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1. The visual system: structure and function

Humans rely on vision more than on any other sense, constituting up to 80% of our perception

and with the eyes being the most sensitive organ we have.

The eye is the primary organ of vision. It contains three different coats: (1) the outer fibrous
layer, which includes the cornea and the sclera; (2) the middle vascular layer, which contains the
choroid and the iris; (3) and the inner nervous layer, formed by the retina (Figure 1.1) (Galloway

and Amoaku 1999).

Light enters the eye through the cornea, which helps with refraction. At the center of the iris,
the pupil modifies its size regulating the amount of light entering the eye. The lens further
focuses light on the retina, with muscles controlling its shape to differentially focus objects
based on the distance from the eye. Between the lens and the retina, the vitreous humor gives

the eye its spherical shape and keeps the retina in place (Teutsch et al. 2017).
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Figure 1.1. Anatomy of the eye. Sagittal cross section of a human eye with
its major components labeled. Image from Dave Carlson©.



1.1. The retina

The retina is the most specialized part of the eye, being responsible for converting light into
electrical energy and for transmitting it to the brain through the optic nerve. Six classes of
neurons and glial support cells are distributed throughout three different nuclear layers, forming
the neurosensory retina, which lies on a pigmented cell layer named retinal pigment epithelium

(RPE) (Figure 1.2).

The three nuclear layers of the neurosensory retina are known as: (i) outer nuclear layer (ONL),
which contains the nuclei of cones and rods photoreceptors, responsible for phototransduction;
(ii) inner nuclear layer (INL), containing the nuclei of horizontal, bipolar, amacrine cells and
Miiller glia, which transmit and modify the synaptic signal; and (iii) ganglion cell layer (GCL)

formed by retinal ganglion cells, whose axons constitute the optic nerve (Kolb 2013).

Two other synaptic or plexiform layers separate these three nuclear layers: (i) the inner
plexiform layer (IPL) is located between the GCL and the INL and contains the synapses ganglion
cells form with the INL neurons; whereas (ii) the outer plexiform layer (OPL), located between
the INL and the ONL, contains synaptic connections of photoreceptor cells (Willoughby et al.

2010).
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Figure 1.2. Retinal layers. Distribution of the distinct layers of the retina and choroid in a drawing
(left) and a histological section of a human eye stained with hematoxylin & eosin (right). The
different cell types composing the retina are also specified. (GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer).
Diagram modified from van Lookeren Campagne et al. 2014; and retinal section from Mescher 2016.



The retina converts photons of light into signals describing visual information and sends them
to the brain. This function starts in the outer segments of the photoreceptors, composed of
stacked and flattened membranous discs containing abundant light-sensitive photopigments,
specialized to different wavelengths. These pigments undergo chemical changes in response to
light bringing photoreceptors into a hyperpolarization state that ultimately leads to the
generation of action potentials. In a very simplistic view, bipolar cells connect photoreceptors
to the ganglion cells providing a vertical transmission to the brain. In addition to this direct
pathway, horizontal cells receive information from photoreceptors and transmit it to a number
of surrounding bipolar cells. Amacrine cells in turn, receive inputs from bipolar cells and activate

ganglion cells in their vicinity, integrating the response (Grossniklaus et al. 2015).

The mammalian retina contains two types of photoreceptors: rods and cones. Rods account for
95% of all photoreceptors and are specialized for high sensitivity under dark conditions. Cones
make up only 5% of total photoreceptors but provide high-acuity color vision in daylight
conditions. The density of photoreceptors in humans is not equal in the entire retina, as 50% of
all retinal cones are located in the eye fundus’ temporal area called macula. The center of the
macula has an even higher density of cone photoreceptors composing the fovea, responsible for

central vision and high visual acuity (Gregg et al. 2012) (Figure 1.3).

Figure 1.3. Macula and fovea. (A) Image of a human eye fundus, with the macula and the fovea circled
and the optic nerve at the right side. (B) Histological section of a human eye showing the macula and
fovea with the different retinal layers. The fovea appears as a depression of the retina and contains only
cone photoreceptors. Ganglion cell layer (GCL) and inner nuclear layer (INL) are reduced to achieve
maximum sensibility and acuity. Image from Marmorstein & Marmorstein 2007.



1.2. Retinal pigment epithelium

The other component of the retina, fundamental for the maintenance of photoreceptors, is the
retinal pigment epithelium. RPE is a monolayer of pigmented cells whose apical membrane faces
the photoreceptor outer segments and its basolateral membrane faces the Bruch’s membrane,
a collagen-rich extracellular matrix that regulates and restricts the exchange of products
between the RPE and the fenestrated choroidal capillaries (Guymer et al. 1999). The main

functions of the RPE are shown in figure |.4 and detailed below:

e Epithelial transport: RPE transports ions, water and metabolic end products from the
subretinal space to the blood, and takes nutrients and oxygen from the choroid to
deliver them to photoreceptors (Figure 1.4) (Strauss 2005).

e Light absorption: the retina is constantly exposed to light, allowing photo-oxidation and
subsequent oxidative damage. RPE contains pigments, such as melanin and lipofuscin,
which are specialized to detect different light wavelengths. These pigments absorb the
excess of scattered light and defense photoreceptors from possible damage (Beatty et
al. 1999).

e Visual cycle: RPE cells reisomerize the chromophore all-trans-retinal produced by
photoreceptors during light absorption back into 11-cis-retinal (Chen et al. 2017).

e Spatial buffering of ions (glia): although Miiller glia cells enable a major part of the
spatial buffering, RPE cells also contribute to stabilizing the ion composition of the
subretinal space, essential for the maintenance of photoreceptor excitability.

e Phagocytosis: another function in the maintenance of photoreceptor excitability is the
phagocytosis of shed photoreceptor outer segments (PhOS). RPE cells digest PhOS and
recycle essential substances to rebuilt new PhOS (Mazzoni et al. 2014).

e Secretion: RPE cells secrete diverse growth factors to the retina, such as Vascular
Endothelial Growth Factor A (VEGFA) and Pigment Epithelium-Derived Factor (PEDF),
maintaining its structural integrity and producing immunosuppressive factors to sustain

the immune privilege of the eye.
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Figure 1.4. Summary of RPE functions. Main function of the retinal pigment epithelial cells. MV,
microvilli; OS, outer segments. Image from Strauss et al. 2004.

1.3.  Retinal vascular supply

The retina is the most metabolically active tissue in the body, consuming oxygen more rapidly
than the brain (Wangsa-Wirawan et al. 2003). Therefore, a continuous oxygen supply is
essential. Retina possesses two vascular circulations, although some variations between species
exist. In humans, choroidal capillaries supply oxygen to RPE cells and photoreceptors up to the
outer two-thirds of the ONL. The layers above, which include the INL, the GCL and the inner one-
third of the ONL, receive their oxygen supply from the retinal vasculature (Figure I.5A). All vessels
of the retinal vasculature derive from the central retina artery, which runs through the optic
nerve and branches into four principal intra-retinal arteries that end up constituting the

superficial and deep capillary plexus (Figure 1.5B) (Kur et al. 2012).
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Figure 1.5. Retinal vasculature. (A) Drawing of a transversal cut of a human eye through the optic nerve,
showing the vascular supply to the retina and choroid. (B) Drawing showing the vasculature of the
retina and the choroid. (a, artery; v, vein; n, nerve). Image modified from Kur et al. 2012.



In turn, the retina is highly protected from toxins and infectious agents circulating in the
bloodstream by the blood-retinal barrier (BRB). The BRB consists in two different barriers: (i) the
outer BRB, formed by endothelial cells lining the choroidal vasculature and tight junctions of RPE
cells; and (ii) the inner BRB, formed by tight junctions of endothelial cells, pericytes, astrocytes
and Muiller glia cells (Himawan et al. 2019). This well-developed complex between endothelium
and specialized retinal cells allows the neural retina to establish and maintain the appropriate

environment necessary for its correct function (Runkle and Antonetti 2011).



2. Age-Related Macular Degeneration: an emerging problem in ageing

populations

The retina is a complex structure with a strict regulation to ensure its correct function. Damage
or dysfunction of any part of the visual system can lead to retinal degeneration and severe vision
impairment. There are hundreds of diseases, conditions and injuries that negatively affect vision,
including various rare diseases with a genetic component. However, most cases of vision
impairment are attributable to a small number of causes, being age-related macular

degeneration one of the most common.

2.1. Epidemiology and risk factors of Age-Related Macular Degeneration

Age-related Macular Degeneration (AMD) is a degenerative and multifactorial late-onset disease
that affects the central retina and causes progressive vision impairment. The late stages of the
disease lead to severe and permanent visual impairment and to legal blindness, being the major
cause of blindness in developed countries (Al-Zamil and Yassin 2017). The typical onset strikes
up around 50 and 60 years of age and its prevalence increases with ageing, with an overall
prevalence of 8.7% (Wong et al. 2014) and an estimated incidence of almost 300.000 new cases
per year in the USA (Rudnicka et al. 2015). Furthermore, its prevalence is expected to increase
in coming years as a consequence of ageing populations. The total number of cases estimated

by 2020 is 196 million, rising to 288 million people affected by 2040.

AMD is a complex disorder with several associated risk factors. Advanced age is the main risk
factor, as shown by epidemiologic data. Environmental factors also play an important role in
AMD. From all, smoking is the most consistently associated factor, typically resulting in a two-
fold increased risk of developing advanced AMD and at an earlier onset (Myers et al. 2014).
Cardiovascular disease risk factors such as hypertension or atherosclerosis have been associated
with AMD risk too, although with a lower consistency (Pennington et al. 2016; Kabasawa et al.
2011). Besides these factors, what has gained more relevance in recent years is the genetic
component. The discovery of loci associated with AMD was one of the major successes to come
from genome-wide association studies. The identification of a major locus in the Complement
Factor H (CFH) gene was the first genetic locus associated with AMD in 2005 (Klein et al. 2005;
Edwards et al. 2005). Since then, 52 variants at 34 genetic loci have been identified to be
associated with late AMD (Fritsche et al. 2016). Other complement-related genes such as CF1,
C2, CFB and C3 have been linked to AMD and another locus in the CFH gene was found associated

to AMD. Common risk variants in TIMP metallopeptidase inhibitor 3 (T/IMP3) and age-related
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susceptibility 2 (ARMS2) genes have also been correlated with AMD risk, although the role of

these genes in the development of macular degeneration have not been established yet.

2.2, Pathological and clinical features of Age-related Macular Degeneration

The first signs of AMD comprise the thickening of Bruch’s membrane, pigmentary abnormalities
in the macula and accumulation of lipid-rich extracellular deposits between the RPE and its
vascular supply, the choroid capillaries’ network. These deposits are called drusen and are seen
as yellowish subretinal spots in eye fundus imaging (Figure 1.6A). Since they can be usually
observed when patients are still asymptomatic, drusen have become the main clinical hallmark

to identify the disease and grade its progression (Lim et al. 2012).

Figure 1.6. Clinical presentation of AMD. Human eye fundus images with (A) soft drusen (B)
geographic atrophy and (C) subretinal hemorrhage from neovascular AMD. The black circle in A
indicates the macula. Image modified from McHarg et al. 2015.

According to the Age-Related Eye Disease Study (AREDS) classification, early and intermediate
stages are distinguished mainly by the size of the drusen observed in the eye fundus (Table I.1)
(Kassoff et al. 2001). In the advanced stages, AMD presents two different phenotypes: dry AMD,
characterized by geographic atrophy; and wet or neovascular AMD, characterized by choroidal
neovascularization (CNV) (Figure 1.6B, C). These two phenotypes are not excluding and one

patient can present the dry form in one eye and the wet in the other (Kaszubski et al. 2016).
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Table I.1. Age-Related Eye Disease Study (AREDS) classification.

No AMD (AREDS category 1) None or a few small drusen (<63um in diameter).

Multiple small drusen, few intermediate drusen
Early AMD (AREDS category 2)
(63-124um in diameter) or RPE abnormalities.

Extensive intermediate drusen, at least one large
Intermediate AMD (AREDS category 3) drusen (2125um in diameter) and geographic

atrophy not involving the fovea.

Geographic atrophy involving the fovea or any of
Advanced AMD (AREDS category 4)
the features of neovascular AMD.

Geographic atrophy consists in a progressive atrophy of the retinal pigment epithelium and the
photoreceptors as a result of drusen accumulation in the center of the macula. This
accumulation hampers the function of RPE cells, initiating inflammatory and apoptotic processes
that lead to photoreceptors’ degeneration. Choroidal neovascularization is the hallmark of wet
AMD and consists in the growth of new blood vessels from the choroid penetrating into Bruch’s
membrane and the subretinal space. These blood vessels are leaky and produce subretinal

hemorrhage, fluid exudation, lipid deposition and detachment of the RPE from the choroid

A. Geographic atrophy B. Choroidal neovascularization
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Figure I.7. Representation of retinas with advanced AMD. (A) Diagram of a retina with geographic atrophy.
Bruch’s membrane is severely disrupted, RPE and photoreceptor cell atrophy and loss are pronounced
together with the loss of other retinal cell types. The choriocapillaries is poorly perfused and microglia and
macrophages are abundant in the degenerated area. (B) Diagram of a retina with choroidal
neovascularization. Bruch’s membrane and RPE are disrupted by neovessels growing from the choroid,
which advance into photoreceptors layer. Fluid from the leaky vessels is accumulated in the subretinal and
intraretinal space and RPE and photoreceptors are atrophic. Figures modified from Van Lookeren et al. 2014.
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resulting, eventually, in the appearance of fibrotic scars that compromise vision severely (Jager

et al. 2008) (Figure 1.7).

In early AMD visual loss is generally mild and asymptomatic in most of the cases, emphasizing
the need for early detection and prevention. The most characteristic clinical symptoms include
blurred vision, visual scotomas (partial alterations in the visual field), decreased contrast
sensitivity, abnormal dark adaptation, need for brighter light and additional magnification to
read. In advanced AMD, patients with geographic atrophy suffer a gradual visual loss usually
over the course of months to years whereas patients with neovascular AMD can have sudden
and profound visual loss within days to weeks as a result of subretinal hemorrhage or fluid
accumulation (Jager et al. 2008). Although most people with AMD do not become completely
blind, visual loss often reduces quality of life and is associated with disability and clinical
depression in up to one third of the patients, making the disease more difficult to manage (Inan

et al. 2019; Slakter and Stur 2005).

2.3. Key pathogenic pathways involved in AMD

The exact molecular causes of AMD are still being elucidated, although several processes have
been postulated to play an important role in the pathogenesis of the disease, including oxidative
stress, autophagy and the immune system. What is indeed accepted is that RPE cells are the first

cells that become dysfunctional in AMD.

2.3.1 Oxidative stress

Photoreceptors are exposed to intense levels of light that lead to the accumulation of photo-
damaged proteins and lipids in the outer segments, where light absorption occurs.
Photoreceptors outer segments (PhOS) are rich in polyunsaturated fatty acids (PUFAs), which
are very sensitive to the action of reactive oxygen species (ROS). The oxidation of PUFAs, known
as lipid peroxidation, involves the production of more ROS, which can react with other fatty
acids, initiating a free radical reaction cascade and dramatically increasing the oxidative damage

of the cellular components (Evans et al. 2004).

To maintain the correct function of photoreceptors and avoid a chronic oxidative stress, apical
PhOS undergo a constant renewal process with the help of RPE cells that phagocyte these shed
PhOS (Sparrow et al. 2010). Oxidized PUFAs are commonly digested in the lysosomes of RPE

cells, but with ageing, lysosomes lose efficacy and PUFAs become deposited in the form of
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lipofuscin (Nowak 2014). Lipofuscin’s major component is A2E (N-retinylidene-N-retinylethanol-
amine), a harmful fluorophore able to provoke photochemical damage in the retina and RPE

cells under light exposure (Blasiak et al. 2014).

These processes take place in the entire retina, but occur with greater presence in the macula.
Being the retinal area with the highest density of photoreceptors, the macula is constantly
exposed to a high metabolic rate and high levels of oxidative stress. RPE cells and photoreceptors
in this area, experience localized peaks of oxidative stress, making the macula the most

vulnerable region of the eye for the onset of AMD (Booij et al. 2010).

2.3.2 Autophagy

Increased ROS levels induce genomic and mitochondrial DNA damage and alter mitochondrial
activity, which lead cells into senescence. Senescence prevents the proliferation of damaged
cells but also induces the secretion of pro-inflammatory cytokines, chemokines and growth

factors and regulates autophagy (van Deursen 2014; Kang and Elledge 2016).

Autophagy is involved in the removal of defective structures in the cell and contributes to the
equilibrium between the production of proteins and organelles and their clearance (Liu et al.
2010). In the retina, autophagy protects RPE cells from the death induced by oxidative stress
(Baek et al. 2017). It is generally accepted that autophagy declines with ageing, resulting in the
accumulation of cellular debris, and therefore enhancing the formation and growth of drusen.
The accumulation of amyloid-B (AB) in drusen is a common feature of AMD patients (lsas et al.
2010). AB is generated by the cleavage of the amyloid precursor protein (APP), secreted by RPE
cells. But decreased autophagy due to ageing disturbs the balance between its production and
clearance and favors its accumulation (Lynn et al. 2017). Lipofuscin cannot be digested either,
hence it accumulates in RPE lysosomes. Increased levels of ROS positively regulate autophagy,
but chronic oxidative stress declines this cellular function. Moreover, A2E, the main component
of lipofuscin has the capacity to inhibit lysosomal activity, decreasing autophagy even more

(Shamsi and Boulton 2001; Hyttinen et al. 2017; Saadat et al. 2014).

2.3.3 Immune regulation

Retinal function depends on the fine structure of its retinal neurons, which makes it strongly
vulnerable to internal and external insults (Chen et al. 2019). The ocular compartment has

evolved to become an immune privileged site, principally maintained by the blood-retinal barrier
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and the neuronal production of immunosuppressive factors (Caspi 2006). However, the
introduction of specific foreign or endogenous inflammatory signals in the retina evokes innate

immune responses.

Proteomic analyses to study drusen composition have revealed the presence of immune
associated molecules such as immunoglobulins, class Il antigens, AR deposits, components of
the complement system and molecules with immunogenic properties, which act as foci of

chronic inflammation (Crabb et al. 2002; Bergen et al. 2019).

When cells are exposed to stress insults, the local immune network triggers transient
inflammatory responses known as parainflammation. Normal parainflammation exists in the
ageing retina under physiological conditions, as a protective response against noxious waste
products accumulation, which allows for the maintenance of retinal homeostasis. However,
prolonged exposition to these insults such as oxidative stress, elevated protein aggregation and
lipofuscin accumulation, lead to dysregulated parainflammation that evolves into a chronic

inflammatory response through the activation of the inflammasome (Nita et al. 2014).

The inflammasome is a protein complex that culminates in the production of the pro-
inflammatory cytokines interleukin-1B3 (IL-18) and IL-18, and ultimately, in caspasel-mediated
apoptosis. In normal circumstances, autophagy controls the activation of the inflammasome by
degrading its components. But declined autophagy, drusen or A2E can contribute to its

activation (Kaarniranta et al. 2013; Gao et al. 2015).

The inflammasome can also be activated by the non-coding Alu RNA transcripts. These repetitive
transcripts are usually degraded by the RNase DICER1. However, AMD patients with geographic
atrophy present a reduced expression of DICER1 in RPE cells and suffer an accumulation of Alu
RNA transcripts (Kaneko et al. 2011), which act as activating signals for the inflammasome
(Tarallo et al. 2012). Deposition of AR in drusen has also been associated with inflammasome

activation and RPE damage through the upregulation of IL-1/3 and IL-18 (Prasad et al. 2017).

The complement system is also involved in the chronification of the inflammatory response. It
consists of three separate pathways, each activated by different factors: antigen antibody
complexes (classical complement pathway), polysaccharides on microorganisms (lectin
complement pathway) and pathogen cell surfaces (alternative complement pathway). All
pathways converge with the cleavage of complement factor 3 (C3) into C3a and C3b, which
induce inflammation and opsonize cells for phagocytosis, respectively (Boyer et al. 2017). Under
physiological conditions, retinal cells (microglia and RPE mainly) express high levels of

complement regulators, such as CFH, and low levels of complement proteins, including C3 and
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C5 (Luo et al. 2011). But with ageing, oxidative stress and low levels of inflammation reverse this
balance promoting the clearance of debris and dead cells by phagocytosis (Chen et al. 2019). In
AMD, chronic or sustained pathological stimulation, together with genetic polymorphisms in
complement-related genes, generate undesirable amounts of activated complement factors

inducing RPE damage (Gao et al. 2015).

The resident inflammatory cells in the retina are the microglia. These cells normally reside in the
proximity of retinal blood vessels in the inner layers of the neuronal retina and their main
functions are to phagocytize cellular debris and to act as antigen-presenting cells (Li et al. 2015).
Subretinal migration of microglia is also necessary to eliminate visual by-products (Ma et al.
2009). Pathogens or damage-associated molecular patterns (such as ROS, oxidized 1lipoproteins
or immunogenic drusen proteins) activate microglia, which can either induce the death of
further immune cells (macrophages and dendritic cells) infiltrating the retina or convert them
into immunosuppressive cells to reduce immunopathology and maintain neuronal function.
With age, migration of microglia to the site of damage is reduced, together with their plasticity
to change from a pro-inflammatory to an anti-inflammatory phenotype (Ma and Wong 2016;
Harry 2013). Aged microglia also display insufficient phagocytic activity towards apoptotic
bodies, protein aggregates and myelin, further contributing to the gradual accumulation of

potentially toxic compounds in the retina (Safaiyan et al. 2016).

2.3.3.1 The role of chemokines

Microglial activation and migration is regulated by various signals from retinal neurons such as
nerve growth factor, transforming growth factor or several chemokines. Chemokines are a
diverse set of small molecular weight proteins that mediate the recruitment and migration of
inflammatory cells to a target site (Luster 1998). From all chemokines, CCL2 signaling through
CCR2 and CX3CL1 through CX3CR1 have become a major focus in ophthalmological research

because of their proposed role in AMD.

CX3CR1 (C-X3-C Motif Chemokine Receptor 1) is constitutively expressed by the microglia and
its ligand CX3CL1 (C-X3-C Motif Chemokine Ligand 1) is expressed by the neurons as a
transmembrane protein (Harrison et al. 1998). CX3CL1-CX3CR1 signaling regulates the
communication between the microglia and the neurons and the glia in the nervous system (and
therefore also in the retina) to limit microglia-mediated neurotoxicity (Cardona et al. 2006).

During ageing, CX3CR1 expression is reduced, which induces microglia accumulation in the
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photoreceptor layers and subretinal space and increased microglial activation (Mecca et al.

2018).

CCL2 (C-C Motif Chemokine Ligand 2) expression in the retinal neurons and the RPE, and CCR2
(C-C Motif Chemokine Receptor 2) expression in the microglia is very low in physiological

conditions but increases in acute inflammation, with ageing and under oxidative stress.

In the degenerative retina, atrophic photoreceptors express CCL2 to activate and attract the
microglia to the injured site, which in turn secrete CCL2 to amplify and accelerate the
neuroinflammatory cascade. This, together with the age-induced accumulation of microglia,
leads to a dysregulated inflammatory response that evolves into a chronic state of inflammation,

detrimental to RPE and photoreceptor survival (Feng et al. 2017).

2.3.4 Cross talk between pathways in advanced AMD

The onset and progression of age-related macular degeneration is a collection of events.
Although oxidative stress is the first and main process involved, accumulation of lipofuscin,
dysregulated autophagy, presence of drusen and chronic inflammatory responses must take
place in conjunction to create a prone environment for RPE cells atrophy and photoreceptors

death, which are the hallmarks for geographic atrophy (Figure 1.8).

Advanced AMD can also present a wet phenotype, characterized by choroidal
neovascularization (CNV). Although the exact mechanisms involved are not clear yet, CNV is
likely a secondary reaction instigated by previous alterations, such as dysregulated immune
response, degenerative changes in the choroidal vasculature or increased expression of Vascular

Endothelial Growth Factor A (VEGFA).

Ageing and early AMD are both associated with a decreased density of choriocapillaries
(Moreira-Neto et al. 2018) and increased thickness of Bruch’s membrane. Bruch’s membrane
thickens due to the accumulation of cholesterol-enriched lipoproteins and the remodeling of its
extracellular matrix components; which results in an impaired transport across Bruch’s
membrane and an isolation of RPE cells (Curcio and Johnson 2012). These changes may lead to
hypoxia, which induces RPE cells to upregulate VEGFA and other pro-angiogenic factors,

providing the required stimuli for neovascular disease (Seddon et al. 2016).

Dysregulated immune response in early AMD is also involved in the development of CNV. Drusen

contain activated complement proteins, such as C3a and C5a (Anderson et al. 2002). These small
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proteins induce the complement cascade resulting in the formation of the membrane attack
complex (MAC) (McHarg et al. 2015). Accumulation of MAC in the choriocapillaris induces tissue
remodeling and causes inflammation and angiogenesis (Kumar-Singh 2019). In addition, C3a and
C5a are potent chemotactic agents that mediate the recruitment of macrophages and dendritic
cells to the choroid. Invading macrophages secrete some factors with anti-angiogenic activity,
such as IL-10 and CXCL10, but they produce a higher amount of pro-angiogenic factors, including
IL-113, IL-6 or TNFo, inducing VEGFA synthesis and exacerbating choroidal vessels invasion
(Nozaki et al. 2006; Skeie and Mullins 2009). Dysfunctional RPE cells also modulate macrophage

responses, driving further cell death and promoting angiogenesis in the eye (Liu et al. 2016).

How the new vessels growing from the choroid end up disrupting Bruch’s membrane is not fully
understood although the age-related changes of structural elements like the lack of collagen

fibrils and the severe inflammation of the tissue, seems the most plausible explanation.

Altogether, the conjunction of these chronic processes culminates in retinal degeneration and

irreversible vision loss.
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3. Current treatments and novel approaches

3.1. AMD current treatments

Age-related macular degeneration is a complex disease with no effective treatment available to
stop or revert its progression. Considerable advances have been made in the last decade in the
management of choroidal neovascularization but geographic atrophy still has no therapy

approved.

