell are activated and lead to formation of glia seals accompanied by hypertrophy and
extension of horizontal cell neurites and bipolar cell dendrite retraction. During the third phase,
the neuronal retina remodels. During that phase, the glial seal becomes fibrotic and Muller cell
hypertrophic. Neuronal cells start dying and microneuromas start to form. This worsens at the

end of the remodeling. In the Crx*®"*

cat, the first phase occurs during the first few weeks of age.
The second phase is also rapid; occurring over the first months of age. By 1.5-years of age, the

inner retina is severely affected and by 5-years of age severe neuronal remodeling has developed.
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Further immunohistochemistry and molecular investigations to precise the remodeling
mechanism with synapses labeling for example would help to further characterize the changes. It
would also be of value to further investigate changes in melanopsin expressing ganglion cells
both functionally by chromatic pupillometry and also morphologically by IHC.3* 3 The NeuN
labeling showed good preservation of ganglion cells until very late in the disease progression
therefore investigating ganglion cells as potential target for optogenetic treatment would be of
value.

Rdy/+

During advanced stages of the disease the Crx cat develops a severe lesion in the area

centralis region characterized by retinal pigmentary epithelium degeneration. The lesion was
shown to be caused by a loss of the RPE cells starting from the edge of the lesion. Some islands
of RPE hypertrophy were also seen. This lesion is similar to a lesion in humans with macular
degeneration and further supports the fact that the cat is a comparable model to the human form

Rdy/+

of the disease. The mechanism of RPE degeneration in the macula-like region of the Crx™"" cat

warrants further investigation to determine the underlying causal factors and molecular
mechanism. Also we need to investigate if it is a consequence of the dominant negative effect of

the Crx mutant allele or due to the retinal degeneration and its molecular consequences.** The

Rdy/+

possibility that the Crx™"" cat be a good model for RPE atrophy mechanistic studies in inherited

disease or age macular degeneration is of importance.® 3

Interestingly, the Crx*®'* cat presents severe vascular thinning with vascular remodeling
leading to arterio-venous shunt formation. As with many models of retinal inherited
dystrophies® %, the Crx®™* cat develops severe attenuation of retinal vasculature and loss of

patent vasculature in the peripheral and ventral retina. Yet, the Crx*®"*

cat present a very specific
characteristic which have rarely been described in inherited disease®” *. During the vascular

degeneration, the retina vessels remained but were not perfused. The remaining vessels
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developed some arterio-venous shunts and in some older animals the vessels became more
tortuous. During fluorescein angiography the arterio-venous shunting could be seen as a direct
communication between an artery and a vein without blood flow through a capillary bed. More
investigation on the molecular mechanism underlying the arterio-venous shunt formation is

necessary. The Crx®¥/*

cat could be an interesting model for vascular changes in human inherited
disease but also for branch vein occlusion, retinal detachments or surgery induced vascular
shunts.

R cat retina follows the 3

This study showed that retinal degeneration in the Crx
proposed phases of retinal remodeling. As early as 12 weeks of age, some glial reaction to
photoreceptor death was observed followed by formation of a glial seal, rewiring and inner
nuclear layer cell migration. Finally, microneuroma formation, severe retinal thinning and
remodeling developed. Paralleling those characteristic, the RPE degeneration in the macula-like
region of the cat and some vascular remodeling occurs quite early in the disease progression.
These findings emphasize the importance of testing therapies like optogenetics or retinal
transplant well before 1.5-years of age to ensure healthy neuronal environment at the time of

treatment. Adding to the previous description of the CrxR%

phenotype (chapter 2) these findings
provide baseline information for planned therapeutic interventions and evaluation. The Crx*¥ cat
is a valuable large animal model for studying the severe forms of Leber congential amaurosis due

to CRX mutations but also retinal pigmentary atrophy and vascular arterio-venous shunts
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APPENDIX J — Figure 3.51
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Figure 3.S1. Fundus areas sampled from 5 retinal areas were collected: area centralis, mid-
and far-superior as well as mid and far-inferior regions.
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APPENDIX K — Figure 3.52
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Figure 3.S2. Outer nuclear layer (ONL), inner nucler layer (INL) and ganglion cell complex
(GCC) layer thicknesses scatter plots from Crx**and WT control cats from 4 weeks to 10.25

years of age.
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Figure 3.S2 (cont’d)

Measures were made on SD-OCT images from the area centralis region and from four optic
nerve distance from the optic nerve rim itself dorsally, ventrally, temporally and nasally.

The ONL showed some severe thinning to be quasi inexistent with disease progression in the
Crx*®"™ cats. Interestingly, except in the area centralis the ONL in the WT controls thinned
during maturation and then stabilized after a year of age.

The INL and GCC layers thickened in all regions (except for the GCC layer in the area centralis)
with a peak around 0.5 to 2 years of age then thinned with the disease progression.
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APPENDIX L - Figure 3.S3
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Figure 3.S3. Cell nuclei count of the ONL, INL and GCC from (A) the Superior Far-
Periphery (Sup FP), (B) Inferior Mid-Periphery and (C) Inferior Far-Periphery.

In all regions, a severe ONL loss of nuclei is seen between 6 weeks and 9 months of age to be
more subtle at a later age. Sight increase in INL number was seen in the SupFP.
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APPENDIX M — Table 3.S1.

Age Age SD- SB-T c(:ll\e/llllj Fluorescein IHC Retinal
(years) | (weeks) | OCT WT counting angiography flatmount
0.08 4 4 2
0.12 6 6 7 1 3
0.13 7 1
0.15 8 3 3
0.19 10 5 5
0.23 12 8 8 1 4
0.27 14 2
0.29 15 6 5
0.34 175 5
0.38 20 9 7 1
0.5 26 3 3
0.58
0.75 2 1 1
1 4 3
15 3 3 1 1 2
2 1 4
3 7 5 1
3.5 1 1 1 1
4 6 1 1
4.5 3 1 2 2 1
5 3 1 1 1
6 4 2 3
6.5 2 1 1 2 1
7 2
7.5 1
9 2
10.25 2 2 1
Total different animals
| | 28 27 9+1WT 8+6WT 22 3+1WT

Table 3.S1. Experimental numbers of Crx

Rdy/+

cats

Ages for adult SD-OCT, fluorescein angiography, IHC and flatmounts where approximate.
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APPENDIX N - Table 3.52.

. Primary Secondary Secondary
Antibody — Source Type Dilution Antibody — Source Dilution
hCAR . Alexa Fluor 488 Goat anti-
(Human cone arrestin) Polyclonal rabbit 19G
Dr. Cheryl Craft; LUMIJ, yelo 1:10,000 |, g . 1:500
L N rabbit Life technologies, Carlsbad,
University of Southern California, CA. USA
Los Angeles, CA, USA '
(PB,\iIQin lated Peanut Agglutinin) | Biotinylated Alexa Fluor 488 Streptavadin
y 99 Y 1:500 | Life technologies, Carlsbad, 1:500
Vector Labs Inc., Burlin-game, Lectin CA USA
CA, USA '
ML-opsin
(Anti-Opsin, Red/Green; Alexa Fluor 568 or 594 Goat
Medium/ Long wavelength cone Polyclonal i anti-rabbit 1gG )
opsin) rabbit 1:1,000 Life technologies, Carlshad, 1:500
Millipore Corp., Billerica, MA, CA, USA
USA
S-opsin
(Anti-Opsin, Blue; Short Algxa Flgor 568 or 594 Goat
. Polyclonal . anti-rabbit 19G .
wavelength cone opsin) . 1:1,000 . . 1:500
. LI rabbit Life technologies, Carlshad,
Millipore Corp., Billerica, MA,
CA, USA
USA
RetP1 Alexa Fluor 594 Goat anti-
(Rhodopsin Ab-1) Monoclonal 1:2 mouse 1gG 1500
Thermo Scientific, Rockford, IL, mouse Life technologies, Carlshad, '
USA CA, USA
GFAP . .
(Anti-Glial Fibrillary Acidic Alexa Fluor 594 Rabbit anti-
. Monoclonal . mouse I1gG .
Protein) 1:300 - . 1:500
o mouse Life technologies, Carlsbad,
Cell Signaling Technology Inc., CA. USA
Danvers, MA, USA '
PKCa Alexa Fluor 594 Goat anti-
(Protein Kinase C-alpha) Monoclonal 1:500 | Mouse IgG 1500
BD Biosciences, San Jose, CA, mouse ' Life technologies, Carlshad, '
USA CA, USA
Alexa Fluor 568 Goat anti-
Calbindin Monoclonal 1:500 mouse 1gG 1500
Swant, Marly, Switzerland mouse ' Life technologies, Carlshad, '
CA, USA
Nl\?UN Specific Nucl Alexa Fluor 488 Goat anti-
(Neuron-Specific Nuclear Monoclonal . mouse I1gG .
Protein) 1:2,000 - . 1:500
- _— mouse Life technologies, Carlshad,
Millipore Corp., Billerica, MA,
CA, USA
USA
RPE65
(Retinal pigmentary epithelium- Alexa Fluor 568 Goat anti-
specific 65kDA protein) Monoclonal 1:500 | Mouse IgG 1500
Dr. Debra Thompson; Kellogg mouse ' Life technologies, Carlsbad, '

eye center, University of
Michigan, Ann Arbor, MI, USA

CA, USA
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CHAPTER 4
PHENOTYPIC CHARACTERIZATION OF CATS HOMOZYGOUS FOR A

FRAMESHIFT MUTATION IN CRX (CRXRPY/RPY)
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4.1. ABSTRACT

PURPOSE. CRX is a transcription factor essential for normal photoreceptor
development and survival. The Rdy cat has a spontaneous frameshift mutation in Crx. This type
of mutation is similar to Class Il CRX mutations that result in accumulation of mutant CRX

Rdy/+

protein, which has a dominant negative action. The heterozygous cat (Crx") has early

dysfunction and degeneration of photoreceptors mimicking the severe Leber congenital

amaurosis phenotype. This study investigated the phenotype of the homozygous cat (Crx"®/R%),

METHODS. Functional and structural characteristics of the retina and the globe of the CrxR®/R%
cats were investigated at various ages by ophthalmic examination, combined A-and B-mode
ultrasound (US), intraocular pressure (IOP), refraction, electroretinography (ERG), spectral
domain optical coherence tomography (SD-OCT) and histology. Molecular changes were
assessed by quantitative reverse transcriptase-PCR (gRT-PCR, Western blot (WB) and
immunohistochemistry (IHC). RESULTS. Crx*™R% cats lacked vision and showed an absence
of menace response and dazzle reflex. They also had a very decreased pupillary light reflex.
Unlike the Crx®™™* cats, the Crx*RY cats did not exhibit nystagmus. The globe length was

significantly greater than that of wild-type and Crx*®"*

Kittens, showing severe posterior segment
myopia with no IOP increase when investigated at adulthood. Scotopic and photopic ERG
responses were absent at all ages tested. Crx"™R%Y cats developed tapetal hyperreflectivity
detectable as early as 12 weeks of age, but there was no obvious retinal vasculature attenuation
with disease progression. The features that represent the photoreceptor inner/outer segments
(1S/0S) were not discernible on SD-OCT images from an early age. Histological examination
showed that only very small photoreceptor inner segments formed; outer segments were never

identified. Although the other retinal layers appeared relatively normal at 2 weeks of age, retinal

stratification became increasingly abnormal with age. QRT-PCR in 2-week-old Kittens revealed a
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marked decrease in cone and rod opsin mRNA levels while that of Crx was elevated and the
expression level of other transcription factors was also changed. WB revealed that the amount of
mutant Crx present was greater than that of normal Crx protein in wild-type control retinas.
CONCLUSIONS. The retina of the Crx®™®"R% cat failed to fully mature resulting in congenital
blindness. Also, abnormal globe growth with myopia occurred. Although relatively normal
retinal stratification had developed at a very early age, lack of normal development of
photoreceptor IS/OS was noted, and retinal layers became disorganized with disease progression.
This was accompanied by decreased expression of rod and cone opsins and absence of
photoreceptor function. The phenotype of the Crx*®R% differs considerably from that of the

CrxY™ cat.
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4.2. INTRODUCTION

Cone-rod homeobox (CRX) is an OTX-like homeobox gene encoding a transcription
factor essential for normal photoreceptor development, function and survival.'® Indeed,
numerous genes necessary for the retinal functions such as genes coding for proteins involved in
phototransduction or the visual cycle have a binding site for CRX in their promoter, and CRX
also has a binding site on its own promoter.*® In humans, CRX mutations result in a spectrum of
typically dominant retinopathies with variable severity ranging from Leber congenital amaurosis
(LCAT7) to cone—rod dystrophy, retinitis pigmentosa and macular degeneration.’>** LCA is the
most severe form. LCA represents approximately 5% of all human inherited retinopathies with a
prevalence of 1 in 30,000 to 81,000 newborns.** ** CRX mutations accounts for approximately
2.35% of the cases of LCA.*

Mice models for CRX-retinopathies have been well described even though the precise
mechanisms underlying the diseases need to be further elucidated (see review Tran et al., 2014).*
5 Among the available CRX-retinopathy models one large animal model exists: the Crx*? cat.
This cat model has a spontaneous frameshift mutation in Crx (single nucleotide deletion in exon
4 leading a truncated protein of 185 amino acids compared to 299 residues in the wild-type
protein).'® The position of the introduced premature stop codon is at an analogous site to several
reported human mutations that most frequently result in an LCA phenotype and are classified as
Class 11 CRX mutations. Those mutations are believed to be associated with an accumulation of
mutant CRX protein which has a dominant negative action.” * ' *® The heterozygous cat
(Crx*™™) has been described previously and presents with an LCA phenotype characterized by
an early dysfunction and degeneration of photoreceptors. ***2° There is over expression of the

mutant Crx allele resulting in a higher level of Crx protein compared to wild-type cat’s retina,
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which has a dominant negative effect '’ and is similar to the phenotype of the Class Il E168d2
heterozygous mouse model.*> %’

Among the mice models for CRX-retinopathies, the phenotype of homozygous animals has
been well described in the literature.® ® %% The Class Il E168d2/d2 homozygous mouse model
has a similar yet more severe phenotype to the Class 11l E168d2 heterozygous mouse. The
E168d2 homozygous mouse undergoes rapid photoreceptor degeneration, with absence of
photoreceptor outer segments (OS) development and rapid loss of outer nuclear layer (onl)
thickness. This mouse model lacked vision and did not have any recordable electroretinographic
responses at any time point. The E168d2/d2 homozygous mouse also has a more marked
decrease in expression of certain retinal genes compared to the E168d2 heterozygous mouse.
These include cone arrestin, and cone and rod opsin.®

Based on the studies in the Crxf%*

cats and the homozygous E168d2 mouse, we
hypothesized that the phenotype of the homozygous cat will have a more severe phenotype than
that of the heterozygote, with no photoreceptor development and a total absence of normal Crx
mRNA/protein, but normal development of other cell types. We expect even higher levels of
mutant Crx mRNA and protein. Even though there is a very low incidence of humans
homozygous for CRX mutations, the study of the homozygous cat and its comparison with the
mice models may give a valuable insight into the dominant negative mutation mechanism or help
to guide therapeutic interventions. The purpose of this study was to investigate the functional,

morphological and molecular phenotype of the Class I11 Crx mutant homozygous cat (Crx"®/R®),
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4.3. MATERIALS AND METHODS

4.3.1. Ethics statement

All procedures were performed in accordance with the ARVO statement for the Use of
Animals in Ophthalmic and Vision Research and approved by the Michigan State University

Institutional Animal Care and Use Committee.