Effective treatments for neovascular AMD have been long established and are based on the
inhibition of VEGFA. Monthly intravitreal injections of ranibizumab and bevacizumab, two
antibodies that bind all isoforms of VEGFA have shown similar efficacy in stabilizing the areas of
CNV and delaying further neovascularization (Solomon et al. 2016). Aflibercept, a recombinant
protein that blocks all VEGFA isoforms, VEGFA receptors 1 and 2, and placental growth factor,
has been able to extend the dosing to 2-monthly injections while achieving the same efficacy

than monthly therapies (Heier et al. 2012).

Although preventing the hyper-permeability of developing CNV lesions, anti-VEGFA therapies
do not promote the regression of these lesions and can ultimately lead to fibrotic scarring
(Campbell and Doyle 2019). Moreover, it should be taken into account that a significant
proportion of AMD patients (20-30%) are initially refractory to anti-VEGFA therapies, and an
even a greater proportion develops resistance to treatment (Rofagha et al. 2013; Yang et al.
2016). Combined with the associated complications that present repeated intravitreal

injections, the need of alternative anti-angiogenic therapies is coming to the fore.

The situation for dry AMD is even less favorable. Geographic atrophy affects the majority of
patients with advanced AMD. However, there is still no treatment for it. The major outcome
until today has been the treatment with lampalizumab, a drug that targets the complement
pathway. The first clinical trial consisted in the intravitreal injection of lampalizumab every
month during 18 months and led to a 20% reduction of geographic atrophy (Yaspan et al. 2017).
However, a larger phase lll trial did not show any reduction of geographic atrophy during the 12

months of treatment (Holz et al. 2018), leaving this promising treatment on the air.

With this scenario, therapies to delay the progression from early to late stages are emerging as
the first approach to reduce vision loss. In the multicenter and controlled clinical trial AREDS, a
combined oral supplement containing high doses of antioxidants (vitamin C and E, B-carotene,

copper and zinc) slowed the progression of AMD in patients with an early phenotype by 25%
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after a 6 years follow-up (Kassoff et al. 2001). AREDS2 clinical trial added zeaxanthin and
replaced B-carotene with lutein (which is normally absorbed from blood into the macula),

achieving an 18% reduced risk of progression to advanced AMD (Chew et al. 2014).

3.2. CeO:NPs and their antioxidant function

Given the benefits oral antioxidant supplementation provide in the progression of dry AMD,
preventive therapies focusing on the reduction of ROS formation during the visual cycle should

be further explored.

In this context, cerium oxide nanoparticles (CeO,NPs) have received much attention in recent
years because of their excellent catalytic redox properties. When synthetized at the nanoscale,
CeO,NPs show unique regenerative antioxidant activity due to their low reduction potential and
the coexistence of both Ce3* and Ce* on its surface, acting as electron donors or acceptors
(Karakoti et al. 2009). Ce®* is able to scavenge superoxide radicals, exhibiting a superoxide
dismutase (SOD) enzyme mimetic activity. During this reaction, Ce** becomes Ce*, which is able
to scavenge hydrogen peroxide while regenerating its surface mimicking catalase activity

(Heckert et al. 2008; Pirmohamed et al. 2010) (Figure 1.9).

O, scavenging activity

Ce’* + 0O, + 2H = Ce™ + H,O,

Ce™ +HO, = Ce** + H" + HO,

H ‘OJ scavenging activity and
regeneration of the surface

Figure 1.9. ROS scavenging activity and surface regeneration properties of CeO:NPs. Ce®*
scavenges superoxide radicals (02). The reaction produces hydrogen peroxide (H.02) and Ce®*
becomes Ce*. In turn, Ce* scavenges H.0; regenerating its surface into Ce3* again.

These multi-enzyme mimetic properties have raised CeO;NPs as a therapeutic option for a wide
variety of oxidative stress-related diseases, with a great impact in neurodegenerative diseases.
Like the retina, the brain and the central nervous system present high levels of oxygen

consumption, which makes them particularly susceptible to increased oxidative stress and free

20



radical production (Naz et al. 2017). Several studies have examined the in vitro effect of CeO,NPs
in Alzheimer disease, showing a protection of neuronal cells against cell death and a reduction
of AB aggregation (Dowding et al. 2014; Cimini et al. 2012). Studies with Parkinson’s disease and
ischemic stroke mouse models have also shown a reduction of neuronal cell damage after
administering CeO2NPs by intravenous injection, highlighting the capacity of CeO,NPs to cross

the brain barrier (Dillon et al. 2011; Kim et al. 2012).

3.2.1. CeO:NPs in retinal degenerative pathologies

The first evidence showing a beneficial effect of CeO,NPs in a retinal degenerative pathology
was in 2006. Chen et al. demonstrated a reduction of ROS in primary rat retinal neurons in vitro
after the induction of oxidative stress with H,0,. More importantly, they also showed that a
single intravitreal injection of CeO,NPs was able to inhibit photoreceptors cell death in the light-
damage retinal degeneration rat model, a model with severe retinal degeneration (Chen et al.

2006).

Since then, the efficacy of CeO;NPs has been further analyzed in other models through
intravitreal administration. CeO,NPs conferred protection against photoreceptor degeneration
in the tubby mouse model (with a spontaneous splicing mutation in the Tub gene, codifying for
a cell signaling protein associated with neuronal differentiation) and in the P23H rat (an
autosomal dominant retinitis pigmentosa rat model), both with early and severe photoreceptor
degeneration (Cai et al. 2012; Wong et al. 2015). In addition, in the light-damage rat model,
CeO,NPs also reduced microglia activation while reducing photoreceptor death (Fiorani et al.

2015).

CeO:NPs have also shown a neovascular inhibitory capacity. An intravitreal injection of CeO,NPs
was able to regress pathological retinal neovascularization by inhibiting the expression of genes
associated with inflammation and angiogenesis in the VIdIr knockout mouse model (Zhou et al.
2011; Kyosseva et al. 2013); and to inhibit CNV by reducing VEGFA expression in the laser-
induced CNV mouse model (Mitra et al. 2017).

The effect of a long-term presence of CeO,NPs in murine eyes has also been addressed to discard
any cytotoxic response. Wild type rats receiving an intravitreal injection of CeO,NPs have been
assessed 120 days after administration without any changes observed in their retina structure
and function. Moreover, cerium was retained in their retinas during all that period, with a 69%

of the injected cerium present after 120 days (Wong et al. 2013). Wild type mice have also been
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followed up until 30 days post-intravitreal injection of CeO,NPs at different concentrations, with

the same outcome (Cai et al. 2016).

Taken together, these results showed an antioxidant, neuroprotective and antiangiogenic effect

of CeO;NPs, reinforcing their use as a therapy for retinal degenerative diseases.

3.3. Drug delivery to the retina

An efficient delivery of any drug implies its availability to the targeted site in sufficient amount
and for a sufficient period. Delivery of drugs to the retina and RPE is challenging given its
posterior location in the eye and the presence of the blood-retinal barrier, whose permeability
hampers the influx from systemic delivery and facilitates the clearance from the vitreous cavity

(del Amo et al. 2017).

The main routes of administration used to reach the retina are intravitreal, subretinal,

suprachoroidal, topical and systemic; each one with its pros and cons (Himawan et al. 2019)

(Figure 1.10).
= — Figure 1.10. Drug administration
routes to the retina. Main drug

administration routes into the retina.
Intravitreal, subretinal and
suprachoroidal administrations are
mediated by an injection to the
targeted site. Topical administration
consists in the application of a drop in
the cornea and systemic
administration uses the bloodstream
to reach the ocular compartment.
Image from del Amo et al. 2017.
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Intravitreal injection is the current method of choice for most retinal diseases as it provides a
direct delivery to the retina producing an immediate and increased therapeutic effect. It is the
established route to deliver anti-VEGFA therapies for the treatment of AMD (Lanzetta and
Loewenstein 2017). For gene and cell therapies, the route of choice is the subretinal injection as
it allows an easy delivery of the material to both RPE cells and photoreceptors. This procedure
generates a bleb between RPE cells and photoreceptors that inherently result in retinal

detachment. Although the bleb is later absorbed, the detachment produced can be detrimental
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to retinal viability (Peng et al. 2017). The newest ocular route explored is the suprachoroidal
injection, not used in clinics yet. With this administration, drugs diffuse slowly to the choroid
and retina, minimizing the potential systemic side effects and not interfering with the optical

path (Rai et al. 2015).

All these injection-mediated administrations need the assistance of an ophthalmologist, and
despite reaching the targeted site in sufficient amount, their use in chronic diseases is
detrimental. Repeated drug administration is needed in chronic and progressive diseases, what
increases the risk of injection-derived side effects (Falavarjani et al. 2013). Endophthalmitis,
intraocular inflammation, retinal detachment or intraocular hemorrhages are the main
associated complications to injection-mediated administrations, with a prevalence of 1% per
injection, but the recurring injections needed for these pathologies increase their risk (Jager et

al. 2004).

Topical administration with eye drops is the less invasive route and the most convenient, as
patients can apply it themselves. It is commonly used to treat disorders of the anterior part of
the eye, given the easy delivery of small molecular weight drugs into the anterior chamber.
However, the availability in the posterior part of the eye varies among molecules. In general,
about 4% of the dose applied reaches the posterior part of the eye (Djebli et al. 2017). Hence,
several clinical trials are exploring topical treatments for retinal pathologies, but none of them

are available yet.

Systemic administration is also used in some cases, such as the oral supplementation of
antioxidants for AMD. Although less invasive than other intraocular routes, it is limited by the
fact that only small molecules can cross the blood-retinal barrier. Overall, the amount of dose

reaching the ocular tissue is very poor, even negligible in some cases (Srirangam et al. 2012).
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4. Mouse models for AMD

AMD pathogenesis starts in the macula, a region identified in the retina of primates but not in
other mammals or vertebrates. Lower simian primates, such as macaque and rhesus monkeys,
present pigmentary abnormalities and drusen with ageing, with a similar composition of the one
reported in humans. However, there is no evidence of advanced AMD in their retinas (Gouras et
al. 2008; Umeda et al. 2005). Moreover, the inherent difficulties associated with the use of these

species as animal models, does not make them suitable for the study of AMD.

Despite their absence of macula and fovea, mouse models offer the possibility to dissect distinct
characteristics of complex human diseases and investigate contributions of individual

components to the complete phenotype (Swaroop et al. 2009).

Regarding the complex pathogenesis of AMD, different models have been developed to mimic
the progression to geographic atrophy, usually focusing in one of the main processes involved.
Thus, the different models can be categorized according to whether they present abnormalities
in the complement factor, metabolism, chemokine pathways or oxidative damage. Models
recapitulating the neovascular phenotype of the disease have also been developed. Despite not
recreating completely the characteristics of AMD, all models helped to gain insight into the
pathogenesis of the disease. Table 1.2 summarizes the most relevant models so far, with their

main AMD-related characteristics.

4.1. Models for choroidal neovascularization

The main models for wet AMD rely either on laser or on mechanical disruption of Bruch’s
membrane (Pennesi et al. 2012). From all of them, the laser-induced choroidal

neovascularization model is the most widely used.

This model was first generated in mice in 1998 (Tobe et al. 1998), achieving a high ratio of CNV
in lesions where the laser burn disrupted Bruch’s membrane. Similar to the CNV in humans,
laser-induced CNV follows three stages of development: early membrane formation,
establishment of mature fibrovascular network and involution (Miller et al. 1990). However, this
model is unable to recapitulate the complex sequence of events that lead to CNV in AMD, as it
is a model of acute injury and inflammation rather than a result of chronic inflammation and

progressive degeneration (Pennesi et al. 2012).
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Despite that, its lower cost, ability to efficiently generate high number of CNV lesions and its

short time course, turned it into the standard model to study CNV, greatly contributing to the

understanding of the pathogenesis of CNV at a molecular level and to the establishment of anti-

VEGFA treatments (Liu et al. 2017).

Table I.2. Main mouse models that mimic phenotypic characteristics observed in AMD.
BM: Bruch’s membrane; RPE: retinal pigment epithelium; CNV: choroidal neovascularization; CEP:
carboxyethylpyrrole; m: months; w: weeks; AV: adenovirus
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4.2. Models with oxidative damage

Oxidative stress is considered the first inducer of AMD pathogenesis. Animal models lacking
intrinsic antioxidant mechanisms, or those in which additional oxidative stress is applied, show

various features of AMD.

Super oxide dismutase (SOD) is a powerful antioxidant enzyme. It has three isoenzymes, all of
them expressed in the retina: SOD1, found in the cytosol; SOD2 expressed in the mitochondria;
and SOD3, found in the extracellular matrix (Behndig et al. 1998). Sod1”" mice start displaying
AMD-like characteristics at 7 months of age. They present yellowish drusen-like deposits
between the RPE and the Bruch’s membrane, oxidative damage in RPE cells, and thickening of
Bruch’s membrane. They also undergo cell death in the INL and present a reduction of visual
function at an advanced age (Imamura et al. 2006). Sod2 knockdown mice also present AMD-
like features such as increased autofluorescence and increased markers of oxidative damage.
These features begin 2 months after the adenovirus-mediated transfection with a ribozyme that
degrades SOD2. Sod2 knockdown mice also present a severe atrophy of photoreceptors and
degeneration of RPE cells, making it a suitable model for the study of severe retinal degenerative

diseases (Justilien et al. 2007).

Another relevant gene in the antioxidant response is Nrf2 (Nuclear factor erythroid 2-related
factor 2). Nrf2 is a transcription factor considered the master of anti-oxidation, as it regulates
several genes involved in the antioxidant response such as Sod genes, catalase, or glutathione
reductase among many others (Ma 2013). Nrf27- mice develop age-dependent degeneration of
the RPE and choroidal capillaries, and present sub-RPE deposits of inflammatory proteins. As in

other similar models, the onset of this phenotype starts at one year of age (Zhao et al. 2011).

Besides genetic models, induced models have also been developed. Exposition to cigarette
smoke or hydroquinone (one of the pro-oxidant substance of cigarette smoke) in mice diet
causes the thickening of Bruch’s membrane and an increase of basal laminar deposits in 16-

months old mice (Espinosa-Heidmann et al. 2006).

Another induced model is the mouse immunized with carboxyethylpyrrole (CEP), which was
developed to study the inflammatory response derived from oxidative damage. CEP is a product
of the oxidation of docosahexaenoicnacid (DHA), one of the most prevalent fatty acids in the
retina. Mice immunized with CEP gradually lose RPE cells, develop sub-RPE deposits, accumulate
C3 protein in the subretinal space, and present an increased number of immune cells in the

subretinal space. These data highlight the fact that an immune response against an oxidative
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stress-derived product can lead to the development of some signs of AMD (Hollyfield et al.

2008).

4.3. Models with abnormalities in the complement factor pathway

The presence of complement cascade components in drusen, and the increased risk of AMD that
confers polymorphisms in CFH gene (a negative regulator of the complement cascade) place the
complement system as a key player in AMD pathogenesis. To investigate the role of CFH, a
knockout mice (Cfh”") and a knock-in mice (Cfh'¥%?") that express the human Y402H
polymorphism in RPE upon the ApoE promoter have been developed. These mice present
deposition of the complement 3 (C3) protein and accumulation of macrophages and immune
cells in the subretinal space, starting at two and one years of age respectively (Coffey et al. 2007;

Ufret-Vincenty et al. 2010).

Mice injected with C3-expressing adenovirus have also been generated. Subretinal delivery of
C3 to murine RPE increases vascular permeability, induces RPE atrophy, loss of photoreceptor

outer segments and a reduced retinal function (Cashman et al. 2011).

4.4. Models with dysregulation in lipid metabolism

The association between cardiovascular diseases, such as atherosclerosis, and AMD is still under
discussion. Lipids and cholesterol are known to accumulate within Bruch’s membrane with
advancing age, and are thought to interfere with the transport of metabolites between the RPE
and the choroid capillaries (Curcio et al. 2001). Genetic polymorphisms in apolipoproteins (APO),
which mediate lipid transport, have also been postulated in the risk of AMD (Xiying et al. 2017).
This is why the relationship between lipid metabolism and AMD pathogenesis has also been

studied using several mouse models.

A variety of mice with a genetically modified expression of ApoE have been developed. ApoE”
mice exhibits increased serum levels of triglycerides and cholesterol and develop thickened
Bruch’s membrane, as well as accumulation of lipid deposits between RPE and Bruch’s
membrane (Dithmar et al. 2000). ApoE3-Leiden mice, which express a dysfunctional form of
human APOE3, develop similar changes in Bruch’s membrane as ApoE”" mice, which are
worsened with a high fat diet (Kliffen et al. 2000). Knock-in mice expressing the human APOE2,

APOE3 or APOE4 proteins under the control of endogenous mouse ApoE promoter also develop
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thickening of Bruch’s membrane and sub-RPE deposits when fed with high-fat diet (Malek et al.
2005).

CD36 is a scavenger receptor for oxidized low-density lipoproteins expressed in RPE cells
(Endemann et al. 1993). CD367 mice develop thickening of Bruch’s membrane and subretinal
deposits, with a worsened phenotype in the CD367"; ApoE”- double knockout mouse (Picard et

al. 2010).

Another genetic model with impaired lipid metabolism is the VIdIr”-mouse. The very low-density
lipoprotein receptor (VLDLR) knockout mice display retinal and choroidal neovascularization in
advanced ages, resembling retinal angiomatous proliferation diseases more than AMD (Chen et

al. 2007).

4.5. Models with dysregulation in chemokine pathways

Chemotactic cytokines or chemokines are a diverse set of small molecular weight proteins that
mediate the recruitment and migration of inflammatory cells to a target site (Luster 1998). In
AMD, activated microglia results in the migration of these cells towards the subretinal space,
with CCL2/CCR2 and CX3CL1/CX3CR1 axes being implicated. Genetic mouse models with

alterations in these genes resulted in mice with many features of AMD.

Cx3crl1” mice present drusen-like deposits composed of an accumulation of subretinal microglia
at 12 months of age. At 18 months, they also show a 40% retinal thinning, highlighting the
importance of microglia regulation. Additionally, laser-induced choroidal neovascularization
(CNV) in Cx3cr1”- mice retinas produce bigger neovascular areas than in control mice

(Combadiére et al. 2007).

The role of CCL2/CCR?2 axis in microglia mobilization has also been studied with the generation
of both Ccl27" and Ccr2”" mice. These mice present accumulation of macrophages in the
subretinal space with increased lipofuscin granules observed in aged mice (at 20 months of age),

and age-related RPE atrophy (Luhmann et al. 2009).

4.5.1. Ccl2/-; Cx3cr1/- mice as a model for dry AMD

Ccl2” and Cx3crl1” single knockout mice exhibit many features of AMD, but in a very advanced
age (20 and 18 months respectively) and with incomplete penetrance. To determine if the loss

of both CCL2 and CX3CR1 might have a synergistic effect, Cc/27- and Cx3cr1”- double knockout
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mice were generated (Tuo et al. 2007). These mice presented retinal changes as early as 6 weeks,
providing a more convenient model to study AMD. By 9 weeks of age, Ccl2”; Cx3crl”" mice
displayed drusen-like deposits and pigment alterations with a high penetrance. Photoreceptors

atrophy was also observed around 3 months of age.

However, two independently generated Ccl2”-; Cx3cr1”- mice did not exhibit severe features and
were not so phenotypically different from Ccl2”* or Cx3cr1”" single knockout mice (Raoul et al.
2010; Vessey et al. 2012). To understand these phenotypic discrepancies, further studies were
conducted in which the Crb1™ mutation was established as a third independent mutation

responsible for the earlier onset of the AMD-like phenotype in those mice (Luhmann et al. 2012).

This naturally occurring rd8 mutation is a single nucleotide deletion of a cytosine in the Crb1
gene that causes a frame shift and premature stop codon. CRB1 is expressed in Miller cells in
the retina and is crucially involved in the formation of the outer limiting membrane, located
between the nuclei and photoreceptor segments (Mehalow et al. 2003). The presence of the rd8
mutation has been identified in all vendor lines of C57BL/6N mice substrain, widely used to

produce transgenic and knockout mice (Mattapallil et al. 2012).

Therefore, the background in which the Cc/27; Cx3cr1” mice are generated, determines the
appearance of their phenotype. Given that Cc/2”-; Cx3cr1”- mice with 6J background (without
the rd8 mutation) begin to present AMD-related characteristics as early as 9 months of age, it
was established that the early retinal degeneration observed in the Ccl2”; Cx3cr1” mice with
6N background (already at one month of age) was due to the unnoticed mutation present in

their genetic background (Chen et al. 2013).

Further characterization of the Ccl2”7; Cx3cr1”"; Crb1™¥/ %€ mice revealed that the early retinal
lesions are localized in the inferior retina, starting in the outer nuclear layer. Microglia is
recruited to these primary lesions (Luhmann et al. 2012), which enlarge with ageing until a
complete degeneration of photoreceptors layers by 16 months of age is reached (Zhou et al.
2011). Ccl2”; Cx3cr1”"; Crb1™® mice retinas also display a thickening of Bruch’s membrane,
lipofuscin accumulation observed already at 6 weeks of age (Zhang et al. 2013), and increased
complement expression (Ross et al. 2008). RPE cells in these mice also show increased
expression of apoptotic proteins Fas and FasL (Wang et al. 2012), lipid accumulation and

degenerative mitochondria (Wang et al. 2016).

With all these characteristics, the Ccl2”7; Cx3cr1”- on the C57BL/6N [Crb1] genetic background
has been established as a mouse model of progressive and focal retinal degeneration, mimicking

certain features of human AMD.
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Different therapies have already been tested in Ccl2”; Cx3cr1”"; Crb1™/ mice. Following
AREDS and AREDS?2 clinical trials, their results pointed out that an oral intake of antioxidant rich
supplements slowed the progression of AMD, DKOrd8 mice were treated with a high omega-3
polyunsaturated fatty acids diet. After eight months of treatment, mice showed a slower
progression of retinal lesions, and decreased pro-inflammatory derivatives (Tuo et al. 2009).
DKOrd8 mice treated with lutein and zeaxanthin (antioxidants added in the AREDS2 study) for
three months also showed a greater regression of their retinal lesions and lower levels of A2E,

the main lipofuscin component (Ramkumar et al. 2013a).

The effect of the anti-inflammatory tumor necrosis factor-inducible gene 6 protein (TSG-6) (Tuo
et al. 2012) and the neuroprotective factors Pigment Epithelium Derived Factor (PEDF) and
Platelet-Derived Growth Factor (PDGF) have also been assessed individually in Ccl2”7; Cx3cr1”;
Crb1™/%€ mice in different studies, after a single intravitreal injection (Wang et al. 2013; Wang
et al. 2014). In all cases, the intravitreal administration slowed the progression of the focal

retinal lesions and decreased the expression of inflammatory factors such as TNFa and IL-17a.
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Age-related macular degeneration is a multifactorial disease with a complex pathogenesis. To
this day, no effective therapies to revert or stop its progression have been developed. In the last
years, CeO,NPs and other antioxidant therapies have emerged as a possible treatment for
neurodegenerative diseases because of their high and auto-regenerative capacity to reduce ROS

levels.

Given the major role oxidative stress plays in the onset and development of AMD, the
development of NPs with high antioxidant capacity could become an effective treatment for this

pathology.

Under this premise, the general aims of this thesis are:

e To generate the Ccl2”; Cx3crl”"; Crb1™¥/ % mouse, a murine model for AMD. Once
generated, to characterize the resulting mouse model through an in vivo monitoring of
the retinal status and function, and a post-mortem evaluation of the retinal histology

and gene expression profile.

e To develop a nanoparticles-based antioxidant therapy by performing preliminary
studies to (i) assess in vitro the antioxidant effect and toxicity of AOxNPs, (ii) compare
the biodistribution through different delivery routes, and (iii) test the efficacy of the
AOxNPs treatment in the DKOrd8 mouse model.
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1. Invivo animal experimentation

1.1. Generation of the DKOrd8 mice

The Ccl2 and Cx3cr1 double knockout (DKO) mice in C57BL/6N background (with presence of the
rd8 mutation) were generated from the single Ccl2” [B6.12954-Ccl2!™**°//J] and Cx3cr1”
[B6.129P-Cx3cr1t™t/]] knockout mice, from Jackson Laboratories and from C57BL/6N mice

(referred to as 6N mice) purchased at Charles River.

- Ccl2” [B6.12954-Ccl2t™*R!//]J] mice were originally generated in C57BL/6J background.
They present a small deletion and an in frame stop codon in exon 1 of Cc/2 gene. The
secreted protein is not detected in stimulated macrophages, what indicates the
impaired recruitment of monocytes in this model (Lu et al. 1998).

- Cx3cr1”" [B6.129P-Cx3cr1t™tt/)] mice were originally generated in C57BL/6)
background. They present a disruption in the endogenous locus of Cx3crl gene caused
by the insertion of the sequence encoding green fluorescent protein (GFP), which
replaces the firsts 390 bp of the second coding exon of the gene. GFP is expressed
instead of the endogenous protein in homozygous mutant mice (Jung et al. 2000).

- C57BL/6N is the most common inbred strain used for animal research and its
background is widely used for genetically modified mice. It was originally developed as
the C57BL/6 strain by C.C. Little in 1921 and transferred to Jackson Laboratories in 1948
(referred to as C57BL/6J). A subline was separated from the Jackson Labs to the NIH in
1951 giving rise to C57BL/6N mice. Between 1951 and 1961, a spontaneous single base
mutation in the Crb1™ gene occurred, although it was not detected until 2012. This
mutation has been found in homozygosis in all the strains of C57BL/6N mice, but not in

any C57BL/6J subline (Charles River Website 2019).

The detailed description of the generation of these mice is reported in the Results section (page
63). In brief, Cc/2 single knockout mice were crossed with C57BL/6N mice to ensure the presence
of the rd8 mutation. The initial Cc/2*; Crb1*/"* double heterozygous mice were intercrossed to
obtain the Ccl2”; Crb1™® double homozygous mice. Distinctly, Cx3cr1”" mice already
presented the rd8 mutation in their genetic background. Once generated and confirmed their
genotype, Ccl2”; Crb1™¥%€ and Cx3cr1”; Crb1™/%¢ mice were intercrossed to generate mice
with the rd8 allele in homozygosis and the Ccl2 and Cx3cr1 alleles in heterozygosis (Ccl2*/;

Cx3cr1*”; Crb1™¥%8). These mice were intercrossed again to generate mice with the Ccl2”;
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Cx3cr1”; Crb1™/8 genotype; hereafter called DKOrd8 mice. Once obtained, the colony was

maintained by setting periodic crossings between DKOrd8 mice.

For all the experiments, mice aged between one and nine months were used. Mice were housed
at Vall d’'Hebron Research Institute animal facility under standard cyclic light conditions (12/12
hours light/darkness), free access to filtered water and ad libitum food. All experiments were
performed according to the Association for Research in Vision and Ophthalmology (ARVO)
statement for the use of animals in vision and ophthalmic research and approved by the Vall
d’Hebron Research Institute Ethical Committee for Animal Research (VHIR-CEEA) and local

governmental authorities.

1.2. Genotyping
1.2.1. DNA extraction

All mice obtained from the different crosses were genotyped after weaning. For this purpose,
collected ear punches from each mice were digested overnight at 55°C with 100 pl of a DNA
digestion buffer containing SDS and proteinase K (50 mM TRIS-HCI pH 8.0, 100 mM EDTA pH 8.0,
100 mM NaCl, 1% SDS, 0.5 mg/ml proteinase K) and DNA was extracted the following day using
a phenol/chloroform protocol. In brief, 140 pl of neutralized phenol/chloroform/isoamyl alcohol
(Sigma, Ref. P2069) were added to each tube and were mixed vigorously. Samples were
centrifuged at 16.000 g for 15 minutes at 4°C. The aqueous phase was transferred into a new
tube, 200 pl of ethanol 100% at room temperature (RT) were added and tubes were inverted
until a DNA precipitate was formed. Next, samples were centrifuged at 16.000 g for 10 minutes
at 4°C, and the supernatant was carefully discarded. The DNA pellet was washed with 100 pl of
70% ethanol at -20°C and samples were centrifuged again at 16.000 g for 5 minutes. The
supernatant was discarded and the pellet was air-dried at RT before being resuspended in 50 pl
of distilled water (dH.O0). DNA quantity and quality were determined by taking

spectrophotometric readings (Nanodrop™, Thermo Scientific).

1.2.2. Polymerase chain reaction (PCR) and sequencing

Evaluation of Ccl2 and Cx3cr1 genotype was carried out with standard PCR using MyTaq Red Mix
Kit (Bioline, Ref. BIO-25044). The sequence of specific forward primers to distinguish wild type
(wt) and knockout alleles, and the sequence of a common reverse primer are shown in table

MM.1. In each PCR reaction 1 pl of DNA was used as a template. For Ccl2, the three primers
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were added together in each reaction. For Cx3cr1, each forward primer (the wt and the mutant)
were placed separately in an independent reaction, together with the reverse primer. Melting

temperatures for each primer set are also indicated in Table MM.1.

The genotype was confirmed by running the samples in a 1% agarose gel electrophoresis and
analyzing the different band sizes. For Ccl2, the mutant band had 179 base pairs (bp) whereas
the wt band had 287 bp. Band sizes for Cx3cr1 were 937 bp and 698 bp respectively.

For the rd8 genotyping, we designed primers flanking the rd8 point mutation to amplify the
region of interest by standard PCR. The resulting PCR product, with a length of 357 bp, was
cleaned with the ATP™Gel/PCR DNA Fragment Extraction Kit (ATP Biotech Inc. Ref. APF100)
following manufacturer’s instructions. The cleaned DNA was mixed again with specific primers
for sequencing, a procedure that was externalized and performed by Macrogen Inc. After Sanger
sequencing, we verified the deletion of a cytosine in the nucleotide 3481 of the Crb1 gene using

the FinchTV Software (Geospiza Inc.).

Table MM.1. Primers used for genotyping.

Ccl2 primers

Forward (wt band)
Forward (mutant band)
Reverse common
Cx3crl primers
Forward (wt band)
Forward (mutant band)
Reverse common
Crb1 primers
Forward

Reverse

5’-TGACAGTCCCCAGAGTCACA-3’

5’-GCCAGAGGCCACTTGTGTAG-3’ Tm=60°C

5’-TCATTGGGATCATCTTGCTG-3’

5-CAGTGTTTTCTCCCGCTTGC-3’

5’-ACGACGGCAACTACAAGACC-3’ Tm=59°C

5-TGGGGTGACGCCACTAAGAT-3’

5’-GCACAATAGAGATTGGAGGC-3’
Tm=55°C
5’-TGTCTACATCCACCTCACAG-3’
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1.3. Eye fundus imaging

The visualization of the eye fundus or funduscopy is a quick and non-invasive technique that
allows for the visualization of the interior surface of the eye. Hence, it can be used to detect and
evaluate several eye conditions in vivo. For DKOrd8 mice characterization, the eye fundus of
DKOrd8 and 6N mice were visualized with the Micron Il Retinal Imaging Microscope (Phoenix

Research Labs), an imaging platform created for performing funduscopies in rodents.

Mice were anesthetized with 2% inhaled Isoflurane (Aerrane®. Baxter laboratories) and pupils
were dilated with 1% tropicamide eye drops (Alcon Laboratories). Mice were kept under
anesthesia during the whole procedure using a mask attached to the imaging platform.
Anesthetized mice were placed on a heating pad integrated into the imaging platform to
maintain their body temperature during the eye fundus exploration. The cornea was coupled to

the objective lens using Methocel 2% (Omnivision GmbH) and the retina was focused.

The eye fundus was imaged with the Micron Il Retinal Imaging Microscope and bright field
images were captured with the Micron Discover V1.0 software (Phoenix Research Labs). Micron
Il microscope also possesses a fluorescent imaging modality for the visualization of green
fluorescence, which was used to observe GFP expression in DKOrd8 mice eyes’ fundus and to

capture images for further analyses.

1.4. Optical Coherence Tomography

Optical coherence tomography (OCT) is a non-invasive technique that allows for the in vivo
imaging of the retina. It uses low-coherence light to produce cross-sectional images of the retina,
allowing for the visualization of all the retina layers given the differences in their reflectance.
OCT images can be used to determine which are the layers affected by a specific pathology and

to quantify retinal thickness, among other applications.

This technique was performed in DKOrd8 and C57BL/6N mice with the image-guided OCT system
from Phoenix Research Labs, which can be integrated into the Micron lll Retinal Imaging
Microscope. Mice were anesthetized and pupils were dilated as explained above and were kept
under anesthesia during the whole procedure. Next, one by one each animal was placed on a
heating pad integrated into the imaging platform, and the cornea was coupled to the objective
lens using Methocel 2%. OCT imaging was performed with the InEye Software (Voxeleron LLC).

Several images from the inferior and superior retina were taken and subsequently analyzed.
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For all the experiments, the thickness of different retinal layers was quantified from OCT images
of the same mice at different time points, by delineating the layers using the InSight Software
(Voxeleron LLC). Specifically, we quantified the thickness of the inner plexiform layer (IPL), inner
nuclear layer (INL), outer nuclear layer (ONL), including the outer plexiform layer, the inner and
outer segments layer (IS/0S) and total retinal thickness. In all cases, the quantified retinal
sections were taken at the same distance from the optic nerve to reduce variability (Figure

MM.1)

Statistical analyses comparing the thickness of each retinal layer in a minimum of 20 6N and 20
DKOrd8 mice were performed applying a two-way ANOVA with a Sidak’s multiple comparison
test, using the GraphPad Prism 8 Software. Significant differences were established when P-

values were inferior than 0.05.

Figure MM.1. OCT visualization and quantification of the retinal layers. (A) OCT image of the
inferior retina of a mice. (B) Inner plexiform layer (INL), inner nuclear layer (INL), outer nuclear
layer (ONL) and inner and outer segments layer (IS/OS) are delineated and later quantified using
the OCT equipment’s software. (C) Visualization of the eye fundus with a horizontal arrow
indicating the area where the retina is being imaged.
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1.5. Ganzfeld Electroretinography

Ganzfeld electroretinography (ERG) is a technique that measures the electrical activity
generated in the whole retina in response to a light stimulus. Thus, it is the standard technique
used to evaluate retinal function. When a flash or light stimulus is applied to the mouse eye, it
evokes a biphasic waveform that can be recorded by placing an electrode on the cornea. The
two components of the waveform are the a-wave, a first negative component, followed by the
b-wave, which is positive and larger in amplitude. The time elapsing between the emission of
the light pulse and the peak of either the a and the b-waves are also measured. These times are
referred to as implicit times (Figure MM.2A). The a-wave reflects the activity of photoreceptors
whereas the b-wave shows the activity of the inner layers of the retina, including the bipolar and

Miuiller cells (FrishMan and Wang 2011).

b- wave amplitude
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Time (ms) e
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Figure MM.2. Components and
representative responses of a mouse ERG.
(A) Representative response of a dark-
adapted mouse ERG with the main
components: a-wave and b-wave
amplitudes and implicit times to a and b
waves. (B) ERG responses after a light stimuli
at low (-1.4 log cd-s/m?), mild (-0.2 log
cd-s/m?) and high (1 log cd-s/m?) intensities.
(C) Representative graph showing the
oscillatory potentials isolated from the ERG
response.

Amplitude (nV)
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At lower flash intensities, a normal ERG response presents a small a-wave amplitude and an
already prominent b-wave. As the light stimuli intensity is increased, the response of retinal
neurons increases, concomitantly with an enlargement of a-wave and b-wave amplitudes

(Figure MM.2B).

On the rising phase of the b-wave, low amplitude oscillating waves can be observed, known as
Oscillatory Potentials (OPs). This group of wavelets can be isolated using a band-pass filter to
guantitatively assess their amplitude. Although the exact origin of the OPs is unclear, it is
commonly accepted that they are generated by neural interactions among bipolar, amacrine
and ganglion cells (Lei et al. 2006). Therefore, they provide additional information regarding
retinal function. As the amplitude of these wavelets is quite low, they are usually evaluated as

the summation of the different observed peaks (Figure MM.2C).

Ganzfeld electroretinography recordings in DKOrd8 and 6N mice were measured using the
Ganzfeld ERG system from Micron Il (Phoenix Research Labs). As the main photoreceptors in
the retina are rods, which are specialized for high sensitivity under dark conditions, mice must

be dark-adapted to record the response of the entire retina.

Mice were dark-adapted overnight and the whole procedure was performed in an adapted room
under dim red light. Mice were anesthetized with inhaled 2% isoflurane and pupils were dilated
with 1% tropicamide before placing them on a heating pad to maintain body temperature. A
reference electrode was placed subcutaneously in the head; a ground electrode in the tail and
the recording electrode was connected to a gold-plate objective lens, which was coupled to the
mouse cornea. One drop of Methocel was applied to ensure complete contact with the lens and

to avoid the cornea to dry.

ERG responses were recorded with the LabScribe-3 ERG Software (iWorx Systems, Inc.) after a
light stimulation at 7 different intensities (-1.7, -1.4, -0.8, -0.2, 0.4, 1 and 1.6 log cd-s/m?), from
low to high. The duration of the stimulus was set in 1 millisecond (ms), and 6 to 10 swipes for
each intensity were recorded. A progressive interval of time between intensities was set to allow

the recovery of the retina.

The analysis of the recordings was performed with the same software, extracting the main
components of the ERG (amplitude of a- and b-waves and their implicit times) and the oscillatory

potentials (amplitudes and implicit times for each peak).

The ERG amplitude and implicit times of DKOrd8 and C57BL/6N mice at the different flash

intensities and ages were compared by applying a two-way ANOVA with a Sidak’s multiple
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comparison test. The software used for this purpose was the GraphPad Prism 8 Software.
Between 12 and 14 eyes per group were analyzed and significant differences were established

when P-values were inferior than 0.05.

1.6. AOxNPs synthesis and administration

Antioxidant nanoparticles were prepared by the Pharmacokinetic Nanoparticles group led by Dr.
Puntes at Vall d’Hebron Research Institute. Nanoparticles were purified by centrifugation,
resuspended in an aqueous solution of 10 mM TMAOH and stored at 4°C until their use. Its

surface charge (Z-potential) was characterized in a Zetasizer (Malvern Panalytical).

AOxNPs were used for in vitro testing (detailed in section MM.3, page 53) and in vivo
experiments. For the in vivo animal experimentation, AOxNPs were administered to C57BL/6N
and DKOrd8 mice through both intravitreal and topical administration. For each delivery route,

AOxNPs were prepared accordingly.

1.6.1 Biodistribution experiments

The biodistribution experiments consisted in the comparison of intravitreal and topical

administration of AOxNPs in C57BL/6N mice, to evaluate the efficiency of both delivery routes.

1.6.1.1. Intravitreal injection

For intravitreal injection, AOxNPs at 10 mM were conjugated with murine serum albumin to

stabilize the solution and avoid nanoparticles aggregation once injected into the vitreous.

Mice were anesthetized with inhaled 2% isoflurane in an induction chamber and their pupils
were dilated with one drop of 1% tropicamide. Each mouse was placed sideway on a heating
pad with an anesthetic mask, exposing the eye to inject. A 36-gauge beveled needle assembled
to a 10 pl syringe (Nanofil, World Precision Instruments) was inserted in the sclera at
approximately 1 mm from the superior limbus and 1.5 ul of AOxNPs at 10 mM were
administered. Right after the injection, one drop of tobramycin combined with dexamethasone
(Tobradex™ 1 mg/ml + 3 mg/ml, Alcon Laboratories) was applied to the injected eye to prevent
infections. The eye fundus was also visualized with the Micron lll Imaging platform to
corroborate a proper injection. The eyes in which the lens appeared punctured or some

hemorrhage had occurred were discarded.
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1.6.1.2. Topical administration

For topical administration, a specific solution of AOxNPs was prepared to facilitate a longer
presence in the surface of the cornea after the application of a drop, increasing the absorption

period.

Mice were slightly anesthetized with inhaled 2% isoflurane to guarantee the correct absorption
of the treatment. Once anesthetized, 5 ul of AOxNPs at 10 mM where placed on the surface of
the cornea using a micropipette. Mice received the same treatment in both eyes to avoid cross-

contamination.

1.6.2. Treatment of the DKOrd8 model

The therapeutic efficacy of AOxNPs through topical administration was evaluated in DKOrd8
mice. Mice were randomly distributed into treatment or placebo groups and topical
administration was performed as explained above: mice were slightly anesthetized and one drop
of the correspondent formulation was applied to each eye. Mice in the treatment group received

AOxNPs at 10 mM; whereas mice in the placebo group received a formulation without AOxNPs.
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2. Post-mortem animal experimentation

2.1. Tissue processing and histology

For histological evaluation, mice were anesthetized with an intraperitoneal administration of
ketamine:xylazine (1:0.3 ml) (Ketolar 50 mg/ml, Pfizer and Xilagesic 2%, Laboratorios Calier).
Next, they were transcardially perfused first with 1X phosphate-buffered saline (PBS) to remove
blood, and second with a 4% paraformaldehyde (PFA) (Formaldehyde aqueous solution 37%,
Panreac) flush to fixate the tissues. A stitch was performed in the upper part of each eye, to
enable the anatomical identification of the superior and inferior retina before the eyes were
enucleated. Following enucleation, the eyes were fixed with PFA 4% at RT during 4 hours and
were dehydrated and embedded in paraffin blocks. The embedded eyes were sectioned along
the inferior-superior axis with a microtome making slices of 4 um of thickness. The resulting

slides were stored at 4°C until further use.

2.1.1. Hematoxylin and eosin staining

Central retina sections were deparaffinized by heating the slides at 65°C during 1 hour. The slides
were rehydrated in a graded ethanol series and washed with dH,0. They were fixed and
permeabilized with ice-cold methanol/acetic solution (95:5 v/v) and washed with H,0. Following
permeabilization, the slides were stained with hematoxylin (Quimica Clinica Aplicada. Ref.
995960) for 2 minutes, and with eosin (Alfa Aesar GmbH & Co. Ref. B24535) for 1 minute. Next,
they were dehydrated in a graded ethanol series and immersed in xylene for 3 minutes.
Eventually, they were mounted with DPX (Sigma. Ref. 06522) and covered with a coverslip

before being visualized in a bright field Olympus BX61 microscope.

2.1.2. Immunofluorescence in paraffin-embedded slides

Central retina sections were deparaffinized by heating the slides at 65°C during 1 hour,
rehydrated in a graded ethanol series and washed with dH,0. Afterwards, they were fixed and
permeabilized with ice-cold methanol/acetic solution (95:5 v/v) and washed 3-4 times with PBS
1X. Heat-induced antigen retrieval was performed in a pressure cooker. Briefly, slides were
immersed in citrate buffer pH 6 (1.92 g citric acid (anhydrous) and 0.5 ml Tween-20 for 1 liter of

buffer) in a closed metal box and the pressure cooker was filled with dH,0. Samples were
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incubated for 4 minutes once the cooker reached full pressure. After, the cooker was

depressurized and the slides were cooled down allowing the antigenic site to re-form after the

exposure to high temperatures. Samples were afterwards blocked for 1 hour at RT with 3%

Bovine Serum Albumin (BSA, Sigma. Ref. A7906) and/or 1% Normal Goat Serum (NGS, Sigma.

Ref. G9023) in PBS 1X with slight variations depending on the antibody used. After blocking,

primary antibodies were diluted as shown in table MM.2 and incubated overnight at 4°C. The

following day, the slides were washed 3 times during 10 minutes with PBS 1X and incubated 1

hour at RT with the secondary antibody. Slides were washed 4 more times with PBS 1X before

mounting them with mounting medium containing DAPI (4',6-diamidino-2-phenylindole)

(Fluoroshield, Sigma. Ref F6057). The slides were visualized and imaged in the Olympus Confocal

Microscope (FluoView ASW 1.4; Olympus).

Table MM.2. List of antibodies used.

Primary antibodies

Source &
Antibody Target Host specie Dilution Catalogue

number
GFAP Maller glia Rabbit 1:250 Abcam, ab7260
IBA1 Microglia cells Rabbit 1:100 Wako, 019-19741

Santa Cruz, sc-
RPE65 3D9 RPE cells Mouse 1:150

73616
80OHdG DNA Mouse 1:75 Abcam, ab62623
Lectin — FITC Endothelial cells and Lycopersicon

1:100 Sigma, L0401

conjugated microglia esculentum (Tomato)

Antibodies online
Opsin Cone photoreceptors Rabbit 1:100

, ABIN350673
Rhodopsin Rod photoreceptors Mouse 1:250 Sigma, 04886
Synaptophysin Millipore,

Pre-synaptic vesicles Mouse 1:100

SP15 MAB329C
Recoverin Photoreceptors Rabbit 1:250 Millipore, AB5585
Calbindin Horizontal cells Mouse 1:50 Swant, 300
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Secondary antibodies

Source &
Antibody Target Host specie Dilution Catalogue
number
Alexa Fluor IgG ThermoFisher,
Anti-rabbit Goat 1:500
488 A11008
Alexa Fluor 1gG ThermofFisher,
Anti-mouse Goat 1:500
488 A11029
Alexa Fluor IgG ThermoFisher,
Anti-rabbit Goat 1:500
568 A11036
Alexa Fluor 1gG ThermofFisher,
Anti-mouse Goat 1:500
568 A11004

2.1.3. Imunofluorescence in flat-mounted RPE and retina

Mice were euthanized with inhaled CO; and eyes were immediately enucleated and fixated with
4% PFA for 1 hour at RT. Next, the eyes were washed with PBS 1X and dissected under the
stereomicroscope in ice-cold PBS 1X. The anterior segment of the eye was cut through the
limbus, and the cornea, iris and lens were all removed. Retina was separated from the RPE-
choroid-sclera complex and both parts were flattened by making four radial cuts as shown in

figure MM.3.

Retina flatmount RPE flatmount

Cornea

Dissection cuts

Figure MM.3. Representative diagram of the eye dissection and the RPE/retina flatmounting. After
getting rid of the anterior segment of the eye, the neural retina on one hand, and the posterior pole on
the other, are separated and cut to flatten the complex. Modified from Pijanka et al. 2014

RPE and retinal flatmounts were placed in a 48-well plate with PBS 1X. Retinal flatmounts were

fixed again with methanol:acetic acid (95:5) at -20°C for 2 minutes and washed afterwards twice
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with PBS 1X. Following fixation, both RPE and retinal flatmounts were blocked with 3% BSA and
0.3% Triton X-100 (Sigma, Ref. T8787) in PBS 1X for 1 hour at RT with gentle shaking. Once the
samples were blocked, they were incubated with primary antibodies overnight at 4°C (Table
MM.3). The following day, samples were washed three times with 0.3% Triton X-100 in PBS 1X
with gentle shaking. The secondary antibody was incubated for 1 hour at RT and flatmounts
were washed again three times. RPE flatmounts were mounted so that RPE stayed upwards.
Regarding retinal flatmounts, the ganglion cell layer was placed upwards. Both samples were
mounted using a mounting medium containing DAPI, and covered with a coverslip before their
visualization under the confocal microscope (FluoView ASW 1.4, Olympus). The images taken

were further used to quantify Ibal positive cells using the Cell Counter plugin in Imagel software.

For RPE flatmounts, all Ibal positive cells per flatmount were counted. In flatmounted retinas,
Ibal positive cells from four different regions were counted. Statistical analyses in both cases
were performed by applying a one-way ANOVA with a Tukey’s multiple comparison test.

Significance differences were established when P-values were inferior than 0.05.

Table MM.3. List of antibodies used for the flatmounts. References of each antibody are specified in

table MM.2
Primary antibody and dilution =~ Secondary antibody and dilution
Ibal (rb) (1:150) Anti-rb 488 (1:300)
RPE flatmounts
RPE65 (m) (1:150) Anti-m 568 (1:300)
Retina flatmounts Ibal (rb) (1:300) Anti-rb 488 (1:400)
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2.2. Gene expression analysis

The expression profile of DKOrd8 mice was studied with a microarray analysis. This technique is
based on the detection of fluorescence intensity emitted by cDNA fluorescently labelled after
the hybridization to a probe sequence (Churchill 2002). In a microarray, thousands of specific

probes are attached to a chip allowing the study of the whole genome expression profile.

2.2.1. RNA extraction

The first step of the procedure was the RNA extraction. For that purpose, mice were euthanized
with inhaled CO; and eyes were immediately enucleated and kept in RNA/ater™ Stabilization
Solution (AM7020, Invitrogen, ThermoFisher Inc.) before being dissected under the
stereomicroscope. The posterior pole of the eye (retina + RPE + choroid + sclera) was obtained
by cutting the anterior segment through the limbus and removing the cornea, iris and lens. Once
obtained, it was transferred into a microcentrifuge tube containing 140 pl of TRI Reagent™

(T9424, Sigma-Aldrich), frozen in liquid nitrogen and stored at -80°C until RNA extraction.

Total RNA was isolated from the posterior pole using the PureLink RNA Mini Kit (Ref. number
12183018A, ThermoFisher Inc.), following manufacturer’s instructions. The quality of the

isolated RNA was later measured by capillary electrophoresis (Bioanalyzer 2100, Agilent).

2.2.2. Microarrays

Microarrays service was carried out by the High Technology Unit (UAT) at Vall d’Hebron
Research Institute, using a GeneTitan System (Affymetrix, Thermo Fisher Scientific). A plate
containing 24 Clariom S arrays was used for this particular experiment. These arrays provide an
accurate measurement of the mouse transcriptome at a gene-level by using probes covering

more than 20.000 well-annotated genes, distributed through constitutive exons.

Briefly, 180 ng of total RNA from each sample were used as starting material. Single stranded-
cDNA suitable for labelling was generated from total RNA using the WT Plus Reagent Kit (Thermo
Fisher Scientific), according to the manufacturer’s instructions. After, purified sense-strand
cDNA was fragmented, labelled and hybridized to the arrays using the GeneTitan Hybridization,
Wash and Stain Kit for WT Plates (Thermo Fisher Scientific). The plate was loaded into the
GeneTitan and, after array scanning, raw data quality control was performed to check the

performance of the whole processing.
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2.2.3. Bioinformatic analyses

After the quality control, a complete bioinformatic analysis was performed at the Statistics and
Bioinformatics Unit (UEB) of the Vall d’"Hebron Research Institute. The selection of differentially
expressed genes was based on a linear model analysis with empirical Bayes modification for the
variance estimates. P-values were adjusted to obtain stronger control over the false discovery
rate (FDR). All the analyses were performed using the R version 3.5.3 software and Bioconductor

libraries.

The analysis of biological significance was based on an enrichment analysis against the Gene
Ontology database (GO, The Gene Ontology Consortium, 2019). The resulting data was also

analyzed with Cytoscape software (Cytoscape Consortium, 2019).

2.3. ICP-MS analysis

Biodistribution of the antioxidant component in wt mice was evaluated through Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), a type of mass spectrometry capable of detecting
metals at concentrations as low as one part per quadrillion (ppg, 10%°). This precise detection is
achieved by ionizing the sample with inductively coupled plasma and then by using a mass

spectrometer to separate and quantify those ions.

2.3.1. Tissue obtainment

Mice were euthanized with inhaled CO; and the eyes, the liver and the brain from each of them
were collected. Livers and brains were weighted and kept at -80°C until further analyses. Eyes
were fixed with 4% PFA for 30 minutes at RT before dissecting their different components. The
ocular components analyzed were (i) the cornea and the iris (referred to as anterior pole), (ii)
the lens, (iii) the retina and (iv) the posterior pole, which contained the retinal pigment
epithelium, the choroid and the sclera. All the eye components were also weighted with a high

precision scale before storing them at -80°C.
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2.3.2. Tissue digestion and ICP-MS analysis

Tissue digestion and ICP-MS analyses were carried out in collaboration with Dr. Puntes lab at the
Catalan Institute of Nanoscience and Nanomaterials (ICN2). In brief, samples were diluted with
an aqueous solution of HNOs; 2% w/w (Trace Metal Basis; Sigma) and analyzed for the

antioxidant compound concentration by ICP-MS (Agilent Technologies 7500ce; Agilent Tech.).
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3. Cell culture

3.1. Cell maintenance

ARPE19 (Adult Retinal Pigment Epithelial cell line 19) cells were used in all experiments. ARPE19
is an immortalized cell line derived from human RPE, from a 19-years old male donor. This line
was given to us from Dr. Pedraz group, at University of the Basque Country. Cells were
maintained in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F12 (DMEM/F12)
supplemented with GlutaMAX™ (Gibco, ThermoFisher Inc. Ref. 10565018). This basal medium
was supplemented with 10% of Fetal Bovine Serum (FBS) (Gibco, ThermoFisher Inc. Ref. 10270)
and with the antibiotics streptomycin and penicillin (Gibco, ThermoFisher Inc. Ref. 15140122).
Basal medium with all the complements is further referred to as complete medium. Complete
medium was changed twice a week and the subculture was performed every week once the cells
reached confluence in 75 cm? flasks. In brief, cells were washed once with PBS 1X and after that
3 ml of trypsin (Gibco, ThermoFisher Inc. Ref. 15400054) were added. Cells were incubated 2
minutes at 37°C until they were detached. Next, 6 ml of complete medium were added to
inactivate the trypsin. After trypsin inactivation, the cellular suspension was transferred into a
15 ml tube and centrifuged for 5 minutes at 1200 rpm. Once the cells precipitated, the medium
was removed and the cells were resuspended in new complete medium. Cell counting was
performed with the Neubauer Chamber, and 500.000 or 1 million cells were seeded in the new

flask. Cells were maintained in the incubator at 37°C with 5% CO,.