4.3.2. Animals

A colony of Crx*® cats maintained at Michigan State University was used for this study
and bred to obtain homozygote affected (Crx"»R) heterozygote affected (Crx*®™*) kittens and
wild-type (WT) control cats. Animals were housed under 12D:12L cycles during breeding and
14D:10L the rest of the time. They were fed a commercial feline dry diet (Purina One
Smartblend and Purina Kitten Chow; Nestlé Purina, St Louis, MO. USA). Animals studied
ranged from 4 weeks to 6 years of age. For n numbers used in the different experiments, please

refer to Appendices X, Y, and Z — Tables 4.S1, 4.S2 and 4.S3.

4.3.3. Ophthalmic examination and fundus imaging

At each time point assessed, Kittens underwent a full ophthalmic examination including
indirect ophthalmoscopy and capture of digital wide-field color fundus images (Ret-Cam I,
Clarity Medical Systems, Inc., Pleasanton, CA, USA). Fundus images were also captured using a
confocal scanning laser ophthalmoscope (cSLO) (Spectralis OCT+HRA, Heidelberg Engineering
Inc., Heidelberg, Germany). (This was performed under anesthesia after each Spectral domain-
optical coherence tomography (SD-OCT) examination: see below).

In vivo fluorescein angiography imaged with a confocal scanning laser ophthalmoscope

(cSLO) was performed in a few animals. Retinal vasculature was assessed in Crx"¥®RY kittens
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and compared with CrxR®™*

kittens and WT controls from chapter 3. Anesthesia, pupil dilation
and globe positioning were performed as described in chapter 2 for ERG and SD-OCT.’ Firstly
cSLO retinal images were captured with both 875 nm and 488 nm lasers. Fluorescein
angiography imaging was then performed by injecting 20 mg/kg of 10% sodium fluorescein
(Fluorescite 10%, Alcon Laboratories Inc, Fort Worth, Texas, USA) as a bolus through a 20G
catheter in the left cephalic vein followed by a 2mL bolus of Ringer Lactate. The timer was

started at the beginning of injection. One-minute movies then images at regular intervals were

recorded using cSLO with a 55° wide field angled lens.

4.3.4. Measurement of globe length

Axial globe length was measured using a combined A- and B-mode ultrasound (A/B Scan
System 835, Humphrey, Dublin, CA, USA) under anesthesia (after SD-OCT in some of the
animals). Initially, only the axial globe length was measured, but in later studies the cornea-
anterior segment width, lens width and posterior segment depth were also measured.
Measurements in millimeters (mm) were taken from the best A scan and B scan combined on the

same images (Fig. 4.1A).

4.3.5. Intraocular pressure (I10P)

Intraocular pressure was assessed in few Crx*¥R%¥ and wild-type control adults (older
than 6 months of age) using a TonoVet (Icare Finland Oy, Helsinki, Finland). Due to the feline
species having a tendency to be fractious, only animals of a temperament that allowed them to be
assessed without tight restraint and without being stressed were included. Measurements were
done within a week between 8.10-9.30 am. Each animal was assessed two to three times during

that week. During each session, the IOP was measured 3 times for each eye.
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4.3.6. Refractive error

Refractive error was assessed in few Crx"¥R% crx*®* and WT control adult cats (older
than 6 months of age) using a retinoscopy and standard refractive bars. It was noted that due to
the blindness in the Crx*®R% and Crx*¥™ cats, the pupil dilation and absence of focusing made

measurements challenging.

4.3.7. Electroretinography (ERG)
Electroretinography was performed on Crx"R% Kittens as described in chapter 2.%7
Scotopic and photopic ERGs were recorded in animals from 4 to 20 weeks of age and compared

to those from wild-type and heterozygous animals (chapter 2).

4.3.8. Retinal morphology and vasculature
4.3.8.1. In vivo Spectral Domain-Optical Coherence Tomography

RaY* Kittens and

Retinal morphology was assessed by SD-OCT in Crx®®R%¥ Kittens, Crx
wild-type control kittens from 4 weeks to 5 years of age.

Anesthesia, pupil dilation and globe positioning were performed as described for ERG
and SD-OCT in chapter 2. cSLO retinal images were captured. Then, spectral-domain optical
coherence tomography (SD-OCT) imaging was performed to obtain detailed retinal cross section
images (Spectralis OCT+HRA, Heidelberg Engineering Inc., Heidelberg, Germany). SD-OCT
single scan line and volume scan images were recorded from the center of the area centralis and
in the four retinal quadrants (at 4 optic nerve head diameter distances from the edge of the optic
nerve head superiorly, inferiorly, nasally and temporally as illustrated in Appendix O — Fig.

4.S1). Total retinal thickness, Receptor+ (REC+; including layers between retinal pigmentary

epithelium and outer plexiform layer included)?, inner nuclear layer (INL), ganglion cell
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complex (GCC; including the inner plexiform layer (IPL) and the ganglion cell layer (GCL)) and
inner retina (IR; layers between inner nuclear layer and internal limiting membrane) thickness

were measured using the Heidelberg Eye Explorer (HEYEX) software.

4.3.8.2. Immunohistochemistry (IHC)
After humane euthanasia, eyes from Crx®R% and wild-type kittens were collected (at 2,
6, 12 and 20 weeks, and 2 and 3.5 years of age). They were processed as described in chapter 2.’
They were then processed for immunolabeling and imaged.'” % The antibodies used are listed in

Appendix a — Table 4.54.

4.3.8.3. Plastic embedded sections
Eyes were processed for plastic histologic sections and imaged as described in chapter
2.1 samples from the dorsal, central, nasal, temporal and area centralis regions were obtained

by using a biopsy punch of 3 to 3.5 mm diameter Appendix O — Fig. 4.S1.

4.3.9. Quantitative Reverse Transcriptase-Polymerase Chain Reaction (QRT-PCR)

As described in chapter 2, immediately following euthanasia and globe removal, the
neurosensory retina was dissected from 2-week-old CrxX*®*Y Crx*¥* and wild-type kittens.
Two areas (central and peripheral areas) were dissected (Appendix P — Fig. 4.S2). Retinal
samples were flash frozen in liquid nitrogen and stored at -80°C until RNA extraction. RNA
extraction, cDNA synthesis and qRT-PCR reaction were performed as previously described.’
RNA quality was assessed, and only samples with an RNA integrity number RIN > 7.0 were

used to evaluate gene expression changes.
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Levels of arrestin3 (Arr3, specific to cones), medium-long wavelength opsin (MOP,
specific to cones), short wavelength opsin (SO, specific to cones), rhodopsin (Rho, specific to
rods), total Crx (WT and mutant), homeobox protein (Otx2), neural retina leucine zipper protein
(Nrl), photoreceptor-specific nuclear receptor (Nr2e3), thyroid hormone receptor 52 (Trf2) and
the nuclear receptor (Rorf) mRNA were measured and normalized to Tubulin alpha-1B chain
(Tubalb) and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (for primers sequence, see

Appendix b — Table 4.55). mRNA expression levels of retinal transcription profiles of CrxR®/RY

and CrxRv/*

Kittens were compared to control wild-type Kittens.

4.3.10. Western blot assay

As described in chapter 2, following sampling of the retina for gRT-PCR the remaining
retina was flash frozen in liquid nitrogen, then protein extraction and western blot assay were
performed.® *” Monoclonal mouse anti-B-actin antibody (Sigma-Aldrich, Saint Louis, MO, USA)
and polyclonal rabbit anti-CRX 119b1 at 1:1000 dilution were used to probe the membranes.
Secondary antibodies goat anti-mouse IRDye 680LT and goat anti-rabbit IRDye 800CW (LI-
COR Biosciences, Lincoln, NE, USA) respectively were used. Fluorescence was detected using
the Odyssey Infrared Imager (LI-COR Biosciences, Lincoln, NE, USA). Quantification was
performed using Image J (http://imagej.nih.gov/ij/; provided in the public domain by the National

Institutes of Health, Bethesda, MD, USA).%®
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4.3.11. Statistical analysis

Statistical analysis of 10P, refraction, cDNA level and Western blot fluorescence level
data differences were tested for normality (Shapiro-Wilk test for normality). Normally
distributed data was analyzed by unpaired 2-tailed Student’s T-test (significance level set at P <
0.05), nonparametric data by a Mann-Whitney rank sum test (SigmaPlot 12.0; Systat Software,
Inc., San Jose, CA, USA). Student’s T-test was performed when comparing only two groups. A
mixed effect model using R studio was used to analyze the data for globe length and SD-OCT
measurements; SD-OCT measurements as data was evaluated over time. This was also used to

analyze the effect of other factors on IOP and refraction (age) using the equation below.?’

n
lez,BX + ai+si
i=0

Where R is the parameter vector, X is the independent variable matrix, o; is the cat level residual,

and the & is the individual observation level residual.
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4.4, RESULTS
4.4.1. CrxRYRY cats have an increased globe length and a myopic refractive error
Analysis of the Crx*®R% cat axial globe length showed a significant increase compared to
heterozygous Crx*®* and to control WT cats (Fig. 4.1) (P < 0.002 and = 0.003, respectively).

For example, at one year of year the Crx*®RY Cry*®™*

and WT cats had an axial globe length of
respectively 23.1 £ 0.4, 19.5+ 0.3 and 20.1 + 0.4 mm. This difference was obvious on US, and in
the enucleated eye (Figs. 4.1A and 4.1B). Measurement analysis (Fig. 4.1C) confirmed that
finding. Statistical analysis showed that the eye (left or right), or sex had no effect and that the
differences in axial length increased with age. A difference in axial globe length was also present
between Crx"®™* and WT cats (P = 0.02), with WT having a slightly longer globe. It is to be
noted that the Crx*®"% group included measurements from 55 males (M) and 13 females (F)
(each time point considered independently), the WT group included measurements in 94 M and
54 F and the Crx®* group in 44 M and 106 F. It is possible that the difference between the
Crx*™* and the WT group was due to high number of females that were of smaller size

Ray* cats had a mean

compared to the males. For example, at 3 years of age female and male Crx
axial globe length of 20.4 £ 0.13 and 21.50 £ 0.34 mm respectively, a difference which was

statistically significant (P <0.001).
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Figure 4.1. Globe lengths.

(A) Combined A- and B-Mode ocular ultrasound images. The images show the different
measurements taken. C-AC: Cornea-Anterior chamber width, L: lens width, PS: posterior
segment depth and GL.: axial globe length. Representative ultrasound images of the globe from a
Crx*YRY 3 Crx®™™* and a WT 12-week-old cat show the enlarged globe of the Crx™R% due to
an enlarged posterior segment.

(B) Enucleated fixed eyes from a 12-week-old CrxR®¥RY and Crx*¥* cats. These pictures
show an enlarged globe with a deeper posterior segment in the Crx*®R% cat,

(C) Scatter plot of the axial globe length versus the age. A significant difference can be seen
between the axial globe length of the Crx*®*¥ cat compared to that of the Crx*®*and WT cats
at all ages tested.

(D) Scatter plot of the posterior segment depth versus the age. A significant difference can be
seen between the posterior segment depth of the Crx*®R% cat compared to that of the Crx*®'*
and WT cats at all ages tested.

182



To investigate the anatomical origin of the increase in axial globe length, cornea-anterior
segment width, lens width and posterior segment depth measures were analyzed and showed a

R and to

significant increase in posterior segment depth in Crx*®®¥ cats compared to Crx
control WT cats (P < 0.0001) (Fig. 4.1D and Appendix Q — Fig. 4.S3). No difference was found
overall between Crx*®* and WT cats (P = 0.250) although an effect of the sex between Crx*®"*
and WT groups (more male in WT group) was found (P = 0.006). For example, at one year of
age the Cr"YRY Cry*%™* and WT cats had a posterior segment depth of respectively 10.9 + 0.1,
7.1+£0.1and 7.8 £ 0.3 mm. For the axial globe length and the posterior segment depth, the older
the animals were the greater the differences. No significant difference was found in cornea-

Rdy/+

anterior chamber widths, yet an effect of the sex between Crx™"" and WT groups (more male in

WT group) was found (P = 0.007). Similarly, no significant difference was found in cornea-

anterior chamber widths: the effect of the sex between Crx*%/*

and WT groups (more male in
WT group) was significant (P = 0.011) (Appendix Q — Fig. 4.S3).

Due to the increase in posterior segment depth, investigation of the possibility for
increase in intraocular pressure and changes in refractive error were performed. There were no
differences in 10Ps between Crx"¥R% and WT cats (16.0 + 1.8 and 154 + 1.6 mmHg,
respectively P = 0.577) in the animals investigated (Fig. 4.2A). However, a statistically marked
significant difference was found in refractive state. The Crx®¥R% cats had a very myopic
refractive error of a mean of -14 + 1.1 D compared to -0.9 + 0.4 D in the WT cats (P = 0.004,

Ttest) (Fig. 4.2B). A refractive error was also present in the Crx*®"*

cats with an average of -2.7
+ 0.8 D (P < 0.001 compared to Crx*®R*%¥ cats and P = 0.002 compared to WT cats, Ttest). When
analyzed with a mixed effect model, age had a significant influence in the difference between the

Crx*¥™ cats and both the Crx*®RY and WT cats (P = 0.003). The eye (left or right) did not have

an effect on the difference between groups nor did it have an effect on refraction or IOP.
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Figure 4.2. (A) Intraocular pressure (IOP). There was no significant difference in IOP
between the Crx®¥*¥ and WT cats. (B) Refractive error. Severe myopia was found in the
Crx*®RY cats with a mean -14 D of compared to -0.9 D in the WT cats. **P < 0.01

4.4.2. CrxRYRY Kittens lack retinal function

At all ages examined, the Crx"¥R% cats had an absence of menace response and dazzle
reflex (although this could be hard to assess due to the animals moving and blinking) and
decreased pupillary light reflexes. Nystagmus was not noted at any age. To more precisely assess
retinal functional, ERGs were recorded at multiple time points from 4 to 20 weeks of age.'’
Crx*RY Kittens did not have any recordable ERG responses at any age tested for either scotopic

or photopic ERG (Fig. 4.3). Therefore no statistical analysis was performed.
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Dark-adapted intensity series

Wild type CRX Revir CRx R

Figure 4.3. Dark-adapted intensity series ERGs from WT, Crx"¥*"~and Crx"¥R% Kittens at
10-weeks of age (age of peak maturation of the ERG in the Crx*®™ cat). The Crx"® kitten
waveforms are very reduced in amplitude (note the scale differences between the sets of tracings)
and have increased implicit times. There was no recordable ERG from the Crx™R¥ Kitten.
Responses to stimulation from top to bottom of -1.6, -1.2, -0.8, -0.4, 0.0, 0.4, 0.9, and 1.4 log
cdS/mz, (Scale bars: vertical 100 pV; horizontal 50 ms).

4.4.3. Cr*¥RY kittens have changes in fundus reflectivity and tapetal thinning, but

superficial retinal vasculature persists into adulthood

To determine the progression of retinal degeneration in Crx*®"RY Kittens, in vivo
ophthalmic imaging was performed at multiple time points from 4 weeks to 5 years of age.
Ophthalmoscopic examination revealed that there were some changes in tapetal reflectivity as
early as 6 to 8 weeks of age (when the tapetum develops). Discernible tapetal hyperreflectivity
(indicative of retinal thinning) was visible as early as 12 weeks of age (Fig. 4.4). The appearance
of the tapetum and tapetal reflectivity in Crx*®*% kittens was never normal with a generalized
abnormally appearing “sheen” to it when compared to WT cats. Interestingly, all animals
developed a specific lesion with the choroidal vessels starting to become apparent at an early age,

and some increased cSLO autofluorescence was visible paralleling choroidal vessels as early as
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12-15 weeks of age (Fig. 4.4B). This worsened with age and seemed to correlate with the SD-
OCT imaging, with severe thinning of the tapetum lucidum but also choroidal thinning.