3.2.  Cell viability assay

Cell viability was assessed through an MTT assay in ARPE19 cells treated with CeO,NPs at
different concentrations. For all the in vitro experiments, AOXxNPs were synthetized as explained
previously in section MM.1.6 (page 44) and the 10 mM aqueous solution of AOxNPs in TMAOH

was used as stock solution.

The MTT assay is a colorimetric assay based on the metabolic reduction of tetrazolium dye 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into its insoluble form called
formazan, which has a purple color. It can be used to assess cytotoxicity, as the number of alive

cells is directly proportional to the coloring of the well.
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For this purpose, 80.000 cells/ml were seeded in 24-well plates in complete medium. 36 hours
after seeding, cells were washed with PBS 1X and then AOxNPs were added into each well at the
final concentrations of 10 nM, 50 nM, 100 nM or 500 nM. Cells were incubated with the AOxNPs
treatment (in DMEM-F12 + 10% FBS) for 24 or 48 hours and cell viability was measured
afterwards through the MTT assay. After the different periods of incubation, 100 pl of MTT
solution (VWR, LLC. Ref. 10005-370) were added per well and cells were incubated for 4 hours.
The medium was then removed and 300 pl of Dimethyl Sulfoxide (DMSO, Sigma. Ref. D8418)
were added into each well to dissolve the formazan crystals. Absorbance was measured in a

plate reader at the emission wavelength of 590 nm.

ARPE19 cells with no treatment were used as a control of viability and cells treated with 40%
DMSO were used as a negative control or as a control for cell death. The effect of AOxNPs in the
viability of ARPE19 cells was measured dividing the corrected absorbance (or OD, for optical
density) of our samples (ODsgo(sample) — ODsgo(negative control)) by the absorbance of the
viability control (ODsso(viability control) — ODsgo(negative control)) and expressed as a

percentage.

ODsg(sample) — ODsq (negative control) 100

Cell viability =
ell viability 0ODg5q (viability control) — ODgqq (negative control)x

A total of three independent experiments with 4 replicates per condition were performed and
analyzed, giving a total of 12 data sets per condition. Viability was compared between all the
different groups by applying a one-way ANOVA with a Dunnet’s multiple comparison test, using
the GraphPad Prism 8 software. Statistical differences were established when P-values were

inferior than 0.05.
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3.3. Intracellular ROS measurement

The antioxidant capacity of AOxNPs was assessed in ARPE19 cells with induced oxidative stress
using the 2’,7’-dichlorodihydrofluorescein diacetate (H,DCFDA) probe (ThermoFisher. Ref.
D399). This probe is a chemically reduced form of fluorescein, which upon cleavage of the
acetate groups by intracellular esterases and oxidation, is converted into the highly fluorescent
2',7'-dichlorofluorescein (DCF) (Figure MM.4). It is used to detect the generation of reactive
oxygen species (ROS) in cells, as an increase of intracellular ROS is traduced into an increase in

the amount of fluorescence emitted.
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For this purpose, 80.000 cells/m| were seeded into 24-well plates in complete medium. After 36
hours, cells were washed with PBS 1X and a pretreatment with AOxNPs was added into each
well at final concentrations that ranged from 1 nM to 500 nM. After a 24 hours incubation, the

H,DCFDA assay was performed.

Cells were washed once with PBS 1X to eliminate the excess of AOxNPs, and in parallel, the
H.DCFDA probe was prepared at 10 pM in DMEM-F12 + 0.5% FBS. Once the cells were washed
and the probe prepared, 500 pl of the probe were added into each well and plates were
incubated at 37°C for 30 minutes. From this point, the following steps of the procedure were

performed in the dark to avoid photo-oxidation.

After the incubation, oxidative stress was induced with different oxidizing agents depending on
the experiment. The three agents used were (i) hydrogen peroxide (H,0) at 300 uM, (ii)
antimycin A at 50 uM and (iii) tert-Butyl hydroperoxide (tBH) at 250 uM (tBH 70% ag. Sol.
AlfaAesar, ThermoFisher Inc. Ref. A13926). Once added into the correspondent well, they were
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incubated for 1 hour at 37°C. Afterwards, cells were washed once with PBS 1X, and 200 pl of cell
lysis buffer (20 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA and 1% Triton X-100) were added into
each well and incubated for 5 minutes at RT. After homogenizing the lysate, 50 pl from each well
were transferred into a 96-well black microplate and fluorescence was immediately read with a
spectrofluorometer (Appliskan, ThermoFisher) at an excitation and emission wavelengths of

485/20 nm and 528/20 nm respectively.

ARPE19 cells with no induction of oxidative stress were used as a control for basal levels of
oxidative stress and cells not treated with H,DCFDA were used as blank. The effect of AOxNPs
was measured dividing the corrected fluorescence intensity (FI) of our samples (Fl(sample) -
Fl(blank)) by the intensity of the control (Fl(control) — Fl(blank)). A total of three independent
experiments with 4 replicates per condition were performed and analyzed, giving a total of 12
data sets per condition. Statistical analyses were performed by applying a one-way ANOVA with
a Dunnet’s multiple comparison test, using the GraphPad Prism 8 software. Significant

differences were established when P-values were inferior than 0.05.

3.4. Gene expression analyses

Gene expression changes in AOxNPs-treated ARPE19 cells after inducing oxidative stress were
evaluated through quantitative PCR. This technique allows for the measurement of the amount
of copies of a RNA transcript of a specific gene which is present in a sample after the

amplification of this transcript. Therefore, gene expression differences can be evaluated.

3.4.1. RNA extraction and retrotranscription

In brief, 100.000 cells/well were seeded in 12-well plates with complete medium. After 36 hours,
cells were washed once with PBS 1X, a pretreatment with AOxNPs was added at the final
concentrations of 50 nM and 500 nM, and cells were incubated overnight. The following day,
oxidative stress was induced by incubating cells with tBH at 250 uM for 4 hours. Next, cells were
washed with PBS 1X and 200 pl of TRI Reagent were added into each well. Cells were scrapped,
transferred into a microcentrifuge tube, frozen in liquid nitrogen and stored at -80°C until RNA

extraction.
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For RNA extraction, samples were incubated for 5 minutes at RT to disrupt all the RNA-protein
complexes and 0.2 ml of chloroform per ml of Trizol used were added. Samples were vortexed
during 30 seconds and incubated 3 minutes at RT to allow phase separation. Next, samples were
centrifuged at 12.000 g for 15 minutes at 4°C, the aqueous phase was transferred into a new
tube, and 0.5 ml of isopropanol per ml of Trizol used were added. Samples were then mixed and
incubated at RT for 10 minutes before being centrifuged at 16.000 g at 4°C for 20 minutes. Later,
the supernatant was removed and the pellet containing the RNA was washed with 200 pl of
ethanol 75%. Samples were centrifuged at 7500 g for 10 minutes at 4°C, the supernatant was
discarded and the pellet was air-dried before being resuspended in 20 ul of RNase-free water.
The quality and quantity of the RNA was determined by running an agarose gel and taking

spectrophotometric readings (Nanodrop™, Thermo Scientific).

RNA was treated with DNase | (Invitrogen Ref. 18068015) to remove any remaining DNA. Once
the RNA was DNAsed, cDNA was synthetized from 2 ug of purified RNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems Ref. 4368814) and oligo(dT)is primers

(Thermo Scientific, Ref. SO132) following manufacturer’s instructions.

3.4.2. Quantitative Polymerase Chain Reaction (qPCR)

Quantitative PCR was performed on the resulting cDNA using the LightCycler™ 480 SYBR Green
| Master kit (Roche, Ref. 04887352001) and the LightCycler™ 480 Instrument (Roche). In brief,
cDNA from each sample was diluted 1:10 and mixed with the Green | Master buffer, which
contained a FastStart Tag DNA polymerase, reaction buffer, dNTPs SYBR Green | dye and MgCl..
Specific primers were also added to the reaction. Three separate experiments were analyzed,

with six replicates performed for each sample, giving a total of eighteen data sets.

The expression of the targeted genes was normalized to the housekeeping gene GAPDH.

Sequences of primers used in this assay are listed below.
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Table MM.4. Primers used for in vitro gene expression analyses

SOD2 primers
Forward
Reverse

Nrf2 primers
Forward
Reverse

NOX4 primers
Forward
Reverse

HO1 primers

Forward
Reverse
GAPDH primers
Forward

Reverse

5’- GTAGCACCAGCACTAGCAG -'3

5’- CGTTGATGTGAGGTTCCAGG -'3

5’- AGCACATCCAGTCAGAAACC -'3

5’- CGTAGCCGAAGAAACCTCA -'3

5’- AGTTTTGGCAAGAGAACAGACC -'3

5’- TCCACCGAGGACGTCCTATAA -'3

5’- TCAGGCAGAGGGTGATAGAAG -'3

5’- TTGGTGTCATGGGTCAGC -'3

5’- GGTATCGTGGAAGGACTCATG -'3

5’- GTAGAGGCAGGGATGATGTTC -'3









Chapter 1. Generation and characterization of the DKOrd8 mouse

The first goal of this thesis was the obtainment of a reliable model mimicking the aged-related
macular degeneration (AMD) phenotype in humans. For that purpose, we aimed to generate the
Ccl2”; Cx3crl”; Crb1® mouse model, which has already been described to recapitulate
certain features of AMD. Once generated, we aimed to characterize it through in vivo and post-
mortem assessments to corroborate its phenotype and acquire a deeper knowledge of their

pathogenic characteristics.
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1. The DKOrd8 mouse is generated by crossing three different mouse

strains

In the last years, the double knockout mouse for Cc/l2 and Cx3crl genes together with the
presence of the rd8 mutation in the Crb1 gene, has gained importance as a model for dry AMD
thanks to the early onset of certain AMD-like features. Until now, these mice had only been
generated and used by Tuo et al. and although partially characterized by them, a better

understanding of their phenotype is needed to develop and test new therapies for AMD.

As these mice are not commercially available, we planned to generate our own Ccl2”; Cx3cr1”;
Crb1%/ mice colony, further referred to as DKOrd8, starting from the Cc/2 and Cx3cr1 single

knockout mice and the C57BL/6N mice with the Crb1™/ mutation.

Four couples of Cx3crl knockout mice [B6.129P-Cx3cr1t™t/]] were handed over to us by a
researcher of our center. We genotyped them for Cx3crl to confirm that all mice were
homozygous for the mutant form of the allele (Figure R.1A). Although these mice were supposed
to have a 6J background (characterized by the absence of the rd8 mutation), we also genotyped
them for the rd8 mutation in the Crb1 gene to make sure the genetic background was 6J.
Nonetheless, by DNA sequencing, we found out that these mice had the rd8 mutation in
homozygosis (Figure R.2). Further inquiries let us know that the original Cx3cr1”- mice sent to

The Jackson Laboratory repository had a mixed 6N and 6J genetic background.

B

Figure R.1.Genotyping of Cx3cr1 and Ccl2 genes. (A) Representative image of an agarose gel showing the
PCR product of heterozygote (+/-), homozygote for the wild type allele (+/+) and homozygote for the
mutant allele (-/-) mice. Cx3cr1 PCR yielded a wildtype band of 689 bp and a mutant band of 937 bp. (B)
Representative image of an agarose gel showing the PCR product of heterozygote (+/-), homozygote for
the wild type allele (+/+) and homozygote for the mutant allele (-/-) mice. Cc/2 PCR yielded a wild type
band of 287 bp and a mutant band of 179 bp.
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Regarding Ccl2” mice, three females knockout for Ccl2 [B6.12954-Ccl2!™**°!/J] were purchased
directly at The Jackson Laboratory. Upon their arrival, we genotyped them for Ccl2, confirming
the presence of the mutant allele in homozygosis (Figure R.1 B); and for the rd8 mutation, which
was not present. We also genotyped them for Nnt, a single nucleotide polymorphism (SNP)
marker that distinguishes the C57BL/6J and C57BL/6N substrains. All three mice presented the

mutant allele in homozygosis, confirming the 6J background (data not shown).

wt/wt rd8/rd8

Figure R.2. Genotyping of
rd8 allele. Representative
images of the sequences of a
wt/wt mouse, without the
rd8 point mutation; and an
rd8/rd8 mouse, with a
deletion in the cytosine
(arrow) in the nucleotide
3.481 of the Crb1 gene.

The C57BL/6N mice, also referred to as 6N mice, were directly purchased at Charles River
Laboratories Inc. and we confirmed the presence of the rd8 mutation in homozygosis by

sequencing.

Once we had genotyped all the founders of the future colony, we started the crosses to obtain
our Ccl2”; Cx3cr1”; Crb1™¥/%€ mice. First, we crossed Ccl2”" females with C57BL/6N males (with
the rd8 mutation in homozygosis) to obtain mice with the mutant Cc/2 and Crb1 alleles in
heterozygosis (Ccl2*°; Crb1*/7*) (Figure R.3). At eight weeks of age, we intercrossed these mice
to obtain Ccl27; Crb1%¥ mice. We genotyped all the progeny and among the 92 pups obtained,
a total of 8 were Ccl27; Crb1™/%: 5 males and 3 females. We crossed these mice with Cx3cr1”
; Crb178/"%€ mice to obtain animals with mutant Cc/2 and Cx3cr1 alleles in heterozygosis and the
mutant Crb1 allele in homozygosis. Once confirmed this genotype, we intercrossed Ccl2*/;
Cx3cr1*”; Crb1%/ 8 mice to finally obtain the triple knockout mice Ccl27; Cx3cr1”; Crb1¥/r,
referred to as DKOrd8 mice. In that case, among the 71 pups obtained, 5 had the Cc/2”; Cx3cr1”
-+ Crb1™¥/r%€ genotype: 3 females and 2 males. We used these mice to amplify the number of

Ccl2”; Cx3cr1”; Crb1™¥r% mice and settle the colony.

Thus, 12 months after the establishment of the first crosses, we successfully generated the

DKOrd8 mouse.
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Figure R.3. Diagram of the DKOrd8 mouse generation. Cc/2”, Crb1™/"% and Cx3cr1”- mice were used for
the generation of the DKOrd8 mouse. In brief, Cc/27- mice were crossed with Crb17#%/"%, The Ccl2*/-; Crb1*/r%
obtained were intercrossed to produce Ccl27; Crb1™//%8 mice. The later were then crossed with Cx3cr1”-
mice to generate Ccl2”-; Crb1"%/98; Cx3cr1” mice that were again intercrossed to finally obtain the DKOrd8
mouse model. Percentages refer to the proportion of animals with that particular phenotype obtained after

each crossing.
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2. The DKOrd8 mouse presents early eye fundus alterations and a

progressive thinning of the inferior retina

To evaluate the phenotype of the recently generated DKOrd8 colony and validate our mice as a
model for dry AMD, we followed up 47 DKOrd8 and 25 C57BL/6N mice as wild type control for
nine months. During that period, we performed different in vivo assays, including the

visualization of the eye fundus and optical coherence tomography of the retina.

The first in vivo assay performed in DKOrd8 mice was the eye fundus imaging or funduscopy.
This quick, non-invasive and reliable technique allows for the observation of the eye fundus and
the monitoring of certain retinal conditions. Using the Micron Ill retinal-imaging microscope, we

evaluated the retina of the same mice from 1 to 9 months of age.

At one month of age, we observed the presence of several bright spots in the inferior
hemisphere of the DKOrd8 mice eyes, more predominant in the nasal quadrant (Figure R.4). At
three months, these spots appeared enlarged and less intense. The brightness of the spots kept
decreasing upon ageing as well as the number of spots observed. At 9 months of age, the spots
had declined and presented a more yellowish appearance. On the contrary, we did not observe

abnormalities in C57BL/6N mice eyes’ fundus at any of the ages analyzed.

1 month 3 months 5 months 7 months 9 months

Figure R.4. In vivo assessment of retinal status in DKOrd8 and C57BL/6N mice with funduscopy. Eye
fundus images of the inferior hemisphere of the left eye of DKOrd8 and C57BL/6N mice taken at 1, 3, 5,
7 and 9 months of age. Arrows indicate the temporal (T) and nasal (N) parts of the eye.
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7 months 5 months 3 months 1 month

9 months

To determine in which retinal layer were located these spots, we performed Optical Coherence
Tomography (OCT). This non-invasive technique offers an in vivo cross-sectional view of the
retina and of all its layers allowing the study of the different layers separately. We evaluated

periodically the same mice with an image-guided OCT scan attached to the Micron Il platform.

C57BL/6N DKOrd8

PhRIS
PhOS
RPE y
Choroid

Figure R.5. OCT evaluation of the retina status in DKOrd8 and C57BL/6N mice. OCT imaging performed
in the inferior retina of the same mice shown in Figure R.4, at 1, 3, 5, 7and 9 months of age. GCL, ganglion
cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer

nuclear layer; PhlIS, photoreceptor inner segments; PhOS photoreceptor outer segments; RPE, retinal
pigment epithelium.
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At one month of age, we observed numerous hyper-reflective areas located in the outer nuclear
layer of DKOrd8 mice (Figure R.5). Most of them expanded from the OPL through the ONL and
the photoreceptor inner and outer segments layer, without disrupting the retinal pigment
epithelium. At 3 months, these areas were bigger and mostly confined in the photoreceptor
nuclear layer and the inner and outer segments layer, although they also disrupted the OPL and
reached the INL. At 5 months, all these focal areas had disappeared and we observed an
enlargement of the OPL and a thinning of the ONL thickness. This decrease in the ONL thickness,
was more prominent at 7 and 9 months of age, although the rest of the layers seemed to
maintain its structure. C57BL/6N mice followed-up at the same time did not present any

alteration in their retinal layers.

To corroborate this decrease in the thickness of the ONL in DKOrd8 mice, we quantified and
compared all the retinal layers and total retina thickness of DKOrd8 and C57BL/6N mice at all
the specified ages. At three months of age, DKOrd8 mice already presented a significantly
thinner ONL in comparison to age-matched C57BL/6N mice (Figure R.6). This decreased number
of photoreceptors in the DKOrd8 retinas was either significant in the rest of the ages analyzed,

confirming that DKOrd8 mice retinas had a lower number of photoreceptors.
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Furthermore, DKOrd8 retinas presented shorter inner and outer photoreceptor segments
compared to C57BL/6N mice at all ages. No significant differences were observed in the
thickness of the INL. Regarding the IPL, we did not observe differences at three and five months,
but at seven months its thickness was greater in DKOrd8 retinas, which increased even more at

nine months.

Overall, total retina thickness was reduced in DKOrd8 mice, although this decrease was not as

severe as the one observed in the ONL and IS/OS layers separately.

When looking into the progression of the different retinal layer thicknesses from 3 to 9 months,
we observed an age-dependent thickness reduction of the inner and outer nuclear layers and
total retina (Figure R.7). While the observed decrease in the INL and total retina thicknesses was
similar in both DKOrd8 and C57BL/6N mice, the thickness of the ONL in DKOrd8 mice
experienced a greater decrease (9,5%) in contrast with the C57BL/6N mice (6,2%). Inner and
outer photoreceptor segment length, despite of being shorter in DKOrd8 mice, was maintained
upon ageing. Therefore, we could confirm that photoreceptors were the main cell type affected

in our DKOrd8 model.
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Regarding the IPL thickness, this retinal layer suffered an age-dependent decrease in C57BL/6N
mice from 3 to 7 months, which was maintained by 9 months of age. On the contrary, DKOrd8

mice experienced an initial thinning but from 5 months on, its thickness slightly increased.

It is important to emphasize that the presence of the hyper-reflective areas and alterations in
the thickness of the different layers of DKOrd8 mice were strictly restricted in the inferior retina.
OCT imaging of the superior retina did not showed alterations at any of the ages analyzed (Figure

R.8) and DKOrd8 mice had a similar retinal thickness as C57BL/6N age-matched mice (data not

shown).

A DKOrd8 C57BL/6N
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Figure R.8. Comparison of the inferior and superior hemisphere of DKOrd8 and C57BL/6N mice eyes.
(A) Eye fundus images of DKOrd8 and C57BL/6N mice at 9 months. DKOrd8 mice present an increased
number of drusen-like deposits in the inferior and superior retina. (B) OCT imaging comparing the
superior and the inferior eye hemisphere at 9 months of age. Retinal thickness was maintained in the
superior part of the retina but not in the inferior part.
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At nine months however, we did observe a higher presence of the drusen-like yellowish spots in

the superior retina of DKOrd8 mice, which has also been reported in other models.

In summary, DKOrd8 mice (i) showed alterations in their eye fundus already at one month of
age, (ii) had a thinner outer nuclear layer, (iii) presented shorter inner and outer photoreceptor

segments and (iv) experienced a greater decrease in the ONL thickness only in the inferior retina.

3. Retinal function alterations arise in young DKOrd8 mice and are

maintained upon ageing

Retinal function is usually evaluated in humans through electroretinography (ERG) to obtain an
objective measure of the visual loss associated to a retinal pathology. Retinal function of rodents
can be evaluated with the same technique. ERG measures the electrical response of all retinal
cells in response to a light stimulus, usually applied at increasing intensities. Low light intensities
are useful to observe a predominant response of rods whereas high intensities show a mixed
response of rods and cones. Therefore, it is important to cover a wide range of intensities to

completely evaluate the response of the retina.

During the characterization of the DKOrd8 model, we aimed to evaluate whether these mice
presented any abnormality in their retinal function. For that purpose, we performed Ganzfeld
ERG in dark-adapted DKOrd8 and C57BL/6N mice from three to nine months of age, recording
the electrical response of their retinas after light stimuli at intensities ranging from -1.7 to 1.6
log cd-s/m?, and chose a mild (-0.2 log cd-s/m?) and a high (1 log cd-s/m?) intensity to represent

the observed results.

At three months of age, DKOrd8 mice presented a significant decrease in the a-wave amplitude
(derived from photoreceptors activity) compared to C57BL/6N mice when stimulated with both
mild (6N mean=71.87 uV vs. DKOrd8 mean=45.7 pv) and high (6N mean=145.4 uV vs. DKOrd8
mean=108.6 pv) intensities (Figure R.9). The b-wave amplitude (derived mainly from bipolar
cells), as well as the implicit times to both a and b waves, were not altered. A decreased a-wave
amplitude was also observed in the succeeding recordings (five, seven and nine months)

although it did not worsen with ageing.
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Differences in the a-wave implicit time appeared at 7 months. At that age, the a-wave implicit
time was higher in DKOrd8 mice after a 1 log cd-s/m? stimulation, indicating a delayed a-wave
and therefore, a slower photoreceptor response. This delayed response was maintained up to
nine months, in this case observed after both mild and high stimulations.
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Figure R.9. Electroretinographic response of DKOrd8 and C57BL/6N mice. Analyses of the a-wave
amplitude, a-wave implicit time, b-wave amplitude and b-wave implicit time after light stimuli of (A)
-0.2 log cd-s/m? and (B) 1 log cd-s/m? showed as mean%SD. Two-way ANOVA with Sidak’s multiple
comparison test; *p<0.05; **p<0.01;***p<0.001 (n=12 eyes per group). Amplitude expressed in
microvolts (LV) and implicit time in milliseconds (ms).
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Over the nine months of evaluation, no differences were observed in the b-wave amplitude in
DKOrd8 mice at any of the tested light intensities. In correlation with the delayed a-wave, we
also observed a delayed b-wave response in older DKOrd8 mice, striking at 7 months. Figure

R.10 shows representative ERG responses of both DKOrd8 and 6N mice at the different ages

analyzed.
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Figure R.10. Representative ERG waveforms of DKOrd8 and C57BL/6N mice. ERG waveforms after a
light stimulus of -0.2 log cd-s/m? and 1 log cd-s/m? in DKOrd8 and C57BL/6N mice at 3, 5, 7 and 9
months of age. The lower intensity produces a modest response, with a shorter a-wave whereas the
high intensity produces a full response, also with a shorter a-wave. DKOrd8 mice present a smaller a-
wave and a delayed response upon ageing.
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During the ERG recording, low amplitude oscillating waves, known as Oscillatory Potentials
(OPs), can be observed on the rising phase of the b-wave. This group of wavelets reflect the
activity of amacrine cells and are usually evaluated as the summation of the different peaks

observed.

The analyses of the OPs revealed decreased amplitude in DKOrd8 mice only at mild intensities,
observed at 3, 7 and 9 months (Figure R.11). Both 6N and DKOrd8 mice suffered an important
decrease in the amplitude of their OPs at 7 and 9 months after a high stimulation, but this
decrease was no different between groups. What DKOrd8 mice did present was an increase in
their OPs implicit time from 7 months on, which was more significant when stimulated at 1 log
cd-s/m?, thus, indicating a delayed response. This correlated with the increased a-wave implicit

time observed at the same intensity.
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Figure R.11. Oscillatory potentials (OPs) evaluation of DKOrd8 and C57BL/6N mice. Assessment of
the OPs generated after a -0.2 log cd-s/m? (A, B, C) and 1 log cd-s/m? light stimulus (D, E, F). (A, B)
Summation of OPs amplitude and implicit time at -0.2 log cd-s/m?intensity. DKOrd8 mice presented
decreased amplitude of OPs at 3, 7 and 9 months and a delayed response at 9 months. (C)
Representative OPs waveform at 3 and 9 months showed reduced amplitude at 3 months and a
delayed response at 9 months. (D, E) Summation of OPs amplitude and implicit time at 1 log cd-s/m?
intensity. No significant changes observed in the OPs amplitude at a high stimulation. At 9 months,
implicit time appears delayed in DKOrd8 mice compared to 6N. (F) Representative OPs waveform
showed no differences between groups at 3 months and a delayed response at 9 months. Two-way
ANOVA with Bonferroni’s multiple comparison test; *p<0.05; **p<0.01 (n=12 eyes per group).
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In summary, DKOrd8 mice presented a decreased photoreceptor function, seen as (i) lower a-
wave amplitude, which was maintained over time; and (ii) a delayed retinal response upon

ageing, observed as longer implicit times to a-wave, b-wave and OPs.