RV cats

The generalized tapetal reflectivity changes were not so severe as in the Crx
where marked hyperreflectivity developed (Fig. 4.4). In the Crx*®®R¥ kittens superficial retinal
vasculature is preserved up to at least 5 years (oldest animal examined). In contrast in the
Crx*®"™* cats by this age vessels were markedly attenuated, arteriovenous shunts had developed,

and there was a mild leakage of fluorescein apparent a few minutes after injection of fluorescein.

(Fig. 4.4B).

A. C’I-XRd_V/Rd_y

6-week-old 12-week-old 26-week-old 1.5-year-old 3-year-old S-year-old

B ¢SLO fundus images

Color fundus images Infrared Autofluorescence  Fluorescein angiography

CrXRdy, Rdy
4-year-old

Crxkdy +
4-year-old

Figure 4.4. Fundus images during development and adulthood.
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Figure 4.4 (cont’d)

(A) Fundus color images showing tapetal hyperreflectivity (a sign of retinal thinning) as early
as 12 weeks of age, while the retinal vasculature is relatively well preserved even though thinned
during advanced disease stages. At 26 weeks of age, extreme thinning of the tapetum can be
seen, which allows the choroidal vessels to be seen (shown by the white arrows in (B).

(B) Fundus color and cSLO images from WT adult cat, 4-year-old Crx*¥*¥ and Crx*¥"* cats.
Infrared (IR, 875nm), Autofluorescence (AF, 488nm) and Fluorescein angiography (FA, 488nm)
images showing the preservation of the retinal vasculature despite disease progression. Arrows
indicate an area of tapetal thinning exposing the choroidal vasculature (dark streak on AF and
hyperfluorescent streak on FA: white arrows). Note the difference compared to the Crx** cat in
which the retinal vessels are very thinned (white arrow head and show some arterio-venous
shunts: black arrow heads).

4.4.4. The Crx"¥RY cat lacks development of photoreceptor inner and outer

segments, and despite extensive retinal remodeling has preservation of total retinal

thickness

Retinal SD-OCT cross-sectional images were captured from Crx*®"% animals between 4
weeks and 5 years of age. SD-OCT zones representing photoreceptor inner/outer segments
(1S/0S) could not be detected at any age from Crx*¥"*¥ animals (Fig. 4.5A). These included the
ellipsoid zone and differentiation of the interdigitation zone and external limiting membrane.?®
Due primarily to the absence of 1S/OS the overall retinal thickness was thinner than in age-

matched Crx?%*

and WT cats. The rest of the retinal layers appeared to have developed normally
and were clearly discernible. Interestingly, at an early age (4 and 6 weeks of age) the ONL
appeared to be bilayered; this corresponded on IHC and histology to two ONL cell nuclei
populations: the outer portion consisted of elongated nuclei elongated while the nuclei in the
inner portion were circular (Fig. 4.7 and Appendix V — Fig. 4.S8). With disease progressive the
clear demarcation of retinal layers was lost as remodeling occurred, and it became harder to
recognize them and therefore to measure them. We noted that there was some degree of
Rdy/+

individual variation. Interestingly, the retina did not thin so severely with age as in the Crx

cats. The retina seems to initially thin and then become thicker (Figs. 4.5A and 4.5B). While the
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total retinal thickness (TR) of the CrxX*®"R% cat was similar to the WT cat in most regions, the
REC+ was thinner than in the WT cat while the inner retinal layers (IR) became thicker as also

RAY* cat. In the Crx*¥RY cat, overall all layers had a tendency to thicken with

occurs in the Crx
age, yet the area centralis was thinner. (Fig. 4.6 and Appendix R — Fig. 4.54). This overall
thickness preservation indicates that there is photoreceptor nuclei/cell degeneration and inner
retinal proliferation (Fig. 4.7). To summarize, there is an initial reduction in TR thickness
followed by an increase, which is mainly due to IR thickening (INL and GCC maintained and
thickening) while the REC+, even if initially thinner than that of Crx®®*and WT cats (due to the

lack of photoreceptor IS/OS), is maintained or only mildly thinned (Appendix S, T and U — FigS.

4.S5, 4.56 and 4.S7).
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Figure 4.5. Spectral Domain — Optical Coherence Tomography (SD-OCT) in vivo retinal
morphology analysis of the dorsal retina.

(A) SD-OCT cross-section images of the retina in the region dorsal to the optic disc.
Showingrepresentative Crx"»R% animals at 6, 12 and 26 weeks, 1.5, 3 and 4 years of age. As
comparison, cross-sections of the retina of representative of Crx"*and WT cats at 6 weeks and
4 years of age are shown. Note that initially, while the inner and outer segments are not
detectable (causing the total retina to be thinner than that of Crx*®"* and WT cats at 6 weeks), the
rest of the retinal layers appear normally developed. With disease progressive the layers start to
remodel and become harder to identify. However, the retina of Crx*®®¥ cats does not thin so
severely with age as that of the Crx*®'* cats. The retina seems to initially thin then thicken.

(B) Thicknesses of retinal layers in the dorsal region. Top panels show the different retinal
layers® thicknesses in the dorsal area of Crx"™RY Crx*¥*and WT cats over the course of the
disease. The Crx*®RY cat retina does not develop a similar degeneration as that of the Crx*®"*
cat. Bottom panels show comparison of the total retina (TR), receptor+ (REC+) and inner
retina (IR) from Crx"®RY Cr®* and WT cats during disease progression. Note the
maintenance of the TR but thinning of REC+ and thickening of the IR in the Crx*®/*% cat.

TR; Total retina, REC+; Receptor+, IR; Inner retina, INL; Inner retina layer, GCC; Ganglion cell
complex.
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Figure 4.6. Spectral Domain — Optical Coherence Tomography (SD-OCT) in vivo retinal
morphology analysis of the area centralis.
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Figure 4.6 (cont’d)

(A) Thicknesses of retinal layers in the area centralis region.

The total retina (TR), receptor+ (REC+) and inner retina (IR) thicknesses in Crx
CrxR%" and WT cats are shown during disease progression. The TR and IR of Crx®¥RY cats
were thinner than those of Crx®¥* and WT cats before maturation. However, unlike with the
Crx*®"™* cat, their TR, REC+ and IR thicknesses remain stable, and the IR actually has a tendency
to thicken with age.

(B) Total retinal, Receptor+ and Inner retina thicknesses color map in the area centralis.
The left panel shows color (heat) maps for a representative Crx*®% cat from 6 weeks to 4 years
of age. The right top panel shows the retinal location of the color map. The bottom right panel
shows the color map for representative Crx*®*and WT cats at 6 weeks and 4 years of age. Note
the thinner TR and REC+ in the Crx"™R% cat from an early age. The IR is thicker than that of the
Crx*®™* and WT cats. With disease progression, thickening surrounding the center of the area
centralis can be seen in the Crx®™"% cat, leading to slight TR and REC+ thickening, which is in
contrast with the severe thinning of retinal layers in the Crx*®'* cats at 4 year of age.

Rdy/Rdy
H

The SD-OCT findings were confirmed by histology and IHC (Figs. 4.7 and 4.8). Careful
examination of plastic embedded semi-thin sections (Fig. 4.7 and Appendix V — Fig. 4.S8)
confirmed the lack of normal development of photoreceptor inner and outer segments, although
all other retinal layers seemed to develop properly. Only very small rudimentary inner segments
are present in the CrxX®®RY cat retina (visible on high magnification histology and electron
microscopy images). Those are surrounded and in contact with RPE villosities (Appendix V —
Fig. 4.S8). On SD-OCT, as well as histology and immunohistochemistry sections, as mentioned
earlier, the outer nuclear layer had a bilayered appearance at a young age. Progressive
disorganization of the retinal layers developed with age. Initially, the lamination of the retina
seemed normal (see Fig. 4.7A), but as early as 6 weeks of age some abnormal tissue can be seen
between the ONL and INL nuclei. Additionally, it was noted that the shape and appearance of the
chromatin of the ONL nuclei changed such that it was not so dense as in healthy photoreceptor
nuclei. By 2 and 3.5 years of age, there was a complete disorganization of the retinal layers
although retinal thickness was maintained with the exception of at the very center of the area

centralis, which was thinned in most animals (Fig. 4.7).
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Figure 4.7. Representative histologic sections and morphologic characteristic in the
CrxRYRY cats,
With the exception of the inner segment and outer segment layers, all retinal layers were present.
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Figure 4.7 (cont’d)

(A) Representative plastic sections of retina from centro-dorsal regions in Crx*®R¥ cats
and an adult WT cat.

Note the absence of photoreceptor inner and outer segment during maturation and at adulthood.
The retinal thickness is preserved over time (although there is some individual variation). The
preservation of thickness is accounted for by activation of the inner retinal components with
development of advanced glial scaring. The black arrowheads indicated the Miller cell processes
advancing between the ONL cell bodies.

OS, photoreceptor outer segment; IS, photoreceptor inner segment; ONL, Outer Nuclear Layer;
OPL, Outer Plexiform Layer; INL, Inner Nuclear Layer; IPL, Inner Plexiform Layer; GCL/NFL,
Ganglion Cell Layer/Nerve Fiber Layer; RPE, Retinal Pigmentary Epithelium

(B) SD-OCT, Histology and DAPI fluorescent staining (1) 6-week-old, (2) 2-week-old and
20-week-old Crx*¥RY cats,

As in (A), all retinal layers were present except the inner segment and outer segment layers. Only
small rudimentary inner segments could be seen (2.3.: white arrow head). The photoreceptor
nuclei (ONL) developed into a bilayered arrangement with nuclei in the outer portion being
elongated while those in the inner portion were circular (1 and circled nuclei in 2.1). Progressive
disorganization of the retinal layers developed (1.3., 3.1. and 3.2.), and the ONL thinned with
most severe thinning in the center of the area centralis (3.).

To further investigate structural changes, immunolabeling of key photoreceptor structural
and phototransduction proteins was performed on frozen retinal sections using markers to
identify retinal cell types (Fig. 4.8, Appendix W — Fig. 4.59 and Appendix a — Table 4.5S4). At
none of the ages tested did any cells label with human cone arrestin (hCAR) (hCAR labels both
cone types), S-opsin (SO, short wavelength-opsin) or ML-opsin (MLO, medium/long
wavelength-opsin) in the Crx*®R¥ cat. Additionally, no photoreceptors ware labeled with
calbindin, which labels cones in normal cats (Appendix W - Figs. 4.59A and 4.59B).% There
was some RetP1 (a marker for rods) labeling in the Crx"®R% cat, although this was severely
decreased at all ages and abnormally distributed. The very short vestigial inner segments labeled,
as did some photoreceptor cell bodies indicating mislocalization of rhodopsin, which was

apparent from as early as 2 weeks of age. By 3.5 years of age, only few remaining ONL nuclei

were labeled for rhodopsin (Fig. 4.8A).
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Figure 4.8. Immunolabeling of the Crx*¥RY cat central retinal region for (A) rod, (B) rod
bipolar, (C) Muller cell and (D) Neural cell markers.

(A) In the Cr"WRY cat, as early as 2 week of age, RetP1 (which labels rod outer segments (OS)
in normal cats) can be seen labeling the very small inner segments (IS) and the ONL cell bodies.
This mislocalization of rhodopsin persisted until adulthood, at which time only few rod positive
nuclei were detectable. Cones labeling was absent at all ages tested in the Crx*RY retina.
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Figure 4.8 (cont’d)

(B) Rod bipolar cells can be seen labeled by PKCa in 2-week-old Crx*®RY retinas. By 12 weeks
of age, the rod bipolar cells seemed to start sprouting towards the ONL. By 3.5 years of age,
some major modifications happened, and the rod bipolar cells dendrites have invaded the ONL
(indicated by the white star) forming a matrix within the latter.

(C) During disease progression, Miller cells became highly activated, and extensive GFAP
labeled can be seen in the Crx*RY retina. At 3.5 years of age the GFAP positive Miiller cell
processes had extensively invaded all layers of the retina (spreading of the activated Mdller cells
is indicated by the white arrows).

(D) Labeling with NeuN antibody showed apparently normal labeling of ganglion cells and some
INL cells, but there was also some abnormal labeling through the ONL nuclei.

OS; Photoreceptor outer segment, IS; Photoreceptor inner segment, ONL; Outer nuclear layer,
OPL; Outer plexiform layer, INL; Inner nuclear layer, IPL; Inner plexiform layer, GCL; ganglion
cell layer.

Immunolabeling for rod bipolar cells (using an anti-PKCa antibody) showed that in the
Crx*®RY kittens there initially appear to be normal numbers of PKCo expressing cells in the
INL. Sprouting of PKCa labeled dendrites can be seen by 12 weeks of age, and by 3.5 years of
age they were stretched and invaded the outer retina creating a matrix within the ONL (Fig.
4.8B). Other inner retinal cells were investigated using calbindin labeling (Appendix W - Fig.
4.S9B). It showed what seemed to be normal labeling of the inner retinal cells such as amacrine,
horizontal and ganglion cells in the Crx*"RY retina.

Immunolabeling for glial fibrillary acidic protein (GFAP) was markedly increased
indicating Muller cell activation. At 2 weeks of age only very minor activation of Muller cells
was seen, but by 12 weeks of age they were invading the INL and had extended toward the ONL.
By 3.5 years of age, GFAP labeling was present within all retinal layers, indicative of extensive
Miiller cell activation characteristic of retinal scaring and remodeling (Fig. 4.8C).3*32

NeuN, a neuronal marker, labeled ganglion cells as in normal retina but it also
abnormally labeled inner retinal cells and ONL nuclei at all age tested in the Crx*®*Y retina

(Fig. 4.8D).
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Immunolabeling indicated the presence of the retinal pigmentary epithelium (RPE65
antibody) in all ages tested and in all retinal regions (Appendix I - Fig. 4.S9C).
Crx labeling was present at 12 weeks and 3.5 years of age in Crx*»RY retina and seems

to be more extensive in older animals (Appendix | - Fig. 4.S9D).

4.4.5. Crx"YRY retinas had a marked reduction of transcript levels for cone and rod

specific genes and changes in expression levels of transcription factors involved in

the photoreceptor development/fate cascade

To investigate molecular changes underlying Crx*®®R% retinal pathology, we assessed
mRNA levels of selected CRX target genes in retinal subregions of 2-week-old Crx*®
Crx®™* and WT kittens (Appendix B - Fig. 4.52). This included investigation of cone specific
genes such as cone arrestin (arrestin3, Arr3), medium-long wavelength opsin (MOP), short
wavelength opsin (SO), and a rod specific gene like rhodopsin (Rho). Transcription factors
involved in the photoreceptor development cascade were also investigated (Fig. 4.9, Appendix b
- Table 4.S5): total Crx (WT and mutant), homeobox protein (Otx2), neural retina leucine zipper
protein (Nrl), photoreceptor-specific nuclear receptor (Nr2e3), thyroid hormone receptor f2
(Trp2) and the nuclear receptor (Rorp) were measured.

Table 4.1. gives a summary of the results showing relative expression changes between

Cr*YRY Cry*®™* and WT kittens.
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MRNA | CrnRY yg Cr R CrxRYRY ys WT Crx¥ vs WT

Arr3 27.4X less 1724.1x less 62.9x less

SO 15.8x less 62.7x less 4.0x less

MOP Not detectable in Crx*®®"% | Not detectable in Crx"®"R% 4.3x less

Rho 10.9x less 32.5x less 3.0x less

g’:}?l No significant difference 1.8X more 1.8X more

Otx2 No significant difference 2.4X more 1.9x more

Nrl 2.3x less No significant difference No significant difference
Nr2e3 2.1x less 1.9x less No significant difference
Trp2 No significant difference 1.4X more No significant difference
Rorp 1.3x more 1.3x more No significant difference

Table 4.1. Summary of the results by indicating fold expression changes for each mRNA
between Crx*¥RY  CrxR¥* and WT kittens.

The Crx®¥RY and Crx*®'* Kitten retinas had significantly decreased levels of cone and
rod opsin mMRNA compared to the WT cats (Fig. 4.9, for all P values, see Appendix ¢ — Table
4.56). Arr3, SO and Rho expression was respectively 27.4, 15.8, 10.9 times higher in Crx"®*
kitten’s retina compared to Crx"™R¥ kitten’s retina. MOP was not detectable in Crx"®R%
kitten’s retina. To investigate the effect of the mutation on the Crx expression itself we evaluated

RAY* Kitten’s retinas total levels of

expression of the total transcript. In both the Crx*®R% and Crx
Crx were at a significantly higher level (1.8 times higher) than the levels of WT Crx transcript in
the WT kitten’s retina. No significant difference between total Crx expression levels in the
Crx*YRY and Cr*™™ Kitten’s retina was detected. Otx2, a transcription factor involved in
photoreceptor development, was expressed at 2.4 and 1.9 times higher respectively in the
Cr"RY and Crx®™™™ kitten’s retinas compared to the WT kitten’s retina. Total Crx and Otx2

were significantly increased compared to WT retinas, but there was no significant difference

between the levels in the CrxX"®R% and Crx** Kitten’s retinas. Nrl expression was
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Rdy/+

downregulated by 2.3 times in the Crx*¥*¥ compared to the Crx*"* Kkitten’s retina while there

was no significant difference compared to the WT levels. Nr2e3 was expressed at 2.1 and 1.9

RAY* Kitten’s retina and WT kitten’s retina

times lower levels in the Crx*®*% compared to the Crx
while there was no significant difference between the Crx*®"* and WT kitten’s retinas. Tr32 was
expressed at a 1.4 times higher levels in the Crx"™R% compared to the WT kitten’s retina while
no difference was significant between the Crx*®"* and the Crx*®®R% or WT kitten’s retinas. Rorf

RaY™ Kitten’s

was expressed at a 1.3 times higher levels in the Crx*®®R%Y compared to the Crx
retina and WT Kitten’s retina while no difference was significant between the Crx*®™* and WT

kitten’s retinas.
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Figure 4.9. Changes in mRNA expression in Crx*RY retinas compared to Crx"* retinas

— levels are normalized to WT retinas.
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Figure 4.9 (cont’d)

gRT-PCR overall (average of the areas assessed) mRNA expression levels of arrestin3 (Arr3,
specific to cones), medium-long wavelength opsin (MOP, specific to M/L cones), short
wavelength opsin (SO, specific to S cones), rhodopsin (Rho, specific to rods), total Crx (WT and
mutant), homeobox protein (Otx2), neural retina leucine zipper protein (Nrl), photoreceptor-
specific nuclear receptor (Nr2e3), thyroid hormone receptor 42 (Trp2) and the nuclear receptor
(Rorp) in Crx*¥RY and Crx®*™'* retina in 2-week-old Kittens retinas relative to levels in WT
retinas.

The Crx*®RY and Crx®*¥'™ kitten retinas had significantly decreased levels of cone and rod opsin
mMRNA compared to the WT cats. In contrast, the expression of total Crx and Otx2 were
significantly increased compared to WT retinas. Nrl and Nr2e3 were expressed at lower levels in
the Cr*¥"Y compared to the Cr*™™* and WT Kkitten’s retinas while Tr32 and Rorp were
expressed at higher levels compared to the WT kitten’s retinas. P-values comparing the means
Crx*YRY - CryRY™* and WT expression levels are 'P < 0.1,*P < 0.05, **P < 0.01, and ***P <
0.001.

To confirm the specific over expression of the mutant Crx product we performed Western
blot assays (Fig. 4.10). This assay confirmed that the mutant Crx protein was at 3 times higher

levels in the Crx*®R%Y retinas than the WT Crx protein was in the WT retinas (P = 0.005) (Fig.
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Figure 4.10. Western blot analysis for Crx nuclear protein.

(A) Western blot for nuclear Crx protein (immunolabeled with antibody 119b1l). The
amount of Crx protein present in retinal nuclear extract was investigated by Western blot from 2-
week-old Crx*¥RY and WT kittens. In the Crx™®RY kitten’s retina only the truncated mutant Crx
protein is present while as expected only the full length Crx protein is present in the WT kitten’s
retina. Beta-actin was used as protein loading control.

(B) Quantification of normal and mutant protein levels in Crx"®R% and wild-type kittens.
Crx protein levels were normalized to beta-actin levels, and the Crx"®™®R% kitten protein levels
shown normalized to the Crx levels in the WT retinas. The level of truncated protein was higher
in the CrxX*®RY Kitten retina than the level of WT protein in the WT Kittens. **P < 0.01
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4.5. DISCUSSION
This study adds to previous studies characterizing the Rdy cat. While some phenotyping

of the heterozygous Crx*®"*

cat had been previously performed, there had been no studies
reporting on the homozygous Crx"RY cat. 172033 |n keeping with previous studies of Class 111
CRX mouse mutant models, the Crx*®*% cat showed an over expression of the mutant Crx
transcript that we predict exerts a dominant negative effect. The Rdy feline model offers
important advantages due to the presence of a macula-like retinal region allowing for further

characterization of the phenotype of Class Il CRX mutations. Compared to other models the

Crx*%RY cat phenotype has certain unique features.

4.5.1. The Crx"¥R% kitten develops significant globe enlargement without glaucoma

The Crx*R% cat has a significant increase in axial globe length predominantly as a result
of an increase in posterior segment length (Fig. 4.1). This was not associated with any increase in
IOP (Fig. 4.2A).>* Refraction (Fig. 4.2B) revealed that the globes had extreme myopia.®*
Abnormal globe length is a well-recognized feature in animals with abnormal visual input.*® “°
The increase in globe size may be responsible for the choroidal thinning that was noted in the
homozygous cats (Fig. 4.4).*" The chicken has been used extensively for the study of myopia
induced by visual deficits. Some models with enlarged globes have developed splits in Bruch’s
membrane (laquer cracks), which is also a feature of human high myopes. Further studies of the

choroidal thinning in the Crx"®"¥

cat are needed to see if splits in Bruch’s membrane also
develop.***® The large degree of globe enlargement in the Crx*®R*¥ cat may make it a useful

model for studying the mechanism of developmental myopia.
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4.5.2. The Crx"¥R% kitten is a model for severe CRX-LCA retinopathies

The Crx*¥RY cat phenotype is characterized by blindness from birth, with a sluggish
PLR, and no dazzle reflex or menace response. We suspected that the remaining PLR was driven
by melanopsin containing ganglion cells and IHC showed very well conserved ganglion cells
(Fig. 4.8D). Ophthalmoscopic features of the model included the development of tapetal
hyperreflectivity, which is considered an indicator of generalized retinal thinning. However,
there was not a significant decrease in total retinal thickness so the tapetal hyperreflectivity may
have resulted from the almost total lack of cone and rod opsins that in a normal eye would absorb
photons passing through the retina. The Crx*®"R% cat only developed very short inner segments
that express rhodopsin (Fig. 4.8A) before photoreceptor maturation became halted. The
photoreceptor nuclei consisted of two populations with different nuclear morphology: one which
population had oval-shaped nuclei comparable to the appearance in an immature retina while the
other showed a more mature morphology (round nuclei). It appeared that the normal migration of
cell bodies of photoreceptors that occurs during maturation of the retina did not occur. The lack
of photoreceptor maturation was reflected in the complete lack of detectable ERG responses (Fig.

4.3). Interestingly, there was not a rapid photoreceptor degeneration as occurs in the Crx*®"*

cat,
although some evidence of degeneration and cell migration occurred. There was initially
relatively normal stratification of the retinal layers, but over time there was extensive activation
of Miller cells and sprouting and migration of bipolar cells. This retinal remodeling resulted in
some thickening of the inner retinal layers, which counteracted the thinning of the outer retain
and thus preserved the overall retinal thickness (Figs. 4.5, 4.6, 4.7, 4.8B and 4.8C and
Appendices R, S, T and U — Figs. 4.54, 4.S5, 4.56 and 4.57).3°32%° This retinal remodeling was

Rdy/+

more severe than in the Crx feline phenotype '’ but was similar to the E168d2/d2

homozygous mouse.>® The relative lack of overall retinal thinning may account for the striking
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persistence of retinal vasculature until advanced disease stages (Figs. 4.4, 4.5, 4.6 and 4.7). The
area centralis had slightly different changes compared to the peripheral retina with thinning of
the total retina and receptor+ layers (Fig. 4.6). There was an earlier and marked loss of
photoreceptor nuclei in the center of the area centralis.

The phenotype of the Crx*¥"¥ cat is quite different to that of the heterozygote, not being

simply a more severe version. The Crx*®¥ cat has some similarities with the engineered

knockout Crx” or Crx™® mice models > ! with respectively some absence of outer segments at
any time with rhodospin expression level decreased and some very small inner segments tips
(Fig. 4.7 and Appendix V — Fig. 4.S8), and some absence of ERG response from an early age
(Fig. 4.3) with mild retinal thickness changes and absence of cone marker expression. Although
some similarities to other models, the Crx*R% cat presents with a particular phenotype that does
not resemble any other.

The absence of photoreceptor development with no OS and very vestigial 1S might be

Ray* cat. In the

responsible for the relatively slow photoreceptor nuclei loss compared to the Crx
Crx*¥™* cats, the degeneration of photoreceptors expressing phototransduction proteins and
retinal degeneration can result from altered phototransduction cascade dynamics and

mislocalization of opsins.>*®

4.5.3. Molecular mechanism underlying Crx®®"%

phenotype

The Rdy mutation introduces a premature stop codon *° in Crx with the mutant transcript
escaping nonsense-mediated decay and resulting in overexpression of the mutant allele (Fig. 4.8
and 4.9).%°7%8

Lack of normal Crx activity resulted in a marked decrease in cone and rod transcripts in

the Crx"¥RY cat retinas. It also had effects on the levels of other transcription factors involved in
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photoreceptor development. Crx, Otx2 and Rorg showed an increase in expression. The increase
in Otx2 expression may be due to a retroactive feedback mechanism compensating for the lack of
other transcription factors. Nrl and Nr2e3 expression level was decreased, perhaps contributing
to the partial failure in maturation of the photoreceptor nuclei. Despite the slightly increased
expression of Trp2, which is involved in cone maturation, there was a lack of cone opsin
expression and failure in cone maturation. Interpretation regarding the transcription factors’
expression changes are still very difficult as the mechanism of interactions is still not completely

understood and complex (Fig. 4.11).% %

G
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..OTXZ .,umD

y

<

oTx2 Post-mitotic photoreceptor
Nk ¥ precursors
NAL

Developing
photoreceptors

~ @D
Y
Mature
photoreceptors
M-cones S-cones Mature rods

Figure 4.11. The molecular mechanism of congenital blindness caused by
dominant CRX frameshift mutations from Roger et al, 2014.

The Crx*®RY cat provides a large animal model for investigating scleral growth factors
implicated in myopia development and for the severe dominant CRX mutations associated with

over expression of a mutant transcript with an antimorphic effect.
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APPENDIX O — Figure 4.51
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Figure 4.S1. Retinal regions imaged by SD-OCT and regions biopsied for histologic
sections. Cross sectional retinal images were captured for measurement of retinal layer
thicknesses at the following regions (as indicated on the fundus image by an asterisk): the area
centralis; 4 optic nerve diameters from the optic nerve edge superiorly, inferiorly, temporally and
nasally. Similarly, 3 to 3.5 mm retina-sclera biopsies were taken in the same area from
processing to obtain histologic sections.
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APPENDIX P — Figure 4.S2

N/

. antral retma

Figure 4.S2. Sites of retinal sampling for qRT-PCR (from Chapter 2).}” Due to the small
globe size of 2-week-old kittens, retina was collected from two regions as indicated (central and
peripheral retinal regions).
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APPENDIX Q — Figure 4.S3
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Figure 4.S3. Globe lengths.

(A) Scatter plot of the cornea-anterior segment width versus the age. No difference was
present between the cornea-anterior segment width of the Crx*®/*% cat compared to that of the
Crx*™* and WT cats at any age tested.

(B) Scatter plot of the lens width versus the age. No difference was found between the lens
width of the Crx*®R% cat compared to that of the Crx*®* and WT cats at any age tested.
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APPENDIX R - Figure 4.54
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Figure 4.54. Thicknesses of retinal layers in the dorsal and area centralis region.

(A) Dorsal region. The CrxR®R% cat shows a thickening of the INL and GCC as occurs in
the Crx*¥* cats, but in the homozygote the increased thickness is maintained with age.

(B) Area centralis region. As for the dorsal region (Fig. 4.5) the Crx*®RY cats do not exhibit
thinning of the retinal layers with disease progression in contrast to the Crx*¥* cats. The INL has
a tendency to thicken, and the GCC thickness is maintained.

TR; Total retina, REC+; Receptor+, IR; Inner retina, INL; Inner retina layer, GCC; Ganglion cell
complex.
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APPENDIX S — Figure 4.S5
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Figure 4.S5. Thicknesses of retinal layers in the temporal region.

As for the other regions retinal layer thicknesses are maintained in the Crx*®*% cats in contrast
to the severe thinning that occurs in the Crx™* cats. In the Crx*®R% cats the INL, GCC and IR
have a tendency to thicken while the TR initially thins then thickens after which the thickness is
maintained. The REC+ thinned a bit but is maintained over time.

TR; Total retina, REC+; Receptor+, IR; Inner retina, INL; Inner retina layer, GCC; Ganglion cell
complex.
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APPENDIX T - Figure 4.56
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Figure 4.S6. Thicknesses of retinal layers in the nasal region.

As for the other regions retinal layer thicknesses are maintained in the Crx*®R% cats in contrast
to the severe thinning that occurs in the Crx"¥* cats In the Crx*R¥ cats the INL, GCC and IR
have a tendency to thicken while the TR initially thins then thickens after which the thickness is

maintained. The REC+ thinned a bit but is maintained over time.

TR; Total retina, REC+; Receptor+, IR; Inner retina, INL; Inner retina layer, GCC; Ganglion cell

complex.
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APPENDIX U -Figure 4.57
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Figure 4.S7. Thicknesses of retinal layers in the ventral region.

As for the other regions retinal layer thicknesses are maintained in the Crx*®R% cats in contrast
to the severe thinning that occurs in the Crx*®* cats. The INL, GCC and IR thicknesses are
maintained. The REC+ and TR thinned a bit but then thickened over time.

TR; Total retina, REC+; Receptor+, IR; Inner retina, INL; Inner retina layer, GCC; Ganglion cell
complex
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APPENDIX V — Figure 4.S8

0.5 um

Figure 4.58. Regular histologic and electron microscopy images of a 2-week-old CrxR®/R%Y
cat.