4. DKOrd8 mice present an age-dependent increase of microglia in the

subretinal space

The Cx3cr17 founder mice used to obtain our DKOrd8 mouse model were generated by inserting
a green fluorescent protein (GFP) reporter gene in the Cx3cr1 locus (Jung et al. 2000). Cx3crl is
constitutively expressed in mouse retinal microglia. Therefore, the insertion of GFP under the
control of Cx3cr1 promoter allows for the easy visualization of Cx3cr1 expression pattern and

consequently, microglia distribution.

Taking advantage of the easy access to the retina through the visualization of the eye fundus,
and the fluorescent modality of Micron lll retinal-imaging microscope, we aimed to evaluate in

vivo microglia distribution with the observation of GFP-expressing cells.

At one month of age, GFP expression in DKOrd8 mice eyes was distributed homogenously all
over the retina, with a slight increase in the inferior retina and around the optic nerve (Figure
R.12). From three months on, a higher amount of GFP-expressing cells were accumulated in the
inferior retina, correlating with the areas where the fundus spots seen with the bright field
imaging were localized. This same pattern was observed in mice analyzed at 5, 7 and 9 months

of age, showing the accumulation of microglia in the focal retinal lesions.

From 5 months on, eye fundus images also presented a higher green background. It is known
that lipofuscin accumulates in RPE cells with ageing and that its emission spectrum is localized
around 500 nm, like the GFP wavelength (Xu et al. 2008). Knowing that DKOrd8 mice also have
higher amounts of A2E, the main component of lipofuscin (Tuo et al. 2007), we could correlate

this increased green background with an accumulation of lipofuscin in RPE cells.
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1 month 3 months 5 months

Figure R.12. Fluorescent funduscopy evaluation of DKOrd8 mice. Eye fundus of DKOrd8 mice imaged
in bright field modality (above images) and with a green fluorescent filter at 1, 3, 5, 7 and 9 months of
age (bottom images). Increased expression of GFP in the inferior retina, where fundus spots with
bright field imaging are also localized, and increased autofluorescence from 5 months on.

To better characterize microglia distribution in DKOrd8 mice retinas, we performed post-
mortem evaluations. It has been reported in both Cx3cr1 and Ccl2 single knockout mice that
they experience an accumulation of subretinal microglia with ageing. However, this phenotypic

characteristic has not been assessed in DKOrd8 mice yet.

Thus, we quantified the number of microglial cells in retinal and RPE flatmounts through
immunostaining with the microglia marker Ibal (lonized calcium-Binding Adapter molecule 1).
RPE flatmounts allowed for the evaluation of subretinal microglia, whereas with retinal

flatmounts we could evaluate the infiltration of these cells in the inner layers of the retina.

Through the immunostaining of RPE flatmounts, we observed subretinal microglia above the
RPE monolayer, the later stained with the specific marker for RPE cells RPE65 (Figure R.13 D).
Interestingly, the number of subretinal microglia was similar during the first seven months of
age, with no significant differences, but at 9 months, the amount of Ibal positive cells

experienced a significant 3-fold increase (Figure R.13C).
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Figure R.13. Microglia quantification in RPE flatmounts. Representative images of RPE flatmounts of
DKOrd8 mice at (A) 1 month and (B) 9 months of age, immunostained with lbal antibody. (C)
Quantification of Ibal positive cells in RPE flatmounts. Graph shows mean+SD; statistical analysis was
performed applying a one-way ANOVA test with Tukey’s multiple comparison test; ***p<0.001; n=6-
8 eyes/group. (D) RPE flatmount stained with the microglia marker Ibal and the RPE marker RPE6S5,
showing tight junctions between the RPE cells and the microglia above them.

In contrast, the number of microglial cells in the inner retina was similar in all samples analyzed
over several months (Figure R.14), and the rise in the amount of subretinal microglial cells

observed at 9 months was not observed in the inner retina.
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Figure R.14. Microglia quantification in retinal
flatmounts. (A) Representative image of a
flatmounted retina of a DKOrd8 mouse at 9
months of age. (B) Magnification of the retinal
flatmount, where microglial cells positive for
Ibal can be observed. (C) Quantification of Ibal
positive cells in retinal flatmounts. Graph
shows mean+SD; statistical analysis performed
applying a one-way ANOVA test with Tukey’s
multiple comparison test; n=6-8 eyes/group.



5. DKOrd8 retinas present focal lesions with disruption of the

photoreceptors layer

To evaluate the histopathology and progression of the lesions observed by OCT and confirm
their localization in the different retinal layers, we performed a post-mortem histological
evaluation. DKOrd8 mice were euthanized at different time points (from one to nine months of

age) and their eyes were removed and processed for histological evaluation.

Hematoxylin and eosin staining of DKOrd8 and 6N mice eyes gave us a first and general overview
of their retinal architecture. Although we had previously observed some abnormalities in
DKOrd8 retinas at 1 month of age through OCT, we did not find any major histological alterations

in the eyes analyzed at that age (Figure R.15 A).

We did observe a mislocalization of photoreceptor nuclei in 3-months old DKOrd8 retinas. Nuclei
aggregations moved from the ONL towards the INL, disrupting the OPL, where synaptic
connections between photoreceptors and bipolar cells take place. This disruption led to a focal
loss of photoreceptors, as observed in 5-months old DKOrd8 retinas. Further progression of
these focal alterations resulted in a decrease of the ONL thickness, observed in 9-months old
retinas. In contrast, we did not identify any alteration in C57BL/6N mice retinas at any of the

ages analyzed.

Moreover, DKOrd8 mice presented an increased thickness of the inner plexiform layer at 9
months of age, as determined by the quantitative analysis of the retinal layers from the OCT

images. Regarding the GCL, we did not observe any alteration in that layer at any time point.

DKOrd8 mice have been reported to exhibit RPE damage (Chan et al. 2008), although in an age-
dependent manner and beginning at 8 months of age (Luhmann et al. 2012). In our case, we did
not observe any alteration until 9 months. At that age, RPE cells presented an increased number
of vacuoles (Figure R.15 B), which have been associated with atrophic cells in other mouse
models with an AMD-like phenotype (Huang et al. 2017). Furthermore, photoreceptor segments
looked shorter and less dense in DKOrd8 mice, even if they were partially detached because of

the post-mortem processing of the tissue.
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Figure R.15. Histological evaluation of DKOrd8 and 6N mice eye sections. (A) Hematoxylin and eosin
staining of DKOrd8 and 6N mice eyes from 1 to 9 months of age. Images show the retina, with its
different layers, RPE, and choroid. Abnormalities in the ONL and OPL can be observed. (B) Magnification
of the RPE layer of 9 months old mice showing the increased vacuolization of these cells in DKOrd8 mice,
indicative of atrophy and shorter photoreceptor inner (PhlS) and outer segments (PhOS).
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We further evaluated the focal disruption of photoreceptors by immunofluorescence, through

which we analyzed the expression of synaptophysin, recoverin and calbindin in 3-months old

retinas. Synaptophysin is an integral membrane protein of the synaptic vesicles, expressed in

the inner and outer plexiform layers of mice retinas, where synapses occur (Dan et al. 2008).

Recoverin is a protein expressed by rod photoreceptors, which is involved in the recovery phase

of visual excitation (Sampath et al. 2005), whereas calbindin is a calcium-binding protein, which

is used as the main marker for horizontal cells.

As shown in figure R.16, 6N wild type mice expressed synaptophysin mainly in the OPL and in

the INL, and recoverin in the photoreceptor nuclei. Calbindin was expressed by horizontal cells

throughout all the INL. In contrast, DKOrd8 mice retinas presented areas where photoreceptor

A C57BL/6N 3m
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Figure R.16. Evaluation
of retinal focal lesions
in DKOrd8 mice retinas.
Representative eye
sections of 3-months
old DKOrd8 and 6N
mice used as controls
immunostained  with
(A) synaptophysin and
recoverin, and (B)
calbindin.  Nuclei of
both  figures were
stained with DAPI.
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nuclei protruded into the INL. These areas expressed recoverin but lacked the expression of
synaptophysin (Figure R.16 A) and calbindin (Figure R.16, B), confirming that the mislocalization

of photoreceptors disrupted the OPL and altered synaptic connections in these areas.

Given these alterations in the photoreceptors layer, we also evaluated the expression of the
photoreceptors pigments opsin and rhodopsin, expressed by cons and rods respectively. Zhang
et al. had already described a reduction of cones but not of rods in 1-month old DKOrd8 mice
retinas (J. Zhang et al. 2013). In our case, we did not observe significant differences in rhodopsin
expression in 3-months old DKOrd8 mice compared to 6N mice (Figure R.17). Regarding opsin
immunostaining, DKOrd8 retinas did present a reduced expression of this protein in the

photoreceptors outer segments layer.
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Figure R.17. Evaluation of photoreceptors pigments in DKOrd8 mice. Representative eye sections of 3-
month old DKOrd8 and 6N mice (used as wild type control) immunostained with rhodopsin and opsin,
whose expression is limited to the photoreceptor segments. Nuclei were stained with DAPI.
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Taken together, DKOrd8 mice retinas presented (i) a mislocalization of photoreceptors nuclei,
which moved towards the INL disrupting the outer plexiform layer and altering synaptic
connectivity on those areas, (ii) a progressive thinning of the ONL, (iii) atrophy of RPE cells, and

(iv) a decreased expression of the cone’s photopigment opsin.

6. DKOrd8 retinas present an increased gliosis, microglia infiltration and

oxidative stress

Continuing with the histopathological evaluation of DKOrd8 retinas, we analyzed reactive gliosis
through glial fibrillary acidic protein (GFAP) immunostaining. GFAP is an intermediate filament
protein poorly expressed in normal conditions by Miiller glia. Its expression greatly increases in
response to stress, injury or neurodegeneration (Verardo et al. 2008). It has been described that
3-months old DKOrd8 mice present increased levels of GFAP with a pronounced localization in
the focal retinal lesions (Zhou et al. 2011). To have a complete evaluation of GFAP expression,

we immunostained DKOrd8 and 6N mice retinas from 1 to 9 months of age.

Compared to C57BL/6N mice, GFAP expression was highly increased in DKOrd8 mice retinas, and
this increased expression was already observed in 1-month old DKOrd8 mice (Figure R.18). While
the expression in 6N retinas was restricted to the GCL, GFAP expression in DKOrd8 was
distributed across the retina, from the GCL to the OPL. At three months, GFAP was still expressed
throughout the retina and in the focal lesions with photoreceptors disruption. At 5 and 9
months, GFAP expression appeared slightly decreased compared to 1 or 3 months, but it was
still present in the OPL. Although not shown, GFAP expression in 6N retinas and during the rest

of the months analyzed remained restricted to the GCL.

These same sections were also stained with RPE65, an enzyme expressed by RPE cells, to
evaluate the state of this layer or any possible disruption. We observed a continuous expression

of RPE65 throughout the entire RPE layer throughout all the months assessed.

Therefore, DKOrd8 mice retinas presented (i) an increased gliosis at already 1 month of age,
which was maintained during all the months evaluated, and (ii) a preservation of the RPE layer

structure.
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Figure R.18. Evaluation of
retinal gliosis in DKOrd8
mice. Representative eye
sections of DKOrd8 mice
from 1 to 9 months of age
and a 1-month old C57BL/6N
mouse, immunostained with
GFAP and RPE65. Nuclei
stained with DAPI.



Previous histological characterization of DKOrd8 mice revealed that microglia is recruited to the
early retinal lesions (Luhmann et al. 2012). Through the eye fundus imaging, we had already
observed in vivo an accumulation of microglia in the focal retinal lesions. To corroborate this
finding in histological sections, we stained 3-months old DKOrd8 and 6N retinas with lectin, a

marker for microvasculature and macrophages and microglial cells.

The histopathological evaluation of the immunostained retinas revealed that the focal lesions in
the ONL presented an increased expression of lectin, as several lectin positive cells were be
observed in the areas with mislocalization of photoreceptor nuclei (Figure R.19). This was also
observed with Ibal staining (data not shown), confirming the infiltration of the microglia in the

focal retinal lesions.

CTRL6N 3m|B
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Figure R.19. Evaluation of microglia infiltration in focal retinal lesions. (A, B) Eye sections of 3-months
old 6N mice used as wild type control and (C, D) DKOrd8 mice. Immunostaining shows
microvasculature and microglial cells, with an increased expression in focal retinal lesions. (E)
Magnification of a DKOrd8 focal retinal lesion, showing the inner nuclear layer (INL), outer plexiform
layer (OPL) and outer nuclear layer (ONL).
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Although the increased oxidative stress is the main inducer of the AMD phenotype in humans,
its role in the onset of the phenotype of DKOrd8 mice is not clear yet. For that purpose, we
evaluated oxidative stress in 3-month old DKOrd8 retinas through 8-Oxo-2'-deoxyguanosine (8-
OHdG) immunostaining. 8-OHdG is one of the major products of DNA oxidation and a marker of
oxidative stress. Immunofluorescence staining revealed that DKOrd8 retinas presented

increased levels of 8-OHdG in all the nuclear layers in comparison to 6N mice (Figure R.20).

C57BL/6N 3m

DKOrd8 3m

Figure R.20. Evaluation of oxidative stress in DKOrd8 mice retinas. Images of 3-months old
mice eye sections immunostained with 8-OHdG, marker of oxidative stress. Increased
expression in the nuclear layers of DKOrd8 mice, compared to 6N mice.
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7. DKOrd8 mice eyes present an altered gene expression pattern

To have a better understanding of the phenotype of DKOrd8 model, we analyzed the gene
expression profile of their retinas and posterior pole with a cDNA microarray, comparing the
expression of 3-months old DKOrd8 and C57BL/6N mice. We chose 3 months old mice because
at that age they already displayed most of the phenotypical key features of the model.
Moreover, it is still an early age, which becomes useful when using murine models for the study

of a disease and the application of therapies.

After running the microarrays, the resulting data underwent a quality control to check if all the
genes were suitable for a differential expression analysis. After that, data was normalized and
filtered to make all the samples comparable as well as to remove technical biases. A total of 8
DKOrd8 and 8 6N mice were used to perform the gene expression comparison. However, after
normalizing the data and performing a principal component analysis, two DKOrd8 samples were
discarded as they did not appear grouped with the rest of the DKOrd8 in the sample distribution

plot (data not shown).

Data filtering helped us to select the 7105 genes to be included in the differential expression
analysis. From all those genes, DKOrd8 mice presented 1245 genes downregulated and 354
upregulated compared to the 6N mice, with an absolute log2 fold change equal or greater than
0.05 and an adjusted P value below 0.01. With a restricted absolute fold change value of 1, the
number of genes differentially expressed were reduced to 422 downregulated and 69

upregulated (Figure R.21).
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Figure R.21. Differential gene expression in DKOrd8 mice. DKOrd8 mice present an increased number
of genes downregulated in comparison to 6N mice. (A) Volcano plot showing all the genes included in
the differential expression analysis, with dotted lines indicating an absolute fold change of 1. (B) Table
indicating the exact number of genes up and downregulated.
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These were the genes represented in a heatmap (Figure R.22), which allowed for the
visualization of differences in the expression pattern of DKOrd8 mice compared to 6N mice. The
samples analyzed showed a considerably homogeneous expression pattern within their group,

with a greater number of genes downregulated (blue colored) in DKOrd8 mice compared to 6N.
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Figure R.22. Heatmap comparing the expression pattern of 3-months old DKOrd8 and 6N mice. A
total of 8 6N and 6 DKOrd8 mice were analyzed in the heatmap, where the expression of 491 genes is
shown. The relative expression of each gene is represented, with downregulated genes showed in
blue colors and upregulated genes in red.

To elucidate the gene expression changes implicated in the phenotype of the DKOrd8 mouse
model, we identified the genes selected for the heatmap (log2 fold change =1 and adjusted P
value<0.01) and categorized them according to their function. Table R.1 and R.2 summarize
relevant genes which were found differentially expressed in DKOrd8 mice, both up and

downregulated. These genes were related with oxidative stress, neuronal function, cell death,
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senescence, immune response and cell cycle; categories that have been associated with AMD

pathogenesis and progression.

In the oxidative stress category, a great number of the downregulated genes were directly
related with the mitochondrial electron transport chain (mETC), responsible for ATP synthesis
and major generator of radical oxygen species. Transcription factor Nrf2, the major regulator of
the cellular antioxidant response, was also downregulated in DKOrd8 mice eyes, as well as the

antioxidant enzyme SOD3.

Several genes related with neuronal function, including the GABA receptor Gabral or Impg2,

responsible for photoreceptor’s outer segments maintenance, were also downregulated.

DKOrd8 mice also presented a downregulation in several genes related to autophagy such as
Atg4db and Tmem59. Mtor, an integrator of metabolic signaling pathways and regulator of

autophagy was also downregulated.

Table R.1. List of relevant genes upregulated in DKOrd8 mice.

Oxidative Stress

Txndcll Thioredoxin Domain Containing 11 1,374  B,97E-05 Redox regulator

Meuronal Function

id2 Inhibitor Of DNA Binding 2 1,192 1,6BE-07 Retinogenesis regulator

Cell death and senescence

Gos2 Growth Arrest Specific 2 1,256  3,45E-05 Apoptosis
Mrol20 Mitochondrial Ribosomal Protein L20 1,002 1,43E-05 Genomic inestability
Immune response
Cerl C-C Motif Chemakine Receptor 1 1,672  4,20E-06 Inflammation
Ccl2 C-C Motif Chemokine Ligand 2 (MCP1) 1527 1,60E-06 Inflammation
g Interleukin 18 0,962  3,95E-06 Inflammation
cd302 CD302 Molecule 0,930 2,70E-05 Cell adhesion and migration
Cd4e CD46 Molecule 0,841  2,20E-D4 Complement system
g Interleukin 9 0,793  7,3TE-04 Inflammation
Cell cycle
Stogl Stromal Antigen 1 1,102  2,16E-05 Chromosomal architecture

Genes related to apoptosis, senescence and cell cycle also appeared downregulated in DKOrd8
mice eyes. In comparison, most of the differentially expressed genes related with the immune
system were upregulated. The chemokine receptor Ccrl and the ligand Cc/2 (transcribed in
DKOrd8 mice but not translated) were upregulated, indicating the abnormal chemokine

signaling in this model as well as some interleukins and genes related with the complement
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system. A relevant gene related with the immune response we found downregulated was NF-

ki3, associated with microglia activation and retinal degeneration (Wu et al. 2002).

Table R.2. List of relevant genes downregulated in DKOrd8 mice

|Ger|e Svmbnll Name | logFC |a|:|j.P.VaI Function

Oxidative Stress

NADH:Ubiguinone Oxidoreductase

Ndufs7 ) -1,940 1,61E-06 Mitochodrial electron transpart chain
Core Subunit 57
Oxall Mitochondrial Inner Membrane Protein -1,609 2,36E-07 Mitochodrial electron transpart chain
Atp5gl ATP Synthase Membrane Subunit C Locus 1 -1,321 5,37E-05 Mitochodrial electron transpart chain
Sdhd Succinate Dehvdrogenase_[:omplex Flavoprotein -1,305 2,41E-05 Mitochodrial electron transport chain
Subunit D
Coxtal Cytochrome C Oxidase Subunit 6AL -0,927 9,09E-04  Mitochodrial electron transport chain
Mdh2 Malate Dehydrogenase 2 -1,985 6,29E-07 Mitochondrial metabolism
Gstt3 Glutathione 5-Transferase Theta 3 -1,148 8,32E-06 Detox enzyme
Nrf2 Muclear Factor, Erythroid 2 Like 2 -1,125 5,19E-04 Antioxidant transcription factor
Sod3 Superoxide Dismutase 3 -0,792 4,13E-04 Detox enzyme
Hif3a Hypoxia Inducible Factor 3 Subunit Alpha -0,791 3,81E-04 Hypoxia-induced trasncription factor
Meuronal Function
Gabral GABA Receptor Alpha 1 Subunit -1,586 1,63E-07 GABA reptor
Gfral GONF Family Receptor Alpha 1 -1,550  5,72E-09 Neurotrophic receptor
Swyngr3 Synaptogyrin 3 -1,477 3,37E-07 Meurotransmission
Impg2 Interphotoreceptor Matrix Proteoglycan 2 -1,393 B6,39E-10 PhOS5 maintenance
Aplpi Amyloid Beta Precursor Like Protein 1 -1,363 1,56E-08 Neurotransmission
Cdhi13 Cadherin 13 -1,126 3,16E-05 Axone growth regulator
Caspé Caspase 6 -1,011 2,50E-06 Axone maintenance
MNosl Nitric Oxide Synthase 1 -0,965 8,32E-08 Neurotransmission
Cell death and senescence
Tmems53 Transmembrane Protein 59 -2,448 2,15E-11 Autophagy regulator
Gadd45g Growth Arrest And DNA Damage Inducible Gamma  -2,065 5,72E-06 Apoptosis regulator
Atg4db Autophagy Related 4B Cysteine Peptidase -1,101 5,91E-07 Autophagy
Mior Mammalian Target Of Rapamycin -1,077 3,22E-06 Autophagy regulator
TerfZip Telomeric REFIE_Bt—BindiI’Tg -2,103 8,63E-11 Telomere regulation
Factor 2-Interacting Protein 1
Myc MYC Proto-Oncogene -1,496 8,29E-05 Transcription regulator
Immune response
Nf-K61 Nuclear Factor Kappa B Subunit 1 -1,137 4,34E-05 Cellular response to stress
Cell cycle
Cde23 Cell division cycle -1,904  4,40E-09 DMA replication
Uspil Ubiquitin Specific Peptidase 11 -1,268 1,35E-07 Epigenetic modifications
Pold2 DMA Palymerase Delta 2, Accessory Subunit -1,166 2,97E-07 DMNA repair
Cdknla Cyclin Dependent Kinase Inhibitor 1A -1,083 9,20e-04 Cell cycle checkpoint

Moreover, we also detected some genes that have been associated with AMD although some of
them still do not have a defined function (Table R.3). From all them, Timp3 was the most relevant
one, as variants in this gene have been associated with an increased risk of AMD in humans

(Fritsche et al. 2016).
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Table R.3. List of genes associated with AMD

|Gene Symbol Name | logFC |adj.P.UaI Function |

|Genes downregulated |

Timp3 TIMP Metallopeptidaze Inhibitor 3 -1,432  4,05E-07 Bruch's membrane marker
Ctzh Cathepzin B 0,991 6,16E-07 Redox metabolizm
Omd Osteomodulin 1,870  3,B4E-06 AMD related gene
Tnmd Tenomadulin 1,372 3,17E-06 AMD candidate gene
Cryagb Crystallin Gamma B 1,154  1,B9E-04 RPE marker

Mmpli Matrix Metallopeptidase 11 0,815 1,23E-05 Bruch's membrane marker

To gain insight into the biological function of the genes differentially expressed in DKOrd8
retinas, we performed analyses of biological significance based on enrichment analyses in the
Gene Ontology (GO) database. The goal of these analyses is to determine whether a group of
genes are more often associated to certain biological functions than what would be expected in

a random set of genes.

Interestingly, we found that most of the GO terms significantly enriched among all the
downregulated genes fitted into categories related to neuronal regulation, regulation of
synapses and regulation of transferase activity, indicating an abnormal function of retinal
neurons. Figure R.23 shows the three GO terms with a higher gene ratio in each category, being
neurogenesis the GO term with a higher ratio. Among the upregulated genes, only a few GO

terms were significantly enriched, which fitted into the striated muscle organization category.

In summary, the expression pattern of DKOrd8 mice presented a major gene downregulation
when compared to 6N mice. We observed a differential expression of genes related with the
mitochondrial electron transport chain, neuronal function, immune regulation, autophagy or
apoptosis, categories related to AMD. Furthermore, regarding gene enrichment analyses,
DKOrd8 mice presented a major alteration of neuronal function and regulation, indicating the

abnormal functioning of the retina.
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Figure R.23. Gene enrichment analysis. Graph showing the main biological functions over-
represented in the gene enrichment analysis, with the three GO terms with higher gene ratio.
Downregulated GO terms are shown in blue and upregulated in red.
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Chapter 2. Evaluation of AOxNPs for the treatment of age-related
macular degeneration

The second main aim of this thesis was the development of a novel therapy to treat age-related
macular degeneration. Given the role oxidative stress plays in the onset and progression of AMD
and the beneficial effects CeO,NPs have shown in murine models with severe retinal

degeneration, we intended to use antioxidant nanoparticles as a treatment for AMD.

To ensure the efficacy and safety of the treatment, several preliminary studies were performed
including (i) in vitro assays to discard any cytotoxic effect of our AOxNPs and to ensure their
antioxidant effect in RPE cell cultures; and (ii) biodistribution studies to evaluate the capacity of
AOXNPs to reach the retina and RPE after their administration. After that, the DKOrd8 mouse
model, which was already generated and characterized, was used to test the efficacy of AOxNPs

treatment in attenuating or reverting the pathological phenotype of the model.
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1. Evaluation of AOxNPs safety and efficacy in vitro

The first aim in the development of an effective therapy to treat AMD was the evaluation in vitro
of our AOxNPs in order to discard any cytotoxic effect and to corroborate their antioxidant
activity. For all experiments, AOXxNPs were freshly synthetized and each batch was characterized

to ensure a correct size and charge of the nanoparticles.

1.1. AOxNPs are non-toxic in ARPE19 cell cultures

A large number of in vitro studies about the cytotoxic effects of AOxNPs have been published,
showing a non-toxic effect in different ocular cell types, including photoreceptors precursor cells
and human lens epithelial cells (Chen et al. 2006; Pierscionek et al. 2010). However, these results
should be taken cautiously given the different synthesis protocols used in each study and

therefore, the different properties they can present (Casals et al. 2017).