Note the absence of photoreceptor outer segment layers on all images. Some very small
rudimentary inner segments develop, indicated by white arrowheads (2. and 3.). Electron
microscopy images showed similar rudimentary inner segments protruding through the external
limiting membrane into the subretinal space, indicated by white arrowheads. The rudimentary
inner segments are surrounded and in contact with RPE villosities, indicated by the white stars.
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APPENDIX W — Figure 4.59
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Figure 4.59. Immunolabeling of the Crx"®®R% cat central retina frozen sections for (A)
cones’ markers, (B) inner retina cells’s markers, (C) retinal pigmentary epithelium cell

marker and (D) Crx antibody.
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Figure 4.S9 (cont’d)

D. Crx labeling
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At any age tested, an absence of cones labeling was noted in the Crx®RY retina (A). Human
cone arrestin (hCAR) antibody that labels the entire cone cell bodies as seen in the WT adult
retina was not detected. Labeling for medium/long wavelength opsin (MLO) or short wavelength
opsin (SO) was also absent. This absence of cone labeling was also present with calbindin
antibody labeling (B) (see the top row nuclei of the ONL labeled in red in the WT adult retina
which is cone labeling). Calbindin labeling showed apparently normal labeling of the inner
retinal cells such as amacrine, horizontal and ganglion cells in the Crx*®®Y retina at any age
tested. Yet, it was difficult to assess precise morphology of those cell populations. (C) Retinal
pigmentary epithelium labeled with RPE65 antibody was also present at any age tested. The Crx
expression was present at high level especially in adult Crx®¥R% retina (D).

OS; Photoreceptor outer segment, IS; Photoreceptor inner segment, ONL; Outer nuclear layer,
OPL; Outer plexiform layer, INL; Inner nuclear layer, IPL; Inner plexiform layer, GCL; ganglion
cell layer.
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APPENDIX X — Table 4.51.

CrXRdy/Rdy WT CrXRdy/+
Age GL CAIS% L Age GL CAI;CS: L Age GL C'AI;(S: L
(years) |both eyes both eyes (years) (both eyes both eyes (years) |both eyes both eyes

0.074 1 0.071 3 0.038 1
0.082 1 0.074 1 0.071 2
0.112 3 3 0.09 3 0.074 2
0.118 2 0.109 3 0.09 2
0.148 1 0.112 1 1 0.109 3

0.165 1 0.118 2 0.112 1 1
0.192 1 1 0.123 2 0.118 2
0.2 1 1 0.129 2 0.129 1
0.227 1 1 0.137 3 0.137 2
0.23 2 1 0.14 1 0.165 1
0.274 1 1 0.142 1 0.175 2
0.288 2 1 0.148 1 0.194 1
0.297 2 0.165 1 0.197 2
0.337 2 1 0.175 3 0.2 1

0.384 2 1 0.192 1 0.225 2 1

0.412 1 0.194 1 0.227 1 1
0.474 1 0.197 1 0.233 1
0.499 2 2 0.2 1 0.236 1
0.567 1 0.203 1 0.238 1
0.778 1 0.225 1 0.274 1
1 2 1 0.227 2 1 0.288 4
1.5 1 1 0.233 1 0.297 2
2 2 2 0.236 1 0.329 1
0.238 2 0.337 1

0.271 1 0.377 3 1
0.274 1 0.384 3,5
0.288 3 0.412 2
0.297 2 0.499 3

Table 4.51. Experiments and numbers of animal for globe length in Crx"®R*¥ crxR¥*and

WT cats
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Table 4.S1 (cont’d)

0.329 2 0.567 1

0.337 2 0.775 1
0.377 3 1 4 1
0.384 1 15 1 1
0.412 2 2.5 1 1
0.479 1 3 6 1
0.499 1 1 4 2 2

0.567 2 4.5 2
0.775 1 4,75 1 1

1 9 5 5 2

1.5 2 1 9 2
2 1 1 10.1 2 2

6 1
Total different animals

6 5 24 9 30 12

GL both eyes: Axial globe length measurements in both eyes of one individual.

C-AC, L, PS both eyes: Cornea-Anterior chamber width, Lens width and Posterior Segment in

both eyes of one individual.
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APPENDIX Y — Table 4.52.

I0P
Age (years) CrxRWRy WT
0.6 2
0.8 2
0.9 1
2.5 1
4.1 1 1
6.2 1
Total different 5 5
animals
Refraction
Age (years) CrxRV/RaY WT Crx"*
0.6 2
0.8 2 1
0.9 1
1.4 1
2.5 2
3.2 1
3.7 1
4.1 1 1
4.6 1
6.2 1
6.6 1
6.7 1
Total Q|fferent 5 5 5
animals
gRT-PCR
Age (weeks) Crx /Ry WT Crx ™
2 3 3 3
Western
Age (weeks) Crx"Rdy WT
2 2 3

Table 4.S2. Experiments and numbers of animal for 10P, refraction, gRT-PCR, Western
blot, immunohistochemistry and histology in Crx*¥R% crxR®*and WT cats
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Table 4.S2 (cont’d)

Immunohistochemistry Histology

Age (years) Age (weeks) CrxRORay CrxRRdy
0.38 20 3 3
3.5 1 1
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APPENDIX Z — Table 4.S3.

Age Age Fluorescein ERG SD-OCT
(years) (weeks) angiography
0.08 4 2 2
0.12 6 6 4
0.15 8 2 2
0.19 10 4 3
0.23 12 5 8
0.29 15 4 4
0.34 17.5 1
0.38 20 7 6
0.5 26 2 3
0.58 1
0.77 1
1 1 4
15 3
2 1 3
3 1 2
3.5 1
4 1 2
5 1
Total ghfferent 4 10 12
animals

Table 4.S3. Experiments and numbers of animal for fluorescein angiography, ERG and SD-
OCT in CrxRYRY cats
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APPENDIX a — Table 4.54.

. Primary Secondary Secondary
Antibody — Source Type Dilution Antibody — Source Dilution
Hcar (Human cone arrestin) Alexa Fluor 488 Goat anti-
Dr. Cheryl Craft; LUMIJ, Polyclonal 1:10.000 rabbit 19G 1500
University of Southern California, rabbit — Life technologies, Carlshad, '
Los Angeles, CA, USA CA, USA
'Iz\lglgu(tl?r:io;;nylated Peanut Biotinylated A_Iexa Fluor 45_38 Streptavadin
. . 1:500 Life technologies, Carlsbad, 1:500
Vector Labs Inc., Burlin-game, Lectin CA. USA
CA, USA '
ML-opsin (Anti-Opsin,
Red/Green; Medium/ Long Polvclonal I:\r:g)-(?atftl)lijf Ir 5(;58 or 594 Goat
wavelength cone opsin) ybb' 1:1,000 Life tech Ig ies. Carlsbad 1:500
Millipore Corp., Billerica, MA, rabbit Ife technologies, Carlsbad,
CA, USA
USA
S-opsin (Anti-Opsin, Blue; Short Alexa Fluor 568 or 594 Goat
wavelength cone opsin) Polyclonal 1:1.000 anti-rabbit 19G 1500
Millipore Corp., Billerica, MA, rabbit - Life technologies, Carlsbhad, '
USA CA, USA
. Alexa Fluor 594 Goat anti-
RetP1 (Rhodopsin Ab-1) Monoclonal 1:2 mouse 1gG ,
Thermo Scientific, Rockford, IL, - . 1:500
USA mouse Life technologies, Carlshad,
CA, USA
GFAP (Anti-Glial Fibrillary Alexa Fluor 594 Rabbit anti-
Acidic Protein) Monoclonal 1:300 mouse 1gG 1500
Cell Signaling Technology Inc., mouse ' Life technologies, Carlshad, '
Danvers, MA, USA CA, USA
PKCa (Protein Kinase C-alpha) Alexa Fluor 594 Goat anti-
BD Biosciences, San Jose, CA Monoclonal 1:500 | Mouse I9G . 1:500
USA ! Py mouse Life technologies, Carlsbad,
CA, USA
Alexa Fluor 568 Goat anti-
Calbindin Monoclonal 1:500 mouse 1gG 1500
Swant, Marly, Switzerland mouse ' Life technologies, Carlshad, '
CA, USA
NeuN (Neuron-Specific Nuclear Alexa Fluor 488 Goat anti-
Protein) Monoclonal . mouse 1gG .
Millipore Corp., Billerica, MA, mouse 1:2,000 Life technologies, Carlshad, 1:500
USA CA, USA
RPEG65 (Retinal pigmentary
epithelium-specific 65kDA Alexa Fluor 568 Goat anti-
protein) Monoclonal 1:500 | Mouse IgG 1500
Dr. Debra Thompson; Kellogg mouse ' Life technologies, Carlsbad, '
eye center, University of CA, USA
Michigan, Ann Arbor, MI, USA
Crx (Cone rod homebox) Monoclonal ijiﬁlgr 568 Goat anti-
Sigma-Aldrich, St Louis, MO, 1:20,000 | MOUsEI9S 1:500
mouse Life technologies, Carlsbad,

USA

CA, USA
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APPENDIX b — Table 4.S5.

Primer Forward primer Reverse primer Amplicon
name size (bp)
Arr3 5' CGTTGTCCTGTATTCCCTAGAC 3' 5' GCTAGAGGCCAGATTAGTATCAC 3' 190
Rho 5' GGTGCCCTACGCCAGCGTG 3' 5' CAGTGGGTTCTTGCCACAG 3' 190
MOP 5' TGTCTCCTTGTGTGGGATCA 3' 5' GTACGAGCTGCCACTGAACA 3' 257
SO 5' AGTCAGCCTCAACCCAGAA 3' 5' CACCATCTCCATGATGCAAG 3' 326
CrxTotal | 5' AAGACTCAGTACCCGGATGTGTA 3' 5' GGGGCTGTAGGAGTCTGAGAT 3' 223
OTX2 5' GCTAGACGTGCTGGAAGCTC 3' 5' GGGCTGGAGAGGTCTTCTTT 3' 209
Nrl 5' CCCACAGCTACTACCCAGGA 3' 5' TCACACCACTCCCTCTCCTC 3' 207
Nr2e3 5' CATCCCCATACTCCTCCTCA 3' 5' GAGGCAGGGACCACTGTATG 3' 198
TrB2 5' GACTCCGAACTTGTCGCATT 3' 5' TTTGGTTGATGTTGCTGTGG 3' 197
RorB 5' GAGGAATGCAGATGTTCAAGG 3' 5' GCTTCTGGACCTTCCTTGGT 3' 177
Tubalb 5' GCTCTATTGCCTGGAACACG 3' 5' CATCTTCCTTGCCCGTGATG 3' 230
GAPDH 5' GGTCTTCACCACCATGGAGA 3' 5' TGGACTGTGGTCATGAGTCC 3' 237

Table 4.S5. Primer sequences for gRT-PCR assays
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APPENDIX ¢ — Table 4.S6.

CrxCVRY yo WT  CrxRYRY ys ¥ Ok ys WT

Arr3 P =0.004 P =0.003 P =0.002
Rho P =0.004 P <0.001 P <0.001
MOP P <0.001 P =0.001 P =0.002
SO P =0.004 P =0.010 P =0.026
Crx Total |P =0.032 P=0.792 P =0.002
OTX2 |P<0.001 P=0.119 P <0.001
Nrl P =0.058 P =0.029 P =0.603
Nr2e3 |P<0.001 P <0.001 P =0.295
TrB2 P =0.030 P =0.507 P =0.069
RorB P =0.049 P =0.021 P =0.822

Table 4.S6. P values for gRT-PCR assays results

Significant values are indicated in red.

Note only P values for the overall retina sample are given. Indeed, difference per region was not
considered interpretable as the risk of Type Il error was quite high.
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CHAPTER 5

ADENO-ASSOCIATED VIRUS GENE AUGMENTATION THERAPY TRIAL

FOR CRX-LCA DOMINANT NEGATIVE MUTATION

IN THE CRX?°"* FELINE MODEL
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5.1. ABSTRACT
PURPOSE. Mutations in the retinal transcription factor cone-rod homeobox (CRX) gene
are cause of severe dominant LCA retinopathies. There is currently no treatment for dominant

negative LCA diseases. The Crx®®"*

feline large animal model was reported to be a valuable
model for Class Il CRX mutations for mechanistic disease mechanisms as well as potential
therapy development. In this model, the disease is characterized by a toxic effect of the mutant
Crx mRNA/protein over the WT mRNA/protein. The aim of this project was to shift the ratio of
mutant to WT mRNA/protein in order to slow down retinal degeneration and rescue some visual
function. METHODS. 3-week-old Crx®* kittens received a subretinal injection of an adeno-
associated viral (AAV) vector containing the human CRX cDNA sequence with an attached
FLAG-sequence. Two different AAV serotypes were used: AAV2/5 and AAV2/8 with a single
capsid mutation (Y733F). Transgene expression was driven by an ubiquitous promoter (chicken
R-actin, CBA) or a photoreceptor specific promoter (G-protein-dependent receptor kinase,
GRK1). Outcome was assessed by fundus examination, electroretinography (ERG), optical
coherence tomography and immunohistochemistry analyses. RESULTS. The ubiquitous
promoter resulted in low levels of transgene expression. The vectors with a GRK1 promoter
provided strong expression. Mixture of AAV2/8 Y733F containing vectors with both promoters
(ubiquitous and GRK1) resulted also in an increased combined transgene. No major adverse
effects were noted. Only one kitten showed significant functional rescue as assessed by ERG.
CONCLUSIONS. Subretinal delivery of vector in 3-week-old kittens was possible, but it could
be challenging to specifically target the area centralis, which is the most rapid degenerating

region in the Crx*®"*

model. Some transgene expression as demonstrated by FLAG expression
was present in most kittens, yet only one kitten showed functional rescue. Further optimization is

necessary, and gene augmentation might not be sufficient to shift the mutant to WT Crx ratio to
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reach consistent and sustainable rescue. It may be of value to combine it with other techniques

aiming to downregulate the mutant Crx allele.

5.2. INTRODUCTION

Mutations in the cone-rod homeobox (CRX) gene are an important cause of severe, early
onset retinal dystrophies, which rapidly progress to blindness." ? In children, they result in one
form of dominantly inherited childhood vision loss classified as Leber congenital amaurosis
(LCA)** for which there is an unmet need for a therapy to slow or prevent vision loss.

LCA accounts for ~5% of all inherited retinopathies with a prevalence of between 1 in
30,000 to 81,000 newborns.> ® Mutations in the CRX gene account for about 2% of LCA.” CRX
encodes a transcription factor that is essential for photoreceptor development, maturation and
post-development survival. The protein has a DNA-binding domain and transactivation
domains.®*?

In the Rdy cat, a single basepair deletion (p.Pro185LysfsTer2) in Crx was identified as the
cause of a severe, dominant, early-onset form of progressive retinal atrophy.** The Rdy mutation
results in a frameshift and premature stop codon at codon 186 resulting in a similar truncation to

the Ed168d2 mouse model and several different Class 111 human CRX frameshift mutations.**°

The heterozygous Rdy (Crx"®™*

) cat has been shown to have a LCA phenotype strikingly similar
to those. The truncated mRNA in Rdy cats, as well as in animal and in vitro models of similar
truncating mutations, escapes non-sense mediated decay and is transcribed into a truncated

protein.® * % In chapter 2, we demonstrated that Crx*®'*

feline retinas, prior to degeneration,
have higher levels of mutant Crx mMRNA and protein than they have of the wild-type Crx mRNA

and protein, which is in keeping with the findings in mouse models with similar mutations. The
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Crx mutant protein in Class 111 CRX mutations has an antimorphic effect by binding the promoter
of target genes but failing to transactivate them.? **

In addition, to being a valuable model for mechanistic disease investigation, the feline
model is extremely important for preclinical assessment of therapy in humans. As described in

chapter 1, the cat eye has similar globe dimensions'® *’

as the human eye making it suitable for
therapy delivery techniques that are used in human patients. Also, the distribution of
photoreceptors across the feline retina is similar to the human retina unlike laboratory mice,
which have a dorsal to ventral photoreceptor gradient.’®* The area centralis of the feline retina
has a higher density of photoreceptors, including cones, analogous to the human macula. This is
particularly valuable when investigating conditions such as CRX-LCA retinopathies, which
present with early cone photoreceptors involvement. The phenotypic similarity, along with an
identical proposed disease mechanism for the frameshift mutations affecting the transactivation

domains of CRX, make the Crx"%/*

feline model a valuable model to use for preclinical testing of
therapies for CRX-LCA retinopathies.

In designing a therapeutic approach, phenotypic characteristics of animals with Class 111
CRX mutations have been taken into account. The E168d2 mouse model has two distinct lines.
In one line an intronic Neo cassette remains (E168d2Neo line), and this line has a lower level of
mutant Crx transcript and protein than a second line where the Neo cassette has been excised
(E168d2). The E168d2Neo line has a much milder phenotype than the E168d2 line suggesting
that increasing the ratio of wild-type to mutant Crx will improve the phenotype.? **> Additionally,
humans and animal models heterozygous for null mutations of CRX have been shown to have

very mild or non-existent phenotype, indicating that haploinsufficiency does not explain the

severe phenotype associated with frameshift mutations.> ' ' 22® Taken together these
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observations confirm that the severe dominant CRX-related retinopathies are not due to
haploinsufficiency but due to a deleterious effect of the mutant protein.

As a treatment strategy, we therefore hypothesize that increasing the ratio of wild-type to
mutant Crx protein will result in a milder phenotype in animals heterozygous for antimorphic Crx
mutations. The aim of this study was to start investigating whether increasing expression of wild-

type Crx improves the retinal phenotype of CrxR™*

kittens, making this a useful approach for
translational therapy that aims to slow down vision loss in CRX-LCA patients with similar

frameshift antimorphic mutations.

5.3. MATERIALS AND METHODS

Using an adeno-associated viral vector construct that has been previously shown to

29, 30

efficiently target cone and rod photoreceptors in wild-type cats and kittens (personal

communication) and both wild-type and E168d2 mouse®™, Crx was expressed in the

Rdy/+

photoreceptors of Crx Kittens. This will be aiming to increase the ratio of wild-type Crx

protein to mutant Crx protein to reduce the antimorphic effect of the mutant protein.

5.3.1. Ethics statement
All procedures were performed in accordance with the ARVO statement for the Use of
Animals in Ophthalmic and Vision Research and approved by the Michigan State University

Institutional Animal Care and Use Committee.

5.3.2. Animals

Rdy/+

Fifteen purpose-bred Crx kittens maintained as a colony at Michigan State University

were included in this study. They were housed under 12L.:12D cycles and fed by the queens and a
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commercial feline dry diet (Purina kitten chow; Nestlé Purina, St Louis, MO. USA). Animals

ranging from 3 weeks to 12 weeks of age were studied.

5.3.3. Subretinal injections and vectors delivered

AAV were delivered by subretinal injection in 3-4-week-old (21 to 26 days of age)
Cr®®™* kittens, the earliest age in which a subretinal injection could be reproducibly performed.

Kittens were anesthetized with isoflurane (IsoFlo; Abbott Laboratories, North Chicago,
IL, USA) delivered in oxygen. Pupils were dilated with tropicamide ophthalmic solution
(Tropicamide UPS 1% Falcon Pharmaceuticals Ltd., Fort Worth, TX, USA). The kittens were
placed in dorsal recumbency for the procedure. Subretinal injection was performed as previously
described. *

A vitrectomy was not performed due to the small size of the eye. A sclerotomy with a 25
or 30G needle was performed at 2.5 mm from the limbus and an aqueocentesis with a 30G needle
(except for one kitten). Visualization of the fundus was performed using a 10mm diameter cover
slip (CS-No1-10, Bioscience Tools, Highland, CA, USA) coupled on the cornea with Optixcare
eye lube (Waterdown, Ontario, Canada). The subretinal injection was performed with a 33G
Hamilton syringe (Reno, NV, USA).*? After injection, a subconjunctival injection of a mixture of
2 mg methylprednisolone acetate (Depo-Medrol 40 mg/mL, Zoetis, Kalamazoo, MI, USA or
Pfizer Inc, NYC, NY, USA), 0.1 mg dexamethasone (Dexa-ject 2mg/mL, Henry Schein Animal
Health, Dublin, OH, USA or Dexium, Bimeda, Inc., Le Sueur, MN, USA) and 1.2 mg
Gentamicin (40mg/ml, Hospira Inc, Lake Forest, IL, USA or GentaFuse, Bulter Schein Animal
Health, Dublin, OH, USA) for a total volume of 0.13 mL was given.

One eye was injected with a therapeutic AAV-FLAG-CRX vector and the contralateral

eye as either injected with a therapeutic vector as well or was uninjected, or received a construct
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of the similar serotype and promoter but delivering the GFP gene. The central retina was targeted

and approximately 30-200pL was injected (Fig. 5.1).

CRZ e Alot

Figure 5.1. 175 pL subretinal injection in the central retinal region of a 3-week-old CrxR®*

kitten.

Several titers of vector were tested based on our preliminary studies and initial results (5x
10", 1x10%, 5x10*and 7.5x10% vg/mL).

The different AAV vectors tested were AAV2/5 with an ubiquitous promoter and
AAV2/8 YT733F (single mutant capsid tyrosine to phenylalanine mutation) with an ubiquitous
(Chicken R-Actin CBA or Universoti of Florida UF) or GRK1 promoter (for details on injections,
titers and volumes refer to Table 5.1 below).

After preliminary results and evidence of functional rescue in one eye in which the cornea
was partially covered by its nictitans membrane, 5 kittens were kept in dim light conditions (0.04

to 3.45 cd/m?) from eyelid opening (1 to 2 weeks of age) until euthanasia at 12 weeks of age.
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Age at
ID injection Viral Construct injected in OD Viral Construct injected in OS
(days)
AAV2/5 — Ubiquitous promoter
OAO01785531 24 AAVIS UF S8 FLAGCRX AAV2/5 sc-smCBA-hGFP
5x10"vg/mL 5x10"vg/mL

AAV2/8 Y733F mutant capsid

AAV2/8 Y733F mutant capsid — Ubiquitous promoter

0OA02532731

21

AAV2/8 Y733F, UF-SB-FLAG-

hCRX, Q4030
1x10"vg/mL
AAV?2/8 Y733F, UF-SB-FLAG- AAV2/8 YT733F, UF11-GFP,
OA02532018 28 hCRX, 04030 11838¢
5x10"vg/mL 5x10"vg/mL
AAV2/8 Y733F, UF-SB-FLAG-
OA02525638 24 hCRX, Q4030 AV2/8 Y733F, UF11-GFP, 11838c
5x10M"vg/mL 5x10"vg/mL

AAV2/8 Y733F mutant capsid — GRK1 promoter

AAV2/8 Y733F, GRK1-FLAG-Crx,

0OA02532828 21 K2822 -
1x10"vg/mL
AAV2/8 Y733F, GRK1-FLAG-Cr¥,
OA02533517 21 K2822 -
1x10"vg/mL
OA02496941 26 AAV2/8 Y733F, GRK1-FLAG-CRX, )
P4376
Dark conditions 1x10"vg/mL
OA02497929 26 AAV2/8 Y733F, GRK1-FLAG-CRX, )
P4376
Dark conditions 1x10"*vg/mL
0A025001214 26 AAV2/8 Y733F, GRK1-FLAG-CRX, )

P4376

Table 5.1. List of animals, the vector and titer they received. Animals maintained in dark light
conditions were indicated under their ID number.

237



Table 5.1 (cont’d)

Dark conditions

5x1012vg/mL

A AAV2/8 YT733F, GRK1-FLAG-

0OA02501046 26 CRX, P4376 -
Dark conditions 5x10"vg/mL
OA02496779 24 AAV?2/8 YT733F, GRK1-FLAG-CRX, )
P4376
Dark conditions 7.5x10"vg/mL
AAV 8 733, GRK1-FLAG-CRX,
0OA02496004 24 P4376 -
Dark conditions 7.5x10"vg/mL
Age at
ID injection Viral Construct injected in OD Viral Construct injected in OS
(days)
AAV2/8 YT733F mutant capsid — Ubiquitous and GRK1 promoters
OAO01790762 24 | AAVABYTISE, SRKLFLAGCIX | Avarg v733F, UF11-GFP, 11838
5x10M"vg/mL 5x10M"vg/mL
Mix Half/half Mix Half/half
AAV2/8 Y733F, UF-SB-FLAG- AAV2/8 Y733F, UF-SB-FLAG-
OA02527420 21 hCRX, Q4030 hCRX, Q4030
AAV2/8 Y733F, GRK1-FLAG-Crx, | AAV2/8 Y733F, GRK1-FLAG-Cr,
K2822 K2822
1x10"vg/mL 1x10*vg/mL
Mix Half/half
RSA 15-071 AAV2/8 YT33F, UF-SB-FLAG- | AAV2/8YT733F, UF-SB-FLAG-
Died at recovery 21 hCRX, Q4030 hCRX, (24030
’ AAV2/8 Y733F, GRK1-FLAG-Cr¥,
K2822
1x10"vg/mL 1x10*vg/mL
5.3.4. Outcome evaluations
S_ut_)ret_lnal _Fund_us ERG cSLO SD-OCT Euthanasi IHC
injection imaging a
Age 3 61012 | 6,10, 12 12 12 12 12
(weeks)

Table 5.2. Experimental design
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5.3.4.1. Ophthalmic examination and fundus imaging

Eyes were examined regularly for any adverse response to the therapy such as
inflammation or differential retinal degeneration between injected and uninjected regions and
between treated and control eyes. Full ophthalmic examinations included indirect
ophthalmoscopy daily up to 3 days post-operatively, then weekly until 6 weeks of age and finally
at 10 and 12 weeks of age. Fundus photography (Ret-Cam Il, Clarity Medical Systems, Inc.,
Pleasanton, CA, USA) was performed at 6, 10 and 12 weeks of age. Infrared and
autofluorescence imaging with confocal scanning laser ophthalmoscopy (Spectralis OCT+HRA;
Heidelberg Engineering Inc., Heidelberg, Germany) was performed before euthanasia at 12
weeks of age.

Animals injected with the AAV-GFP vector were monitored for GFP expression using
wide-field fundus photography (RetCam II, Clarity Medical Systems, Inc., Pleasanton, CA,
USA), and fluorescence was also monitored using a cSLO (confocal scanning laser
ophthalmascope) (Spectralis® OCT+HRA, Heidelberg Engineering Inc., Heidelberg, Germany) at

similar ages to the regular fundus imaging.

5.3.4.2. Retinal function assessment — Electroretinography (ERG)
Scotopic and photopic ERGs were recorded from kittens described previously in chapter
2.1* The kittens were dark-adapted for 1 hour, and pupils were dilated with tropicamide
ophthalmic solution, (Falcon Pharmaceuticals Ltd., Fort Worth, TX, USA). A Jet-lens monopolar
electrode contact lens with a platinum needle skin reference electrode (Grass Technologies,
Warwick, RI, USA) was placed 0.5 cm from the lateral canthus, and a ground electrode was
placed over the occiput (Grass Technologies, Warwick, RI, USA). ERG a- and b-wave

amplitudes and implicit times were measured in a standard fashion. Evidence of a positive effect
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of therapy would be the presence of a cone-mediated response (not recordable from untreated
kittens) and an improvement (lowering) of the threshold of dark-adapted responses and an

increase in amplitudes compared to non-treated eyes.

5.3.4.3. Retinal morphology and CRX expression
5.3.4.3.1. In vivo Spectral Domain-Optical Coherence Tomography
(SD-OCT)

SD-OCT imaging (Heidelberg Engineering) was used to capture single scan line and
volume scan images from treated and untreated regions. The treated regions were assessed for
retinal reattachment and any side effects from the procedure.® They were also assessed for
evidence of photoreceptor morphology by examining the regions of the SD-OCT scan representing
photoreceptor inner and outer segments and the ellipsoid zone.** Improvement in the definition of

those layers was considered a positive outcome.

5.3.4.3.2. Immunohistochemistry (IHC)
After Kkittens were euthanized at 12 weeks of age (age of peak retinal function in wild-type
kittens), their eyes were removed and immersed in 4% paraformaldehyde (Electron Microscope
Sciences, Hatfield, PA, USA) in phosphate-buffered saline (PBS, Sigma-Aldrich Corp., Saint
Louis, MO, USA) on ice for 3 hours. They were then processed for immunohistochemistry and
imaged as previously described™* *° (Table 5.3. lists the antibodies used). Treated and untreated
region were examined for FLAG expression (marker of transgene and thus CRX expression) and
hCAR, a cone photoreceptor marker to assess for evidence of rescue of photoreceptor maturation

in the Crx*®"* kittens post AAV gene supplementary therapy.
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. Primary Secondary Secondary
Antibody — Source Type Dilution Antibody — Source Dilution

FLAG (Anti-FLAG® M2) Monoclonal 1:500 | Alexa Fluor 568 Goat anti- 1:500
Sigma, St. Louis, MI, USA mouse mouse IgG, Life technologies,

Carlsbad, CA, USA
hCAR (Human cone arrestin) Polyclonal | 1:10,000 | Alexa Fluor 488 Goat anti- 1:500
Dr. Cheryl Craft; LUMIJ, rabbit rabbit 1gG, Life technologies,
University of Southern California, Carlsbad, CA, USA
Los Angeles, CA, USA

Table 5.3. List of antibodies used for IHC — their origins and dilutions

5.4. RESULTS

5.4.1. Crx*®" Kittens show retinal attachment after subretinal injection and only

minor side effects

Summary of the volume and titer injected as well as side effects were detailed in Table 5.4

below. One kitten died during recovery and was excluded from the study.

Vector Titer, volume Side effects/ Scotopic IHC
ID Eye iniected and location of Fluorescence ERG reF;cue FLAG /GFP
) the injection on cSLO/SD-OCT labeling
AAV2/5 — Ubiquitous promoter
5x10™"vg/mL . .
AAVZIS UF- | sopdorso- | (C 0 B Low FLAG
OA01785531 | OD | SB-FLAG- temporal L No rescue .
. injection site best expression
hCRX K2583 | (not sure all in, seen on FAF
flattened bleb)
1 Retinal lesion at the Low GFP.
AAV2/5 sc- 5x10™vg/mL iniaction site best N/A normal expression in
0S smCBA- 50uL temporal - ! disease ERG | cones and off-
. seen on FAF, GFP . .
hGFP area centralis progression | target expression
fluorescence on FAF LI
in Mdller cells

AAV2/8 Y733F mutant capsid

AAV2/8 Y733F mutant capsid — Ubiquitous promoter

Retinal lesion at the
AAV2/8 1x10"*vg/mL injection site best
Y733F, UF- | 150pL nasal and | seen on FAF, retina Moderate FLAG
OA02532731 | OD SB-FLAG- very small mild disorganization No rescue expression
hCRX, Q4030 | temporal bleb and thinning from
injection
N/A normal
(OK] - - N/A disease ERG None
progression

Table 5.4. Details of outcomes for each kitten.