We evaluated the cytotoxic effect of our freshly generated AOxNPs by assessing the viability of
RPE-derived ARPE19 cells with an MTT assay. ARPE19 cells were exposed to AOxNPs at
increasing concentrations (10 mM, 50 mM, 100 mM and 500 mM) during 24 or 48 hours before
evaluating their viability. Interestingly, we did not observe any significant reduction in cell
viability at any of the tested concentrations (Figure R.24). Hence, the exposure to AOxNPs for 24

and 48 hours did not produce any cytotoxic effect in ARPE19 cells.
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1.2. AOxNPs scavenge intracellular ROS and induce SOD2 upregulation

CeO:NPs are known for their strong antioxidant potential and have a proven capacity to reduce
intracellular ROS levels in numerous cell types, including leukocytes, cardiomyocytes, spinal cord
neurons and retinal neurons (Celardo et al. 2011; Niu et al. 2011; Das et al. 2007; Chen et al.

2006).

To corroborate the capacity in our AOxNPs, we measured the levels of ROS in ARPE19 cells with
the H,DCFDA probe. ARPE19 cells were pre-treated with AOxNPs at increasing concentrations
(from 1 mM to 500 mM) for 24 hours to allow the internalization of the nanoparticles.
Afterwards, oxidative stress was induced with H,0, for 1 hour. The H,0, induction alone
produced a 5-fold rise of ROS levels (Figure R.25 A), which significantly decreased in cells pre-
treated with AOxNPs. This reduction was concentration-dependent and reached a plateau at 20
mM, as higher concentrations of AOxNPs did not cause a higher reduction of ROS levels.
Moreover, we also observed that a pre-treatment with AOxNPs in cells without induction of

oxidative stress did not cause any change in ROS levels.
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Figure R.25. Antioxidant capacity of AOXxNPs in in vitro cultures. Dose-dependent reduction of
intracellular ROS levels in ARPE19 cells treated with AOxNPs for 24h before inducing oxidative stress
with (A) H202, (B) antimycin A and (C) tBH. All graphs show meantSD of three experiments with four
replicates per condition. Significant differences analysed by applying a one-way ANOVA with a
Dunnet’s multiple comparison test. **p<0.01, ***p<0.001, ****p<0.0001. (D) Representative images
of ARPE19 cells, where the fluorescence emitted by intracellular ROS levels can be observed.
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Despite the achievement of reproducible results, H,O; is unstable and suffers photo-oxidation,
which increases the variability between replicates. To corroborate the effect observed, we
repeated the experiment inducing oxidative stress with two other oxidant agents: antimycin A
and tBH. Antimycin A binds to cytochrome c reductase disrupting the electron transport chain
and resulting in the formation of toxic radical oxygen species (Dairaku et al. 2004). tBH is a
membrane-permeable organic peroxide that reduces the activity of glutathione peroxidase
inducing oxidation (Slyshenkov et al. 2002). The two agents are widely used as free radical

inducers in in vitro assays.

Both antimycin A and tBH produced a similar increase of ROS levels (Figure R.25 B, C). We
observed again a concentration-dependent reduction of ROS levels in cells treated with AOxNPs,
with a better outcome when using tBH as oxidizing agent. Interestingly, in that case the pre-
treatment with AOxNPs at 50 nM was able to reduce ROS to basal levels and the AOxNPs

treatment alone was also able to reduce ROS below the basal levels.

Cerium oxide nanoparticles act themselves as catalysts, having a biological activity similar to
SOD?2 or catalase (Das et al. 2013). However, it is not clear whether they could also scavenge
ROS indirectly by modifying the expression of oxidative stress-related genes. We evaluated the
antioxidant capacity of our AOxNPs by quantitative PCR in ARPE19 cells pre-treated with AOxNPs

during 24 hours after a 4-hour induction of oxidative stress with tBH.

First, we evaluated SOD2 expression. SOD2 is located in the mitochondria and transforms toxic
superoxide into hydrogen peroxide and diatomic oxygen, which allows to clear mitochondrial

ROS, conferring protection against cell death(Korsvik et al. 2007).

The treatment with AOxNPs alone did not produce changes in SOD2 expression (Figure R.26).
However, the induction of oxidative stress caused almost a 3-fold increase in its expression.

Interestingly, AOxNPs-treated cells with induced oxidative stress experienced a higher increase

Figure R.26. Changes in SOD2 expression
e after AOxNPs treatment. Increased
-|- expression of SOD2 in ARPE19 cells that have
been previously treated with AOxNPs. Graph
shows mRNA levels normalized to GAPDH of
:|: three experiments with 6-8 replicates per
condition. Statistical analyses done applying a
one-way ANOVA with Dunnet’s multiple
T comparison test. * shows statistical
differences with Ctrl. # shows statistical
i1 sonm soomM O sonM soomm Aoxves  differences with the 0 AOXNPs bar.
- - - + + +  tBH

S0OD2 mRNA relative levels
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in the expression of SOD2. AOxNPs were able to upregulate SOD2 expression in conditions of

induced oxidative stress, which increased the cellular antioxidant response.

Besides SOD2, we also evaluated the expression of Nrf2. This transcription factor is a key
antioxidant regulator as it induces the expression of over 250 genes, including ROS-neutralizing
enzymes or molecular chaperones among many others (Nakagami 2016). Despite its importance
in oxidative stress, we did not observe an upregulation of Nrf2 upon induction with tBH. We did
saw a slightly significant reduction of Nrf2 expression in cells treated with 500 nM AOxNPs

(Figure R.27 A).

NADPH oxidase 4 (NOX4) is a key enzyme of the ROS generation system. Upon induction of
oxidative stress, we observed a decrease in its expression, with no significance differences in

AOxNPs pre-treated cells (Figure R.27 B).

Another relevant gene in the oxidative stress response is heme oxygenase 1 (HO1): an enzyme
that catalyzes the degradation of heme and whose expression is induced by oxidative stress
under regulation of Nrf2. The induction of oxidative stress through tBH produced a high increase
in the expression of HO1. AOxNPs treatment slightly reduced this upregulation although it was

not significant (Figure R.27 C).
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Figure R.27. Changes in mRNA levels of genes related with the oxidative stress response. Relative
expression of (A) Nrf2, (B) Nox4 and (C) HO1 genes. All data has been normalized to Gapdh and is
shown as the mean£SD of three experiments with 6-8 replicates per condition. Statistical analyses
done applying a one-way ANOVA with Dunnet’s multiple comparison test. * shows statistical
differences with Ctrl. # shows statistical differences with the 0 AOxNPs bar. #p<0.1, ***p<0.001,

Overall, AOXxNPs showed a consistent capacity of reducing ROS levels in vitro after an oxidative
stress induction. Furthermore, although they were able to induce SOD2 upregulation is stress
conditions, the secondary effect of AOxNPs in modulating antioxidant-related gene expression

needs to be further explored.
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2. Biodistribution of AOxNPs

The potential of CeO,NPs as a therapy for retinal degenerative pathologies has been tested in
vivo in the tubby and VIdIr” mice models and in the light-damaged rat model, but in all cases it
was tested through an intravitreal administration route. Given the associated complications this
route of administration presents, the topical delivery is contemplated as a more convenient

option.

Cerium distribution and permanence in rat eyes have been evaluated after an intravitreal
injection, and the findings indicated high levels of cerium even 120 days after the injection
(Wong et al. 2013). However, the efficacy of a topical administration has never been assessed.
In fact, it is not known whether an antioxidant compound could cross the cornea and diffuse to

the posterior part of the eye.

2.1. The antioxidant compound reaches mice retina after topical

administration

To elucidate whether the antioxidant compound could reach the retina and posterior pole of
the eye after topical administration, we performed a biodistribution assay in C57BL/6N mice
which received AOxNPs at 10 mM via either intravitreal or topical administration. For intravitreal
administration, we injected 1.5 pl of AOxNPs solution, whereas for topical administration a 5 ul
drop was applied in the anterior surface of the eye. Mice were euthanized 24 hours after
administration, and eyes were enucleated and dissected to quantify through ICP-MS the amount
of the antioxidant (AOx) compound present in the different parts of the eye, as well as in the

liver and brain.

We detected 59% of all AOx administered in the eyes of mice receiving intravitreal
administration versus a 10.1% in those eyes receiving the treatment topically. AOx was
homogeneously distributed in the different parts of the eye after a topical administration. For
instance, the amount of AOx detected in the anterior pole was 1.7% of the total administered
and in the lens, we detected a 2.3%. Strikingly, the amount detected in the retina and in the
posterior pole was 2.1% of total AOx administered (Table R.4). With intravitreal injection, AOx
was preferentially retained in the retina (21.6% of the total AOx administered), but it was also
present in the rest of eye parts. Surprisingly, the anterior pole retained 14% of all AOx

administered in the vitreous cavity.
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Table R.4. Percentage of AOx detected in different tissues after diverse administration routes and

schedules
Delivery route  Ant.pole Lens Retina Post.pole Liver Brain Total a dmlijl:;:teere d
24 IV injection 14% 9.8% 21.6% 11.4% 1% 12% 59% 2ug
SRR Topical 1.7% 23% 21%  21% 11% 0.8% 10.1% 8.6 ug
7 days Topical 1.7% 0.7% 0.6% 0.8% 0.8% 1% 5.6% 60.2 ug

As expected, the total amount of AOx detected with a single topical administration was
considerably lower than with an intravitreal injection. Nevertheless, the concentration of AOx
that reached the different parts of the eye with a single topical administration was about half of
the reached with intravitreal injection, proving the efficiency of AOxNPs topical delivery (Figure

R.28, orange and grey bars).
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Figure R.28. AOx concentration in different tissues after ocular administration. Concentration
of AOx after intravitreal or topical administration in the different parts of the eye, the liver and
the brain. Graph shows meanzSD, n=3-4.

Knowing that topical administration is less efficient than intravitreal injection, a topical
treatment will need a sustained delivery to reach an equal concentration in the retina than the
concentration obtained after an intravitreal injection. To assess the number of topical
administrations needed to achieve a similar concentration than with a single intravitreal

injection, we applied AOxNPs 10 mM daily to 6N mice for one week.
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After a week of topical daily administration, AOx concentration in the retina was about 100
ng/ml (Figure R.28, blue bar), the same concentration achieved with a single intravitreal
injection. In contrast, AOx accumulated in all parts of the eye at a higher concentration than
with a single intravitreal injection, preferentially in the posterior pole. Overall, the amount of
AOx detected after a one-week administration was much lower than the total amount of AOx

administered (6.4811.5% of total AOx administered, n=4), indicating a high clearance rate.

Regarding extraocular tissues, a small amount of AOx was detected in the liver and brain with
the different administrations routes and schedules. Nevertheless, the concentration per mg of
tissue was very low, even negligible in some of the samples. Hence, we proved topical

administration to be an effective delivery route for AOxNPs.
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3. Evaluation of AOxNPs topical treatment efficacy in DKOrd8 mice

The DKOrd8 mouse model has already been used to test different therapies, including the oral
supplementation of antioxidants or the intravitreal injection of the neuroprotective factors PEDF
and PDGF (Tuo et al. 2009; Ramkumar et al. 2013a; Wang et al. 2013; Wang et al. 2014). These
therapies slowed the progression of focal retinal lesions and decreased the expression of
inflammatory factors. Furthermore, it has been demonstrated that an intravitreal injection of
CeO:NPs is able to reduce photoreceptors death in murine models with severe photoreceptor
degeneration (Cai et al. 2012; Wong et al. 2015). Despite that, the effect of an antioxidant

therapy locally delivered in the eye has not been assessed in the DKOrd8 mouse yet.

Once confirmed AOxNPs efficacy and safety in vitro, and their capacity to reach mice retinas
after a topical administration, we aimed to evaluate AOxNPs efficacy as an antioxidant

treatment in the DKOrd8 mouse model.

Mice were randomly distributed to receive either AOxNPs or vehicle in both eyes following a
daily administration schedule during two months. We started the topical administration in 1-
month old DKOrd8 mice and evaluated the efficacy of the therapy when they reached 3 months
of age with in vivo and post-mortem assessments. We considered 3 months an adequate age to
evaluate the effect of the treatment as DKOrd8 mice already display several phenotypic AMD-

like features at that age.

3.1. Retinal thinning is partially prevented with AOXNPs treatment

The in vivo characterization of DKOrd8 mice through optical coherence tomography (OCT)
revealed a main affectation in the photoreceptor layers, with a progressive thinning of the outer

nuclear layer and shorter photoreceptor segments.

To evaluate the effect of AOxNPs in the preservation of retinal thickness and architecture, we
performed OCT imaging comparing AOxNPs-treated and vehicle-treated DKOrd8 mice together
with age-matched 6N mice as controls. We observed focal retinal lesions in DKOrd8 mice but

with no important differences between AOxNPs or vehicle treatment (Figure R.29 A).

Upon quantification of the different retinal layers after the treatment, we did observe

differences between groups, with a greater significance in the ONL. This layer was a 3% thicker
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in DKOrd8 mice that had received AOxNPs compared to the vehicle-treated mice (Figure R.29
B). Although it was still thinner than the ONL of 6N mice, AOxNPs slowed the progressive

thinning observed in this layer.

As observed in the phenotypical characterization, IPL thickness was greater in DKOrd8 mice, but
there were no significant differences between AOxNPs and vehicle-treated mice. AOxNPs
treatment did not cause any differences neither in photoreceptors inner and outer segments

nor in the inner nuclear layer.
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Figure R.29. Evaluation of the retinal status and quantification of the different retinal layers. (A)
Funduscopy and OCT images of DKOrd8 mice after a 2-months treatment with AOxNPs or vehicle, and
6N mice which were used as wild type control. (B) Quantification of the retina layers of the same
groups using the OCT images. Graphs show the average thickness+SD of inner plexiform layer (IPL),
inner nuclear layer (INL), outer nuclear layer (ONL), inner and outer segments photoreceptors’ layer
and total retinal in arbitrary units (A.U). Statistical analyses were performed by applying a one-way
ANOVA with Tukey’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 n=15-
20 retinas per group.
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A-wave amplitude (nV)

We also evaluated the preservation of retinal thickness and architecture through histological
evaluation without observing any alteration in mice receiving AOxNPs daily for two months (data

not shown).

3.2. AOxNPs treatment does not ameliorate retinal function in DKOrd8 mice

During the characterization of the DKOrd8 mouse model, we evaluated retinal function through
electroretinography and reported a reduced function of photoreceptors in 3-months old mice,

observed as decreased a-wave amplitude.

Following the analysis of AOxNPs effect in DKOrd8 mice, we evaluated through ERG the capacity
of AOxNPs to improve retinal function after a two-month treatment. For that purpose, we
applied light stimuli at increasing intensities to dark-adapted DKOrd8 mice eyes, receiving either
AOxNPs or vehicle, and recorded their retinal responses. Again, we only represent the results

after a mild (-0.2 log cd-s/m?) and a high (1 log cd-s/m?) light stimulations (Figure R.30).
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Figure R.30. Electroretinographic responses of DKOrd8 mice after AOXNPs treatment. (A) Analyses
of the a-wave amplitude, a-wave implicit time, b-wave amplitude, and b-wave implicit time after a
light stimulus of -0.2 log cd-s/m? and 1 log cd-s/m?2. Two-way ANOVA with Sidak’s multiple comparison
test; *p<0.01; **p<0.01; ***p<0.001 (n=12 eyes per group). (B) Representative ERG wave forms after
a light stimulus of -0.2 log cd-s/m? and 1 log cd-s/m? in DKOrd8 and C57BL/6N mice after the two-
month treatment.
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After the analyses of the recordings, we did not observe any differences in AOxNPs-treated
compared to vehicle-treated DKOrd8 mice at any of the tested intensities. Although the a-wave
of DKOrd8 mice presented decreased amplitude compared to 6N mice, the a-wave and b-wave
amplitudes as well as implicit times to both waves were similar between the two DKOrd8 groups.
Therefore, the preservation of the outer nuclear layer thickness previously observed through

OCT was not translated into an improvement in the visual function.

3.3. AOxNPsreduce microglia infiltration in DKOrd8 mice retinas

The characterization of DKOrd8 mice revealed an accumulation of microglial cells in the focal
retinal lesions as well as an age-dependent increase of subretinal microglia. To evaluate whether
AOxNPs could have an effect in the increased microglia recruitment and migration observed in
this model, we assessed quantitatively the number of microglial cells in the subretinal space and
the inner retina after the two-month treatment. RPE flatmounts stained with Ibal were used to

quantify subretinal microglia, and retinal flatmounts to quantify inner retinal microglia.

DKOrd8 mice treated with AOxNPs presented a reduced number of microglia cells both in the
subretinal space (Figure R.31 B) and the inner retina (Figure R.31 D), compared to vehicle-
treated mice. In fact, the number of subretinal microglial cells in AOxNPs-treated mice was
slightly lower than in C57BL/6N mice, although not significant. Interestingly, we also observed
an increased number of microglia in the inner retina of DKOrd8 mice compared to 6N mice that

was significantly reduced with the AOxNPs treatment.

Taken together, AOxNPs treatment reduced microglia recruitment in the subretinal space and

infiltration in the inner retina of DKOrd8 mice.
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Figure R.31. Microglia quantification in RPE and retinal flatmounts. (A) Representative images of RPE
flatmounts of DKOrd8 mice after the 2-months treatment and immunostained with Ibal. (B)
Quantification of Ibal positive cells in the whole RPE flatmount. (C) Representative images of retinal
flatmounts after the two-month treatment and immunostained with Ibal. (D) Quantification of Ibal
positive cells in retinal flatmounts. Images from four different areas were quantified. Both graphs
show meanzSD. Statistical analysis performed applying a one-way ANOVA test with Tukey’s multiple
comparison test; *p<0.05; ****p<0.0001; n=6-8 eyes/group.

3.4. AOxNPs topical treatment reverts the altered gene expression pattern

of DKOrd8 mice

We also evaluated the efficacy of AOxNPs as a treatment for AMD through a gene expression
profile analysis. After the two-month treatment of DKOrd8 mice with topical delivery, we

removed their eyes and used the retina and posterior pole to perform a cDNA microarray.

As previously explained in the section of model characterization, the resulting data of the
microarray underwent a quality control and was normalized and filtered to make all the genes
comparable. In this case, from the total 8 samples of AOxNPs-treated mice, one was removed

from further analyses, as it did not fit in the sample distribution plot (data not shown).

We have previously described the altered expression profile of 3-months old DKOrd8 mice
compared to 6N mice, with a total of 422 genes downregulated and 69 upregulated with a log2
fold change 2 1 and an adjusted P value < 0.01. After the AOxNPs treatment, mice were also 3

months old so data was comparable.
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After the treatment, the differential expressed genes of treated DKOrd8 mice compared to non-

treated had changed; 471 genes were upregulated and 73 were downregulated, with an

absolute log2 fold change = 1 and an adjusted P value of 0.01 (Figure R.32 B).
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Figure R.32. Differential gene expression in DKOrd8 mice after the AOXNPs treatment. DKOrd8 mice
treated with AOXNPs present an increased number of genes upregulated in comparison to non-treated
DKOrd8 mice. (A) Volcano plot showing all the genes included in the differential expression analysis,
with dotted lines indicating an absolute fold change of 1. (B) Table indicating the exact number of

genes up and downregulated in AOxNPs-treated mice.

The differential expression of the selected genes was represented in a heatmap (Figure R.33).

This graph shows the changes in the expression pattern of AOxNPs-treated mice, with the

majority of the genes that appeared downregulated in non-treated DKOrd8 mice being

upregulated after the treatment and vice versa. Surprisingly, the expression pattern of AOXxNPs-

treated mice closely resembled 6N mice pattern; with only 13 genes differentially expressed (10

upregulated and 3 downregulated) between these two groups.
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h’hus, the topical treatment with AOxNPs during two months was able to revert the altered

expression pattern of DKOrd8 mice, approaching it to the wild type 6N mice pattern.
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Figure R.33. Heatmap comparing the expression pattern of DKOrd8 mice after the treatment with
AOxNPs. Comparison of the expression pattern of DKOrd8 mice after receiving a 2-months topical
treatment (DKOrd8 AOxNPs), with DKOrd8 mice receiving placebo (DKOrd8 Vehicle) and 6N mice used
as wild type control (C57BL/6N). The relative expression of 491 genes is represented, with
downregulated genes showed in blue and upregulated genes in red.
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Interestingly, most of the genes whose expression was altered in DKOrd8 mice experienced an
up or downregulation with the AOxNPs treatment, returning to 6N levels. From the 491 genes
differentially expressed in the DKOrd8 model, 379 appeared also differentially expressed in

AOxNPs-treated mice. In all cases, returning to the expression levels of 6N mice (Figure R.34).

DKOrd8 not treated DKOrd8 with AOxNPs treatment

Figure R.34. AOxNPs-treated mice share most
of the differentially expressed genes. Venn
diagram showing differentially expressed in
DKOrd8 in comparison to 6N (blue); and in
AOxNPs-treated mice in comparison to vehicle
treated (yellow). The 379 genes shared
between comparisons correspond to altered
genes in DKOrd8 mice whose expression
return to 6N levels after the AOxNPs
treatment.

As performed previously in the characterization of the model, we identified and categorized the
genes represented in the heatmap according to their involvement in processes of oxidative

stress, neuronal function, cell death, senescence, immune response and cell cycle.

All the genes related with the mitochondrial electron transport chain that were found

downregulated in DKOrd8 mice were upregulated after the treatment, returning to 6N levels.

Table R.5. List of relevant downregulated genes in DKOrd8 mice after AOXNPs treatment

| Gene Symbol | Name | logFC |a|:lj.P.VaI| Function
Oxidative Stress
Txndcil Thioredoxin Domain Containing 11 -1,369 1,31E-04 Redox regulator
Mrps36 Mitochondrial Ribosomal Protein 536 -1,104 2,19E-07 Mitochondrial function

MNeuronal function

H 1 H Scaffold Protein 1 -1,110 8,90E-06
omer. omer Scaffold Protein , , Postsynaptic density

id2 Inhibitor Of DNA Binding 2 -0,818 2,B3E-05 Meurogenesis regulator

Cell death and senescence

Gas2? Growth Arrest Specific 2 -1,377 1,78E-05 Apoptosis
Pdcd10 Programmed Cell Death 10 -0,968 4,41E-06 Apoptosis
Mrpl20 Mitochondrial Ribosomal Protein L20 -0,851 1,28E-04 Genomic Inestability
Immune response
cd302 CD302 Molecule -1,053  9,09E-06 Cell adhesion and migration
s Interleukin 18 -0,973 4,91E-06 Inflammation
Cd46 CD46 Molecule -0,882 1,B3E-04 Complement system
Cell cycle
Zfp326 Zinc Finger Protein 326 -1,347 8,10E-06 Transcription and splicing
Prms1 PMS1 Homolog 1, Mismatch Repair “1,204 1,24E-05 DNA repair
System Companent
Stagl Stromal Antigen 1 -1,242 7,47E-06 Chromatid cohesion
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This same pattern was observed for Nrf2 and SOD3 expression and for most of the genes

included in the other categories (Tables R.5 and R.6).

Table R.6. List of relevant upregulated genes in DKOrd8 mice after AOxNPs treatment

Ouxidative Stress

Ndufs7 NADH:Ubiguinone Oxidoreductase Core Subunit 57 2,206 4 44E-07 Mitochadrial electron transport chain
Oxall Oxidase Assembly 1-Like Protein 1,817 6,87E-08 Mitochodrial electron transport chain
Cyp4fiz Cytochrome P450 Family 4 Subfamily F Member 3 1,551 1,94E-07 Mitochadrial electron transport chain
Sdha succinate Dehvdrogenase_(:omplez Flavopratein 1,479 1,32E-06 Mitochodrial electron transport chain
Subunit A
Cox6al Cytochrome C Oxidase Subunit 6A1 1,045 3,65E-04 Mitochodrial electron transport chain
Mdh2 Malate Dehydrogenase 2 2,140 3,42E-07 Mitochondrial metabolism
Fam213a Peroxiredoxin Like 2A 1,617 4,99E-09 Antioxidant
Atp5g1 ATP Synthase Membrane Subunit C Locus 1 1,408 3,84E-05 Mitechondrial metabolism
Gstt3 Glutathione 5-Transferase Theta 3 1,392 1,06E-06 Detox enzyme
Nrf2 Muclear Factor, Erythroid 2 Like 2 (Nrf2) 1,245 2,45E-04 Antioxidant transcription factor
So0d3 Superoxide Dismutase 3 1,182 6,46E-06 Detox enzyme
Tigar TP53 Induced Glycolysis Regulatory Phosphatase 1,154 2,25E-06 Antioxidant protection
MNeuronal function
Gabral Gamma-Aminobutyric Acid T_l,rpe A 1,634 1,59E-07 GABA receptor
Receptor Alphal Subunit ! !
Syngr3 Synaptogyrin 3 1,556 2, 40E-07 Neurotransmission
Gfrai GDNF Family Receptor Alpha 1 1,539 9.22E-09 Neurotrophic receptor
Impg2 Interphotoreceptor Matrix Proteoglycan 2 1,408 7,24E-10 PhOS maintenance
Rdhi2 Retinol Dehydrogenase 12 1,308 1,41E-09 PhR detoxification
Cdhi3 Cadherin 13 1,275 1,10E-05 Axon growth regulator
Nl Neural Retina Leucine Zipper 1,245 2,19E-06 Photoreceptors function regulator
Apip1 Amyloid Beta Precursor Like Protein 1 1,143 2,44E-07 Neurotransmission
Cospt Caspase 6 1,043 2, 40E-06 Axons maintenance
Cell death and senescence
Tmems59 Transmembrane Protein 59 2,693 5,79E-12 Autophagy regulator
TerfZip TERF2 Interacting Protein 2,000 3,23E-10 Telomere regulation
Gadd4sg Growth Arrest And DNA Damage Inducible Gamma 1,996 1,19E-05 Apoptosis regulator
Theld17 TBC1 Domain Family Member 17 1,772 2,40E-06 Autophagy regulator
Dadi Defender Against Cell Death 1 1,434 5,51E-07 Apoptosis regulator
Bogt BCL2 Associated Athanogene 6 1,341 8,87E-09 Apoptosis regulator
Atg4b Autophagy Related 4B Cysteine Peptidase 1,153 4,60E-07 Autophagy regulator
Mtor Mammalian Target Of Rapamycin 1,082 4,20E-06 Autophagy regulator
Immune response
Cd59a CD59 Antigen 1,941 1,06E-08 Complement system
Sikel Suppressor Of IKBKE 1 1,640 1,00E-10 Inflammation regulator
Ikbkg Inhibitor Of Nuclear Factc_rr Kappa B Kinase 1372 1,00E-08 NF-KB inhibitor
Regulatory Subunit Gamma
Ccl27a C-C Motif Chemokine Ligand 27 1,272 6,38E-06 Immune response regulator
Cell cycle
Cdc23 Cell division cycle 23 2,016 2,81E-09 DNA replication - cell cycle
Pold2 DNA Polymerase Delta 2, Accessory Subunit 1,277 1,22E-07 DNA repair
Uspii Ubiquitin Specific Peptidase 11 1,234 2,83E-07 Epigenetic modifications

Some genes that were upregulated in the DKOrd8 model maintained that upregulation after the

treatment (112 genes, showed in Figure R.34). This was the case of the cytokine-related genes

Ccrl and Ccl2, the immune response regulator NF-k/3, or the cell cycle regulator Cdknla. In these

genes, the treatment with AOxNPs did not cause any changes in their expression.