241




Table 5.4 (cont’d)

5x10™vg/mL

200pL in 3 blebs

Retinal lesion at the

AAV2/8 with were not injection site best
Y733F, UF- seen on FAF, retina Low FLAG
OAD2532018 | OD SB-FLAG- incfjg%goosrfs far no very well No rescue expression
hCRX, Q4030 nasal and one reattached in few
dorsal areas (mild folds)
%;/32;8 5x 10 va/mL GFP fluorescence on | N/A normal Strong GFP
(O] UFll-GF’P 100Ul ter% oral FAF and nerve disease ERG expression in
11838¢ ' H P fibers fluorescence progression photoreceptors
AAV?2/8 Y733F mutant capsid
AAV2/8 Y733F mutant capsid — Ubiquitous promoter
AAV2/8 5x10"vg/mL | Retinal lesion and
Y733F, UF- | 200pL in 2 blebs |  retinal tear at the Low FLAG
OA02525638 | OD SB-FLAG- | ldorso-temporal | injection site best No rescue expression
hCRX, Q4030 | and one nasal seen on FAF
'i‘('i‘;/ng 5x 10 va/mL GFP fluorescence on | N/A normal Strong GFP
0sS UFll—GF’P 100Ul ter?] oral FAF and nerve disease ERG expression in
11838¢ ' H P fibers fluorescence progression photoreceptors
AAV2/8 Y733F mutant capsid — GRK1 promoter
Retinal lesion at the
AAV2/8 1x102vg/mL injection site best
seen on FAF, very .
Y733F, 200uL dorsal ' Mild FLAG
OA02532828 | OD GRK1-FLAG- | about 100uL in h f;‘ew No rescue expression
Crx, K2822 the bleb yperfluorescent
’ dots in the treated
area seen on FAF
N/A normal
(OF] - - N/A disease ERG None
progression
ERG rescue,
improvement
%;/3,2;8 11x10%va/mL Hyperfluorescent | of amplitudes, Strona ELAG
OA02533517 | OD GRKl—FLAG- 150U teng oral dots in the treated | implicit times ex rgession
Crx. K2822 H P area seen on FAF | and threshold P
’ (vet better at
10w then 12w)
N/A normal
(OF] - - N/A disease ERG None

progression
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Table 5.4 (cont’d)

Hyperfluorescent
%;/3,2;8 1x10%vg/mL | dots in the treated IHC not
0OA02496941 | OD GRK1-FLAG- 100pL dorso- area seen c_)n_FAF, No rescue performed
nasal abnormalitis in the
CRX, P4376
OPL layer
N/A normal IHC not
Dark conditions | OS - - N/A disease ERG
. performed
progression
AAV2/8
Y733F, lxlOlzvg/mL . Strong FLAG
0OA02497929 | OD GRK1-FLAG- 75uL dorsal No abnormalities No rescue expression
CRX, P4376
N/A normal
Dark conditions | OS - - N/A disease ERG None
progression
'i‘('i‘;/ng 5x10"vg/mL Hyperfluorescent IHC not
OA025001214 | OD GRK1-ELAG- 100;:1;5(;?50— ;jroet; |:egr11e (;[r:elile(j: No rescue performed
CRX, P4376
N/A normal
Dark conditions | OS - - N/A disease ERG IHC not
. performed
progression
Retinal tear at the
injection site,
AAV2/8 5x10"vg/mL hyperfluorescent
Y733F, 100uL dorso- dots in the treated Strong FLAG
OA02501046 | OD GRK1-FLAG- | temporal miosis | area seen on FAF No rescue expression
CRX, P4376 at the end and suspicious of
IS/OS damage seen
as layer irregularities
N/A normal
Dark conditions | OS - - N/A disease ERG None
progression
Very mild
ik Hyperfluorescent sge?wc;lsf Zsflgr?y
Y733F, 7.5x10"vg/mL X Moderate FLAG
OA02496779 | OD GRK1-FLAG- | 100pL dorsal dots in the treated sma_II b-wave expression
area seen on FAF in OD
CRX, P4376
compared to
0S
N/A normal
Dark conditions | OS - - N/A disease ERG None
progression
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Table 5.4 (cont’d)

OA02496004 | OD

AAV2/8
Y733F,
GRK1-FLAG-
CRX, P4376

7.5x10"vg/mL
100pL nasal
(50pL in
vitreous)

Retinal lesion at the
injection site best
seen on FAF

Very mild
ERG rescue
seen as a very
small b-wave
in OD
compared to
oS

IHC not
performed

Dark conditions | OS

N/A

N/A normal
disease ERG
progression

IHC not
performed

AAV2/8 Y733F mutant capsid — Ubiquitous and GRK1 promoters

Small retinal lesion
and retinal tear at the

AAV2/8 5x10"vg/mL injection site best
0A01790762 | oD | . Y73%F S0uL dorsal seen on FAF, Norescue | Moderate FLAG
GRK1-FLAG- (20uL in hvperfluorescent expression
Crx, K2822 vitreous) ype
dots in the treated
area seen on FAF
AV2/8 5x10™vg/mL
Y733F 50uL dorsal | GFP fluorescence on | N/A normal Strong GFP
0sS UFll—GF’P (50uL subretinal FAF and nerve disease ERG expression in
11838¢ ' and 40uL in fibers fluorescence progression photoreceptors
vitreous)
Mix Half/half
AAV2/8
Y733F, UF-
SB-FLAG- 12 Retinal lesion at the
OA02527420 | OD | hCRX, Q4030 i;(éol_\agég;‘l injection site best No rescue Sg;ngesili‘oﬁc'
AAV2/8 H seen on FAF P
Y733F,
GRK1-FLAG-
Crx, K2822
Mix Half/half
Y7A£?:/2(18|:_ R_et_inal_ Iesic_)n at the
SB-FLAG- 1x10"vg/mL Inéitgéognsgzgest N/Anormal | o oA
OS | hCRX, Q4030 | 175uL dorso- ' disease ERG gri
hyperfluorescent . expression
AAV2/8 nasal dots in th q progression
Y733E ots in the treate
GRKl—FLAG— area seen on FAF
Crx, K2822

Most of the Kittens received a subretinal injection of 50 to 100uL. Bigger blebs were more

challenging to perform and had increased risk of not reattaching normally. Ophthalmic

examination showed that in all cases the retina reattached within a couple of days. At 9 weeks

post-injection (12 weeks of age), SD-OCT retinal high-resolution cross-section images confirmed
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that there was retinal reattachment in all eyes injected. No major retinal disorganization of the
retinal layers secondary to the retinal detachment was noted, with the exception of two eyes that
had some mild folds probably due to lack of proper reattachments (Fig. 5.2A) and two eyes that
had some disorganization and thinning of the retina (Fig. 5.2B). The proper re-attachment post-
injection allows us to believe that the surgery technique used is valuable as it allows proper sub-
retinal injection without performing vitrectomy and so without being too invasive. Yet, it was
noticed during surgery that, due to gauge size of the needle being used, the retinotomy created
was big enough to allow some minor leakage from the sub-retinal injection site to the vitreous.
The injection site had a retinal scaring in most of the Kittens, which appeared as a dark lesion on
fundus autofluorescence (FAF) (Fig. 5.2C). A couple of eyes also presented with a persistent

retinal tear at the injection site (Fig. 5.2D).

A. Mild folds due to improper B. Retinal thinning-disorganization
retinal rettachment post-injection

C. Retinal scaring D. Retinal tear
at the injection site at the injection site

Figure 5.2. Side effects of subretinal injections.
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Figure 5.2 (cont’d)

(A) SD-OCT cross retinal section showing improper retinal reattachment. This can lead to
the formation of some folds or elevations of the retina (as indicated by the white arrows)
(separation between the photoreceptor outer segment layer and the retinal pigmentary
epithelium).

(B) SD-OCT cross retinal section showing retinal thinning and disorganization. This can
occur following toxicity or improper retinal reattachment post-injection.

(C) Fundus autofluorescence cSLO image showing retinal/sclera scaring at the injection site
(white arrowhead).

(D) RetCam fundus image (right image) and SD-OCT cross retinal (left image) section
showing remnant retinal tear post-injection (indicated by the black arrow).

No major inflammation was seen. One Kitten had some conjunctivitis due to canthal
suture rubbing. Few Kkittens had some canthal suture dehiscence due to the excessive mother
bathing. Four eyes had some corneal to iris synechias, and two had focal cataracts, which were
thought to be due to technical error during the aqueocentesis.

Due to a surgical technique error, one Kitten (OA02533517) had some damage to its nictitans
membrane muscle. This did not seem to create any discomfort at any time but was covering 2/3

of its cornea.

5.4.2. Functional rescue

Photopic ERG responses were not detectable from any of the treated eyes, suggesting
either no cone rescue or rescue that was below the threshold for ERG detection. Among the 15
treated eyes (14 cats), only one cat showed significant rescue of the scotopic ERG (2 cats showed
a very minor increase in b-wave compared to the untreated eye). The cat (OA02533517) showing
scotopic ERG response showed minor rescue at 6 weeks of age but more pronounced rescue at 10
and 12 weeks of age with improvement of amplitudes and implicit times as well as lower
threshold ERG responses compared to the untreated eye. These ERG amplitudes were small

compared to those of age-matched WT kittens (Fig. 5.3B). Interestingly, this was not the cat with
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the bigger or more central bleb (Fig. 5.3A), and it also showed some hyperfluorescent dots on
FAF. It received a 150pL bleb of 1x10'vg/mL AAV2/8 Y733F GRK1-FLAG-Crx, dorso-
temporally. This was also the cat presented that had a nictitans membrane prolapsed due to a
technical error. Based on this result, we hypothesized that reduced light exposure may have a
beneficial effect on therapy. Subsequently, a cohort of kittens was kept under a dim red light

following subretinal injections, however, no functional rescue was observed in those kittens.

A. Fundus images

RetCam fundus image immediate- RetCam fundus image ¢SLO fundus AF image
ly after subretinal injection 9 weeks post-injection 9 weeks post-injection

B. Retinal function

Crxta right eye treated
—— Crx*®" left eye untreated
—— Wild-type

100pV’
10pV
50ms 50ms

C. CRX expression - FLAG marker

§ onL

OPL
INL

IPL

100pum

Figure 5.3. Summary of the outcome assessment from kitten OA02533517, which presented
with functional rescue.
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Figure 5.3 (cont’d)

(A) Fundus images. Left image: RetCam fundus image of a subretinal injection of 150uL of
1x10%vg/mL AAV2/ 8 Y733F GRK1-FLAG-Crx in the dorso-temporal retinal region in a 3-
week-old Crx™"™* kitten indicated by the white star. Middle image: Follow-up RetCam fundus
image of the same kitten at 12 weeks of age (9 weeks post-injection) showing no fundus lesion.
Right image: cSLO autofluorescent image (AF) showing some changes in the bleb area (white
star) seen as some hyperfluorescent dots.

(B) Functional rescue in the treated eye. Dark-adapted ERG raw tracings at 12 weeks of age
from the treated right eye (OD) and untreated left eye (OS) of kitten OA02533517 and a wild-
type control Kitten at the same age for a 2.8 cd.m? light stimulus in scotopic condition. The right
tracings show some rescue in OD, yet the amplitude is still very decreased compared to WT
kitten. The left tracings, on a different scale, showed that, even though small, the rescue is
significant compared to the untreated eye.

The black arrow indicated the light stimulus.

(C) Immunohistochemistry of the treated right eye retina. IHC showed strong expression of
FLAG (therefore of CRX) in the treated region. hCAR labeled cones but no improvement in their
IS/OS (indicated by the white arrowheads) development was noted.

IS/OS; photoreceptor inner/outer segments, ONL; outer nuclear layer, OPL; outer plexiform
layer, INL; inner nuclear layer, IPL; inner plexiform layer.

5.4.3. Morphological rescue and molecular expression of the vector

No obvious improvement of photoreceptor inner and outer segments was observed on SD-
OCT cross retinal section. Yet, as stated above most of the kittens did not show any severe retinal
thinning or disorganization as a consequence of the AVV subretinal injection, which was
confirmed by a finding on IHC.

Both use of the AAV2/5 sc sc-smCBA-hGFP in one eye and AAV2/8 Y733F UF11-GFP
at 5x10"vg/mL in 3 eyes led to strong fluorescence revealed by autofluorescence imaging by
488nm cSLO imaging. IHC showed very different targeting of both vectors in kittens. The
AAV2/5 sc-smCBA-hGFP injected eyes showed some expression in cone photoreceptor but not
in rods and some significant off-target expression in Muller cell. The AAV2/8 Y733F UF11-GFP

injected eyes had high transgene GFP expression in both cones and rods in the 3 eyes injected,

and 2 of the eyes showed mild off-target expression to amacrine and ganglion cells (Fig. 5.4A).
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Additionally, it seems that there was less hCAR labeling in the center of the bleb, possibly
indicating an adverse effect of transgene or viral vector presence.

All eyes injected with either construct or promoter showed some FLAG expression
suggestive of CRX transgene expression (see details in Table 5.4). Yet, important variation
existed between results from different serotypes and promoters. AAV2/5 UF-SB-FLAG-hCRX
only resulted in low transgene expression. AAV2/8 Y733F with a ubiquitous promoter induced
low to moderate transgene expression in the photoreceptors. The construct with a GRK1
promoter or a combination of vectors with ubiquitous and GRK1 promoters led to a stronger
transgene expression (Fig. 5.4C). The use of the AAV2/8 Y733F combined to a GRK1 promoter
seemed to be associated with hyperfluorescent dots of fundus autofluoresccence cSLO images
(Fig. 5.4B).

Most eyes did not show any changes in hCAR labeling compared to historical data **,
although a few eyes (Fig. 5.4D) seemed to have a stronger labeling of cones by hCAR in the

treated versus the untreated regions.

249



A. GFP expression B. ¢cSLO autofluorescence finding

AAV2/5
sc-smCBA-hGFP

AAV2/8
Y733F-UF11-GFP

C. FLAG expression

AAV2/5 AAV2/8 Y733F AAV2/8 YT33F
UF-SB-FLAG-hCRX UF-SB-FLAG-hCRX GRK1-FLAG-CRX

100 pm

D. FLAG expression and hCAR labeling
AAV2/8 Y733F-GRK1-FLAG-CRX

100 pm

Figure 5.4. Molecular expression.

(A) GFP expression was present on cSLO imaging for both serotype AAV vectors at similar
intensities, yet on IHC the AAV2/8 Y733F had a much higher GFP transgene expression of
photoreceptors with less off-target expression.

(B) cSLO imaging of the bleb for injection with AAV2/8 Y733F combined to the GRK1
promoter led to the appearance of hyperfluorescent dots of FAF in the treated region.

(C) Immunolabeling for FLAG marker of CRX expression. The FLAG expression was
extremely low when the AAV2/5 UF-SB-FLAG-hCRX was used at a titer of 5x10*vg/mL while
it was moderate when using the AAV2/8 Y733F UF11-GFP at a titer of 1x10*vg/mL and strong
while using AAV2/8 Y733F GRK1-FLAG-Crx at a titer of 1x10™vg/mL.

(D) Combined FLAG/hCAR labeling. Some eyes showed brighter hCAR (green) labeling in the
treated region (left region) compared to the untreated region (right image).
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5.5. DISCUSSION
Subretinal injections were successfully achieved in all kittens although it was difficult to
precisely target the region including the area centralis. We wanted to target this region because it is

the first region to degenerate in the Crx*®"*

cat, and therefore any preservation of structure, as
assessed by SD-OCT or IHC/EM, would have been easier to detect and obvious at an earlier
age.™ The subretinal injection treated no more than one quarter of the retinal area for the biggest
bleb so it is conceivable that a mild degree of rescue would not result in a detectable
improvement in the full-field electroretinogram. Multifocal or focal ERG to allow comparison of
treated versus non treated retina would be of interest as well as developing some vision testing
devices. Increasing the volume of fluid injected subretinally is not an option, because if the bleb
is too large, we have found that retinal reattachment is not accurate, and retinal folds form
(unpublished observations). A delay in reattachment could lead to retinal damage; we have
noticed that delay in reattachment of large detachments can lead to cone loss** (unpublished
observations). The effect of retinal detachment is not benign and has been extensively studied.
Early changes include modification in rod terminals and rod bipolar spherules connection notably
to horizontal cells altering the synapse complex, changes in ON- and OFF-bipolar cells.?* 344
One way of transducing a larger retinal area is to do 2 or more separate subretinal injections
allowing the treatment of larger retinal surface with lesser side effects.