Other genes not differentially expressed in the DKOrd8 model experienced a change in their

expression after the AOxNPs treatment. This was the case of 188 genes (Figure R.34), which
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included Fam312a and Tigar, genes involved in mitochondrial trafficking and in the protection
of DNA damage by ROS respectively. The expression of Nrl and Homer1 genes, which are related
to photoreceptor and synaptic function, were also altered; as well as the expression of Dad1 and

Bagé6 genes, related with apoptosis, among many others.

Again, we looked into the genes associated with AMD that were differentially expressed in the
DKOrd8 model. After the AOXxNPs treatment, most of them returned to 6N levels of expression

(Table R.7).

Table R.7. List of genes associated with AMD

| Gene Symbol | Name | logFC |adj.P.VaI| Function |
[Genesupregulated 00 ]
Timp3 TIMP Metallopeptidase Inhibitor 3 1,374 1,01E-06 Bruch's membrane marker
Cisb Cathepsin B 1,039 4, 79E-07 Involved in APP processing
|Genes downregulated |
Omd Osteomodulin -1,350 1,61E-04 MD related gene
Mrpl20 Mitochondrial Ribosomal Protein L20 -0,851 1,2BE-04 Bruch's membrane marker
Crygh Crystallin Gamma B -1,109 3,93E-04 RPE marker

We also performed analyses of biological significance to gain insight into the biological function
of all the genes differentially expressed after the AOxNPs treatment. Interestingly, the GO terms
with higher ratio fitted into the ATP metabolic process, directly related with the mitochondrial
electron transport chain, were ATP is produced. The other GO terms with higher ratio were
related with the cellular catabolism and ribonucleoprotein complex, involved in processing RNA
transcripts. Among the downregulated genes, only a few GO terms were significantly enriched,

which fitted into the RNA localization category.

Overall, AOxNPs topical treatment was able to revert the altered gene expression pattern of
DKOrd8 mice. Most differentially expressed genes in the model returned to 6N levels after the
treatment, with very few differences between treated and 6N mice. Moreover, gene enrichment
analyses showed major differences in the ATP metabolic process, directly related to the

production of ATP in the mETC and therefore, to oxidative stress.
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Figure R.35. Gene enrichment analysis. Graph showing the main biological functions over-
represented in the gene enrichment analysis, with the three GO terms with higher gene ratio.

Downregulated GO terms are shown in blue and upregulated in red.
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The efforts invested in the last decade in the study of AMD have granted a deeper knowledge of
its pathogenesis and a better understanding of its associated risk factors, essential for the study
of new treatments. Nevertheless, to this day, no effective therapy to revert or stop the

progression of AMD has been developed.

With this in mind, we generated a reliable mouse model that mimics certain features of AMD
and proved the beneficial effect of AOxNPs, administered as topical eye drops, in improving the

pathological characteristics of the model.

1. The use of murine models to study AMD

1.1. Limitations of mice to model AMD

The development of effective treatments for AMD, as happens in other complex degenerative
diseases, remains challenging mainly because of the lack of models recapitulating the totality of

alterations that compose the phenotype of the disease.

All the murine models developed for the study of AMD have helped to gain insight into the
contribution of different pathological mechanisms such as genetic polymorphisms, oxidative
stress, lipid metabolism and dysregulation of the complement or chemokine pathways. Mouse
models have been able to recreate many of the histological features of AMD including the
thickening of Bruch’s membrane, the development of drusen-like deposits in the subretinal
space, the atrophy of photoreceptors and RPE, and the accumulation of lipofuscin, complement
proteins and microglial cells (Pennesi et al. 2012). However, all these models do not recapitulate
the totality of the features, and if so, they do it at a very advanced age, which hinders their use
in the search of effective treatments. In this regard, the DKOrd8 model constitutes an
improvement, as it is the only AMD model that starts presenting phenotypic alterations already

at one month of age and develops all the features mentioned above before the 9 months.

Another significant limitation of murine models is their lack of macula, which has been
postulated as one of the reasons why mice do not recapitulate the complex evolution of AMD
(Marmorstein and Marmorstein 2007). A few studies have tried to localize a macula-like region
in murine retinas. In all cases, a higher density of photoreceptors in the central retina compared
to the peripheral retina has been observed. But quantitatively, this central-peripheral density

difference in mice is considerably lower than the macula-retina difference in humans (Carter-
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Dawson et al. 1979; Jeon et al. 1998; Volland et al. 2015). Moreover, in contrast to the human
macula, mice central retina is mainly composed of rods, with only 2.2% of cones. Despite this,
the density of photoreceptors is 3 to 4 times greater in mice retinas than in the human macula.
As a higher photoreceptor density implies a greater phagocytic load on the RPE, murine RPE cells
have more photoreceptor outer segments (PhOS) to degrade and are likely to be more
susceptible to inefficiencies in this process. Overall, the phagocytic load per RPE murine cell is
considered to be more than double than the load of RPE cells in the human macula (Volland et

al. 2015).

These existing variations in the density and composition of photoreceptors between mouse and
human retinas should be considered when using mice as models. The same consideration
applies for the increased phagocytic load of RPE cells in mice, which in fact, could be a reliable

feature to study the role of RPE in AMD.

In the seeking of reliable models, a postulated alternative is the dog. Canine retinas also present
a higher photoreceptor density than human retinas. But unlike mice, dogs possess an increased
number of cone photoreceptors in their central retina, constituting a fovea-like area (Mowat et
al. 2008; Beltran et al. 2014). Moreover, an increasing number of naturally occurring genetic
mutations associated with retinal degeneration in humans have also been observed in dogs
(Miyadera et al. 2012; Miyadera 2018). In fact, some of these genetic mutations cause a
progressive retinal degeneration starting in the fovea-like area of dogs’ retina (Beltran et al.
2006). Hence, the dog is proving to be a valuable large animal model for the preclinical testing
of novel therapeutic approaches. It could be of great use as an intermediate model to translate

the effects observed in mice to human trials.
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1.2. The importance of the genetic background

The Ccl2”;; Cx3cr1” mouse model, developed initially by Tuo et al., was the first model
recapitulating most of the AMD-like features at an early age, starting already at one month.
Nevertheless, finding the presence of the Crb1™/% mutation in those mice some years later
defined the genetic background to be of great importance in the manifestation of the
phenotype; as Ccl2”; Cx3cr1”" mice generated in a 6J background did not present the severe

features observed in mice with 6N background (Raoul et al. 2010; Vessey et al. 2012).

The Crb1™¥ mutation, present in all the vendor lines of C57BL/6N mice, causes some retinal
abnormalities with a penetrance around 10 to 15%, although with variations between vendors
(Mattapallil et al. 2012). The main pathological features observed are the presence of small
multifocal lesions in the retina observed in the histological evaluation as retinal folds, located
predominantly in the inferior nasal eye fundus; and a slow photoreceptor degeneration (Moore
et al. 2018). Despite that, affected rd8 mice maintain their retinal function even at advanced
ages (9 months), with ERG responses comparable to other wild type mice (Saul et al. 2017
Aleman et al. 2011). The rd8 mutation alone is necessary but not sufficient for the development
of these features. Other mouse lines with different genetic origins (Balb/c and 129S52/Sv)
carrying the rd8 mutation did not manifest retinal lesions in the inferior retina (Luhmann et al.
2015), highlighting how genetic background differences can influence on the manifestation of

these retinal abnormalities.

For the generation of our DKOrd8 mice, the backgrounds of the founder mice were 6J for the
Ccl2”- mice, a mixed 6J and 6N for the Cx3cr1”- mice, and 6N for the C57BL/6N mice, resulting in
a mouse with a mixed background, with a higher contribution of the 6N. For that reason, we
chose 6N mice as wild type controls in all our experiments. Therefore, we could differentiate the
pathological features caused by the combination of both Cc/2 and Cx3cr1 inactivation from the

ones caused by the rd8 mutation and the genetic background.

In either case, given the variability implicit in the genetic background, we performed two
backcrosses of our DKOrd8 mice with 6N mice to homogenize the genetic background of our
model (Figure D.1). Each backcross took around 10 months to be performed. As a result, we
could not include the characterization of the backcrossed mice in this thesis and used the ones
obtained after the first generation, taking in consideration the variations that might be implied

due to background differences.
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Figure D.1. Scheme followed for the
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were crossed with 6N mice (Crb1rd/198),
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and Cx3crl and homozygous mutant for
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all the progeny, the pups with the three
mutations in homozygosis (Ccl27; Cx3cr1
/; Crb17/98) \yere maintained as the first
backcrossed mice. This same scheme was
followed again to generate the second
backcross.



2. Aclose look into the pathological features of the DKOrd8 mice

2.1. Location of the retinal lesions

DKOrd8 mice are known to present early lesions in the inferior retina, starting in the outer
nuclear layer, which enlarge with ageing leading to photoreceptor degeneration (Zhou et al.
2011). During the characterization of our DKOrd8 mice, we corroborated this phenotype by
observing the presence of retinal spots in the inferior hemisphere of their eye fundus already at

one month of age.

Curiously, the localization of the retinal lesions of our DKOrd8 mice (predominantly in the
inferior nasal quadrant) was the same described in 6N mice. In our case, however, the 25 wild
type 6N mice followed up did not present any abnormality in their eye fundus, highlighting the

existing differences in penetrance and vendor lines (Mattapallil et al. 2012).

The reason why these lesions are restricted to the inferior retina has not been elucidated.
DKOrd8 mice raised in complete darkness since birth, showed the same inferior localization of
the lesions at 8 weeks of age (Luhmann et al. 2012), supporting that the manifestation of these
lesions is not light-dependent. This same pattern has also been observed in the Crb17 mice, a
model with severe retinal degeneration. Crb1”- mice bread in the dark for 6 months suffered the
same level of retinal degeneration (predominantly in the inferior temporal quadrant) as mice
kept in a 12/12 hour light/darkness cycle (van de Pavert et al. 2007). Retinal lesions of our
DKOrd8 mice started also in the outer nuclear layer (ONL), as previously reported, disrupting the
outer plexiform layer (OPL) and reaching the inner nuclear layer (INL). We also observed a
progressive degeneration of the ONL, confirmed through quantification of the layers’ thickness.
However, this degeneration was not as severe as the reported by Zhou et al and Luhmann et al.,
whose DKOrd8 mice (originally generated by Tuo et al.) suffered a drastic decrease of retinal

thickness by 8 months of age (Figure D.2).
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Figure D.2. In vivo assessment of eye fundus and retinal status of two different lines of DKOrd8 mice.
(A, B) Eye fundus and OCT images from an 8-months old DKOrd8 mice originated by Tuo et al., showing
an increased number of fundus spots and severe retinal degeneration with loss of the different layers.
Images from Luhmann et al., 2012. (C, D) Eye fundus and OCT images from a 9-months old DKOrd8 mice
from the colony we generated and characterized. The outer nuclear layer thickness is decreased but the
different retinal layers can be still distinguished.

Considering that both models present the same three mutations in homozygosis, the most
plausible explanation of these differences lies in the genetic background. As stated previously,
the genetic background has a huge influence in wild type 6N mice, as the rd8 mutation alone is
not sufficient for the development of retinal alterations (Luhmann et al. 2015). In this regard,
the characterization of the backcrossed DKOrd8 mice we already obtained should elucidate the

precise implications of the background in these differences.
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2.2.  Altered retinal function: age-related or a feature of the model?

DKOrd8 mice presented a progressive loss of photoreceptors. In accordance with that, ERG
recordings reflected an altered activity of these cells observed as decreased a-wave amplitude
already at 3 months, which was maintained in succeeding recordings, although with some

exceptions.

This is the case of the ERG results from 5-months old mice, were no significant differences
between DKOrd8 and 6N mice were observed neither at mild nor at high light stimulation. These
differences are rather explained by the variability of the technique. ERG is a complex and very
sensitive technique in which small technical difficulties can imply variations in the recorded
response. For this reason, it is important to have a consistent number of animals to corroborate
the results. In our case, mice evaluated at the different time points were the same, assuming an
identical phenotypic variability and we included a minimum of 12 animals per group to perform

the statistical analyses.

Given the progressive thinning observed in the ONL due to a loss of photoreceptors, we
expected to see a decline in ERG amplitudes over time. But this was not the case. Although a-
wave amplitude was decreased in 9-months old DKOrd8 mice, it was similar to the 3-months old
response. The already reduced function of photoreceptors at 3 months did not deteriorate over

time.

Regarding the b-wave amplitude (which mainly reflects the activity of bipolar cells in the INL),
we did not observe significant differences between DKOrd8 and 6N mice at any of the months
and intensities analyzed. Thus, the electric transmission from the ONL to the GCL was conserved.
What we did observe was a b-wave amplitude decrease from 5 to 7 months only at high light
stimulation, and this observation was similar in both DKOrd8 and 6N mice. ERG studies in aged
mice point out a reduced retinal function seen as a decreased b-wave amplitude, striking at 6
months, without observing significant changes in photoreceptors density (Li et al. 2001; Gresh
et al. 2003). Other studies in aged models also showed that the implicit time to the b-wave does
not change in 12 and 22-months old mice and rats (Nadal-Nicolds et al. 2018). In our model,
implicit times to both a and b-waves were increased from 7 months on, indicating a slower
response of the retina. Therefore, we suggest that the decreased b-wave amplitude observed
from 7 months on was derived from ageing but the increased implicit time was a pathological

feature of the model.

The retinal response of Cc/2”; Cx3cr1”- mice without the rd8 mutation has been evaluated by

Vessey et al., observing only a decreased amplitude of the OPs in 9 months old mice. Amplitudes
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and implicit times to a and b waves were not altered. Those same mice presented an aberrant
morphology of amacrine cells (Vessey et al. 2012), the activity of which is reflected in the OPs
wavelets (Wachtmeister 1987). Taken together, these results suggested a reduced inner retinal

function due to alterations in amacrine cell signaling, not dependent on the rd8 mutation.

Unlike the Ccl2”-; Cx3cr1”- mice without the rd8 mutation, our Ccl2”; Cx3cr1”; Crb1™¥ mice
presented decreased OPs amplitude already at 3 months of age and increased implicit times
from 7 months on. Therefore, the presence of the rd8 mutation in combination with the absence

of Ccl2 and Cx3cr1 caused a greater impairment in the OPs response.

Despite not evaluating amacrine morphology in our model, histological and
immunofluorescence stainings showed that focal retinal lesions of DKOrd8 mice caused the
disruption of the OPL, where synapses between photoreceptors and amacrine, bipolar and
horizontal cells occur. In fact, synaptophysin expression in these areas was lost. These mild
alterations in the OPL might be the cause of the reduced OPs wavelets. But in any case, this
partially affectation in the OPL is not translated into changes on the b-wave amplitude. A more

severe damage in the retina is needed to see differences in the ERG response.

2.3. Histological alterations and compensative mechanisms

The histological evaluation performed in our DKOrd8 mice corroborated the phenotype
observed by the in vivo imaging through OCT and helped us to compare it to the previous
description of the DKOrd8 mice generated by Tuo et al. In both cases, retinal lesions were
located in the ONL at an early stage and disappeared with time, producing a loss of

photoreceptors and a thinning of their nuclear layer.

In our case, we were not able to find major histological changes in the retinas of 1-month old
DKOrd8 mice although we had observed alterations in the ONL through OCT imaging. This lack
of major histological alterations could be explained by the fact that the histological evaluation
was not performed in a great number of eyes. Nevertheless, we did observe an increased gliosis

already in 1-month old DKOrd8 mice, indicating an activation of Miiller glia.

Miuiller cells act as supportive retinal cells and present a great number of functions: (i) provide
metabolic nutrients to the retina, (ii) maintain the ionic and water balance, (iii) protect against

oxidative stress increasing the secretion of antioxidants, (iv) release neuroprotective and

122



vasoactive substances, (v) serve as scaffolds for neurovascular guidance, and (vi) support
synaptic activity (Reichenbach and Bringmann 2013). Miiller cells are rapidly activated following
almost any pathological insult in the retina to protect retinal structure and function. The most
prominent feature of this activation, known as reactive gliosis, is the increased expression of
intermediate filaments, including GFAP and vimentin, although the purpose of this process

remains a matter of concern (Telegina et al. 2018).

The link between reactive gliosis and retinal degeneration is well established. Activation of
Miiller cells can have an initial positive effect through the secretion of neurotrophic and
antioxidant factors (Fu et al. 2015; Lee et al. 2011). But if gliosis persists, Muller cells accelerate
neuronal death (Eastlake et al. 2016). In fact, in most models of degenerative retinal diseases,
GFAP expression is increased and precedes neuronal apoptosis (Graca et al. 2018). Additionally,
studies in mice deficient for GFAP and vimentin have shown a reduced photoreceptors death
following induced retinal detachment and a preservation of the ONL thickness (Nakazawa et al.

2007).

Our DKOrd8 mice exhibited reactive Miiller cells at 1 month of age. By 3 months of age, GFAP
expression surrounded the focal lesions in the ONL, pointing out the role of Miiller cells in the
formation of the lesions and posterior loss of photoreceptors. As lesions progressed, GFAP
expression was slightly decreased. Nevertheless, gliosis was still present in 9-months old DKOrd8
mice, which is consistent with studies showing that the GFAP-positive filaments already formed,

may remain for many months after the retinal insult or injury (Seoane et al. 1999).

Another histological alteration observed in our DKOrd8 mice retinas was the decreased
expression of opsin in 3-months old mice, which suggested a major affectation of cones in the
degenerative process. A reduced expression of opsin was previously observed in 1-month old
DKOrd8 mice (Zhang et al. 2013). Other genetic models with severe retinal degeneration (RPE65
/- and Elovl4”- mice, among others) also showed a preceding affectation of cones and a belated

death of rods (Vasireddy et al. 2006; Znoiko et al. 2005).

The reason why cones suffer apoptosis before rods in all those mouse models is not fully
understood. In aged humans and patients with early AMD, early cone affectation has been
associated with elevated levels of oxidative stress experienced in the macula, where an
increased density of these photoreceptors is found (Shelley et al. 2009). But mice present a poor
percentage of cones in the central retina. Whether cones are more susceptible than rods to

retinal pathological processes should be further assessed. As a start, photopic ERG recordings in
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light-adapted DKOrd8 mice (useful to record only cone responses) could provide additional

information about the effect of this loss on retinal function.

Studies in humans presenting advanced AMD have shown an increased thickness of the INL
within the areas of geographic atrophy, associated with poor visual acuity. It is hypothesized
that changes in the INL thickness associated to photoreceptors degeneration try to compensate

this loss, although do not achieve the maintenance of the visual function (Ebneter et al. 2016).

DKOrd8 mice did not present significant changes in the INL thickness compared to 6N mice, but
we did observe differences in the IPL thickness. Whereas 6N mice experienced a progressive
thinning of this layer, IPL thickness in DKOrd8 mice suffered an initial decline, but from 5 months
on it slightly increased and stabilized. Whether this increase is a compensative response to the
greater ONL degeneration observed in the model or the age-related decrease of INL thickness
could not be concluded. Changes in this layer in other models for retinal degenerative diseases
have not been fully addressed and in AMD patients, IPL thickness is maintained in early and

intermediate stages and starts decreasing in advanced AMD (Muftuoglu et al. 2017).

RPE cells are considered to be the first cell type affected in AMD. Their progressive degeneration
causes a dysregulation of their many functions inducing the death of photoreceptors. Despite
RPE cells from mice have a higher phagocytic load than RPE cells from humans, DKOrd8 mice did
not present alterations in their RPE cells until 9 months. At that age, we observed an increased
vacuolization. The presence of vacuoles in RPE cells has been associated with atrophic cells in
other mouse models, although in all cases, appeared at a more advanced age (Huang et al. 2017;
Muraoka et al. 2018). The earlier alteration of RPE cells in DKOrd8 mice suggests a greater
affectation of these cells than in other models. In line with that, Wang et al showed a higher
susceptibility to apoptosis after either inflammatory stimulation or oxidative stress in DKOrd8

RPE cells compared to RPE cells from 6N mice (Wang et al. 2012).

Taking in consideration these results, the DKOrd8 mice and primary cultures of their RPE cells
could be of great use for understanding the pathological changes undergoing and their

implication in the phenotype of DKOrd8 model.
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2.4. The role of microglia in retinal degeneration

Microglia plays an important role in the correct function of the retina, taking part in the
formation of the retinal-blood barrier, phagocytizing cellular debris and eliminating visual by-
products among other functions (Li et al. 2015). Studies depleting microglial cells from the retina
showed that the long-term absence of retinal microglia in healthy retinas results in the gradual
degeneration of retinal synapses and the deterioration of the ERG response (Wang et al. 2016).
In degenerating retinas, microglia also contributes to the survival of retinal neurons and to the

maintenance of retinal architecture (Zhao et al. 2015).

During the characterization of the DKOrd8 model we studied the distribution of retinal microglia
in mice retinas. The two main features observed were (i) an accumulation in retinal focal lesions,

and (ii) an age-dependent migration and accumulation of microglia in the subretinal space.

Fundus imaging and immunofluorescence staining revealed that microglia accumulated in focal
retinal lesions of DKOrd8 mice although it was not correlated with an increase in the total
number of retinal microglia. Other mouse models for retinitis pigmentosa, with severe retinal
degeneration, also experience an accumulation of microglia in the degenerative areas. These
studies suggest that microglia is recruited to the ONL through chemoattractive signals secreted
by stressed photoreceptors to phagocyte the dying ones (Zhao et al. 2015; Zhou et al. 2017).
Therefore, we presumed that microglia would be also involved in the progressive loss of

photoreceptors of the DKOrd8 model.

The second feature observed was the age-dependent accumulation of subretinal microglia
striking at 9 months of age. This feature has already been described in 14-months old 6N mice
but not in aged-matched 6J mice (without the rd8 mutation) (Aredo et al. 2015; Xu et al. 2008).
Regarding Cx3cr1”-and Ccl2” single knockout mice, discrepancies succeeded in different studies
before noticing that the rd8 mutation was the determining factor. Some years ago, the
importance of the genetic background was not considered as relevant as today. And in most of
the studies developed in Cx3cr1” and Ccl2” single knockout mice, the presence or absence of
the rd8 mutation was not specified (Luhmann et al. 2013; Combadiere et al. 2007; Chinnery et
al. 2012). Microglia accumulation has also been evaluated in Cc/27; Cx3cr1”" mice without the
rd8 mutation and in that case, an increase of subretinal microglia was not observed until 18-

months of age (Chen et al. 2013).

The general conclusion extracted from all these studies is that the accumulation of subretinal

microglia is an age-dependent feature experienced by 6N and Cc/2”77; Cx3cr1”  double knockout
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mice, appearing at a very advanced age, but that the combination of the three genetic

alterations in the DKOrd8 model accelerate the subretinal accumulation of the microglia.

Another representative feature of AMD observed in DKOrd8 mice is the presence of yellowish
deposits in the eye fundus, referred to as drusen-like deposits, which have been associated with
the accumulation of subretinal microglia. We observed an increased number of these deposits
in the eye fundus of 9-months old DKOrd8, predominantly in the superior hemisphere. Curiously,
these deposits are observed in most models mimicking AMD at an advanced age, regardless of

the pathway affected.

At this point, we wondered whether the background of those models was influencing the
phenotype observed. Surprisingly, we noticed that all the models reported to present drusen-
like deposits (see Table 1.2) had a C57BL/6 background, without specifying if 6N or 6J in most of
the cases. All the genetic models including the Nrf27,, SOD1”, Cfh"*°?", ApoE”- and others, had
been generated in C57BL/6 background; and for the induced models, such as the cigarette

smoking and the immunized model with CEP, C57BL/6N mice were also used.

The exact mechanism leading to this phenotype will have to be furthered explored, but it seems
evident that the presence of drusen-like deposits associated with the accumulation of subretinal
microglia is a characteristic dependent on the C57BL/6 background and more probably, on the

rd8 mutation, more than a feature of the model itself.

2.5. The gene expression profile as an AMD-like feature

The tools to study complete transcriptomes have experienced great improvements in the last
years and a significant reduction of their costs. However, the current knowledge of the

transcription profile in the different stages of AMD is still poor.

The first transcriptome studies performed in human ocular tissue addressed the differences in
the expression between young and adult retinas and RPE/choroid complexes (Young et al. 2013;
Farkas et al. 2013), and between peripheral and macular areas of the retina and the RPE/choroid
complexes (Whitmore et al. 2014; Cai et al. 2012; Li et al. 2014). These studies revealed tissue
and area-specific molecular signatures in normal human retinas, although they did not focus in

pathological processes.

More recently, three large transcriptomic studies in humans comparing normal and AMD retinal

tissues have been conducted. These studies pointed chemokine and cytokine signaling and
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complement cascade pathways as the most dysregulated (Saddala et al. 2019). Biological
processes such as cell communications, cell surface receptor signaling pathways and signal
transduction appeared upregulated, whereas pathways associated with synapse development
and function were largely downregulated in intermediate AMD (Ratnapriya et al. 2019).
Differences in antisense RNA transcripts, which regulate gene expression by blocking the
translation of complementary mRNAs, have also been reported in human AMD retinas (Kim et

al. 2018).