The FLAG tag enabled the detection of which cells were expressing the transgene. IHC for
Crx could not be used since it would not be possible to distinguish between the transgene (human
CRX) and the endogenous Crx. FLAG expression was detected in all retinas suggesting that the

appropriate cells had been transduced. One possibility for the apparent lack of rescue could be that

the FLAG protein altered the function of the CRX transgene itself.
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When used with an ubiquitous promoter, both the injections with the AAV2/5 and
AAV2/8 YT33F serotypes resulted in low FLAG and therefore CRX expression. The use of
AAV2/8 Y733F with a photoreceptor targeting promoter GRK1 improved transgene expression
and led to strong FLAG expression. Additionally, eyes receiving a combination of AAV2/8
Y733F containing both the ubiquitous and GRK1 promoters seemed to have an even better effect
with a stronger FLAG expression as seen by IHC. Those results need yet to be taken with
caution. Indeed, the AAV2/5 UF-SB-FLAG-hCRX (ubiquitous promoter) was only tested at a low
titer of 5x10*'vg/mL and such in only one eye. Similarly, the use of AAV2/8 Y733F UF-SB-
FLAG-hCRX (ubiquitous promoter) at a low 5x10*'vg/mL titer only led to mild transgene
expression compared to moderate FLAG expression when used at 1x10*?vg/mL titer. The use of
AAV2/8 YT733F GRK1-FLAG-CRX (photoreceptor specific promoter) showed some strong
expression from a titer to 1 to 7.5 x10*vg/mL. The transgene expressions obtained in this study
are therefore only mildly comparable between serotypes and promoters as they were not all used
at the same titers. It is necessary to perform a better dose-response study to compare transgene
expression between different titers but also different serotypes and promoters. Investigation of
various serotype-promoters and mutant capsid vectors specifically in the cats as a particular
species is of value, and investigation in kittens (different retinal maturation stage) would be
valuable as well. This is supported by the fact that target species, serotypes, mutant capsid,
promoter and well as self-complementary AAV have been shown to make a difference in cell
targeting.zg’so’ 32,41, 42

Only one kitten showed significant functional rescue. It is not clear why the ERG rescue
achieved in the one kitten could not be repeated. In this animal, due to a surgical technique error,
the nictitans was damaged resulting in partial coverage the cornea, which may have limited light

exposure. Working on the hypothesis that reducing light exposure could improve the degree of
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rescue, we tested a cohort of kittens with the same vector and kept them in dim lighting
conditions, but this did not result in significant functional rescue. The bleb created in the kitten
with rescue was quite peripheral (dorso-temporal). As the progression of the degeneration starts
in the central retina and spreads to the periphery (following the pattern of retinal maturation), in
theory the peripheral injection was in a region that was at an earlier stage of degeneration than the
central retinal region treated in the rest of the Kittens.

The lack of rescue could be caused by not being able to shift the mutant to WT: Crx allele
ratio to sufficiently counteract the toxic effect of the mutant protein. There was no improvement
in photoreceptor inner and outer segment morphology detectable on SD-OCT and on retinal
sectioning (IHC). Many of the blebs did not include the area centralis. As a result, for the
duration that the animals were kept there would be little loss of retinal layer thickness, so a mild
preservation of thickness would not be detectable.* A few animals had stronger hCAR labeling
in the injected area that might indicate a mild treatment-related improvement in cone health and
maturation but not sufficient to lead to normal maturation or to improve function sufficiently to
be detectable by full-field ERG.

In conclusion, subretinal injection in the 3-week-old kitten was possible, but it proved to
be difficult to specifically include the area centralis at that age. Some transgene expression was
detectable in the photoreceptors of most kittens when using an AVV2/8 Y733F mutant capsid
with a GRK1 promoter or a combination, but only one kitten had detectable functional rescue.
Further refinement of the rAAV to optimize photoreceptor targeting is necessary. Gene
augmentation therapy using AAV might not be sufficient to decrease the mutant to WT Crx ratio
and achieve the degree of rescue that is required. It may be of value to combine it with other

techniques that aim to downregulate the mutant Crx allele. This highlights the difficulties of

253



treating dominant disease, where the expression of the mutant allele has a strong deleterious

effect 16, 43, 44
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6.1. CONCLUSIONS ON THE CRX-LCA FELINE MODELS AND THERAPY TRIAL

The cone-rod homeobox transcription factor CRX mediates photoreceptor development and
survival by regulating the expression of many photoreceptor genes. CRX mutations are mostly
associated with dominant retinopathies: Leber congenital amaurosis (adLCA), cone-rod
dystrophy (adCRD) and retinitis pigmentosa (adRP), with a remarkable heterogeneity in age of
onset and severity. The precise mechanism by which these mutations cause dominant disease is
not totally understood, and no treatment is available.

Recently, in vitro and animal model studies have been developed to study the pathogenic
mechanisms of CRX mutations. We have been studying a spontaneously occurring feline model.
This model has a severe phenotype analogous to autosomal dominant LCA characterized by
early-onset of a severe cone-led retinal dystrophy leading to blindness. Our preliminary work on
the feline model — Crx™®, which carries p.Pro185LysfsTer2, a spontaneous antimorphic
frameshift mutation in the final exon in Crx causing a premature stop codon at residue 186 —

reveals that heterozygous Crx®"*

cats have a retinal phenotype similar to what have been
classified as Class 11l CRX mutations in humans and mice. The severe phenotype (delayed retinal
morphological and functional development, then degeneration and loss of vision) is the result of a
dominant antimorphic effect of the mutant Crx allele over the wild-type allele. The phenotype is
described in detail in young animals in chapter 2 of the current work with later disease stages

being described in chapter 3. Older Crx"*

cats have a severe retinal degeneration accompanied
by extensive inner retinal and vascular remodeling. At very late stage disease RPE atrophy
develops in the area centralis, somewhat similar to a macular dystrophy. The homozygous
Crx*RY cats have a different phenotype with an early halting of photoreceptor maturation, a

complete lack vision and yet only a slow degeneration of photoreceptors and considerable

migration and remodeling of retinal cells. They develop globe enlargement, likely secondary to
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the complete lack of vision, with expansion primarily of the posterior segment. Photoreceptor
development halts after the development of small vestigial inner segments, and there is a
complete lack of outer segment development, a lack of expression of photoreceptor specific

Rdy/+

genes and a total absence of retinal function. In contrast to the Crx™"" cats, they do not develop

marked retinal or vasculature thinning although they do undergo extensive retinal remodeling.

An attempt to improve the phenotype of the Crx*®"*

cats by over-expressing wild-type Crx
using AAV vector delivery resulted in minor evidence of rescue in one kitten. The lack of
consistent improvements suggests that a strategy to concurrently reduce expression of the mutant

allele will also be required.

6.2. FUTURE DIRECTIONS

6.2.1. Investigation of the underlying disease mechanisms

In the Rdy feline as well as in knockin mice models, the precise mechanism leading to the
over expression of the mutant allele and its subsequent antimorphic effect is not fully understood.
Investigation of the underlying mechanism is essential in order to understand these retinal
dystrophies, suggest possible therapeutic interventions and perhaps also add to the understanding
of dominant negative retinal dystrophies in general.*?

More detailed investigation of the effect of the disease on gene expression at different
stages of retinal maturation would be valuable using techniques such as transcriptome
sequencing (RNA-seq)*. Newer techniques such as massively parallel single-cell RNA profiling
could be used to investigate the altered transcriptome in individual retinal cell types. In addition
further investigation of the action of Crx by chromatin immuno-precipitation (ChIP)® on retinal

samples could be used to determine the targets of the mutant allele. It would be highly valuable

in both the Crx*®™* and Crx*®RY cats to compare such transcriptome analysis with those for the
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comparable mouse model to see if the same pattern of expression occurs within different Class
I11 CRX mutation models. Regional expression differences would be useful to investigate in the
cat model, for example, comparing changes within the area centralis and the more peripheral
retina. Such studies to investigate changes in a retinal region like the area centralis that is
comparable to the human macula is not possible in the mouse models and could be important
because of the early macular involvement in human patients. This could be achieved by
investigating regional difference of protein expression by IHC and with the use of additional
antibodies to characterize changes in retinal remodeling, notably at the synapse levels in
younger animal and also to use markers for immature cells, especially in the Crx" VR cats,
Electron microscopy at an early age could also be performed in the Crx" R cat to further
investigate ultrastructural features; an example of this would be to investigate whether the
stunted inner segments start developing cilia. Moreover, investigations of the mechanisms of
photoreceptor cell death and retinal remodeling would be valuable.®"

Despite the lack of vision and photoreceptor outer segments the Crx"**% cat retains a
slow PLR. Chromatic pupillometry to investigate whether this is driven by melanopsin
expressing ganglion cells could be performed. Pupil responses could also be developed as an
outcome measure for therapeutic rescue.

Investigation to determine the mechanism for mutant allele over expression and how the
mutant protein impairs the ability of wild-type Crx to activate target gene expression would be
important. It is possible that the mutant mMRNA and mutant protein may be more stable.
Therefore, more investigations on mRNA and protein stability could be performed in cell lines.
Bioinformatics could also be used as a tool to try to predict the structural conformation and
potential post-translational changes such as phosphorylation of the mutant Crx protein that could

therefore affect its function and binding to target gene promoter.* *°
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Investigation of the globe expansion in the CrxX®®"% cat to further understand the
mechanism by which myopia develops would be valuable. Investigation of the course of vitreous
expansion as well as refractive error and sclera/choroidal changes can be performed by more SD-
OCT and histologic studies, but more specifically by investigating molecular and gene changes

during growth by scleral and ocular mRNA and microRNA analysis.*®%?

6.2.2. Developing therapies for treatment of dominant negative CRX-LCA retinal
dystrophies

Our long-term goal is to advance the understanding of CRX-linked dominant retinopathies
and develop safe and effective treatments. In addition to the therapy trial tested in chapter 5, other

approaches can be tested as described below.

6.2.2.1. Supplementation therapies: selecting rAAV serotypes and promoters

that most efficiently transduce both cones and rods in wild-type kittens

Recombinant adeno-associated viral vectors rAAV-mediated gene transfer therapy in
order to increase levels of normal Crx to compete with the mutant Crx protein is currently being
tested as described in chapter 5.

To pursue developing and optimizing therapies for the Crx"®"

cats, selecting effective
serotype-promoter combinations and its optimal titers is needed. The vector will need to
efficiently target photoreceptor without leading to toxicity or off-target transgene expression.
Newer generations of rAAV that increase the transduction efficiency need to be tested. For

example, self-complementary vectors® that avoid the step of synthesizing a second DNA strand

have been shown to have a more rapid and stronger transgene expression. Other advances include
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modification in the viral vector packaging, which overcomes the limitations caused by barriers
encountered by the viral vector when transducing the target cells (e.g. ubiquitination, nuclear

accumulation). Those rAAV vectors containing capsid amino-acid substitutions®*®

(substitutions
which allow rAAV to avoid ubiquitination and proteosome degradation during intracellular
transport) will also be interesting to test in cats. Lastly, evaluation of rAAV vectors containing a
different promoter to allow more precise tissue transduction should be considered e.g. G-protein-
dependent receptor kinase (GRK) promoter®* and interphotoreceptor retinoid-binding protein
(IRBP) promoter®® %,

Once an optimal rAAV serotype-promoter combination is identified, it can be packaged

RaY* Kittens.

with hCRX-FLAG to further test the gene supplementation approach in the Crx
6.2.2.2. Silencing therapies
6.2.2.2.1. Use of antisense gene silencing therapy to reduce the level of
mutant Crx and rescue the retinal phenotype
It is likely that a combination of increasing expression of WT Crx will need to be combined
with a strategy to reduce levels of the mutant protein. Toward the latter goal, allele-specific
antisense oligonucleotides (ASOs) could be used.?® % ASO have been used and proven successful
in some inherited retinal degenerations such as the CEP290-LCA mouse model.****
Allele-specific antisense oligonucleotides (ASOs) are single strand nucleic acids that have a
complementary sequence to the target mRNA. The ASO binds to the target mutant mRNA,;
RNase H enzyme recognizes the heteroduplex and binds to it. The enzyme then degrades the
mRNA, leaving the DNA strand (ASO) intact®™ and therefore decreasing the production of

mutant protein. Our preliminary investigations of ASOs to specifically target the mutant allele

and leave the WT allele unaffected have not been successful so far.
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6.2.2.2.2. Knockdown the mutant Crx allele using sSiRNA or shRNA
Both the use of siRNA and shRNA would aim at interfering with the mutant Crx allele
and therefore decrease its negative effect. They have been used in retinal disease therapy in the

past. 540

siRNA are small interfering RNA sequences that can be artificially synthesized and
injected into the vitreous or subretinally. ShRNA is produced by the cell. Therefore rAAV-Crx-
shRNA knockdown vectors would have to be injected into the eye to enable the production of
shRNA which would target the endogenous Crx. siRNA are simpler to produce but would require
repeated injection. The rAAV-shRNA are more challenging to produce, but once introduced into
a cell they should lead to continuous production of sShRNA. These approaches have the potential
disadvantage of also targeting wild-type Crx expression. Producing a “hardened” Crx allele that

is also introduced by a rAAV vector and is functional and yet resistant to the sShRNA would be a

strategy to overcome this problem.

6.2.2.3. Other possible therapies
Over the last decade, new therapy techniques have been developed and could be tested in
the Crx*¥ cat to help rescue vision. One technique that is currently receiving much interest is
CRISPR-Cas9 editing. “** This technique aims to edit the gene of interest. One strategy would
be to try and target the mutant allele and render it non-pathogenic, and another approach is to
correct the mutation. Although this technique has been proven to be successful in retinal

diseases*® 46

, it presents many potential difficulties including in vivo efficiency and the potential
for significant off-target effects. In the case of the Crx"% cat the correction of a one base-pair

deletion would be challenging and would require extensive in vitro optimization before therapy
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could be tried in animal models. Additionally, the delivery of the CRISPR-Cas9 complex requires

AAV target optimization as for AAV gene supplementation.

Another potential therapy to be tested is retinal sheet or cell transplant.*”** For example,
retinal sheet allograft has been tested in a feline CEP290-LCA model of progressive retinal
dystrophy, showing integration but no ERG rescue.>® > To be more effective genetic correction
of iPS would be more valuable. This technique requires the development of induced pluripotent
stem cell (iPS) using cells from the “patient” such as skin or adipocytes.> The iPS cells are then
induced to form immature photoreceptor cells for transplantation or even developed into retinal
organoids for transplantation. So far, growing IiPS cells from adult cat cells has proven

challenging.

6.2.3. Developing vision assessment in the cat
In comparison to the canine species, the feline species is harder to vision test in a reliable
way. Indeed, cats are not consistently motivated by food or human interaction. Development of a

similarly reliable test as published for dogs (Fig.1)>* *’

is needed. Optokinetic testing could be
developed by trying to adapt rodents’ optokinetic device and additional maze test *® to a bigger
size using a computer screen. Other techniques or devices need to be developed in order to assess

functional vision after therapy in addition to ERG testing.
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