To have a comprehensive knowledge of the DKOrd8 model, we performed a transcriptomic
analysis with a cDNA microarray and observed a differential expression pattern in DKOrd8 mice

compared to 6N mice, with a greater amount of genes downregulated rather than upregulated.

A limitation of our study is that we included both retinal and RPE/choroid material in the
sampling process, which may lead to underrepresentation of retina-specific and RPE/choroid-
specific differentially expressed genes. Mouse eyes have a small size, and the amount of RNA
that can be extracted is limited, specifically of the RPE/choroid complex. Thus, we decided to

include the whole tissue to obtain higher RNA concentrations with a better quality.

One of the cellular functions with a higher number of genes downregulated was the
mitochondrial metabolism, with a great representation of genes involved in the mitochondrial
electron transport chain (mETC). The mETC is the major source of ROS, which contribute to
oxidative stress. Elevated oxidative stress can lead to mitochondrial damage and therefore, to a
decreased mitochondrial function (Brown 2018). Mitochondrial dysfunction has been suggested
to be a major contributing factor to AMD pathogenesis. Different studies have shown fewer and
smaller mitochondria and a decrease content of mETC proteins in the RPE of AMD human donors
(Bianchi et al. 2013; Nordgaard et al. 2006; Nordgaard et al. 2008). Furthermore, increased levels
of mitochondrial DNA damage have also been found in the RPE but not in the neuroretina of

AMD patients with an early disease state (Terluk et al. 2015).

Increasing evidences suggest that aging induces a decline in the cellular antioxidant capacity,
causing an impaired induction of antioxidants in response to oxidative stress (Bellezza 2018).
Nrf2, the transcription factor key regulator of the antioxidant response, is reduced in aged RPE
cells (Sachdeva et al. 2014; Zhang et al. 2015) as well as the antioxidant enzyme SOD3 (He and
Tombran-Tink 2010). Interestingly, these two genes were downregulated in DKOrd8 mice at

three months of age, showing an early dysregulation of the antioxidant capacity.

At that age and through immunostaining, we had already observed an increased expression of

the oxidative-stress marker 8-OHdG in DKOrd8 mice retinas. Therefore, the altered expression
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of mitochondrial proteins, including the ones of the mETC, oxidative stress regulators, and
antioxidant enzymes in the DKOrd8 mice, could be described as an AMD-like feature of this

model.

Interestingly, we also observed the differential expression of genes that have been associated
with an increased risk of AMD. This is the case of TIMP3, a matrix metalloproteinase inhibitor
secreted by RPE and choroidal cells that plays an important role in the control of the extracellular
proteolytic activity (Woessner Jr. 2001). Mutations in this gene cause Sorsby fundus dystrophy,
a rare degenerative disease of the macula that resembles the neovascular form of AMD (Anand-
Apte et al. 2019). Regarding its role in AMD, Wang et al. reported a downregulation of TIMP3 in
the retina of humans with the polymorphism rs5749482, which confers an increased risk of AMD

(Strunnikova et al. 2010; Wang et al. 2014).

It is widely established that increased ROS levels lead cells into senescence, which induces the
secretion of pro-inflammatory cytokines and chemokines, and regulates autophagy (van
Deursen 2014; Kang and Elledge 2016). All these pathways have been associated to AMD
pathogenesis, and genes related with all of them were found differentially expressed in DKOrd8
mice. We also observed a downregulation of genes related with the cell cycle in DKOrd8 mice. A
downregulation of genes related with general transcription have also been found in
transcriptomic analyses of human retinas and RPE-choroid-sclera complex of AMD patients
(Saddala et al. 2019). In this same study, genes related with the immune response were found
upregulated in AMD samples. Similarly, the expression of some genes codifying for chemokines,
interleukins and complement proteins was increased in our DKOrd8 mice, which correlated with

the fact that it is a model with a dysregulation in the chemokine pathway.

The enrichment analyses performed on the GO database revealed that most of the
downregulated genes fitted into categories related to neuronal regulation and synaptic
transmission. Curiously, transcriptome analyses in AMD patients have also shown a
downregulation of these categories in patients with intermediate AMD. Furthermore, the y-
aminobutyric acid (GABA) receptor activation pathway was found downregulated too in AMD
patients (Ratnapriya et al. 2019; Saddala et al. 2019). In line with that, different subunits of the
GABA receptor were also downregulated in our DKOrd8 mice. Other genes related with
neurotransmission, PhOS or axon maintenance such as Syngr3, Aplpl, Impg2 or Casp6 were

downregulated in DKOrd8 mice.
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In summary, the gene expression pattern of the DKOrd8 mice resembled the expression pattern
of AMD patients in many ways. And although detailed transcriptomic analyses of AMD patients
are still lacking, the DKOrd8 expression pattern could be considered as an AMD-like
characteristic and taken into account when using this model to study the effect of novel

therapies.
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3. Choosing the right therapy for AMD

The search for therapies to revert or stop the progression of AMD has not succeeded yet.
Geographic atrophy, the major hallmark of AMD, still does not have an effective treatment. The
lack of knowledge about the mechanisms implicated in the onset of the disease, the absence of

biomarkers as well as the lack of reliable models have been the major obstacles.

The publication of the AREDS and AREDS?2 clinical studies, showing a slower progression of AMD
in patients taking an oral supplementation rich in antioxidants (Kassoff et al. 2001; Chew et al.
2014), has been the major outcome until now. This is the only preventive therapy AMD patients
can follow. But once the disease progresses, no approved therapy exists. Several clinical trials
for geographic atrophy evaluate the effect of drugs targeting the complement cascade, oxidative
stress and neuroprotection or the elimination of toxic by-products of the visual cycle (Li et al.
2017). Although most of them have failed in the achievement of the expected outcomes, others
are still ongoing. This is the case of brimonidine, an a-adrenergic receptor agonist with
neuroprotective activity that showed beneficial effects in RPE and Miiller cells with induced
stress (Ramirez et al. 2016). A phase Il trial is currently in progress and expected to be completed

this year (Clinicaltrials.gov number: NCT02087085).

What is surprising is that given the important role oxidative stress plays in the onset and
progression of AMD, only two clinical trials on antioxidant therapies are being held. The
antioxidant compound OT-551, a disubstituted hydroxylamine, is being evaluated in a second
phase |l trial after showing some beneficial effects in the rat model with light-induced retinal
degeneration (Tanito et al. 2010) and in a first clinical trial demonstrating the safety of the
compound and a significant vision improvement in patients (Wong et al. 2010). The other
antioxidant therapy being evaluated in clinical trials is risuteganib, an anti-integrin antibody
developed initially to treat diabetic macular edema. As it showed an effect in downregulating
oxidative stress, is now being tested in a phase Il study with AMD patients (Kuppermann et al.

2016).

Another therapeutic field with promising projection is stem cell-based therapy. Induced
pluripotent stem cells (iPSCs) have the potential to be differentiated into photoreceptors and
RPE cells and to integrate into a host cell structure to replace or regenerate the lost tissue
(Ludwig et al. 2019). Moreover, they present lesser ethical concerns than embryonic stem cells.
iPSCs-derived RPE cells have been reported to improve retinal function in retinal degenerative

rat and mouse models (Kanemura et al. 2014; Li et al. 2012; Tucker et al. 2011; Riera et al. 2016)
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and their use has also been tested in human trials. The first clinical trial using iPSCs-derived RPE
cells was performed in 2014 on one patient (Chakradhar 2016). No adverse effects were
detected after a year and the patient experienced a stabilization of vision decline. However, the
study had to be interrupted for safety concerns, due to the detection of mutations in the second
patient’s iPSCs (Garber 2015). Currently, three clinical trials using autologous and allogenic iPSC-
derived RPE cells to treat AMD are being held (Mandai et al. 2017; Clinicaltrials.gov number:
NCT02464956; NCT00874783). Although the future is very promising, long-term studies
evaluating immunogenicity and chromosomic instability are still lacking. Moreover, the financial
success of these therapies is questioned given the high economic cost of development (Bracha

et al. 2017).

In the last years, CeO,NPs emerged as a good option to treat AMD due to their high antioxidant
capacity. We synthetized AOxNPs of 3nm, discarded any cytotoxic effect in ARPE19 cell cultures
and corroborated their antioxidant capacity with in vitro studies. AOxNPs were able to reduce
ROS levels in ARPE19 cells after inducing oxidative stress with three different oxidizing agents.
Moreover, AOxNPs increased the expression of the enzyme SOD2, reinforcing the antioxidant
response of the cell. With this capacity, AOxNPs could prevent the excessive formation of ROS
during the visual cycle and their auto-regenerative capacity could extend their efficacy in the
targeted tissue. This therapeutic potency has already been demonstrated in several mouse
models for degenerative eye diseases, being able to delay photoreceptor death and preserve

retinal function (Cai et al. 2012; Wong et al. 2015).

All the models in which antioxidant therapies have been tested suffered a severe and aggressive
degeneration, which is not the case of AMD. In AMD, retinal degeneration is progressive and the
development of the pathogenic features is not as aggressive as in those models. Therefore, the
use of our AOxNPs to reduce oxidative stress in AMD could even present better outcomes than

in severe retinal degenerative pathologies.

As stated previously, the use of reliable models is one of the main problems in the translation of
therapies from preclinical studies to human trials. In this regard, the characterization of the
DKOrd8 we performed placed these mice as an even more reliable model to test new therapies

for AMD.
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4. Topical delivery as a route of administration to the posterior pole

Topical delivery with eye drops is the less invasive route of administration for ocular pathologies.

It is commonly used in the treatment of pathologies affecting the anterior segment of the eye

such infections, inflammations, elevated intraocular pressure and dry eye. Most eye drops

formulations contain small molecular weight drugs with an adequate corneal permeability,

allowing the absorption into the anterior chamber. However, their use for pathologies affecting

the retina and RPE cells is controversial as the distribution to the posterior part of the eye is

hampered by different factors (del Amo et al. 2017; Loftsson and Stefansson 2017):
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Retention time on the ocular surface: topically administered eye drops are rapidly
drained from the ocular surface by the lacrimal fluid via the nasolacrimal duct, limiting
drug absorption. In addition, the increased tearing following topical application
decreases drug concentration (Wong et al. 2019).

Permeability and transport in the barrier membranes: topical formulations must have
an adequate permeability to cross the cornea, conjunctiva and sclera. Transport across
the cornea and conjunctiva is limited by the lipophilicity and the size of the compounds
(Ramsay et al. 2018). Sclera however, is a more permeable tissue, with a porous
membrane that allows the permeation of hydrophilic and large macromolecules
(Prausnitz and Noonan 1998).

Role of flow factors: once inside the eye, a great amount of drug is eliminated via the
aqueous humor outflow, which is constantly produced and drained to maintain a correct
intraocular pressure. Although the vitreous outflow is lower, drugs can diffuse to the
anterior chamber and be eliminated either way by the aqueous humor outflow. The
vitreous itself is a negatively charged polymer network that allows the relative
unrestricted molecular mobility for small molecules and anionic nanoparticles.
However, diffusion of particles above 500 nm or with cationic charge is dramatically
restricted (Mains et al. 2012). The penetration of drug molecules into the retina is also
hampered by the blood retinal barrier.

Drug potency and dosing rate: it is evident that the retinal bioavailability is lower after
topical administration rather than other administration routes such as intravitreal or
subretinal injections. But the concentrations needed for pharmacological activity

depend on the compound itself. Highly potent drugs that are active at low



concentrations (preferably in nanomolar range) might be suitable for topical

administration.

Another aspect to consider is that ocular pharmacodynamics differs between species. The
rodent eye is anatomically dissimilar to the human eye. The distance to the posterior segment
is shorter, as well as the volume of the vitreous body, smaller in mice and rats compared to
humans as the ratio of the lens to the ocular length is 5-fold greater in mice than in humans
(Figure D.3) (Zhou et al. 2007). Moreover, mouse and rat sclera is more permeable than the
human sclera (Veleri et al. 2015). For all these reasons, translation from rodent models to

humans has to be done cautiously.

Human eye

Ciliary
muscle

Ciliary muscle Vitiests

humor

Figure D.3. Schematic cross-sections of a human and a mouse eye. The main distinct features are the
lack of macula and fovea in the mouse eye and the size of the lens, much larger in the mouse than
humans relative to the eye size. Modified from Veleri et al. 2015.

Usually, intravitreal administration is the delivery route chosen for reaching the posterior
segment of the eye as the direct injection into the vitreous cavity eliminates part of the barriers
mentioned above. In fact, in all the published studies using CeO;NPs as a therapy, intravitreal
injection has been the chosen administration. But for progressive diseases that need a sustained
treatment, it is not the best choice. The risk of complications associated to intravitreal injections
increase with recurring administrations (Jager et al. 2004). Hence, topical application is a better

choice for progressive degenerative diseases.

There is emerging evidence that several peptides administered in eye drop formulations can
reach the murine retina in pharmacological concentrations. Derivatives from the
neuroprotective factor PEDF applied once a week for 15 weeks were able to reduce diabetic

retinopathy complications in the Ins2%® mice (Liu et al. 2012). The neuroprotective glucagon-
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like peptide 1 (GLP-1) and a suppressor of cytokine signaling 1 (SOCS1) derived peptide also
showed the capacity to prevent neurodegeneration and neuroinflammation respectively in the

db/db mouse model for diabetic retinopathy (Hernandez et al. 2016; Hernandez et al. 2019).

Trying to improve topical efficiency, the use of hydrogels has proven to enhance absorption, as
they increase the retention period and allow a lateral diffusion through the conjunctiva and

sclera, enhancing the bioavailability of the drug (Shikamura et al. 2016).

The formulation of the topical solution is therefore, of great importance to improve the
efficiency of the administration. The AOxNPs we used were synthetized in a small size, around 3
nm: similar or even smaller than the peptides reported to be effective for diabetic retinopathy.
They were negatively charged, facilitating their transport across the cornea and the vitreous.
Moreover, we used a formulation that prolongs the retention in the surface of the cornea and

thus, their absorption, increasing the efficiency of topical administration.

With all these characteristics, our AOxNPs administered topically reached the retina and
posterior segment of the eye (RPE, choroid and sclera) after a single administration, and with a
daily administration during seven days the concentration in the retina was comparable to the

one achieved with one intravitreal injection.
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5. The efficacy of AOxNPs as a treatment for AMD

5.1. Reversion of the differential expression pattern

In this thesis we proved the efficacy of a topical treatment with AOxNPs in the DKOrd8 model.
The most evident improvement was the reversion of the altered expression pattern of DKOrd8
mice. More importantly, we achieved these results with a topical administration sustained for
two months; eliminating the need of intravitreal injections and the usual associated

complications.

The gene expression pattern of DKOrd8 mice differed substantially from 6N mice, with a greater
number of downregulated genes. Surprisingly, mice treated with AOxNPs experienced a
reversion of that expression pattern, resembling the one from 6N mice. The antioxidant capacity
of AOxNPs was able to re-establish the expression levels of a great number of genes to wild type

levels.

Most of the genes downregulated in DKOrd8 mice appeared upregulated in AOxNPs-treated
mice, reaching the expression levels of 6N mice. This was the case of most of the genes involved
with mitochondrial metabolism, neuronal function, cell death, senescence and cell cycle.
Although it is unlikely that AOxNPs directly target genes to alter their expression, AOXNPs might
indirectly modulate the expression of oxidative stress-related genes by regulating the
antioxidant response of the cell through ROS scavenging. In fact, ROS are suggested to be
involved in the initiation and progression of inflammatory responses and they also act as second
messengers in the intracellular signaling through the post-translational modification of cysteine
residues of redox-sensitive proteins that can undergo oxidation (Chelombitko 2018). Therefore,

variations in the intracellular ROS levels can produce changes in the expression pattern.

The effect of CeO,NPs treatment in the expression of oxidative-stress related genes has been
addressed in the VIdIr’”- mouse model, with severe retinal degeneration (Kyosseva et al. 2013;
Cai et al. 2014). Cai et al showed that an intravitreal injection of CeO;NPs could upregulate
several genes related with oxidative stress that were downregulated in the model, such as the
transcription factor Nrf2 (Cai et al. 2012; Cai et al. 2014) The upregulation of Nrf2 has also been
reported in the streptozotocin-induced type 1 diabetes mouse model receiving intraperitoneal
injections of CeO,NPs (Khurana et al. 2018). Similarly, DKOrd8 mice experienced an upregulation

of Nrf2 after the AOxNPs treatment.
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We had previously observed an upregulation of SOD2 in ARPE19 cells treated with AOxNPs after
the induction of oxidative stress. Likewise, the AOxNPs treatment in DKOrd8 mice induced the
expression of a superoxide dismutase family enzyme. In this case it was SOD3, located in the
extracellular matrix, instead of the mitochondrial SOD2. Besides SOD3 and Nrf2, Gstt3, Sdha or
Mdh2, associated with oxidative stress and the antioxidant response, regained wild type levels
after the AOxNPs treatment. Confirming the antioxidant effect of AOxNPs on gene expression,
the gene enrichment analysis also showed an upregulation of GO terms related with the ATP

metabolic process, directly related with the mitochondrial electron transport chain.

It has also been reported that the intravitreal injection of CeO,NPs in VIdIr” mice induced the
downregulation of IL7, IL9 and other cytokine-related genes whose expression was increased in
the model (Kyosseva et al. 2013). In a similar manner, the genes related with the immune
response that were upregulated in the DKOrd8 model appeared downregulated after the topical

AOXNPs treatment.

As previously stated, we hypothesized that the reduction of intracellular ROS levels by AOxNPs
could produce changes in the expression pattern, with more probability in genes associated with
oxidative stress and inflammation, given that ROS have a higher influence on these processes.
But AOxNPs were also able to influence the expression of genes related with neuronal function,

autophagy and cell cycle functions.

According to Song et al, CeO,NPs exposure in in vitro cultures of endothelial cells and fibroblasts
activates the autophagy master regulator, the transcription factor EB (Tfeb), promoting the
clearance of lysosomes and enhancing the degradation of the autophagic cargo (Song et al.
2014). In DKOrd8 mice, we did not observe changes in Tfeb expression but we reported an
upregulation of several autophagy-related genes that were downregulated in the model.
CeO,NPs exposure in in vitro neuronal cell cultures has also been reported to induce the

expression of genes related to neurological and cell cycle regulation (Lee et al. 2012).

The effect of AOXxNPs in the DKOrd8 model was similar to the one observed in other models
treated with other antioxidant nanoparticles, causing an upregulation of the genes related with
the antioxidant response and a downregulation of inflammatory-related genes. Overall, the
reduction of ROS levels induced by AOxNPs was able to change completely the altered
expression pattern of DKOrd8 mice. Nevertheless, further studies on the exact mechanisms and

biological impact of these changes should be addressed.
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5.2. AOxNPs effect on retinal thickness and microglial activation

The few studies where DKOrd8 mice have been used to test different therapies conducted an
eye fundus evaluation to monitor the effect of the treatment. These studies affirm to observe a
stabilization of retinal lesions after nutrient supplementation with antioxidant compounds, the
intravitreal administration of an inhibitor of the Wnt pathway or the neuroprotective factors
PEDF and PDGF (Ramkumar et al. 2013; Tuo et al. 2015; Wang et al. 2013; Wang et al. 2014).
During the characterization of our model, we observed that these lesions tend to decrease upon
ageing, as photoreceptors are lost. Therefore, the use of these lesions as a hallmark to establish
the efficacy of a treatment is questionable. Rather than the eye fundus evaluation, OCT imaging
is becoming the standard technique for the in vivo observation of retinal layers and their

posterior quantification, as the evaluation of the layers’ thickness gives more objective data.

Our evaluation of mice retinas through OCT imaging revealed maintenance of the ONL thickness
in treated-mice compared to the non-treated. In other models, CeO,NPs treatment showed
increased photoreceptors survival through the reduction of ROS levels (Chen et al. 2006, Cai et
al. 2012) and decreased apoptosis (Wong et al. 2015). We hypothesize that AOxNPs in the
DKOrd8 mice could have a similar effect. Nevertheless, it should be corroborated with further

histological evaluation and analysis of apoptotic markers.

With the evaluation of retinal function, we did not observe differences in AOxNPs-treated mice
compared to the not treated. As explained previously, mild changes in the retina are often
difficult to observe through ERG recordings. Furthermore, in this case, AOxNPs treatment did

not produce the sufficient effect on the ONL to see an improvement in the retinal function.

Another effect of AOxNPs treatment in DKOrd8 mice was the reduction in the number of
microglial cells in the inner retina and subretinal space. Fiorani et al. observed a reduced
microglia activation and migration towards the outer nuclear layer in the light-induced retinal
damage rat model after a CeO,NPs intravitreal injection (Fiorani et al. 2015). We have previously
stated that variations in ROS levels can influence the gene expression pattern. Increased ROS
levels have also been associated with an increased activation of microglial cells in in vitro studies,
through the activation of MAPK and NF-KB pathways that induce the secretion of pro-
inflammatory cytokines (Ye et al. 2017; Ding et al. 2017). With these results, we suggest that
AOXxNPs treatment, through the scavenging of ROS, can modulate the activation and migration
of microglial cells. Nevertheless, further studies should be conducted to assess the exact

pathways involved in this process.
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5.3. Finding the right dosage

One of the characteristics of CeO,NPs is their auto-regenerative capacity, which theoretically,
allows them to scavenge ROS for an unlimited time (Heckert et al. 2008). Studies with a single
intravitreal injection of CeO;NPs rely on this capacity and postulate that a single administration
would be enough to revert a pathogenic phenotype. In all these studies, CeO;NPs are
administrated in the different models before the onset of the retinal degenerative process and
the effect of the single intravitreal delivery is evaluated a few weeks after the administration.
However, it is not known whether the effects observed are consequence of a maintained
antioxidant capacity or if CeO,NPs lose their capacity at some point but the effect already caused

is enough to improve the altered phenotype in those models.

There is only one study in which CeO,NPs were administered when retinal degeneration was
already triggered. In that case, a single intravitreal administration slowed down the
degenerative process of the light damaged rat model for at least two months and fluorescein-
labeled CeO,NPs were localized after that time (Tisi et al. 2019). But again, it is not known for
how long the auto-regenerative power was maintained in vivo. While cerium has been detected
up to 120 days post-injection in rat eyes (Wong et al. 2013), long-term studies correlating the

cerium concentration in the tissue and their effect are still lacking.

In our case, we did not have any reference of the effect of AOxNPs after a topical administration,
since this delivery route had never been addressed. In a first preliminary study, we treated mice
daily for one month (starting at 4 weeks of age until 8 weeks) and performed in vivo and post-
mortem studies. However, we did not observe differences in their retinal thickness neither in
their retinal function. Regarding the gene expression profile, we just evaluated the expression
of some genes related with oxidative stress and the inflammatory response through gPCR
without observing significant results. Thus, we decided to extend the treatment until three
months of age, an age in which the phenotype of DKOrd8 mice presented more AMD-like

features and was better characterized.

We achieved a reversion of the altered expression profile treating mice daily for two months.
Could we have obtained similar results with a more spaced administration? To answer that
question it is important to know the concentration of AOx that remained in the ocular tissues
after the treatment. Although included in the experimental design, at the time of writing this
thesis, we did not have the results of the ICP-MS analyses. To correlate the concentration of
AOxNPs that produced those results will be of great importance to design longer studies that

resemble the administration pattern AMD patients should follow.

138



6. Future prospects for the management of AMD

The largest part of this thesis has been focused in the obtainment of a reliable murine model
mimicking AMD. But the biggest achievement has been the development of an effective
antioxidant therapy that with an easy topical administration improved the pathological

phenotype of the model previously obtained.

The good results reported in the last years in models for severe retinal degenerative diseases
already placed CeO;NPs as a good candidate to treat AMD. For the first time, we tested the
effect of our AOxNPs, on an AMD-like model, with a more progressive degeneration, obtaining
a satisfactory outcome. But before AOxNPs use can be transferred to clinical practice further
studies need to be conducted: the mechanisms by which AOxNPs actuate have to be completely
understood, the long-term effect of AOxNPs has to be evaluated and biodistribution studies in

larger animal models need to be performed.

Until now, the search for AMD therapies has focused in the development of treatments targeting
a unique pathway or cell function. The antioxidant capacity of AOxNPs has proven to be very
effective in reverting the altered expression profile of DKOrd8 mice. But for a successful
treatment in AMD patients, AOxNPs need to cause greater functional improvements. Although
oxidative stress plays an important role, it is increasingly evident that AMD results from the
dysregulation of distinct mechanisms and as a complex disease, therapies to treat AMD should
lie on the development of combined treatments that could impact on several of these

mechanisms.

In any case, the use of AOxNPs point towards a new paradigm for AMD treatment as the
formulation of an eye drop solution to be topically applied facilitates their use either alone or in

combination with other therapies.
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About the generation and characterization of the model:

1. The DKOrd8 mouse model generated mimics several AMD-like features at an early age,
although a homogeneous genetic background is required to achieve a complete

penetrance.

2. DKOrd8 mice present alterations in the inferior hemisphere of their eye fundus already
at one month of age, with disruption of the photoreceptor layer, an age-dependent
decrease of the outer nuclear layer thickness, and shorter photoreceptor inner and

outer segments.

3. The alterations in the photoreceptors layer of DKOrd8 mice are translated into a
decreased retinal function, with a lower a-wave amplitude maintained over time and a

delayed retinal response upon ageing.

4. DKOrd8 mice present an age-dependent accumulation of microglia in the subretinal
space, a migration of the microglia towards the inner retinal lesions, and increased

gliosis in those lesions.

5. The DKOrd8 mouse model exhibit an altered expression pattern, with an affectation of
genes involved with oxidative stress, immune regulation, neuronal function, cell death

and senescence.

About the evaluation of AOxNPs as a therapy for AMD:

1. AOxNPs have a reproducible capacity of reducing intracellular ROS levels in in vitro
cultures without producing cytotoxicity, and are able to induce the antioxidant response

of the cell by upregulating SOD2 expression.

2. The topical administration of AOxNPs is an efficient delivery route, as AOx is able (i) to
reach the retina and the posterior part of the eye after a single administration, and (ii)
to achieve a comparable concentration in the retina that the one achieved with

intravitreal injection, after a 7-days topical administration.
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3. The topical treatment with AOxNPs is effective in improving the phenotypical
characteristics of the DKOrd8 mouse model, as it reverts their altered gene expression

profile, reduces microglia infiltration, and prevents the thinning of the outer nuclear

layer.
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